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ABSTRACT: Ebola Virus Disease (EVD) continues to pose a significant public health challenge owing to its elevated transmissibility and mortality rates, particularly in settings with limited resources. Mathematical modeling serves as a robust framework for elucidating the transmission dynamics of EVD and evaluating the efficacy of intervention strategies. In this research, a revised compartmental model is formulated by augmenting an existing Susceptible, Latent, Infected, Recovered (SLIR) compartment by Sarjiyus et al. (2017) to explicitly integrate a treatment compartment. The model delineates the progression of individuals through susceptible, latent, infectious, treatment, and recovered states. Basic properties of the model, such as the positivity and boundedness of solutions, are established to ensure biological feasibility. The derivation of the disease-free equilibrium is accomplished, and the basic reproduction number is computed utilizing the next-generation matrix approach, which functions as a threshold parameter for disease transmission. A sensitivity analysis of the basic reproduction number is conducted to identify the key parameters influencing the spread of Ebola virus disease(EVD) spread. The findings reveal that effective contact rates significantly disease transmission, while early treatment and recovery reduce the basic reproduction number. These results underscore the pivotal importance of early case detection, treatment, and the mitigation of risky contacts in the management of Ebola outbreaks. The proposed model offers significant insights for public health planning and has the potential to facilitate the development of effective intervention strategies for the prevention and control of Ebola.
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I. INTRODUCTION
Ebola Virus Disease (EVD), a severe and often fatal illness caused by the Ebola virus, poses significant public health challenges due to its high transmissible and fatality rates (Abah et al., 2015). The disease is primarily transmitted through direct contact with bodily fluids of infected individuals or contaminated surfaces. EVD outbreaks, such as the devastating 2014-2016 epidemic in West Africa, have underscored the need for effective intervention strategies to mitigate its spread. Given the complexity of its transmission dynamics, mathematical modeling has become an indispensable tool in understanding the spread of the virus, evaluating the effectiveness of control measures and predicting future outbreaks (Abdalla et al., 2022). Ebola virus is a highly infectious and deadly disease, recognized as one of the most serious threats to human health due to its high fatality rate. First identified in 1976 in the Democratic Republic of Congo, the virus has re-emerged in recent outbreaks across West African countries such as Guinea, Sierra Leone, Liberia and Nigeria (Lasisi et al., 2018). It has an incubation period ranging from 2 to 21 days and an infectious period of 4 to 10 days, with quarantine measures typically lasting around 31 days. The symptoms include headache, fever, vomiting, diarrhea, bleeding, and rash, often escalating to severe bleeding, shock, and death in critical cases. Early detection and effective contact tracing have played a crucial role in controlling the virus’s spread and reducing its devastating impact (Lasisi et al., 2018, Almuqrin et al., 2021).
The virus spreads through contact with infected animal hosts and human-to-human transmission, often exacerbated by cultural practices such as handling infected bushmeat or traditional burial rituals (Berge et al., 2017). Numerous mathematical models have been developed to study the dynamics of Ebola virus transmission, providing valuable insights into its spread and control. For example, Rhoubari et al., (2018) introduced an SEIR model to analyze the transmission of Ebola among bat populations, employing Lyapunov functions to assess stability. Ivorra et al., (2015) created a regional spread model for the 2014–2015 outbreak. The computational model for the prognosis, control and simulation of Ebola Virus Disease was formulated by Sarjiyus et al., (2017), while Chen (2015) utilized an SIR-based model to underscore the severity of the virus. Other studies have expanded the understanding of Ebola virus dynamics. Nazir et al. (2020) proposed an advanced SIR model to explore transmission pathways and control strategies. Osemwinyen and Diakhaby (2015) examined the re-infection potential of recovered individuals and introduced a quarantine model to highlight the impact of isolation measures. Similarly, Rachah (2018) and Salem and Smith (2016) employed SEIR models to investigate effective targets for intervention, with Salem and Smith emphasizing awareness campaigns. Chowell and Nishimura (2014) reviewed factors influencing transmission and control in previous outbreaks, while Wester (2015) analyzed the virus's impact on the immune system using numerical modeling. These efforts illustrate how mathematical modeling serves as a vital tool for understanding real-world problems, including developing vaccines, as highlighted by Raza et al., (2024), and evaluating strategies to mitigate the devastating effects of the Ebola virus.

II. FORMULATION OF THE METHOD
In this section, we modified the existing model by Sarjiyus et al., (2017).

A.	Existing Model
The computational model for the prognosis, control and simulation of Ebola Virus Disease was formulated by Sarjiyus et al., (2017). 
The Ebola Virus Disease (EVD) has garnered public interest mostly because of its low survival rate compared with most other modern epidemic diseases. This research is hinged on the Prognosis, Control and Simulation of the EVD. 

B.	Assumptions of the Existing Model
The following assumptions were made for the existing model;
i. That the individuals that make up the population can be grouped into different compartments or classes based on their epidemiological state. In other words, the population is assumed to be heterogeneous,
ii. That the population size in each compartment is differentiable with respect to time and that the epidemic process is deterministic. In other words, that the changes in population of a compartment can be calculated using only history to develop the model,
iii. That the population mixes homogeneously. That is, all the susceptible individuals are equally likely to be infected by infectious individuals in case of contact,
iv. That people in each compartment have equal natural death rate,
v. That the only way of entry into the population is through newborn babies and the only way of exit is through death from natural causes or death from EVD related causes. In other words, that there are no immigration or emigration,
vi. That the infection does not confer any immunity to the cured and recovered individuals and so they go back to the susceptible compartment,
vii. That all newborns are previously uninfected by Ebola virus and therefore join only the susceptible class,
viii. That there is presently no vaccination that provides immunity against the EVD, and That infected individuals could be treat and cured of the virus.

C.	Definition of Variables and Parameters of the Existing Model
The variables and parameters used in the existing model are defined as follows:


: The population of Susceptible individuals at a time 


: The population of Latently individuals at a time 


: The population of individuals who have been treated and have been Recovered from the infection at time 

: The population of individuals who have treated and have Recovered from the infection at time t.

 : The rate at which susceptible individuals become latently infected with the virus.

 : The rate at which latently infected individual become actively the disease.

 :  The rate at which actively infected individuals recover from the disease.

 :  The rate at which latently infected individuals recover from the disease.

 : The rate at which recovered individuals return to the susceptible compartment.

 : The natural mortality or death rate.

 : The Ebola virus disease-induced mortality or death rate 

 : The population of newborn baby entering the population.

 : The total population size.
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Figure 1: Schematic diagram of the existing model

Source: Sarjiyus et al. (2017).





D.	Model Equation of the Existing Model

								(2.1)

III. FORMULATION OF THE MODIFIED MODEL
Sarjiyus et al., (2017) formulate the computational model for the prognosis, control and simulation of Ebola Virus Disease. Their research is hinged on the Prognosis, Control and Simulation of the EVD. A model called the Susceptible-Latent-Infected-Recovered (SLIR) model was adopted in their research to study the trend of the Ebola disease. The model can be modified by the introduction of Treatment where infected individuals can be treated. The modified model will also employ a compartmental structure to represent the population dynamics in relation to Ebola disease. The population is stratified into five distinct compartments, namely: Susceptible ,  Latent  Infectious Treatment  and Recovered  each capturing a specific aspect of the individual's health status at a time. The Schematic representation of modified model is presented in the figure.
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Figure 2: Schematic Diagram of the Modified Model





Table1: Variables and Parameters Description
	Variables And Parameters
	Description

	 
	Susceptible: Population individuals who have not come in contact with the Ebola virus at a time.

	 
	Latent: Population of individuals who are infected but not infectious at a time.

	 
	Infectious: Population of individuals who are infected and contagious at a time. 

	 
	Treatment: Population of individuals undergoing at a time.

	 
	Recovered: Population of recovered individuals at a time from latent or infectious stage through treatment or natural recovery.

	 
	Birth rate

	 
	Natural death rate

	 
	Loss of immunity 

	 
	Infection transmission rate

	 
	Disease induced death rate

	 
	Progression rate from latent to recovered compartment

	 
	Progression rate from latent to infectious compartment

	 
	progression rate from infectious to recovered compartment

	 
	Progression rate from infectious to treatment compartment

	 
	Progression rate from the treatment compartment

	N
	The total population size



A.	Assumptions of the Modified Model
We make the following assumptions for the modified model;
i. The population is assumed to be heterogeneous, meaning individuals can be grouped into different compartments based on their epidemiological state.
ii. The population size in each compartment is differentiable with respect to time, and the epidemic process is deterministic. Changes in the population of a compartment are calculated using only historical data to develop the model.
iii.   All susceptible individuals are likely to be infected by infectious individuals upon contact.
iv. Individuals in each compartment have an equal natural death rate.
v. The only way of entry into the population is through newborn babies, and the only way of exit is through natural death or death from Ebola Virus Disease (EVD)-related causes. There are no immigration or emigration.
vi. The infection does not confer permanent immunity, meaning recovered individual  return to the susceptible compartment.
vii. Infected individuals can be treated and cured of the virus.
B.	Model Equation of the Modified Model
Based on the assumptions and the inter-relationships between the variables and the parameters presented above, the dynamic of EVD can be described by the differential equations below:

							(2.2)
Subject to the initial conditions

                                                             (2.3)
The total population at time t, is given by:

                                                                          (2.4)

IV.  ANALYSIS OF THE MODIFIED MODEL
The analysis of the model equation (2.2) was analyzed in this section. These analyses are basic properties of the model, stability analysis and the basic reproduction number.

A. Positivity of Solution
To demonstrate the positivity of solution for the model (2.2), the following representations were provided: Let

             (3.1)                    

                                                                                                                 (3.2)
Theorem 1
The solution () of the model equation (2.2) with the non-negative initial condition (2.3) remains non-negative for all  
Proof
Given that the initial conditions  are non-negative. It is obseverd that from the first equation, for all  we have

                                                                                                                                      (3.3)

Let 
Substituting M in (3.3) to obtain

                                                                                                                                                   (3.4)
Integrating equation (3.4) gives

                                                                                                                                       (3.5)

                                                                                                                                                     (3.6)

                                                                                                                                                 (3.7)
Hence

                                                                                                                                  (3.8)
Where is the population of the susceptible individuals at .

Similarly, the remaining four equations are obtained that  Hence, we establish that any solution of the model equation (2.2) is such that 
	                                      
Theorem 2 (Boundedness)

All solution of model system (2.2) is bounded and remain in the region 
Where

                                       (3.9)
Proof
From equation (2.4) the total human. This implies that



                    (3.10)
Simplifying (3.10) becomes

                                                                                                                     (3.11)
Integrating (3.11) yield

                                                                                                                           (3.12)
Which implies

                                                                                                                        (3.13)
At 

                                                                                                                                           (3.14)
Hence, from (3.11) we have


Therefore, 

as  .                                                                                                                                   
Thus

                                                                                                                                             (3.15)                                                           
And 

                                                                                                                                               (3.16)
Then,

                                     (3.17)
This suggests that the population in region  is feasible. Thus, for every , the solution of the model system (2.2) with the initial condition (2.3) is confined in the invariant region,. The model is therefore well posed.
B. Stability Analysis of the Model
The disease-free equilibrium point are found by stability analysis. Each of equations (2.2) must equal zero in order to identify the equilibrium location. That is:

	 which yield:

                                                                                               (3.18)
Then the equilibrium point of is found
C. Disease Free Equilibrium (DEF) of the Model

At the DFE, the latent (L), infected (I), Recover (R) and Treatment (T) compartments are equal to zero because no one is infected with the disease that is  is an equilibrium state then from equation (3.18) we have:

                                                                                                                        (3.19)
Therefore, the EVD free equilibrium of the model is


This equilibrium point represents the state of the system where there is no disease in the population.

D. 
    Basic Reproduction Number 
The basic reproduction number for the system is denoted by. It is defined as the average number of secondary infections infected by an infective individual during an infective period provided that the all members of the population are susceptible. It is an important threshold parameter that determines whether or not, an infection will spread through a given population (Delamater et al. 2019). 
We apply next generation matrix technique  to obtain the basic reproduction number, by considering the infected compartments of the system (2.2). The infected compartment are:  

                                                                                                  (3.20)                           
Using the approached used in (Agbo et al., 2025). Let  represent the state variable of system of equation (3.20) then equation (2.2)  can be expressed as
                                                                                                                                       (3.21)
Where:
 is the matrix representing the rate of new infection and  is the matrix representing the input and output of infection transfer into compartment given by:


   and                                                                (3.22)
The Jacobian matrices of  and  at  where  is given by


 and   (3.23)
Using Gaussian Elimination method to find the inverse of  we obtained

           (3.24)

Then matrix  become


                               (3.25)
The characteristic equation or determinants can be used to calculate the eigenvalues  of . The basic reproduction number  is the dominant eigenvalue (Agbo et al., 2025).


                                                                                                                                       (3.26)

         (3.27)
where


Therefore,

                                                                                                  (3.28)

E. Sensitivity Analysis of the Basic Reproduction Number at Disease-Free Equilibrium

To determine which parameters, have a positive or negative impact on the  expression given in (3.28), we do sensitivity analysis. We employ the normalized forward sensitivity index calculation found in (Abah et al., 2024). The normalized sensitivity index of  with respect to the parameter  is given as:

                                                                                                          (3.29)
Where  is the parameters of interest

                                                                           (3.30)
In this case, the sensitivity indices for the specified parameters as shown in (3.30) merely show the direction of influence without quantify the specified parameter influence. We observe that the parameters  and  have a direct proportional relationship with  and are sensitive to change. The value of  will increase or decrease in proportion to changes in either of these parameters. Since the parameters  and  have an inversely proportional relationship with , a rise in their values will result in a decrease in . Nevertheless, it is unethical to implement policies that would raise the value of and . Thus, intervention such as early treatment of infected individuals will be a great help in stopping the spread of Ebola virus.
F. Numerical Sensitivity Index of  at Disease-free Equilibrium
The sensitivity analysis of the basic reproduction number  at the disease-free equilibrium will be numerically demonstrated in this section. The appropriate R programming instructions and packages were used to run the analysis. Table 2 shows the Parameters values and references used.
Table 2: Parameters Values
	 Parameters
	Values
	References

	 
	 
	(Abah et al., 2024)

	 
	 
	(Abah et al., 2024)

	 
	 
	(Barbarossa et al., 2015)

	 
	 
	(Madubueze et al., 2018)

	 
	0.50
	Assumed

	 
	 
	(Abah et al., 2024)

	 
	0.42
	Assumed

	 
	 
	(Madubueze et al., 2018)
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Figure 3: Sensitivity Index of 
Table 3: Numerical Sensitivity Indices
	 Parameters
	Sensitivity Index
	Impact of 

	 
	 
	Strong increase

	 
	 
	Strong decrease

	 
	 
	Strong increase

	 
	 
	Negligible

	 
	 
	Mild decrease

	 
	 
	Moderate increase

	 
	 
	Moderate decrease

	 
	 
	Moderate decrease  


At the disease-free equilibrium, a normalized forward sensitivity analysis of the basic reproduction number  was carried out. The absolute values of each parameter's sensitivity index were used to rank them. The most significant factor was found to be the natural mortality rate , which was followed by the recruitment rate and the effective contact rate . Progression rate such as  showed a moderately negative influence on , suggesting their significance in lowering disease transmission. On the other hand, at the examined parameter values, the disease-induced mortality rate demonstrated a minor impact on .

V.      Discussion of Results
This research endeavor formulated and scrutinized a revised compartmental model for Ebola Virus Disease (EVD) by augmenting the conventional SLIR framework to encompass a treatment compartment. The analytical outcomes derived yield significant insights into the transmission dynamics of EVD as well as the efficacy of intervention strategies such as prompt treatment and the mitigation of contact rates. The positivity and boundedness findings established that all state variables of the model remain non-negative and confined within bounds for all time intervals. This verification affirms that the model is biologically and epidemiologically well-structured, thereby ensuring that the population sizes in each compartment remain meaningful within an acceptable range. Such characteristics are indispensable for accurate epidemiological interpretation and the formulation of policy applications. The disease-free equilibrium (DFE) was derived and demonstrated to exist under plausible assumptions. This equilibrium signifies a state in which Ebola is nonexistent within the population. The calculation of the basic reproduction number, utilizing the next-generation matrix methodology, provides a pivotal benchmark for evaluating disease control measures. Epidemiologically, when , the disease cannot maintain transmission and will eventually die out, whereas a value suggests the potential for the persistence of outbreaks.
The analytical formulation for the basic reproduction number() elucidates the critical pathways through which Ebola disseminates, particularly by means of effective contact between susceptible and infectious individuals, as well as the transition from the latent to the infectious stage. Significantly, the incorporation of the treatment compartment diminishes the infectious load by redirecting individuals from the infectious class to treatment and recovery, thereby reducing the overall transmission potential. This finding underscores the public health imperative of timely case identification, isolation, and accessibility to treatment facilities during Ebola outbreaks. The sensitivity analysis further delineates the relative impact of model parameters on the basic reproduction number . Both analytical and numerical sensitivity indices indicate that the effective contact rate and recruitment rate exert a substantial positive influence on the basic reproduction number , suggesting that escalations in population influx or high-risk contact behaviors considerably amplify disease transmission. Conversely, parameters related to treatment and recovery rates present a negative influence on the basic reproduction number, illustrating their essential role in curtailing transmission.
Remarkably, the natural mortality rate surfaced as the most sensitive parameter in the numerical analysis. Although an increase in mortality is neither an ethical nor a viable control strategy, this finding accentuates the necessity for prompt disease management to avert Ebola-related fatalities. The rates of progression from the infectious and latent compartments to recovery displayed moderate negative sensitivity, highlighting the efficacy of early treatment and supportive care. The relatively minor impact of disease-induced mortality suggests that preventative strategies should prioritize the interruption of transmission rather than depending on fatality-driven reductions in the population of infectious individuals. In summary, the findings reveal that non-pharmaceutical interventions, including reduced contact rates, prompt treatment, and effective isolation, remain paramount for the control of Ebola, particularly in the absence of comprehensive vaccination coverage. The modified model offers a more authentic representation of Ebola dynamics by explicitly incorporating treatment effects, rendering it instrumental for public health planning and outbreak response.


VI.    CONCLUSION
In this study, a modified compartmental model for Ebola Virus Disease was formulated and analyzed to better capture the role of treatment in disease transmission dynamics. The model extends an existing SLIR framework by introducing a treatment compartment, thereby enhancing its applicability to real-world Ebola outbreak scenarios. The qualitative analysis established the positivity, boundedness, and feasibility of solutions, confirming that the model is mathematically consistent and biologically meaningful. The disease-free equilibrium and basic reproduction number were derived, providing a clear threshold condition for Ebola elimination. Sensitivity analysis identified the most influential parameters driving transmission, particularly the effective contact rate and progression dynamics. The findings highlight that early detection, rapid treatment, and reduction in effective contacts are critical strategies for controlling Ebola outbreaks. The explicit inclusion of treatment in the model demonstrates its substantial impact in lowering the basic reproduction number and curbing disease spread. These results align with epidemiological evidence from past Ebola outbreaks and reinforce the importance of strengthening healthcare systems, improving access to treatment, and promoting public health awareness. Finally, the proposed model offers a robust mathematical framework for understanding Ebola transmission and evaluating intervention strategies. It can serve as a useful tool for policymakers and public health authorities in designing effective control measures. Future research may extend this model by incorporating vaccination, spatial dynamics, stochastic effects, or optimal control strategies to further enhance its relevance in epidemic preparedness and response.
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