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ABSTRACT 

	


Lassa fever, a viral hemorrhagic illness endemic to West Africa, continues to pose a serious public health challenge, largely due to low public awareness and poor rodent control. This study proposes a deterministic model for the transmission dynamics of Lassa fever, incorporating two key intervention strategies: public awareness and aggressive vector control. The model divides human and rodent populations into susceptible, exposed, infectious, and for humans recovered compartments, while accounting for transmission via direct contact, airborne particles, and sexual interaction. Mathematical analysis confirms the model’s well posedness by establishing the positivity, boundedness, and uniqueness of its solutions. Equilibrium analysis reveals both disease free and endemic steady states. The effective reproduction number,​, is derived using the next generation matrix method. Local stability of the disease free equilibrium is assessed via Jacobian linearization, while the endemic equilibrium is analyzed using the Routh Hurwitz criterion. Global stability is demonstrated using the Castillo Chavez and Song theorem for the disease free state and LaSalle’s invariance principle for the endemic state. Sensitivity analysis identifies key parameters affecting ​, with public awareness and vector control exerting the strongest negative influence on transmission. Numerical simulations further confirm that enhanced awareness and intensive rodent control can reduce below unity. These findings emphasize the value of integrated intervention strategies and offer practical insights for shaping public health policies in Lassa fever endemic regions.
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1. INTRODUCTION

Lassa fever is a viral hemorrhagic illness caused by the Lassa virus, a member of the Arenaviridae family. Although suspected in the 1950s, it was officially identified in 1969 following the deaths of two missionary nurses in Lassa, Nigeria[1]. Endemic to West Africa, the disease affects countries such as Nigeria, Sierra Leone, Liberia, and Guinea, with an estimated 100,000 to 300,000 infections and about 5,000 deaths annually [2]. With increasing globalization, concerns have grown regarding the potential for international spread via infected travelers.
The primary reservoir of the virus is the multimammate rat (Mastomys natalensis), which sheds the virus in urine and feces throughout its life. Humans commonly contract the virus through ingestion of contaminated food or water or by inhaling aerosolized particles from rodent excreta [3]. Transmission is exacerbated by poor sanitation, overcrowding, and limited access to clean water, particularly in rural communities with high rodent density [4]. Human to human transmission, particularly in healthcare settings lacking proper infection control, and sexual transmission via semen have also been reported [4][5].
Clinically, Lassa fever presents a diagnostic challenge due to early symptoms such as fever and weakness, which mimic diseases like malaria or typhoid [2]. Severe cases may involve hemorrhage, multi organ dysfunction, and neurological complications, with mortality rates reaching 20% among hospitalized patients [6][7]. Long term complications like hearing loss affect roughly one third of survivors.
There is currently no approved vaccine for Lassa fever. Although ribavirin may offer some benefit if administered early [8], treatment remains largely supportive. Preventive strategies emphasize minimizing human rodent contact through improved hygiene, environmental sanitation, and public education [9]. In healthcare settings, strict infection control protocols, including PPE use and isolation, are critical [4]. While several vaccine candidates are in development, challenges in efficacy, logistics, and distribution remain [5].
Several mathematical models have been proposed to better understand and control the spread of Lassa fever. [8] developed a control based model incorporating personal protection, isolation, treatment, and rodent reduction to evaluate optimal interventions. [10] introduced a model including infectious corpses, demonstrating that corpse management and quarantine could significantly reduce transmission. [11] highlighted the impact of asymptomatic infections, concluding that early quarantine of all infected individuals is essential. [12] introduced a fractional order model that emphasized indirect transmission via environmental contamination. [13] examined both human to human and rodent to rodent transmission routes, while [14] incorporated seasonal variation in rodent birth rates. [15] proposed an SEIR-SEI model including airborne transmission but did not account for public awareness or vector control.
While these models have advanced understanding of Lassa fever dynamics, few have explicitly combined public awareness with sustained vector control as dynamic, time dependent interventions. This is a significant limitation, particularly given the persistence of the disease in areas where rodent control is inconsistent and public knowledge of transmission remains low. Short term interventions often fail to achieve lasting impact without sustained community engagement and environmental management.
To address these limitations, the present study develops a compartmental model that integrates public awareness and vector control as time dependent controls. The model examines their influence on the effective reproduction number and investigates both local and global stability. By quantifying the combined effects of these interventions, this study aims to provide actionable insights to inform public health policy and improve disease control strategies to curb the spread of Lassa fever in endemic settings.
This paper is structured as follows. Section 1 introduces the study and outlines its objectives. Section 2 sets out the model formulation together with the analytical approach adopted. Section 3 presents the results of the sensitivity analysis alongside the numerical simulations. Finally, Section 4 concludes the paper with a summary of key findings.

2. Model Formulation and Analysis

In this section, we present the model formulation, including its underlying assumptions, compartmental description, schematic diagram, governing equations, and subsequent mathematical analysis.
2.1 Model Assumptions
The following assumptions were considered in formulating the model:


a. human and rodent populations are recruited at constant rates, for humans and  for rodents.
b. newborns in both human and rodent populations are assumed to be susceptible, with no congenital transmission of Lassa fever from infected parents.
c. transmission rates are constant over time.
d. recovered humans may lose immunity in that immunity is not lifelong and individuals can return to the susceptible class.
e. public awareness is assumed to lead to an immediate change in individual’s behaviour, reducing contact with infected individuals and rodents, without a delay in response.
f. aggressive rodent control is assumed to decrease the rodent population.
2.2 Model Description









In this model, the total human population at time is subdivided into several compartments: represents the number of susceptible individuals, denotes exposed but non infectious individuals, indicate infectious individuals (those who are infected and diagnosed or symptomatic), and  represents recovered individuals. Similarly, the total rodent population at time  is divided into compartments for susceptible rodents,, exposed rodents, , and infectious rodents,.











The susceptible human population increases through recruitment at a rate and by individuals who return to the susceptible class after losing immunity from the recovered class at a rate . Additionally, recovered humans without immunity re enter the susceptible class at a rate. The susceptible human population decreases due to various exposure routes: contact with infectious rodents at rates  and , sexual contact with infected humans at rates  and, and aerosol exposure at a rate. Furthermore, a proportion of the population is not sensitized, leading to a reduction in the susceptible class at a rate, where  ranges between 0 and 1 with 0 denoting the absence of sensitization in the human population and 1 meaning that the population is fully sensitized. Natural mortality also reduces the susceptible human population at a rate.


The exposed human population increases through the aforementioned transmission routes and decreases as individuals transition from the exposed class to the infected class at a rate, along with reductions from natural mortality at a rate.





Infected humans may recover with temporary immunity at a rate, thereby entering the recovered class. A proportion of individuals recover without immunity and return to the susceptible class at a rate , where denotes the proportion of recovery with immunity. The infected human population also decreases due to natural mortality at a rate   and disease induced death at a rate.


The recovered human population decreases due to natural mortality at a rate  and a loss of immunity at a rate.






For the rodent population, the susceptible rodent class increases due to recruitment at a rate , representing the natural growth rate of the rodent population. This population decreases upon contact with infected humans at rates   and  , with further reductions from contact with unsensitized infected humans at rate, natural death at rate, and aggressive rodent control measures at rate.



The exposed rodent population increases via transmission from infected humans and decreases as the rodents transition to the infectious class at a rate , with additional reductions from natural mortality at a rate  and aggressive control at a rate .



The infectious rodent population grows as exposed rodents transition into the infectious class at a rate and decreases due to natural mortality at a rate and rodent control efforts at rate.

An additional transmission route considered in this model is airborne transmission. This transmission occurs opportunistically, where infectious particles in aerosols carry microorganisms that can cause disease. As presented by Riley and Nardell in [15], airborne infections are commonly modeled using the Wells Riley equation. In this model, a modified version of the Wells Riley equation is used to describe the airborne transmission route for Lassa fever. The exponent within the equation represents the degree of exposure to infection, while  denotes the probability of a single susceptible individual becoming infected.
2.3 Model Diagram
The schematic diagram for the model with public awareness and aggressive vector control is presented in Figure 1. 
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Figure 1: Schematic diagram of the progression dynamics of Lassa fever.

2.4 Model Equations
By putting the above formulations and assumptions together and following the work of [15] gives the following human rodent model, given by a system of ODEs:

                                                                        (1)

             				                          (2)

     					             (3) 

                                 					             (4) 

          					             (5)

             					             (6)

                                       					             (7) 
where,

              				             (8)
are the force of infections in humans and rodents respectively.
The system (1)  (7) are rewritten as:

              				             (9)

				   				           (10)


		  				           (11)

				  			                        (12)

			    				           (13)

			                                                               (14)

				   				           (15)

where:  		                        (16)

Table 1: Description of the state variables of the Lassa fever model
	Variable
	Description

	

	Number of susceptible humans at time 

	

	Number of exposed humans at time 

	

	Number of infectious humans at time 

	

	Number of recovered humans at time 

	

	Number of susceptible rodents at time 

	

	Number of exposed rodents at time 

	

	Number of infectious rodents at time 



Table 2: Description of the parameters, estimates and sources of the Lassa fever model
	Parameters
	Description
	                          Value
	Source

	

	Recruitment level of humans
	
	[16]

	

	Recruitment level of rodents
	
	[16]

	

	Per capita Lassa induced death rate
	
	[16][17] 

	

	Recovered human loss of immunity
	
	Assumed

	

	Spontaneous individual recovery
	
	[16] [17]

	

	Sensitization rate of humans
	
	Assumed

	

	Transmission rate per contact by an infectious rodent
	
	[18] [16]

	

	Transmission rate per contact by an infective through sexual activity
	
	[18] [16]

	

	Transmission rate per contact by an infected human
	
	[18] [16]

	

	Relative infectiousness of individuals with aerosol
	
	[19][16]

	

	Natural mortality rate for humans
	
	[20][16]

	

	Natural mortality rate for rodents
	
	[17][16]

	

	Aggressive rodent control
	
	Assumed

	

	Progression rate of humans from exposed to infected
	
	[16]

	

	Progression rate of rodents from exposed to infected
	
	[16]

	

	Contact rate of rodent per human per unit time
	
	[16]

	

	Relative human-to-rodent transmissibility of infected humans
	
	[16]

	

	Relative human to human transmissibility of infected humans
	0.5
	[16]

	

	Rate of exposure to the aerosol
	Negligible
	[16]

	

	Recovery with temporary immunity
	
	







2.5     Mathematical Analysis of the Model
The model system (1)  (7) was analyzed to understand its long term behaviour. First it was shown that the system is mathematically well posed through invariant region, it is epidemiologically meaningful through positivity and boundedness and that that the solutions to the model equation is unique. Next the equilibrium solutions for the system were determined and their stability was established. Also the effective reproduction of the system was computed using the next generation matrix approach.
2.5.1 Invariant Region

For model system (9)  (15), it is essential to verify that the trajectory remain within a specific region for values of .



Letand where be the biological feasible region.



It will be demonstrated that is positively invariant (i.e., every solutions starting in  stays in).

The rate of change of the total population at time () is given by:

            	                                                  (17)
where:

 				   				           (18)
 By comparison theorem, we have,

			                  				           (19) 

Using integrating factor on equation (19) and at = 0, we have: 

					           (20)




Hence, all solutions of the system (9)  (15) that starts in the region  remains in  for t > 0. Therefore, the system is both biologically relevant and mathematically well posed within , meaning that  is positively invariant.
2.5.2 Positivity and Boundedness of Solutions

For system (9)  (15) to be epidemiologically valid, it is essential to show that all its state variables remain non negative for all times. In other words, if the initial conditions are non negative, then the solutions of the model will stay non negative for all time .




Theorem 2.1: let the initial conditions of the system be: Then the solution set  remains non negative ().
Proof: for the susceptible human, we have from equation (9)

	   			                        (21)
It could be shown from equations (10)  (15) that

 			   				           (22)  
Hence the proof.
2.5.3 Existence and Uniqueness of the Solution
The system (9)  (15) can be shown to have a unique solution and that the model equation exists.
Theorem 2.2: 

Let then, the model system (9)  (15) has a unique solution.
Proof: 
Let

 								                        (23)

Then, at 

for 

		   				           (24)

For  








			 			                        (25) For 									                        	                                                               (26)      For                                                                                                                                                                                       	                                                               (27) For                                                                                                                                                                                                               	                                                               (28) For 


	                                                                            (29) For 


	                                                               (30) Since all partial derivatives are continuous and bounded, then the solution of the system (9)  (15) exist and clearly unique.
2.5.3 Equilibrium Points
An equilibrium point is a state where the system shows no change over time, meaning all variables remain constant if the system starts there. It occurs when all derivatives in the model are zero, indicating no net change in the system’s dynamics [21]. We will find two equilibrium points in the model which are:
a. disease free equilibrium points
b. endemic equilibrium points
2.5.3.1 Disease Free Equilibrium (DFE) Points
A disease free equilibrium (DFE) is a steady state where no individuals are infected, meaning all disease related compartments are zero. It reflects a situation where the disease is absent from the population, and the remaining compartments (e.g. susceptible) are determined by natural demographic factors [22][23].

Let the DFE point of the system (9)  (15) be denoted by, then at disease free,

				           (31)
substituting (31) into equation (1) and (5)

    	                                                               (32)
2.5.3.1 Endemic Equilibrium (EE) Points
The endemic equilibrium is a steady state where the disease remains in the population over time, with ongoing infections balanced by recovery, birth, and death rates [24][25].

Let the EE points for the system (9)  (15) be dented by,   then at equilibrium, we have:




                     		                     Thus  in terms of and becomes


				           (33) 2.5.4 Effective Reproduction Number ()



The effective reproduction numberindicates the average number of new infections caused by an infectious person in a population with existing interventions. When, the disease dies out and when, it can persist and spread [26].



To calculate the effective reproduction number (​) for the system (1)  (7), we use the next generation matrix method. This involves defining two matrices, F for new infection terms and V for other remaining transfer terms, with where is the spectral radius.
Thus at disease free,

                                                                      (34)
Let

    			                                                               (35)

then  becomes:

	                                                               (36)

	                                                               (37)
2.5.4 Local Stability Analysis of Disease Free Equilibrium (DFE) Point
The local stability of the disease free equilibrium (DFE) indicates whether small introductions of disease will fade out over time. If locally stable, the system returns to DFE and no outbreak occurs [27].


The local stability of the system (9)  (15) is determined at a case where there is no loss of immunity, and the population is fully aware of the disease (i.e. ). As, the Jacobian matrix of the system at (32) is computed as:


	                                     (38) where                                                                                                    (39)

Clearly (38) is an upper and lower triangular matrix and thus its eigenvalues are the diagonal elements. Since all eigenvalues are negative, thus (38) is locally asymptomatically stable whenever implying that a small introduction of infection will not cause an epidemic, and the infection will die out over time.
2.5.4 Local Stability Analysis of Endemic Equilibrium (EE) Point
The local stability of the endemic equilibrium (EE) shows whether the disease will remain at a constant level after slight changes; if stable, it persists despite disturbances, but if unstable, the disease dynamics shift away from this state [27].
Linearizing the Jacobian matrix of the system (9)  (15), we have:

		                        (40) where:

                                                               (41) The characteristic equation of (40) is given by:

                                                           (42) The stability of (42) is determined using the Routh Hurwitz criterion.

Theorem 2.3 (Routh Hurwitz criterion) : A real polynomialis Hurwitz stabl,i.e., all its roots have negative real parts if and only if all the leading principal minors of its associated Hurwitz matrix (or equivalently, all the first column elements of its Routh array) are positive [28][29].

Let (42)					                                                               (43)
Table 3: Routh Hurwitz table
	

	

	

	

	


	

	

	

	

	


	

	

	

	

	


	

	

	

	

	


	

	

	

	

	


	

	

	

	

	


	

	

	

	

	


	

	

	

	

	



where:

                                                               (44)

According to theorem 3, (43) is stable only if all entries in the first column of Table 3 are positive. Hence (43) is locally asymptomatically stable whenever  .
2.5.5 Global Stability Analysis of Disease Free Equilibrium (DFE) Point
To investigate the global stability of the disease free equilibrium of the model (9)  (15), we apply the method of Castillo Chavez and Song (2002), as used by [11][30].


Theorem 2.4: let be the disease free equilibrium point of the model system (3.2). Whenever, the system (9)  (15) is globally asymptomatically stable if the following holds:

[q1]  is globally asymptomatically stable,





[q2] , where  is an matrix (all off diagonal elements are non positive, and all principle minors are positive),  is the region where the system (9)  (15) makes biological sense and  ,  denote the infected and uninfected compartments of the system (9)  (15) respectively.
Proof:
To show that [q1] hold, we have:

 		                        (45) To find the solution of the first order differential equations (ODEs) in (45), we have:

			                                                                                         (46)
Equation (46) is a simple variable separable differential equation, thus integrating, we have:

					                                                               (47)


If, then		                                                                            (48)
It can also be shown that:

    		                                                               (49)


Thus it is clear that all points converges to, hence  is GAS and thus [q1] is satisfied.
To show that condition [q2] holds, we have:

			                                                               (50)



	                                                               (51) it follows that all parameters are nonnegative, and.  




Thusand.Therefore, and condition [q2] is satisfied. Thus, is globally asymptomatically stable.
2.5.6 Global Stability Analysis of Endemic Equilibrium (EE) Point

To establish the global stability of the endemic equilibrium of the system (9)  (15) when, we employ LaSalle's invariance principle with an appropriate Lyapunov function.
We consider the Lyapunov function:

		                                                               (52)


Theorem 2.5: when, the endemic equilibrium point  of the system (9)  (15) is globally asymptomatically stable if:

a. 

b. 
proof:
Obviously (a) holds since:

                                                  (53)
To show that (b) holds, differentiate V wrt t, we have:



                                        		                        (54) on further simplification, we have:   




                                           (55) Since V is positive definite, , and the largest invariant set where  is the endemic equilibrium itself, then by LaSalle’s invariance principle, the endemic equilibrium of the system (9)  (15) is globally asymptotically stable whenever.
3. Sensitivity Analysis and Numerical Simulation


This chapter presents sensitivity analysis and numerical simulations to evaluate how model parameters affect the effective reproduction number and disease dynamics. Key findings are shown in a table and bar chart, identifying the most influential parameters. Simulation results shows how the model behaves over time and supports earlier analysis based on defined initial conditions and parameters.
3.1 Sensitivity Analysis
Sensitivity analysis looks at how changes in a model’s input parameters affect its output. It helps pinpoint which parameters have the biggest impact on model behavior, making it easier to calibrate, simplify, and improve the model [31]. This process also supports validation and better decision making by showing which inputs need close attention and which have little effect.




Let  be a parameter in the effective reproduction number . The normalized forward sensitivity index of  with respect to  is defined by the relation:

	                                                                                         (56) 






Table 3: Sensitivity indices measuring the impact of model parameters on 
	Parameters
	Sensitivity Index
	Interpretation

	

	

	Strong positive influence

	

	

	Minimal positive influence

	

	

	Strong negative influence

	

	

	Negligible negative influence

	

	

	Very strong negative influence

	

	

	Minimal positive effect

	

	

	Strong positive influence

	

	

	Minimal positive effect

	

	

	No effect

	

	

	Moderate negative influence

	

	

	Moderate negative influence

	

	

	Minimal negative effect

	

	

	Moderate positive influence

	

	

	Negligible effect

	

	

	Minimal positive effect

	

	

	Minimal positive effect

	

	

	Strong positive influence

	

	

	No effect

	

	

	Disease will decline



[image: ]The sensitivity indices in table 3 are visualized in the following bar plot.






















Figure 2: Graphical representation of the sensitivity indices measuring the impact of model parameters on 


Table 3 quantifies how each model parameter influences the effective reproduction number. Positive sensitivity values indicate that increasing the parameter raises ​, while negative values suggest a reduction.


















Among all parameters, human recruitment rate  and sensitization rate  show the strongest impact positively and negatively. This highlights how population growth and behavioral change influence disease dynamics. The high positive values for sexual transmission ​ and relative human to human transmissibility of infected humans emphasize the role of human to human spread, whereas mortality related parameters like  and ​ reduce by removing infectives from circulation. Parameters like , ​,  and  also contribute, though to a lesser extent. Others like ​, , , , ,  and  show marginal influence in this model setup.
3.2 Numerical Simulation
Numerical simulation is a computational approach used to approximate solutions of complex mathematical models when analytical solutions are infeasible. By discretizing the model equations and iteratively computing outcomes over time, it allows researchers to explore system dynamics, analyze parameter sensitivity, and evaluate intervention strategies. In epidemiological models like the SEIR framework, simulations are essential for forecasting outbreaks and testing control measures [32].
3.2.1 Simulation Setup









For the simulation of the system (1)  (7), we considered a scenario in which both human and rodent populations are already experiencing a widespread epidemic. The total human population was set at , with 46.67% susceptible (), 33.33% exposed (), 16.67% infected (), and 3.33% recovered (). The rodent population was set at, comprising 50% susceptible (), 35% exposed (), and 15% infected ().


The simulation focuses on assessing the impact of public awareness () and aggressive vector reduction (​) on disease transmission, particularly in an advanced epidemic phase as modeled in equations (1)  (7).
3.2.2 Simulation Results

3.2.2.1 Impact of Public Awareness Parameter ()
The simulations for the sub population when public awareness is implemented is presented in Figure 3  10.
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Figure 3: Graphical representation when = 0	
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Figure 4: Graphical representation when  = 0.3
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Figure 5: Graphical representation when = 0.6
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Figure 6: Graphical representation when  = 0.8
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Figure 7: Graphical representation when = 1                     
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Figure 8: Graph of Susceptible human when 			    			  = 0, 0.3, 0.6, 0.8, 1
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Figure 9: Graph of Exposed human whe= 0,0.3, 0.6, 0.8, 1
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Figure 10: Graph of Infected human when = 0, 0.3, 0.6, 0.8 ,1




The simulation investigates the effect of varying, over the 21 day acute phase of Lassa fever symptoms [33]. In Figure 3, with no awareness, the exposed human population is highest, followed by the infected and then the susceptible, reflecting the unchecked spread of the disease. As awareness increases in Figure 4, the gap between the infected and susceptible population narrows, showing a slight shift toward reduced transmission. At  = 0.6 in Figure 5, the susceptible population rises further, nearly matching the infected. In Figure 6, the susceptible surpasses the infected. With full awareness in Figure 8, the susceptible population dominates, while all other compartments significantly decline, demonstrating the strong effect of awareness. Figure 9 and 10 further illustrates this: as increases, the number of susceptible humans rises, while exposed and infected populations decline. Together with its high sensitivity index, these results emphasize the critical role of public awareness in curbing Lassa fever transmission.

3.2.1.2  Impact of Aggressive Vector Reduction ()

This section presents the graphical profiles of the vector population at different values of . The results are presented in Figure 11 to 17.
[image: ]























Figure 11: Graphical representation when  = 0	    
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Figure 12: Graphical representation when  = 0.05
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Figure 13: Graphical representation when  = 0.5	    
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Figure 14: Graphical representation when  = 0.9

[image: ]























Figure 15: Graph of Susceptible rodent when  = 0, 0.05, 0.5, 0.9
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[image: ]Figure 16: Graph of Exposed rodent when  =0, 0.05, 0.5, 0.9

























Figure 17: Graph of Infected rodent when  = 0, 0.05, 0.5, 0.9





The simulation investigates the long term effect of increasing over 370 days. In Figure 11, where no rodent control is applied, the number of infected rodents is very high, and exposed rodents are gradually increasing, indicating a high risk of virus transmission. As seen in Figure 12, a moderate increase in leads to a noticeable drop in infected rodents and a rise in susceptible humans and rodents. This trend continues in Figure 13, where a higher  value causes a sharp decline in both infected and exposed rodents, while the susceptible populations increase further. By Figure 14, with even stronger rodent control, the graphs show a significant reduction in infection levels and a steep rise in the number of susceptible humans. Similarly, Figure 15  17 supports this observation: infected rodents rise when  is absent, but decline substantially with increased . These results show that as rodent control becomes more effective, virus transmission reduces, allowing the susceptible human population to grow and helping drive the reproduction number below unity.

4. Conclusion

This study developed and analyzed a modified model to assess the impact of public awareness and aggressive vector reduction on Lassa fever transmission. The model was shown to be mathematically well posed and biologically meaningful. Key findings revealed that increased public awareness significantly lowers transmission by encouraging behavioral changes that reduce exposure, while sustained vector control efforts effectively decrease the rodent population, the primary reservoir of the virus. Together, these strategies can reduce the effective reproduction number below unity, a critical threshold for disease elimination. The study highlights the importance of integrated public health policies that combine community education, environmental sanitation, and robust healthcare responses. Engaging local communities, enhancing surveillance, and supporting vaccine research are essential steps toward long term control and eventual eradication of Lassa fever. 
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