


ANALYZING THE INFLUENCE OF SCREENING AND THERAPY COMPLIANCE ON HIV/ AIDS DYNAMICS USING NONLINEAR INCIDENCE 
Abstract:

The research examines the impact of screening and treatment adherence on HIV/AIDS transmission dynamics, incorporating nonlinear incidence rates. Using mathematical modeling approach, we investigate the role of screening and treatment compliance in shaping disease transmission patterns among screened and unscreened populations. Our model accounts for the complex interactions between susceptible, infected, treated and AIDS individuals, as well as the distinction between screened and unscreened populations. The positivity of solutions and equilibrium points were analyzed qualitatively. The basic reproduction number is also obtained using the next generation matrix technique. The local and global stability analyses of the model were determined. The sensitivity analysis of  with respect to control parameters was carried out using normalized forward sensitivity index. Numerical simulation was carried out to determine the effects of the sensitive parameters. Effective screening and treatment adherence can decrease the risk of mother-child transmission, co-infections and HIV-related complications. The results demonstrate that enhanced screening and treatment adherence can significantly reduce disease transmission and improve health outcomes. The study’s findings highlight the need for targeted interventions to increase screening rates and treatment adherence, particularly among high-risk population. More so, the nonlinear incidence rate was explored to capture the complex dynamics of disease transmission. Our analysis reveals that screening and treatment compliance can have a profound impact on reducing the spread of HIV/AIDS.  These insights can inform policy decisions and guide future research on effective strategies for controlling the spread of HIV/AIDS, ultimately reducing the burden of the disease and improving public health outcomes.
Keywords: Modeling, HIV/AIDS, Screening, therapy compliance, Nonlinear Incidence  

1. INTRODUCTION
Human Immunodeficiency Virus (HIV) and Acquired Immunodeficiency Syndrome (AIDS) remain significant public health challenges globally, particularly in resource-constrained settings [1]. Despite advances in antiretroviral therapy (ART) and prevention strategies, HIV/AIDS continues to affect millions of people worldwide[2]. One crucial aspect of controlling the spread of HIV/AIDS is understanding the impact of screening and treatment compliance on disease transmission dynamics[3]. Screening plays a vital role in identifying infected individuals, linking them to care, and initiating treatment[4,7].
HIV can be transmitted through unprotected sexual intercourse, sharing of contaminated needles, mother-to-child transmission during pregnancy, childbirth, or breastfeeding. Early detection is crucial for effective management and prevention. Screening methods include: Rapid diagnostic test, West blot test and Enzyme-linked immunosorbent assay (ELISA). 
Antiretroviral therapy (ART) is the standard treatment for HIV/AIDS, which suppresses viral replication, restores immune function and improves quality of life. Effective prevention strategies include: consistent use of condoms, pre-exposure prophylaxis (PrEP), post-exposure prophylaxis (PEP), harm reduction programs for injecting drug users, voluntary medical male circumcision, mother-to-child transmission prevention programs [17].
Recent studies have emphasized the importance of mathematical modeling in understanding HIV/AIDS transmission dynamics [1,5]. Mathematical models have been developed to investigate the dynamics of HIV/AIDS transmission, concentrating on distinct groups and evaluating the effectiveness of interventions such as prevention, screening and treatment [6,13,18]. Nonlinear incidence rates, which capture the complex dynamics of disease transmission, are essential for understanding the spread of HIV/AIDS. This study aims to investigate the impact of screening and treatment compliance on HIV/AIDS transmission dynamics, incorporating nonlinear incidence rates, and exploring the dynamics between the progression of HIV/AIDS among screened and unscreened populations,
.This study is organized as follows: Section 2 gives the model description, including the model’s positivity and boundedness. Section 3 explains an in-depth mathematical analysis of the model, such as the basic reproduction, stability analysis of the disease-free equilibrium, global asymptotic stability of endemic equilibrium, and the sensitivity analysis of the basic reproduction number. Section 4 gives the numerical simulations and discussions while Section 5 gives the concluding remarks of the findings.
2. MATERIAL AND METHODS
2.1 Model description





In this work, the susceptible and infectious epidemic model () is presented. A population size of  was partitioned into 4 subclasses of individuals which are the susceptible class, Infected class, Treated class, and AIDS population, with sizes denoted by  and, respectively such that 


The model explores the impact of screening and treatment compliance on HIV/AIDS transmission dynamics incorporating nonlinear incidence with screened and unscreened populations. The model is governed by a system of nonlinear differential equations, which capture the complex interactions between the compartments The Susceptible, Infected, Treated and AIDS populations are recruited into the population by immigration at a constant rate and newly infected individuals infects susceptible at a rate . 






The screened infective individuals   are screened individual who has been diagnosed with HIV/AIDS through screening test, such as a rapid diagnostic test, or ELISA. They are aware of their status and can receive appropriate treatment, care and support. As a result, they progressed to the treated class.  An unscreened infective  are individual that is infected with HIV but has not been diagnosed or screened for the virus. It is also assumed that these individual may be unaware of their HIV status and may unintentionally transmit the virus to others. In view of this assumption,  progressed directly to full blown AIDS class.  At susceptible class, infected class, treated class and AIDS class, some infective died naturally at  and at infected class, treated class and AIDS class, some also died due to of AIDS related mortality at rate . Also, at treated class, some progressed to AIDS class at a rate due to non-adherence to treatment.
Considering all the above assumptions made, the following system of ordinary differential equations of the proposed model is therefore formulated and presented:


						(1)     


                                                                         (2) 



where, is the incidence rate and are the saturation term to the susceptible and Infected individuals respectively.



Table 1: Model variables and parameters are defined as follows:

	Parameters/ variables
	Description

	

	Recruitment rate 

	

	Transmission rate

	

	Screened individuals after awareness who Progressed to treated class

	




	Unscreened individuals who are not aware and Progressed directly to AIDS class
Progression rate from treated to AIDS

	

	Natural mortality rate unrelated to AIDS

	

	 Death rate due to AIDS

	
	

	



	Susceptible population at a given time (t).
Infected population

	

	Treated population 

	


	AIDS population





2.2Positivity and boundedness of the model:In this section we shall show from model (1) that the state variables are non-negative and the solutions remain positive for all Hence, the parameters in the model are assumed to be positive.

Theorem 1: Let the initial conditions or values of the state variables be such that




, then the set  is non-negative in  for all 
Proof: Considering the first equation in (1), are considered for the positivity of the state variables as follows using the approach of [7,8],



Using variable separable













Since for all  provided that 

Hence, 
For the second compartment of (1)





Using variable separable












Since for all  provided that 

Hence, 

It is possible to show using the same procedure for every other state variable,




This shows that all the solutions of equation (1) are positive for all Therefore, the HIV/AIDS transmission model stated in (1) is both epidemiologically significant and numerically well posed in an attainable given region 

Theorem 2



Every solution in the region  is positively invariant with respect to the HIV/AIDS model (1) in the populations. The solutions for the system are contained and remain in the region  for all time 

Proof: Considering the equation of the model, and adding up all the derivatives with respect to time  we obtained









Where is the initial size of the population
Therefore,





This result implies that HIV/AIDS model (1) has non-zero negative and bounded solution in the region and all the solutions starting in approach, enter or stay in. Hence, it is sufficient to conclude that the model is epidemiologically well posed.

3	Mathematical Analysis of the Model
3.1	Equilibrium points	
3.1.1 Disease free equilibrium point (DFE): Represents a state where the disease is eliminated from the population, and the system reaches a steady state with zero infected individuals.
 At the equilibrium,




                                      (3)                                               


At the disease free equilibrium, and on substitution to equation (3) and solving simultaneously gives the disease- free equilibrium as

                                                  (4)


3.1.2	Endemic equilibrium point: Represents a steady state where the disease persists in the population, with a constant number of infected individuals. At endemic equilibrium, 

Solving equation (3) simultaneously, we obtained the endemic equilibrium points of the HIV model (3) represented by  and obtained as: 


                                       (5)                             

Where,



                     (6)


3.2 Basic Reproduction Number 
Basic reproduction number represents the average number of secondary infections generated by a single individual in a completely susceptible population. It measures the potential for disease spread and determines whether a disease will persist or die out. The next generation matrix is constructed by examining novel infection routes and inter-compartmental transmission dynamics. Utilizing the methodology outlined by [9]. 


Let P be the next generation matrix. It comprises of two parts and  where


                                                           (7)


  The term  and  are computed as                                                                      

                                     (8)

                               (9)       

	                                          (10)


                         (11) 
The basic reproduction number, which is the dominant Eigen-value of the product FV-1, is therefore obtained as:


, where                                    (12)

3.3	Stability analysis of the Disease free equilibrium

 Theorem 3: The disease-free state is locally asymptotically stable if the basic reproduction number and unstable if otherwise.
Proof:
We evaluate the Jacobian matrix of the model at the disease free equilibrium



             (13)


where,

                                                          (14)
The characteristic polynomial equation is obtained as


                                                                              (15)
Where,

























Therefore,


Then by Routh Hurwitz criteria, all the remaining four eigen values are negative. Hence, 
the disease free equilibrium is locally asymptotically stable.

3.4	Global asymptotic stability of endemic equilibrium

Theorem 4: The global asymptotic stability of the HIV model (1) around the endemic equilibrium point is globally asymptotically stable in the region D whenever .

Proof: Consider a quadratic Lyapunov function defined by 

		                                             (16)      
The time derivative of the Lyapunov function (16) is given by 	

	



                                            (17)

Since, then, the following result is obtained






		                                           (18)








Since the time derivative of the continuously differentiable function is negative semi-definite i.e.,, then, the function  is a Lyapunov function. Therefore,  provided that and.Then, by LaSalle’s invariance principle [10], the largest invariance set for which  is the singleton set , which means that the endemic equilibrium point of the HIV/AIDS model (1) is globally asymptotically stable. This simply implies that HIV/AIDS will persist in the population, becoming a long term public health concern requiring sustained management and control efforts.

3.5	Sensitivity Analysis of the basic Reproduction number
This technique assesses how changes in model parameters affect the outcome of a mathematical model. It determines which parameters most influence the model’s behavior, enabling researchers to focus on key factors. By evaluating the impact of parameter variations, sensitivity analysis informs decision-making and improves understanding of complex systems.
Adapting the methodology introduced by [11], the normalized forward sensitivity index of a variable “G” that depends differentiable on a parameter “c” is defined as:

                                                                                                         (19)

Following the approach used in [12], the sensitivity indices of the parameters relative to the basic reproduction number (12) is established. Therefore, the normalized forward sensitivity indices of the basic reproduction number (12) associated with parameters, is calculated as 

                                                                                               (20)

is therefore computed with respect toeach of the parameters as seen in table 2 below:
Table 2: Sensitivity analysis result
	Parameter

	Value
	Sensitivity Index
	Source 

	

	300
	+0.00666323
	[13]

	

	0.0009
	+1.00000
	[13]

	

	0.015
	-0.2447780
	[13]

	

	0.1
	-0.999334
	[14]

	

	0.025
	-0.40796344
	Assumed

	

	0.02
	 -0.3270369
	[15]

	

	0.00128
	-0.02088772
	[16]


























3.5.1	Interpretation of Sensitivity Indices:



The purpose of sensitivity analysis is to identify the most influential parameters on , which can inform disease control strategies. Parameters with positive sensitivity index means that an increase in the parameter value leads to an increase in , making the disease more transmissible. Conversely, parameters with negative sensitivity index imply that an increase in the parameter value leads to a decrease in , making the disease less transmissible. By identifying the most sensitive parameters, policymakers can target interventions to reduce disease transmission and control outbreaks more effectively.






The sensitivity indices of the basic reproduction number , relative to its parameters are summarized in Table 2. For instance, transmission rateand recruitment rate (),are parameters with positive indices while parameters with negative indices are  and . An increase in the parameter values increase the basic reproduction number and also an increase in the values of parameters with negative indices leads to a corresponding decrease in the basic reproduction number.

4.		Numerical Simulations and Discussion
A computational method used to solve complex mathematical models. In this study, numerical simulations are used to visualize and analyze the behavior of the HIV/ AIDS model, illustrating the impact of screening and treatment compliance on HIV/AIDS transmission dynamics with nonlinear incidence among screened and unscreened infective population.




Fig 1: Graphical Representation of the Sensitivity indices of 




[image: ]


Fig. 2: Sensitivity of the basic reproduction number to the parametersand 
[image: ]


Fig. 3: Sensitivity of the basic reproduction number to the parametersand 
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Fig.4: AIDS population dynamics with varying proportions of screened individuals, 
[image: ]


Fig 5:Impact of unscreened individuals on AIDS population over time
[image: ]

Fig 6: Effect of treatment rate on AIDS population dynamics over time

4.1 Discussion:
Fig 1 illustrates the graphical representation of the basic reproduction number where increase in parameter with positive values will increase the basic reproduction and will reduce the basic reproduction number in parameters with negative index value.




Fig 2 reveals the sensitivity of the basic reproduction number to the parametersand  Increase in and reduce the basic reproduction number.




 Fig.3 equally depicts the Sensitivity of the basic reproduction number to the parametersand This reveals that increasing the values of these parameters decrease the basic reproduction number. This suggests that screening, whether among screened or unscreened individuals can help reduce the transmission of HIV/AIDS. Increasing (screening among screened individuals) reduce basic reproduction, likely due to early detection and treatment. Also, increasing  also reduce the basic reproduction number due to identifying and treating more individuals, thereby reducing transmission. These findings highlight the importance of screening and early detection in controlling the spread of HIV/AIDS. By increasing screening efforts, the basic reproduction number would reduce, ultimately leading to a decrease in the number of new cases.
Figure 4 reveals the impact of screened infective individuals on treated population over time. The graph shows that as the screening rate increases, the treated infective class also increases over time. This suggests that increased screening efforts lead to more individuals being identified and treated for HIV/AIDS. The increase in the treated infective class can be attributed to the fact that screening helps identify more individuals who are infected, allowing them to receive treatment and care. This highlights the importance of screening in HIV/AIDS management and control. By increasing screening rates, more individuals can be identified and linked to care, ultimately reducing the burden of HIV/AIDS in the population. This finding supports the results obtained by [8].
Figure.5 clearly explains that as the proportion of unscreened individual increases, the AIDS population also increases over time. This suggests that a higher percentage of unscreened individuals contribute to a greater number of AIDS cases. As the number of unscreened individuals’ increases, the AIDS also increases. The simulation highlights the importance of screening and early detection in controlling the spread of AIDS. Hence, the need for targeted interventions to increase screening rates among high-risk populations. It is also essential to ensure that screened individuals also receive timely and effective treatment to prevent progression to AIDS. This finding is also in line with [8].

Figure 6 depicts the effect of treatment rate on AIDS population dynamics,
The graph shows that as the treatment rate increases, the AIDS population increases slightly over time. This may be attributed to treatment failure. Some individuals may fail treatment and progress to AIDS, contributing to an increase in the AIDS population. Also, it may be as a result of lack of compliance to medication. Non-adherence to treatment regimens may lead to treatment failure or drug resistance, causing individuals to progress to AIDS. These factors highlight the complexities of HIV/AIDS treatment and the need for comprehensive care that includes not only effective treatment but also support for adherence and management of potential challenges.
5. Conclussion
The study examines the impact of screening and treatment compliance on HIV/AIDS transmission dynamics, considering nonlinear incidence rates among screened and unscreened populations, and explores the interactions between susceptible, infected, treated and AIDS populations.  The positivity and boundedness of solutions was established in order to ensure the model’s biological relevance. The model’s equilibrium, are analyzed for stability and the basic reproduction number was computed. Local asymptotic stability of the disease-free equilibrium is established and the global asymptotic stability of the endemic equilibrium is obtained Sensitivity analysis was also carried out and analysis reveals key parameters driving disease transmission, while numerical simulations demonstrate the model’s behavior under various scenarios. Our findings highlights the critical role of screening in reducing transmission and provide valuable insights into the differences in transmission dynamics between screened and unscreened infective, informing targeted strategies for disease control and management.

Recommendations
The followings are recommended for the screened and unscreened infective populations based on our study:
1. Get regular check-ups if you’ve been diagnosed with HIV/AIDS, prioritize regular follow-ups with your healthcare provider to monitor your health and adjust treatment plans as needed.
2. If one is eligible for antiretroviral therapy (ART), he/she should discuss the benefits and potential side effects with his/her healthcare provider to determine the best treatment plan for such individual.
3. Stay informed and supported. Consider seeking support from counselors, support groups or online resources to help cope with your diagnosis.
4. Protect others and yourself if you’ve been diagnosed. Additionally, take steps to prevent transmission, such as using protection and adhering to your treatment regimen.
5. Get screened regularly for HIV to know your status and take control of your health. Prioritize regular screenings if you’re sexually active or engage in high-risk behaviors to protect yourself and others.
6. The government can play a crucial role in HIV prevention and control by building and funding free HIV screening centers, increasing accessibility to testing services, promoting awareness and education and encouraging voluntary testing and counseling. 

Limitations
The study’s limitations include not determining optimal control strategies which identify specific optimal control measures to minimize disease transmission and maximize health outcomes and also cost-effectiveness analysis which evaluate the economic impact of different interventions, which is crucial for informing resource allocation decisions. This could be a way forward for other researchers

Future work
Utilize new methods such as fractional-order modeling with Caputo derivative to capture memory effects and non-integer order dynamics in HIV/AIDS transmission, potentially leading to more accurate and nuanced model predictions. This could be relevant for understanding the dynamics of HIV/AIDS transmission.

Disclaimer
Authors hereby declare that NO generative AI technologies such as Large Language Models and text-to-image generators have been used during the writing or editing of this manuscript.
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