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Abstract

This paper presents a comprehensive analysis of nonlinear mathematical models for HIV/AIDS epidemic transmission
dynamics. We develop and analyze several deterministic compartmental models incorporating key epidemiological
factors influencing HIV transmission, including variable infection rates, latency periods, and treatment interventions.
Using differential equation systems, we establish the existence of disease-free and endemic equilibrium points and
analyze their stability conditions through Lyapunov functions and the next-generation matrix approach. Basic
reproduction numbers (Ro) are derived for each model to determine epidemic thresholds. Numerical simulations
utilizing real epidemiological data from five distinct geographical regions validate our theoretical findings and
demonstrate how intervention strategies affect disease trajectories. Sensitivity analysis reveals that behavioral
interventions targeting transmission rates and early treatment initiation have the greatest impact on reducing Ro. Our
findings contribute to the understanding of HIV/AIDS transmission dynamics and provide quantitative frameworks
for evaluating the effectiveness of various intervention strategies in diverse epidemiological settings.
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1. INTRODUCTION

1.1 Background and Significance

The HIV/AIDS epidemic continues to pose significant public health challenges globally despite substantial progress
in prevention and treatment over the past four decades. Mathematical modeling has emerged as an essential tool for
understanding the complex dynamics of HIV transmission and the potential impact of various intervention strategies
[2]. These models enable researchers to simulate epidemic trajectories, identify critical transmission parameters, and
optimize resource allocation for prevention and treatment programs [3]. The nonlinear nature of disease transmission
makes HIV/AIDS epidemiology particularly amenable to mathematical analysis using differential equation systems.
Early HIV models developed by Anderson and May [4] and Hethcote [5] established foundational frameworks for
epidemic modeling, but these initial approaches often neglected important biological and social factors that influence
disease spread. Contemporary modeling approaches have evolved to incorporate heterogeneity in population mixing
patterns, variable infectivity across disease stages, treatment dynamics, and behavioral responses to the epidemic [6,
7].

1.2 Theoretical Framework
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Our research builds upon the established SEIR (Susceptible-Exposed-Infected-Recovered) modeling paradigm,
extended to capture the unique characteristics of HIV/AIDS transmission dynamics. We develop a series of
increasingly complex models that progressively incorporate additional epidemiological features relevant to HIV,
including:

1. Variable infectivity across different stages of HIV infection

2. Impact of antiretroviral therapy (ART) on transmission and disease progression

3. Behavioral modifications in response to awareness and education

4. Population heterogeneity and assortative mixing patterns

5. Impact of pre-exposure prophylaxis (PrEP) and other biomedical interventions
Each model is formulated as a system of nonlinear ordinary differential equations (ODES), where state variables
represent distinct population compartments, and transition rates between compartments capture the underlying
epidemiological processes [8]. We analyze these systems to establish mathematical properties including boundedness
of solutions, positivity preservation, and existence of equilibrium points. For each model, we derive the basic
reproduction number (Ro) using the next-generation matrix approach developed by van den Driessche and Watmough
[9], which provides critical thresholds for epidemic control.
1.3 Research Objectives and Innovation
This study aims to advance HIV/AIDS epidemiological modeling through several key innovations:
First, we develop unified theoretical frameworks that systematically incorporate multiple interacting factors affecting
HIV transmission dynamics. Unlike previous studies that often focus on isolated aspects of the epidemic, our approach
enables comprehensive analysis of how various biological, behavioral, and intervention factors collectively influence
disease trajectories.
Second, we provide rigorous mathematical analyses establishing necessary and sufficient conditions for the stability
of disease-free and endemic equilibria across different model formulations. These analyses yield practical thresholds
and targeting priorities for public health interventions.
Third, we validate our theoretical findings using empirical data from diverse geographical regions with varying
epidemic profiles, demonstrating the models' applicability across different epidemiological contexts. This multi-
regional validation enhances the generalizability of our findings and provides context-specific insights for intervention
design.
Finally, we perform comprehensive sensitivity analyses to identify the most influential parameters affecting epidemic
outcomes, thereby informing the prioritization of limited public health resources. By quantifying the relative impact
of different intervention strategies, our work provides actionable guidance for policymakers and program

implementers working to control HIV/AIDS epidemics in various settings.

2. LITERATURE SURVEY
Mathematical modeling of HIVV/AIDS epidemics has evolved significantly since the disease was first identified in the

early 1980s. Early models by Anderson and May [4] established the foundation for HIVV/AIDS modeling using simple
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compartmental structures that divided populations into susceptible, infected, and AIDS categories. These initial
frameworks were instrumental in understanding the basic dynamics of the epidemic but lacked the sophistication to
capture many biological and social complexities of HIV transmission. In the 1990s, researchers began developing
more complex models incorporating variable infectivity across disease stages, recognizing that HIV transmission
probability varies significantly during acute infection, chronic asymptomatic infection, and AIDS [10, 11]. Jacquez et
al. [12] demonstrated that incorporating stage-dependent infectivity substantially altered model predictions regarding
epidemic trajectories and intervention impacts. Concurrent work by Hethcote [5] and Busenberg and Cooke [13]
expanded these frameworks to include age structure and variable mixing patterns, providing more realistic
representations of population heterogeneity.

The advent of effective antiretroviral therapy (ART) in the mid-1990s necessitated further model adaptations. Blower
et al. [14] developed influential models examining how ART might affect both individual disease progression and
population-level transmission dynamics. Their work highlighted the potential epidemiological benefits of treatment
while identifying concerns about behavioral disinhibition and drug resistance. Building on this foundation, Granich et
al. [15] proposed models suggesting that universal testing and immediate treatment could potentially eliminate HIV
transmission in high-prevalence settings—a concept that has since been empirically validated through trials like HPTN
052 [16]. More recent modeling approaches have incorporated additional biomedical interventions such as pre-
exposure prophylaxis (PrEP). Grant et al. [17] and Gomez et al. [18] developed models examining how PreEP
implementation might affect epidemic trajectories across different risk groups and implementation scenarios. These
studies highlighted the importance of targeting PrEP to high-risk populations to maximize epidemiological impact
while minimizing costs. Concurrently, significant methodological advances have occurred in the mathematical
analysis of nonlinear epidemic models. The next-generation matrix approach, formalized by van den Driessche and
Watmough [9], has become the standard method for deriving basic reproduction numbers and analyzing stability
properties of equilibrium points. Lyapunov function techniques have been increasingly applied to establish global
stability results for complex nonlinear systems, as demonstrated in the works of Korobeinikov [19] and Huang et al.
[20].

Recent modeling efforts have increasingly focused on combining multiple intervention approaches within unified
frameworks to examine synergistic effects and optimal resource allocation. Cremin et al. [21] and Mitchell et al. [22]
developed models examining how combinations of behavioral, biomedical, and structural interventions might
collectively impact HIV epidemics in different settings. These models highlight the importance of tailored
combination prevention approaches that address the specific drivers of local epidemics. Despite these advances,
significant gaps remain in understanding how nonlinear interactions between biological, behavioral, and intervention
factors collectively shape HIV epidemic dynamics across diverse epidemiological contexts. Our research addresses
these gaps by developing and analyzing a series of increasingly comprehensive nonlinear models that systematically

incorporate these interacting factors while maintaining mathematical tractability.

3. METHODOLOGY
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3.1 Model Formulation and Assumptions

Our methodological approach centers on developing a sequence of deterministic compartmental models with
increasing complexity to capture the essential dynamics of HIV/AIDS transmission. The baseline model partitions the
population into five compartments: Susceptible (S), Exposed but not infectious (E), Asymptomatic HIV infection (I1),
Symptomatic HIV infection (I2), and AIDS (A). The dynamics between these compartments are governed by a system

of nonlinear ordinary differential equations:
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Here, A represents the recruitment rate into the susceptible population, B is the effective contact rate, m: and 12 are
modification parameters for differential infectivity in the I> and A classes respectively, 1 is the natural mortality rate,
o is the rate of progression from exposed to infectious, y1 and y2 are progression rates between infection stages, and 6
is the AIDS-specific mortality rate. For the extended model incorporating treatment, we add additional compartments
for individuals receiving antiretroviral therapy at different disease stages, with modified transmission rates and
progression parameters. Key assumptions in our modeling framework include homogeneous mixing within
compartments, constant population size in the absence of disease, and deterministic progression between disease
stages.

3.2 Analytical Techniques

We employ rigorous mathematical techniques to analyze the qualitative behavior of our models. For each model
variant, we first establish the well-posedness of the system by proving the existence, uniqueness, and boundedness of
solutions, ensuring that our models produce biologically meaningful outcomes. We then identify equilibrium points
by setting the right-hand sides of all differential equations to zero and solving the resulting algebraic system. For
stability analysis, we compute the Jacobian matrix at each equilibrium point and analyze its eigenvalues to determine
local stability properties. For the disease-free equilibrium, we employ the next-generation matrix approach to derive
the basic reproduction number Ro, which serves as a threshold parameter for epidemic establishment. For endemic
equilibria, we construct suitable Lyapunov functions to establish global stability properties when possible, or use
geometric approaches such as the Poincaré-Bendixson theorem for systems where classical Lyapunov techniques are
insufficient. To analyze the impact of interventions, we perform bifurcation analysis to examine how changes in
control parameters affect system dynamics, particularly focusing on transcritical bifurcations where the stability of

equilibria changes as Ro crosses unity. Sensitivity analysis is conducted using both analytical and numerical
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approaches, computing normalized sensitivity indices for Ro with respect to each model parameter to identify the most
influential factors for epidemic control.

3.3 Numerical Methods and Implementation

For numerical simulations, we implement our models using fourth-order Runge-Kutta methods with adaptive step size
control to ensure computational accuracy and efficiency. Parameter estimation is performed using maximum
likelihood methods applied to epidemiological data from multiple regions, with uncertainty quantified through
bootstrapping procedures and Markov Chain Monte Carlo methods where appropriate. Model validation utilizes a
multi-stage approach: first validating structural assumptions through expert consultation, then performing statistical
validation using goodness-of-fit measures with historical data, and finally conducting predictive validation by
comparing model projections against out-of-sample data. To account for parameter uncertainty, we employ Latin
Hypercube Sampling to generate ensembles of parameter sets, producing uncertainty bounds for model predictions.
All computational work is implemented in MATLAB and R, with code and data made available through public

repositories to ensure reproducibility.

4. DATA COLLECTION AND ANALYSIS
Our empirical analysis draws upon HIV/AIDS surveillance data from five geographically and epidemiologically
diverse regions: Sub-Saharan Africa (with focus on South Africa), Thailand, Brazil, the United States, and Eastern
Europe (focusing on Ukraine). These regions were selected to represent varying epidemic phases, transmission
patterns, and intervention histories. Data were obtained from multiple sources including UNAIDS country reports,
national health ministries, WHO Global Health Observatory, and published cohort studies spanning the period 1990-
2015. For each region, we compiled time series data on HIV prevalence, incidence, AIDS cases, treatment coverage,
and mortality. Additionally, we collected demographic data and information on behavioral risk factors, intervention
implementation, and healthcare system capacity. Data were harmonized across sources by adjusting for different
reporting standards and reconciling discrepancies through statistical methods including Bayesian melding approaches.
Missing values were addressed using multiple imputation techniques appropriate for time series data. Parameter
estimation followed a two-stage process: first establishing plausible ranges for biological parameters based on clinical
literature, then fitting region-specific parameters using maximum likelihood estimation. Goodness-of-fit was assessed
using weighted residual sum of squares, Akaike Information Criterion (AIC), and visual inspection of fitted
trajectories against observed data.
Table 1: Regional HIV/AIDS Epidemiological Characteristics (2018 Estimates)

Region | Adult HIV | Annual AIDS-related ART Mean CD4
Prevalence | Incidence (per | Mortality (per | Coverage | Count at
(%) 1000) 100,000) (%) Diagnosis

South 19.3 4.7 126.8 75.2 347

Africa

Thailand | 1.1 0.3 15.7 82.6 285
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Brazil 0.6 0.5 10.3 69.4 321
United 0.4 0.2 3.8 86.5 378
States
Ukraine | 0.9 0.8 21.4 58.7 252
Table 2: Estimated Transmission Parameters Across Study Regions
Parameter South Africa | Thailand | Brazil | United States | Ukraine
Base Transmission Rate () 0.438 0.317 0.286 | 0.245 0.392
Relative Infectivity - Acute Phase 7.62 6.94 7.38 7.15 7.49
Relative Infectivity - Chronic Phase | 1.00 1.00 1.00 1.00 1.00
Relative Infectivity - AIDS Phase 3.46 3.27 3.51 3.32 3.68
Transmission Reduction on ART (%) | 91.4 93.6 92.8 96.3 84.7
Table 3: Basic Reproduction Numbers (Ro) and Intervention Effects Across Regions
Region Baseline Ro with | Ro  with Optimal | Ro with 90% ART | Ro with Combined
Ro Current Behavioral Coverage Optimal Strategy
Interventions | Interventions
South 4.82 2.14 1.63 1.12 0.74
Africa
Thailand | 3.46 1.28 1.14 0.84 0.61
Brazil 3.21 1.62 1.29 0.98 0.72
United 2.87 1.08 0.96 0.83 0.58
States
Ukraine | 4.05 2.31 1.74 1.23 0.85
Table 4: Sensitivity Analysis of Parameters Influencing Ro
Parameter Normalized Range Across | Parameter
Sensitivity Index | Regions Classification
Base Transmission Rate () +1.000 -- High Impact
Progression Rate to AIDS (y2) -0.674 (-0.712, -0.623) High Impact
Progression Rate to Symptomatic (y1) -0.418 (-0.473, -0.392) Medium Impact
AIDS-specific Mortality (5) -0.321 (-0.365, -0.287) | Medium Impact
Natural Mortality () -0.287 (-0.312, -0.265) Medium Impact
ART Initiation Rate -0.814 (-0.862, -0.751) High Impact
Treatment Efficacy -0.793 (-0.826, -0.735) High Impact
Contact Rate Reduction -0.687 (-0.724, -0.651) High Impact

Table 5: Model Validation Statistics Across Regions
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Region Mean Absolute Percentage | Root Mean Square | R? for | Rz for | Rz for
Error (MAPE) Error (RMSE) Prevalence | Incidence | Mortality

South 7.42% 0.68 0.934 0.896 0.912

Africa

Thailand | 5.87% 0.23 0.952 0.927 0.938

Brazil 6.53% 0.19 0.928 0.885 0.904

United 4.96% 0.11 0.967 0.941 0.953

States

Ukraine 8.21% 0.31 0.908 0.863 0.887

Our analysis of these data yielded several important insights. First, the fitted models demonstrate substantial regional
variation in transmission dynamics, with Ro values ranging from 2.87 in the United States to 4.82 in South Africa
under baseline conditions without interventions. This variation reflects differences in sexual behavior patterns,
healthcare access, and biological cofactors affecting transmission probabilities. Second, sensitivity analysis
consistently identified the base transmission rate, ART initiation rate, and treatment efficacy as the parameters with
the greatest influence on Ro across all regions. This finding underscores the epidemiological importance of both
behavioral interventions that reduce transmission risk and biomedical interventions that expand treatment access and
effectiveness. Third, the fitted models accurately captured historical epidemic trajectories in all study regions, with R2
values exceeding 0.85 for all key outcomes and mean absolute percentage errors below 9%. This validation provides
confidence in the models' ability to generate reliable projections under various intervention scenarios. Finally, our
analysis quantified the relative and combined impacts of different intervention strategies on epidemic control
thresholds. While no single intervention was sufficient to reduce Ro below unity in high-prevalence settings like South
Africa and Ukraine, combinations of optimized behavioral interventions and expanded treatment coverage

consistently pushed Ro below the epidemic threshold across all regions in our analysis.

5. DISCUSSION

5.1 Key Findings and Theoretical Implications

Our analysis reveals several critical insights regarding the mathematical modeling of HIV/AIDS transmission
dynamics. First, the incorporation of differential infectivity across disease stages significantly alters epidemic
projections compared to simpler models with constant infectivity. Our finding that acute infection contributes
disproportionately to transmission (with relative infectivity 6.94-7.62 times higher than during chronic infection)
aligns with biological evidence from cohort studies [23] but has more dramatic implications for epidemic control than
previously recognized. The heightened infectivity during acute infection creates what we term "transmission
cascades"—chains of rapid transmission that can establish endemic infection even when the average Ro across all
stages appears marginally above unity. The stability analysis of our nonlinear models demonstrates that the disease-
free equilibrium is globally asymptotically stable when Ro < 1, providing mathematical confirmation for the theoretical

possibility of epidemic elimination through sufficient intervention. However, our bifurcation analysis reveals that the
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transition from disease-free to endemic states is more complex than previously described, with potential for bistability
regions where both equilibria are locally stable under certain parameter combinations. This mathematical finding has
important practical implications: it suggests that in some epidemiological contexts, temporary intensive interventions
might push the system into a basin of attraction for the disease-free equilibrium even if long-term intervention
sustainability is uncertain.

Our multi-regional analysis further demonstrates that the quantitative thresholds for epidemic control vary
substantially across epidemiological contexts. The higher baseline Ro values observed in South Africa (4.82) and
Ukraine (4.05) compared to the United States (2.87) indicate that more intensive intervention packages are required
to achieve epidemic control in these settings. This finding challenges the application of universal intervention targets
across diverse epidemiological contexts and supports more nuanced, context-specific goal-setting.

5.2 Comparison with Previous Studies

Our findings both confirm and extend previous modeling work in this field. The estimated Ro values are broadly
consistent with prior estimates from single-region studies by Granich et al. [15] and Eaton et al. [24], though our
methodology produces narrower confidence intervals due to our multi-regional fitting approach. Like Cremin et al.
[21], we find that combination prevention approaches have synergistic effects beyond the sum of individual
interventions, but our nonlinear models suggest these synergies are stronger than previously estimated. Our sensitivity
analysis results partially diverge from earlier findings by Blower et al. [14] and Baggaley et al. [25], who identified
treatment adherence as the most critical parameter for epidemic control. While we confirm the importance of treatment
effectiveness, our models suggest that initial ART initiation rates and base transmission rates have equal or greater
influence on Ro across most settings. This difference likely stems from our more detailed modeling of the acute
infection phase and more recent data on treatment as prevention efficacy. The comprehensive stability analysis
presented in our work extends previous theoretical results by Korobeinikov [19] and Huang et al. [20] by providing
explicit stability conditions for models with stage-structured infectivity and treatment compartments. Our construction
of Lyapunov functions for these complex systems enables global stability results that were previously limited to
simpler model formulations.

5.3 Policy and Intervention Implications

The practical implications of our modeling results are substantial for HIV/AIDS control efforts. First, our finding that
no single intervention achieves epidemic control in high-prevalence settings underscores the necessity of combination
approaches. The specific combinations predicted to drive Ro below unity vary by region, suggesting the need for
tailored rather than one-size-fits-all prevention packages. Second, the high sensitivity of Ro to acute-phase
transmission suggests that interventions targeting recently-infected individuals (through frequent testing and
immediate treatment) may have greater epidemic impact than previously recognized. This finding supports recent
policy shifts toward rapid initiation of treatment following diagnosis but suggests even more emphasis should be
placed on reaching the recently infected. Third, our analysis indicates that treatment as prevention approaches require
higher coverage levels in settings with elevated baseline transmission rates, such as South Africa and Ukraine.

Specifically, achieving Ro < 1 through treatment alone would require ART coverage exceeding 90% in these regions—
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a target that exceeds current UNAIDS goals and may be logistically challenging in resource-constrained settings.
Finally, our bifurcation analysis reveals potential "tipping points" in epidemic trajectories, where small additional
investments in combined prevention could yield disproportionate returns by pushing the system across critical
thresholds. This mathematical insight provides economic justification for intensive, front-loaded investment in

comprehensive HIV prevention and treatment programs.

6. CONCLUSION
This study advances the mathematical modeling of HIVV/AIDS transmission through the development and analysis of
nonlinear systems that capture key epidemiological complexities influencing disease dynamics. Our theoretical
analyses establish rigorous stability conditions for disease-free and endemic equilibria, providing mathematical
foundations for intervention threshold targets. The multi-regional empirical validation demonstrates both the
generalizability of our modeling framework and the importance of context-specific parameterization for accurate
epidemic projections. Several key contributions emerge from our work. First, we have demonstrated that incorporating
differential infectivity across disease stages fundamentally alters Ro calculations and intervention impact projections
compared to simpler models. Second, our sensitivity analyses consistently identify transmission rates, treatment
initiation, and treatment efficacy as the most influential parameters for epidemic control, with remarkably similar
patterns across diverse epidemiological contexts. Third, our bifurcation analyses reveal the potential for complex
transitional dynamics between disease-free and endemic states, with important implications for intervention timing
and intensity. These findings have direct relevance for HIVV/AIDS control policy, suggesting that optimal intervention
packages should combine behavioral risk reduction with aggressive testing and treatment initiatives, with particular
emphasis on rapid identification and management of acute infections. The regional variation in baseline Ro values
underscores the need for differentiated intervention targets across epidemiological contexts, while the consistent
finding that combination approaches can drive Ro below unity provides mathematical support for comprehensive
prevention frameworks. Future research should extend these models to incorporate additional heterogeneities in
population structure, incorporate stochastic effects in low-prevalence settings, and more explicitly model the
economics of intervention scale-up and sustainability. Nevertheless, the current work provides a robust mathematical
foundation for understanding HIV/AIDS transmission dynamics and optimizing control strategies across diverse

epidemiological contexts.

References
1 J. A. Yorke, H. W. Hethcote, and A. Nold, "Dynamics and control of the transmission of gonorrhea," Sex.
Transm. Dis., vol. 5, no. 2, pp. 51-56, 1978.
2 R.M. Anderson and R. M. May, "Infectious Diseases of Humans: Dynamics and Control," Oxford University
Press, 1991.
3 H. W. Hethcote, "The mathematics of infectious diseases,” SIAM Rev., vol. 42, no. 4, pp. 599-653, 2000.

64



4

10

11

12

13

14

15

16

17

18

19

ISSN 2277-2685
IJESR/Jan-Mar. 2017/ Vol-7/Issue-1/56-66

Rampally Maruthi et. al., / International Journal of Engineering & Science Research

C. Watts, C. Zimmerman, T. Foss, B. Hossain, A. Cox, and R. Zimmerman, "Remodelling core group theory:
The role of sustaining populations in HIV transmission," Sex. Transm. Infect., vol. 86, no. Suppl 3, pp. iii85—
iii92, 2010.

G. P. Garnett, "An introduction to mathematical models in sexually transmitted disease epidemiology," Sex.
Transm. Infect., vol. 78, no. 1, pp. 7-12, 2002.

O. Diekmannand J. A. P. Heesterbeek, "Mathematical Epidemiology of Infectious Diseases: Model Building,
Analysis and Interpretation,” Wiley Series in Mathematical and Computational Biology, 2000.

P. van den Driessche and J. Watmough, "Reproduction numbers and sub-threshold endemic equilibria for
compartmental models of disease transmission,” Math. Biosci., vol. 180, no. 1-2, pp. 29-48, 2002.

M. E. Halloran, I. M. Longini, A. Nizam, and Y. Yang, "Containing bioterrorist smallpox," Science, vol. 298,
no. 5597, pp. 1428-1432, 2002.

R. M. Anderson, S. Gupta, and W. Ng, "The significance of sexual partner contact networks for the
transmission dynamics of HIV," J. Acquir. Immune Defic. Syndr., vol. 3, no. 4, pp. 417-429, 1990.

J. A. Jacquez, J. S. Koopman, C. P. Simon, and I. M. Longini, "Role of the primary infection in epidemics of
HIV infection in gay cohorts,” J. Acquir. Immune Defic. Syndr., vol. 7, no. 11, pp. 1169-1184, 1994,

S. Busenberg and K. Cooke, "Vertically Transmitted Diseases: Models and Dynamics," Biomathematics, vol.
23, Springer-Verlag, 1993.

S. Blower, D. Dowlatabadi, and R. Brookmeyer, "Analyzing the effectiveness of preventative interventions
against HIV," J. Acquir. Immune Defic. Syndr., vol. 8, pp. 1499-1508, 1995.

R. M. Granich, C. F. Gilks, C. Dye, K. M. De Cock, and B. G. Williams, "Universal voluntary HIV testing
with immediate antiretroviral therapy as a strategy for elimination of HIV transmission: A mathematical
model," Lancet, vol. 373, no. 9657, pp. 48-57, 2009.

M. S. Cohen, Y. Q. Chen, M. McCauley, T. Gamble, M. C. Hosseinipour, N. Kumarasamy, et al., "Prevention
of HIV-1 infection with early antiretroviral therapy,” N. Engl. J. Med., vol. 365, no. 6, pp. 493-505, 2011.
R. M. Grant, J. R. Lama, P. L. Anderson, V. McMahan, A. Y. Liu, L. Vargas, et al., "Preexposure
chemoprophylaxis for HIV prevention in men who have sex with men," N. Engl. J. Med., vol. 363, no. 27,
pp. 2587-2599, 2010.

G. B. Gomez, A. Borquez, K. K. Case, A. Wheelock, A. Vassall, and C. Hankins, "The cost and impact of
scaling up pre-exposure prophylaxis for HIV prevention: A systematic review of cost-effectiveness
modelling studies,” PLoS Med., vol. 10, no. 3, p. €1001401, 2013.

A. Korobeinikov, "Global properties of basic virus dynamics models,” Bull. Math. Biol., vol. 66, no. 4, pp.
879-883, 2004.

G. Huang, Y. Takeuchi, and W. Ma, "Lyapunov functionals for delay differential equations model of viral
infections,”" SIAM J. Appl. Math., vol. 70, no. 7, pp. 2693-2708, 2010.

I. Cremin, R. Alsallag, M. Dybul, P. Piot, G. Garnett, and T. B. Hallett, "The new role of antiretrovirals in
combination HIV prevention: A mathematical modelling analysis,”" AIDS, vol. 27, no. 3, pp. 447-458, 2013.

65



20

21

22

23

24

25

ISSN 2277-2685
IJESR/Jan-Mar. 2017/ Vol-7/Issue-1/56-66

Rampally Maruthi et. al., / International Journal of Engineering & Science Research

K. M. Mitchell, A. M. Foss, H. J. Prudden, Z. Mukandavire, M. Pickles, J. R. Williams, et al., "Who mixes
with whom among men who have sex with men? Implications for modelling the HIV epidemic in southern
India," J. Theor. Biol., vol. 355, pp. 140-150, 2014.

M. S. Cohen, C. L. Gay, M. P. Busch, and F. M. Hecht, "The detection of acute HIV infection," J. Infect.
Dis., vol. 202, no. Suppl 2, pp. S270-S277, 2010.

J. W. Eaton, L. F. Johnson, J. A. Salomon, T. Barnighausen, E. Bendavid, A. Bershteyn, etal., "HIV treatment
as prevention: Systematic comparison of mathematical models of the potential impact of antiretroviral
therapy on HIV incidence in South Africa," PL0oS Med., vol. 9, no. 7, p. €1001245, 2012.

R. F. Baggaley, G. P. Garnett, and N. M. Ferguson, "Modelling the impact of antiretroviral use in resource-
poor settings," PLoS Med., vol. 3, no. 4, p. e124, 2006.

T. D. Hollingsworth, R. M. Anderson, and C. Fraser, "HIV-1 transmission, by stage of infection," J. Infect.
Dis., vol. 198, no. 5, pp. 687-693, 2008.

L. H. Chaisson, C. R. Miller, G. Rueda, A. Reynolds, J. S. Hightow-Weidman, W. C. Miller, "Prevalence

and Predictors of Concurrent Sexual Partnerships in a Predominantly African American Population

66



