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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 R₀, 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, 

Vaccination, Stability analysis, Homotopy 

perturbation method 

 

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 globally 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 vaccination 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 )(tS , 

vaccinated )(tV , Exposed )(tE , Infected, and 

recovered )(tR  individuals. Recruitment into the 

susceptible population and the transmission probability 

is deduced as  and  .  An exposed individual to 

meningitis spread can be developed vastly to infected 

population at . Meningitis spread can be controlled 

through treatment when early discovered at rate of , 

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 . However, if the treatment is effective on the 

individuals and the level at which is this brings about 

the recovery rate at e for exposed and i infected 

individuals. .Individuals in the susceptible class has an 

immunity rate of  after recovery at a rate .  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 

 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 
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Subject to the following initial conditions  

Consider
N

IC )( 



 and           00,0,0,0,0 00000  rRiIeEvVsS           (2) 

 

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 

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

54

Copyright © 2024 Daffodil International University. All rights reserved.



ASSESSING VACCINATION EFFICACY IN HIGH-TREATMENT SATURATION FOR MENINGITIS CONTROL 

 

Copyright © 2024 Daffodil International University. All rights reserved. 

         0,0,0,0,0 0000 RiIeEvVsS  ; 

In that case, the solutions of system (1) will persist in 

being nonnegative throughout their evolution, 

0t and that these positive solutions are bounded. 

We thus apply the following theorems. 

Theorem 1  

Let ),( yx be distinct points of normed linear space 

 ,X over  . Then the map of 

  ,]1,0[: Xp  such that 

yxp )1()(   is continuous on [0,1]. 

Proof: 

 

Let ]1,0[0  then yxp )1()( 000    for any ]1,0[0  , 

 yx

yxpp





0

000 )()()()(




     (3) 

 

If 0 is given , let 
yx 




 .If 

  0 , then the   )()( 0pp . 

Therefore, p is continuous at 0 . The interval of 

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

X be a linear space over  . If x,y are distinct points 

of X, the set yx )1(   lies in 10    

Hence, the solutions of system (1) are bounded if we 

consider the total population  

R(t)  I(t) + E(t) +V(t) S(t))( tN                                       

     

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

         0,0,0,0,0 0000 RiIeEvVsS  ; 

In that case, the solutions of system (1) will persist in 

being nonnegative throughout their evolution, 

0t and that these positive solutions are bounded. 

We thus apply the following theorem. 

The variation in the total population concerning time 

is given by: 

 

 R(t) + I(t) + E(t) +V(t) S(t)
)(


dt

d

dt

tdN
     (4) 

  NN
dt

tdN
IRIEVSN

dt

tdN
 

)()(
at 0  

Thus, it is obtained that 

NN
dt

tdN
 

)(
, Ce

N
etN tt  




)(  where C is a constant of integration (5) 

Initially when 0t ,  

)0()0( 



  ce
N

N , this yields 



N
Nc  )0(          (6) 

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

increases yields: 
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If so


N
N )0(  at 0t , then 



N
tN )( when 0t .  This is a positive 

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

no solution path leaves through any boundary
5

 . 

Hence, it is sufficient to consider the dynamics of the 

model in the domain
5

 . 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 )(tN , and the 

subpopulation )(),(),(),( tRtItEtS . Hence, its 

applicability to study physical systems is feasible. 

 2.2. Positivity and boundedness of model solution 

This shows that the total population )(tN , and the 

subpopulation )(),(),(),(),( tRtTtItEtS of the 

model are bounded. Hence, its applicability to study 

physical systems is feasible. 

Theorem 2  

Given that 0xX   is a bounded region on 

]1,0[x defined by 
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It can be checked that for each n: 

 2
321

22

3

2

2

2

1
......0 nn

xxxxxxxx         (9) 

This will result to; 

 2
21

2

2

2

1
xxxx            (10) 

Therefore, 

 
22

3

2

2

2

1...0 ...2

1
22

3
2
2

2
1 nxxxx xxxxn  , 

If 


1n

nx  converges, that is 


1n

nx is absolutely convergent, then  

   






1

22

3

2

2

2

1...0 ...2

1
22

3
2
2

2
1

n

nnxxxx xxxxxn     (11) 

Therefore, 

 

 










1

22

3

2

2

2

10 ...
n

nn
xnx xxxx        (12) 

it therefore converges. Thus 


1n

nx converges 

absolutely, i. E if
1nx , then 

2nx where 

21   . In case of 
1  denote the set of all variables 

of nx of real numbers such that 


1n

nx is convergent 
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absolutely. i.e 


1n

nx  and 
2 denote the set of 

all variables nx of real numbers such that 
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         tRtItEtVtS ,,,, of the system (1) will 

always be nonnegative.  
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Then, 
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Equation (15) demonstrates the presence of system 

(1) within the positive quadrant, leading it to 

ultimately enter and persist in the attracting subset . 

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 

attractively influential with respect to the system. The 

solution of the model is bounded, well-posed and 

epidemiologically represented. 

 

 
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 (I), it follows 

that the numbers of exposed (E) and recovered (R), 

i.e. When there is no outbreak of meningitis in the set 

of population considered the disease classes such as 

E  and I are subjected to 0 EI  . In this 

context, the solution for the meningitis-free 

equilibrium point can be derived as follows: 
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At no outbreak of meningitis the diseases class are subjected as 0t , from above the system of equation (1) 

results to (17) from (12),  
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Thus, the disease free equilibrium 

yields:
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2.4 Steady-State Prevalence 

Meningitis prevalence on ),,,,( RIEVS  at 0t , 

highlighting its dynamic nature.to measure vital role 

on its outbreaks and protect the population. Let 
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2.5 Basic Reproduction Number 

The basic reproduction number, denoted as 0R , 

measures the potential for new meningitis infections 

from a single carrier or infected individual in a 

population with no prior infections. To determine the 

system (1), we apply the next-generation method, 

focusing on the infectious classes E and I. This 

involves calculating the F and V matrices, 

representing the rates of new infections and 

transitions into and out of the infected compartment, 

respectively. From the equations in the system (1), we 

derive these matrices as follows. IGR     

Where 
1 VFG and  is the spectral radius of 

the matrix || IG  . 

 

From the system of equation (1) it is obtained for 

matrix F andV : 
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Then, 
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Thus, the R  is obtained as 
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2.6 Asymptotic Stability of the Disease-Free State 
 

This section examines the stability of the disease-free 

state for meningitis by analyzing the basic 

reproduction number's impact. When the reproduction 

number is 1R , the disease declines, and we 

determine stability using a Jacobian matrix and a 

characteristic equation. 

Theorem 3 

The disease-free state of the model is locally 

Asymptotically Stable 1R and unstable if  

1R  

Proof: 

The disease-free equilibrium is obtained as the 

Jacobian matrix of the system of (1) is obtained and 

evaluated at the disease free-state using the 

linearization method 
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Computing for the eigenvalues,  0
1

 IJ iE   
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as obtained: 
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The eigenvalues are negatively invariant in the 

region
5

 , hence the system of (1) is asymptotically 

stable. 

 

2.7 Regional Resilience of the Persistent Equilibrium 
 

Theorem 4 

 

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

unstable otherwise. 
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Jacobian matrix of the system of (21), 
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 The resulting eigenvalue of the above matrix is obtained as; 
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Hence, the persistent resilience of the model in a region are asymptotically stable. 

 
2.8 Global Stability of Disease Free Equilibrium 

 

Employing Lyapunov's function approach, we 

establish the global asymptotic stability of the 

proposed model for equation (1) at the Disease Free 

Equilibrium, utilizing the Lyapunov algorithm 
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It is pertinent to note that when at t , 
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 . Substituting into the 

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

LaSalle’s invariance principle 0
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d
, is globally 

asymptotically stable whenever 1R
 

 

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 

analysis will result in the determination of the 

normalized forward sensitivity index, denoted as  
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Table 1. Sensitivity analysis and parameter indices 

Parameters Sensitivity indices 

                 01206000.0  

   03267370.1  

    18743076.0  

    00001001.0  

    00000000.1  

      000201001.1  

  

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   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(t) Vaccinated population 

E(t) Exposed population 

I(t) Infected population 

R(t) Recovered population 

Parameter Description Values References 

  Vaccination efficacy 002.0  [13] 

  Vaccine waning rate 1.0  [8] 

  Transmission probability 0003.1  [17] 

v  Vaccination rate 5.0  [4] 

  Disease modification parameter 2.0  Assumed 

e  The recovery rate of exposed 03.0  [2] 

i  The recovery rate of infected 263.1  [20] 

  Progression rate of exposure to infected 9.0  [26] 

  Immunity waning rate 002.0  [9] 

  Natural death 0.1  [5] 

  Disease induced death 4.0  [7] 

  Saturated treatment inhibitor 008.0  [1] 

  Treatment rate of infectious individual 82.1  Assumed 

  Recruitment rate 19.2  Assumed 

  

3.0 Numerical simulation 

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

model equation. 
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The following correctional series are assumed as solutions for (1) such that 
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This series converges as p tends to 1. 
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Evaluating (27) and (28) and comparing coefficients of 
np  yields the following  

At 0n  

0,0,0,0,0 
dt

dR

dt
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dt

dE

dt
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dt

dS ooooo   (29) 

Solving these equations using the initial constraints 
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For 2n
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For n = 3 
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This can be furthered till the desired number of iterations is obtained. Thus, the raw solutions to each model 

compartment are obtained as: 
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And evaluating these results using the corresponding model parameters of each class given by  
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We obtained that 
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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  

40,20,30,1000 0000  ries . Thus we obtain the following series of results embedding the 

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

Pictorial interpretation of numerical simulation 

 

 
 

Fig 2. Effect of vaccination rate v on susceptible population 

 

 
 

Fig.3. Effect of vaccination rate v on exposed population 
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Fig. 4. Effect of vaccination rate v on infected population 

 
Fig. 5. Effect of vaccination rate  on infected population 

 
Fig. 6. Effect of vaccination rate  on susceptible population 

 
Fig. 7. Effect of vaccination rate  on exposed population 

 

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. 

 

Conclusion 

 

The study aimed to utilize the homotopy perturbation 

method to derive a numerical solution for the impact of 

high treatment vaccination efficacy on a meningitis 

model of SVEIR. This simulates the effects of 

treatment and vaccination on an individual’s in the sub-

population considered and its effects based on target 

parameter values from the model formulation yielding 

to an effectively accurate model results. Subsequently, 

numerical output was simulated to assess the influence 

of vaccination saturation on meningitis transmission 

within the population, with careful analysis of the 

accompanying graphs to reveal key experimental 

findings as in [12, 17, 28 and 33]. Nevertheless, it is 

important to note that further research is essential to 

address the ongoing prevalence of this epidemic disease 

and to develop effective strategies for its containment 

and eradication. The promotion of awareness and 

preventive measures is crucial for controlling the spread 

of meningitis in the future. 
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