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Abstract1

This paper presents a nonlinear deterministic model for assessing the im-2

pact of public health education campaign on curtailing the spread of the HIV3

pandemic in a population. Rigorous qualitative analysis of the model reveals4

that it exhibits the phenomenon of backward bifurcation (BB), where a stable5

disease-free equilibrium coexists with a stable endemic equilibrium when a cer-6

tain threshold quantity, known as the effective reproduction number (Reff ), is7

less than unity. The epidemiological implication of BB is that a public health8

education campaign could fail to effectively control HIV, even when the classical9

requirement of having the associated reproduction number less than unity is sat-10

isfied. Furthermore, an explicit threshold value is derived above which such an11

education campaign could lead to detrimental outcome (increase disease burden),12
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and below which it would have positive population-level impact (reduce disease13

burden in the community). It is shown that the BB phenomenon is caused by14

imperfect efficacy of the public health education program. The model is used to15

assess the potential impact of some targeted public health education campaigns16

using data from numerous countries.17

Keywords: HIV/AIDS; Reproduction number; Stability; Equilibria; Backward bifurca-18

tion.19

1 Introduction20

Since its emergence in the 1980s, the human immunodeficiency virus (HIV), and the as-21

sociated syndrome of opportunistic infections which lead to the late stage HIV disease,22

known as the acquired immunodeficiency syndrome (AIDS), continues to be one of the23

most serious global public health menace. Over 33 million people are currently living24

with HIV (UNAIDS, 2007). Based on the current trends, over 6800 persons become25

infected with HIV, and 5700 die from AIDS-related causes, every day (UNAIDS, 2007).26

AIDS is the leading cause of death in sub-saharan Africa, especially in the southern27

part of the continent. Moreover, 68% of HIV-related deaths and 76% of the total new28

infections occurred in sub-saharan Africa (UNAIDS, 2007). There is still no cure or29

vaccine for HIV, and anti-retroviral drugs (ARVs) are still not widely accessible, partic-30

ularly in the resource-poor nations (which suffer the vast majority of the HIV burden31

globally). Yet, HIV remains preventable through the avoidance of high-risk behaviour,32

such as unprotected sexual intercourse and sharing of drug injection needles. Thus,33

in the absence of pharmaceutical interventions (such as a vaccine or ARVs) in areas34

where the HIV pandemic is more rampant (notably developing nations), the effective35

control of HIV would depend, primarily, on reducing behavioural risks. This could be36
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achieved through effective public heath education campaign.37

Unfortunately, however, surveys around the world show alarming low level of aware-38

ness and understanding about HIV and its preventive measures (Keitshokil et al., 2007;39

Pérez et al., 2008). Recent studies indicate that the most effective available means to40

control the prevalence of HIV is to provide HIV-related education, which will lead to41

safe lifestyles among sexually-active members of the public (Bortolotti et al., 1992;42

Morton et al., 1996). Moreover, education, as a sole anti-HIV intervention strategy,43

may not be sufficient to motivate behaviour change (Berker & Joseph, 1998). Studies44

show that public health education increases self-efficacy, which is a determinant for45

controlling risky behaviour (Lindan et al., 1991). Furthermore, as noted by Cassell46

et al. (2006), the benefits of new methods of HIV prevention could be jeopardised47

if they are not accompanied by positive efforts to change risky behaviour. This is48

in line with the well-known fact that sexual education and awareness of the risk and49

life-threatening consequences of AIDS can lower the incidence rate in HIV infection50

(Velesco-Hernandez & Hsieh, 1994).51

Public health education campaigns have been successfully implemented in numerous52

countries and communities, such as: Uganda, Thailand, Zambia and the US gay com-53

munity (Daniel & Rand, 2003; de Walque, 2007). Between 1991-1998, HIV prevalence54

dramatically declined in Uganda from 21% to 9.8% (with a corresponding reduction55

in non-regular sexual partners by 65% coupled with greater levels of awareness about56

HIV/AIDS; Daniel & Rand, 2003). The Ugandan programme fostered community57

mobilization towards change in risky behaviour, without increasing stigma (Green et58

al., 2006; Wilson, 2004). In Zambia, the decline in HIV incidence since early 1990s is59

attributed to behavioural changes (Fylkesnes, 2001).60

There are a number of ways (or strategies) public health education campaigns can be61

implemented (or targeted) effectively to combat the burden of HIV disease (measured62
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in terms of new cases, mortality etc) in a community. This study considers the following63

targeted strategies:64

• targeting adult (“established”) sexually-active susceptible individuals only;65

• targeting newly-recruited sexually-active susceptible individuals only;66

• targeting HIV-infected individuals without clinical AIDS symptoms only; or67

• targeting HIV-infected individuals with AIDS symptoms only.68

The primary goal of this study is to theoretically determine which of the aforemen-69

tioned targeted strategies (or combination of strategies) is (are) the most effective in70

curtailing HIV spread in a community.71

A number of mathematical models have been designed and used to study the impact72

of preventive control strategies on the spread of HIV/AIDS in given populations. Some73

of these studies have shown that a change in risky behaviour is necessary to prevent74

raging HIV/AIDS prevalence, even in the presence of a vaccine and/or treatment (see,75

for instance, Anderson, 1988; Blower & McLean, 1994; Del Valle et al., 2004; Kribs-76

Zaleta & Valesco-Hernandez, 2000). Anderson (1988) predicts rapid transmission77

of HIV when the infected individuals engage in risky behaviours. Smith & Blower78

(2004) reported that disease-modifying vaccines will reduce HIV transmission if they79

cause a reduction of 1.5 log10 copies/mL or more in viral load and if risky behaviours80

do not increase. The studies mentioned above tend to emphasize the use of pharma-81

ceutical interventions (such as vaccine and ARVs), which are not readily and widely82

available (especially in resource-poor nations, which constitute the vast majority of83

the global HIV prevalence). Thus, it is instructive to study models that focus on non-84

pharmaceutical interventions, such as the use of public health education campaign.85

A few modelling studies, such as those by Mukandavire et al. (2009), Mukandavire86
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and Garira (2007) and Del Valle et al. (2004), have investigated the impact of public87

health educational campaigns on the transmission dynamics of HIV/AIDS in some pop-88

ulations. The purpose of the current study is to extend some of the aforementioned89

studies, by designing and analyzing a new comprehensive model, for HIV transmis-90

sion in a population, that incorporates the role of public health education campaign91

(and using the model to evaluate the impact of some targeted public health education92

strategies).93

The paper is structured as follows. The model is formulated and fitted with real94

data in Section 2. Public health education campaign strategies are assessed, both95

theoretically and numerically, in Section 3. The existence of backward bifurcation is96

established in Section 4.97

2 Model Formulation98

The total population at time t, denoted by N(t), is sub-divided into the following mu-99

tually exclusive sub-populations: uneducated susceptible individuals (Su(t)), educated100

susceptible individuals (Se(t)), uneducated infected individuals with no AIDS symp-101

toms (Iu(t)), educated infected individuals with no AIDS symptoms (Ie(t)), uneducated102

infected individuals with AIDS symptoms (Au(t)) and educated infected individuals103

with AIDS (Ae(t)). Here, (un)educated means individuals who (do not) receive proper104

public health education or counseling against risky practices that may result in HIV105

infection. The model takes the form of the following deterministic system of nonlinear106

differential equations:107
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dSu

dt
= Π(1− p)− ξSu − [λu + (1− κ)λe]Su − µSu,

dSe

dt
= Πp + ξSu − (1− ε)[λu + (1− κ)λe]Se − µSe,

dIu

dt
= [λu + (1− κ)λe]Su − σuIu − µIu − ψ1Iu,

dAu

dt
= σuIu − ψ2Au − µAu − δuAu,

dIe

dt
= (1− ε)[λu + (1− κ)λe]Se + ψ1Iu − σeIe − µIe,

dAe

dt
= σeIe + ψ2Au − µAe − δeAe,

(1)

where,108

λu =
β(Iu + ηuAu)

N
and λe =

β(Ie + ηeAe)

N
.

The rates λu and λe above are the forces of infection associated with HIV transmis-109

sion by uneducated (at the rate λu) and educated (at the rate λe) infected individuals,110

respectively. The parameter β is the effective contact rate (that is, contact that may111

result in HIV infection), while the parameters ηu > ηe > 1 account for the relative112

infectiousness of individuals with AIDS symptoms in comparison to the corresponding113

infected individuals with no AIDS symptoms. Unlike in the other related modelling114

studies, such as those by Mukandavire et al. (2009), Mukandavire & Garira (2007)115

and Del Valle et al. (2004), this study allows for the transmission of HIV by individ-116

uals with AIDS symptoms (in line with Elbasha & Gumel, 2006 and also Garba &117

Gumel, 2010).118

Recruitment into the sexually-active population occurs at a rate Π (all newly-119

recruited individuals are assumed to be susceptible to HIV infection), and a fraction, p,120

of these newly-recruited sexually-active individuals are assumed to be educated about121
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the risks and consequences of the HIV disease. Uneducated susceptible individuals (ex-122

cluding the newly-recruited individuals) receive education about safer sex practices at123

a rate ξ. Susceptible people acquire infection following effective contact with infected124

individuals (at the rates λu and λe). It is assumed that educated infected individuals125

(in Iu or Au class) modify their behaviour positively, thereby reducing their risk of126

HIV transmission by a factor κ, with 0 < κ < 1. In other words, it is assumed that127

HIV-infected individuals that received public health education transmit the disease at128

a lower rate in comparison to uneducated HIV infected individuals. Educated sus-129

ceptible individuals acquire infection at a reduced rate (1 − ε)[λu + (1 − κ)λe], where130

0 < ε < 1 is the efficacy of public health education in preventing new infection of131

educated susceptible individuals.132

Uneducated infected individuals progress to AIDS at a rate σu, while educated133

infected individuals progress at a reduced rate σe < σu (in other words, infected in-134

dividuals who received public health education progress to AIDS at a slower rate in135

comparison to those who do not). Uneducated infected individuals without AIDS136

symptoms (Iu) are educated at a rate ψ1, and move to the corresponding educated137

infected class (Iu). Individuals in all classes suffer natural death at a rate µ. Addi-138

tionally, individuals with AIDS die at a rate δu (for the uneducated class) or δe (for139

the educated class) such that δe < δu. Thus, it is assumed that AIDS patients who140

received public health education die due to AIDS at a slower rate than the AIDS pa-141

tients who do not. Uneducated individuals with symptoms of AIDS (Au) are educated142

at a rate ψ2, and move to the corresponding educated class (Ae). A schematic diagram143

of the model is depicted in Figure 1, and the associated variables and parameters are144

described in Table 1.145

The model (1) is an extension of the models by Mukandavire et al. (2009), Mukan-146

davire & Garira (2007) and Del Valle et al. (2004), by147
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(i) allowing for HIV transmission by the individuals with AIDS symptoms;148

(ii) offering public health education to all infected individuals (except for the edu-149

cation of high-risk people with AIDS in Mukandavire and Garira, 2007; public150

health education is only restricted to susceptible individuals in Mukandavire et151

al., 2009; and Del Valle et al., 2004);152

(iii) stratifying the infected population in terms of whether or not they received public153

health education (and those who received public health education are assumed154

to transmit HIV at a lower rate, as well as progress to AIDS and die at a slower155

rate, in comparison to those who do not receive public health education).156

(iv) The model extends the model by Garba & Gumel, 2010 by including a class of157

susceptible individuals who receive public health education, educating a fraction158

of newly-recruited sexually-active individuals and allowing infection of educated159

susceptible individuals. Furthermore, in this study, the infected individuals who160

received public health education progress to AIDS at a slower rate in comparison161

to those who do not.162

In addition to the aforemention extensions, this study will contribute to the literature163

by giving detailed qualitative analysis of the model (1).164

2.1 Model Fitting165

To test the suitability of the model (1) to effectively enable the assessment of targeted166

public health education strategies against HIV spread in a population, the model is167

fitted using data from Uganda as follows. The average lifespan of a Ugandan (1/µ)168

is assumed to be 50 years (UBSC, 1991) and the recruitment rate (Π) is estimated at169

3.2% of the total population (UBSC, 1991). The total population of Uganda, as of170

1990, given by N=16.7 millions (UBSC, 1991) is used. The initial conditions used are171
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as follows: Su(0) = 14 million, Se(0) = 0.4121 million, Iu(0) = 2 million, Au(0) = 0.2172

million, Ie(0) = 0.087 million, and Ae(0) = 0.0009 million. Thus, the total initial HIV-173

infected population (i.e., Iu(0) + Au(0) + Ie(0) + Ae(0)) is 2.2879 million (UNAIDS,174

2008), corresponding to 13.7% of the total population. The associated epidemiological175

data is presented in Table 2.176

Using the aforementioned data, the model (1) gives a very good fit of the Ugandan177

HIV/AIDS data for the period 1990-2007 (UNAIDS, 2008; UNAIDS/WHO/Unicef,178

2008), as depicted in Figure 2. Furthermore, to qualitatively assess the closeness of179

the model against the real data, Ordinary Least Squares (OLS) approach is employed180

(Kendall & Stuart, 1979). This entails regressing the actual observed data on pre-181

dicted cases from the model as follows.182

Let yobs denotes the observed data. Then, the model prediction (ŷpred) is evaluated183

using the OLS regression equation:184

yobs = α0 + α1ŷpred + ε, (2)

where α0 and α1 represent the intercept and slope of the regression line, respectively;185

and ε account for the random error. The model is said to be “perfect” if the co-186

efficients α0 = 0 and α1 = 1 and the coefficient of determination R2 = 1 (which187

measures the proportion of variation in the yobs). Using MATLAB’s Statistical188

Toolbox, we obtained α0 = 0.0636 and α1 = 0.9603 (with their corresponding189

95% confidence intervals [0.0261 0.1012] and [0.9380 0.9826], respectively)190

and R2 = 0.9981 for the above initial data and parameter values in Table 2191

and 3. Thus, the OLS regression analysis confirms the closeness of the fit. Hence, the192

model (1) can be used to gain realistic insight into HIV transmission dynamics in the193

presence of public health education campaign.194
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3 Model Analysis195

Since the model (1) monitors human population, all its associated parame-196

ters and state variables are assumed to be non-negative for all t ≥ 0. Before197

analysing the model, it is instructive to show that the state variables of the198

model remain non-negative for all non-negative initial conditions. Thus, we199

claim the following result.200

Lemma 1. The closed set

D =

{
(Su, Se, Iu, Au, Ie, Ae) ∈ R6

+ : N ≤ Π

µ

}

is positively-invariant and attracting with respect to the model (1).201

Proof. Adding all the equations in the model (1) gives:

dN

dt
= Π− µN − δeAe − δuAu, where N = Su + Iu + Au + Se + Ie + Ae.

Since
dN(t)

dt
≤ Π − µN , it follows that

dN(t)

dt
< 0 if N(t) >

Π

µ
. Thus, a standard202

comparison theorem (see Lakshmikantham et al., 1989) can be used to show that203

N(t) ≤ N(0)e−µt + Π/µ(1 − e−µt). In particular, N(t) ≤ Π/µ if N(0) ≤ Π/µ. Thus,204

D is positively-invariant. Further, if N(t) >
Π

µ
, then either the solution enters D in205

finite time, or N(t) approaches Π/µ. Hence, D is attracting (i.e., all solutions in R6
+206

eventually approach, enter or stay in D). ¤207

Therefore, the model is mathematically well-posed and epidemiologically reason-208

able, since all the variables remain nonnegative for all t ≥ 0. Hence, it is sufficient to209

consider the dynamics of the model (1) in D (Hethcote, 2000).210
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3.1 Local stability of Disease-free equilibrium (DFE)211

The model (1) has a unique disease-free equilibrium, obtained by setting the right-hand212

sides of the equations in the model (1) to zero, given by213

X = (S∗u, S
∗
e , I

∗
u, A∗

u, I
∗
e , A∗

e) =

[
Π(1− p)

ξ + µ
,
Π(pµ + ξ)

µ(ξ + µ)
, 0, 0, 0, 0

]
, (3)

It can be shown that X attracts the region (the stable manifold of X )214

DX = {(Su, Se, Iu, Au, Ie, Ae) ∈ D : Iu = Au = Ie = Ae = 0}.

Using the next generation operator method (van den Driessche & Watmough, 2002),215

the associated matrices Fe, for the new infection terms, and Ve, for the remaining216

transition terms, are, respectively, given by (noting that N∗ =
Π

µ
at X )217

Fe =




β
S∗u
N∗ ηuβ

S∗u
N∗ β(1− κ)

S∗u
N∗ β(1− κ)ηe

S∗u
N∗

0 0 0 0

β(1− ε)
S∗e
N∗ β(1− ε)

S∗e
N∗ηu β(1− κ)(1− ε)

S∗e
N∗ β(1− κ)(1− ε)ηe

S∗e
N∗

0 0 0 0




,

and,218

Ve =




K1 0 0 0

−σu K2 0 0

−ψ1 0 K3 0

0 −ψ2 −σe K4


 ,

where,219

K1 = µ + σu + ψ1, K2 = µ + δu + ψ2, K3 = µ + σe and K4 = µ + δe.

It follows that the effective reproductive number, denoted by Reff , is given by220
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Reff = ρ(FeVe
−1) =

β(A + B + C)

K1K2K3K4(ξ + µ)
, (4)

where ρ is the spectral radius, and221

A = K1K2(1− ε)(1− κ)(pµ + ξ)(K4 + ηeσe),

B = µK4K3(1− p)(K2 + σuηu),

C = µ(1− p)(1− κ)(ψ1K2K4 + ψ2σuK3ηe + σeηeψ1K2).

Biologically-speaking, the effective reproduction number measures the average number222

of new infections generated by a single HIV infected person in a community where223

a public health enlightenment campaign is used as a control strategy (Anderson &224

May, 1991; Hethcote, 2000; van den Driessche & Watmough, 2002). Moreover, in the225

absence of public health education (Ie = Ae = p = κ = δe = ξ = ε = σe = ψ1 = ψ2 =226

0), the quantity Reff =
β(µ + δu + ηuσu)

(σu + µ)(µ + δu)
= R0, where R0 is the basic reproduction227

number (i.e., R0 represents the average number of new cases generated by a single228

infected individual in a completely susceptible population).229

Using Theorem 2 of van den Driessche & Watmough (2002), the following result230

is established.231

Theorem 1. The DFE, X , of the system (1), given by (6), is locally asymptotically232

stable (LAS) if Reff < 1, and unstable if Reff > 1.233

Theorem 1 implies that HIV can be eliminated from the community whenReff < 1,234

provided the initial sizes of the sub-populations of the model (1) are within the domain235

of attraction of X . To ensure that HIV elimination is independent of the initial sizes of236

the sub-populations, we need to show that the DFE is globally asymptotically stable237

(GAS). This is established in Section 4, for the special case where the efficacy of public238

health education is assumed to be 100% (i.e., ε = 1 ).239
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3.2 Assessment of Impact of Public Health Education240

Before using the model (1) to assess the impact of public health education in combatting241

HIV spread in a population, it is instructive to assess the behaviour of the model under242

the worst case scenario (i.e., the case where no public health education is provided in243

the community). By setting all education-related parameters to zero (i.e., p = κ =244

δe = ξ = ε = σe = ψ1 = ψ2 = 0) and using the data in Tables 2 and 3, simulations of245

the model (1) show that India, Nigeria, China, Ethiopia, and Russia will record around246

23.5 million, 12.5 million, 10.1 million, 8.8 million and 6 million total HIV/AIDS cases247

in eight years, respectively (Figures 3A and 3B). These projections of the model (1)248

are consistent with the estimates given by the US-based National Intelligence Council249

(2002), which predicts that, by the year 2010, India, Nigeria, China, Ethiopia, and250

Russia could have about 20 to 25 million, 10 to 15 million, 10 to 15 million, 7 to251

10 million, and 5 to 8 million HIV/AIDS cases if the governments of the respective252

countries do not take serious action against the spread of HIV/AIDS.253

3.2.1 Threshold analysis254

In this section, the impact of public health education campaign will be assessed by255

carrying out threshold analysis on the effective reproductive number, Reff , as follows.256

Let ω =
S∗e
N∗ be the fraction of susceptible individuals educated at the DFE X .257

Hence, Reff can now be rewritten as a function of ω.258

Reff = Reff (ω) =
β(Z1 + Z2)

K1K2K3K4

, (5)
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where,259

Z1 = ωK1K2(1− ε)(1− κ)(K4 + ηeσe),

Z2 = (1− ω)[(1− κ)(ψ1K2K4 + ψ2K3σeηe + ψ2K2σuηe) + K3K4(K2 + ηuσu)].

Differentiating Reff , given in (5), partially with respect to ω gives

∂Reff (ω)

∂ω
= −Z3(1−∇),

where,260

Z3 =
β[(1− κ)(ψ1K2K4 + ψ2K2σeηe + ψ2K3σuηe) + K3K4(K2 + ηuσu)]

K1K2K3K4

> 0,

∇ =
K1K2(1− ε)(1− κ)(K4 + ηeσe)

(1− κ)(ψ1K2K4 + ψ2K3σeηe + ψ2K2σuηe) + K3K4(K2 + ηuσu)
> 0.

(6)

Since Z3 and ∇ are both non-negative (noting that 0 < κ < 1 and 0 < ε < 1), then261

∂Reff (ω)

∂ω
< 0 whenever ∇ < 1. Further,

∂Reff (ω)

∂ω
> 0 if ∇ > 1. This result is262

summarized below.263

Lemma 2. The use of public health education campaign would have264

(i) a positive population-level impact (reduce disease burden) if ∇ < 1;265

(ii) no population-level impact if ∇ = 1;266

(iii) a detrimental population-level impact (increase disease burden) if ∇ > 1.267

268

Biologically-speaking, ∇ could be interpreted as the measure of increase or de-269

crease in risky behaviour (or negative attitude) of the individuals in the community270

who received public health education. That is, ∇ < 1, ∇ = 1 and ∇ > 1 mean that271
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public health education campaign is able to reduce, cause no change of, and induce272

an increase in risky behaviour amongst the individuals who received such education,273

respectively. It is worth noting that if the efficacy of public health education is 100%274

(i.e., ε = 1), then ∇ = 0, so that public health education campaign will always have275

positive population-level impact. Thus, the detrimental effect of public health educa-276

tion is only feasible if it is not perfect (0 < ε < 1).277

278

Alternatively, the impact of public health education campaign can be assessed by279

re-writing Reff as280

Reff = R0

[
1− Ω

(
1− R0e

R0

)]
, (7)

where,281

R0 =
β(µ + δu + ηuσu)

(σu + µ)(µ + δu)
, (8)

282

and,283

R0e =
β(1− ε)(1− κ)(K4 + σeηe)

K3K4

. (9)

The quantity R0 is the basic reproduction number (defined earlier) and R0e is the re-284

production number for the case when every individual in the community received public285

health education against risky practices that could lead to HIV infection. Furthermore,286

Ω =
(σu + µ)(µ + δu)(γ1 + γ2)

γ3K1K2(ξ + µ)[K1K2K3K4(ξ + µ)R0 + β(A + B + C)]
,

where,287
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γ1 = R0
2K1

2K2
2K3

2K4
2(ξ + µ)2 + β2(A + B + C)2,

γ2 = βK3K4(µ + δu + σuηu) + (1− ε)(1− κ)(K2 + σeηe)(σu + µ)(δu + µ),

γ3 = βK3
2K4

2(µ + δu + σuηu)
2 + (1− ε)2(1− κ)2(K2 + σeηe)

2(σu + µ)2(δu + µ)2.
(10)

It follows from (7) that the education impact factor (denoted by Υ) is given by288

Υ = Ω

(
1− R0e

R0

)
.

Thus, we have established the following result.289

Theorem 2. The use of public health education campaign in the community will have290

(i) positive population-level impact if Υ > 0 (R0e < R0);291

(ii) negative population-level impact in the community if Υ < 0 (R0e > R0); and292

(iii) no population-level impact in the community if Υ = 0 (R0e = R0).293

Numerical simulations of the model, using appropriate demographic and epidemio-294

logical data for Ethiopia, given in Tables 2 and 3, show the following interesting cases:295

∇ < 1: Using the aforementioned realistic set of parameter values (Tables 2 and 3), it296

follows that ∇ = 0.0517 < 1, Reff = 0.6898 and R0e = 0.6619 < R0 = 1.3712, so297

that the use of public health education campaign will have positive population-298

level impact (Figure 4A). In other words, the public health education campaign299

results in positive behaviour change (in reducing risky practices) in the individuals300

who received such education (in this case).301

∇ > 1: Consider the case with ξ = 0.01, p = ψ1 = ψ2 = 0.001 and ε = 0.4 (that is,302

the coverage rate and efficacy of public health education are low) and all other303

parameters as above. Here, ∇ = 1.4211 > 1, Reff = 1.5866 and R0e = 1.9857 >304

R0 = 1.3712. The simulation results obtained, depicted in Figure 4B, shows that305
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in this setting, the use of public health education increases the number of HIV306

cases in comparison to the worst-case scenario. This result could be interpreted as307

follows: the use of “ineffective” public health education campaign (characterize308

by low coverage and efficacy) induces an increase in risky behaviour amongst309

people after receiving it.310

Contour plots of Reff as a function of efficacy of public health education and311

the fraction of individuals who received public health education (i.e., public health312

education coverage level) at steady-state are depicted in Figure 5. As expected, an313

increase in efficacy and coverage level leads to a decrease in Reff . This is an important314

result because the main objective of public health education is to reduce Reff as much315

as possible (since reduction in Reff is positively correlated with a reduction in disease316

burden), which could lead to effective disease control or elimination. It is evident317

from Figure 5 that the prospect of effective control of HIV increases with increasing318

efficacy and coverage rate of the public health education campaign. For instance, a319

public health education program with efficacy and coverage level of 60% (each) will320

fail to control the disease (since Reff > 1 in this case). On the other hand, the use of321

public health education campaign with efficacy and coverage level of 90% (each) could322

eliminate HIV from the population (see also Figure 7).323

3.3 Evaluation of Targeted Education Strategies324

The model is used to evaluate the impact of the following targeted public health edu-325

cation strategies:326

• Strategy I: educating adult (“established”) sexually-active susceptible individuals327

only (at the rate ξ),328

• Strategy II: educating a fraction p newly-recruited sexually-active susceptible329
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individuals only,330

• Strategy III: educating HIV-infected individuals without clinical AIDS symptoms331

only (at the rate ψ1), or332

• Strategy IV: educating HIV-infected individuals with clinical AIDS symptoms333

only (at the rate ψ2).334

Using demographic data from India, Nigeria, China, Ethiopia, and Russia, tabu-335

lated in Table 3 ( together with the associated epidemiological data given in Table 2),336

simulations of model (1) show that Strategy I can prevent more than 0.8642 million,337

0.5474 million, 0.3321 million, 0.4064 million, and 0.2116 million new cases in India,338

Nigeria, China, Ethiopia, and Russia respectively within a year (see Table 4A). Fur-339

thermore, Strategy I seems to be the most effective amongst all targeted single group340

strategies. It is also shown that combining Strategies I and IV gives the most effec-341

tive strategy for reducing new HIV cases in comparison to all other possible 2-group342

combined strategies. Moreover, Table 4C shows that the combination of Strategy I,343

Strategy III and Strategy IV is the best in reducing the total number of new cases344

than any of the others except the universal strategy (i.e., educating every class of une-345

ducated individuals at a certain rate). The Universal Strategy can prevent more than346

1.1590 million, 0.7580 million, 0.3858 million, 0.5731 million, and 0.253 million new347

cases of HIV in India, Nigeria, China, Ethiopia, and Russia respectively within a year348

(see Table 4D).349

Table 4 further shows that the use of single-group strategy can be more effective350

than some 3-group or 2-group strategies. For instance, Strategy I is more effective in351

reducing the number of new infections than the combination of Strategies II, III and352

IV. Additionally, a 2-group combined strategy can be better in curtailing the number353

of new cases than a 3-group strategy (this table shows that combining Strategies I and354
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IV gives fewer new cases than some 3-group strategies, which include the combination355

of Strategies I, II and III and also the combination of Strategies II, III and IV).356

4 Existence of Backward Bifurcation357

Backward, or subcritical, bifurcation in epidemiological models is typically associated358

with the co-existence of disease-free equilibrium and endemic equilibria when the ba-359

sic reproduction number (R0) is less than unity. This phenomenon has been found in360

many epidemiological settings (see, for instance, Elbasha & Gumel, 2006; Hadeler &361

van den Driessche, 1997; Kribs-Zaleta & Valesco-Hernandez, 2000 and the references362

therein). Furthermore, such phenomenon has been established in a model for public363

health education campaign by Mukandavire et al., (2009). The epidemiological impli-364

cation of such a phenomenon is that the classical requirement of having the associated365

reproduction number less than unity, while necessary is not sufficient condition for366

disease control. Following the result in Mukandavire et al., (2009), it is instructive to367

determine whether or not the model (1) also undergoes backward bifurcation. This is368

explored below.369

Let,370

G∗∗ = β
[I∗∗u + ηuA

∗∗
u + (1− κ)(I∗∗e + ηeA

∗∗
e )]

N∗∗ (11)

be the force of infection at an arbitrary equilibrium of (1), denoted by

E = (S∗∗u , S∗∗e , I∗∗u , A∗∗
u , I∗∗e , A∗∗

e ).

Thus, at steady-state, the equations of the model (1) can be re-written as:371
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S∗∗u =
Π(1− p)

µ + ξ + G∗∗ ,

S∗∗e =
Π(pµ + ξ + pG∗∗)

(µ + ξ + G∗∗)[(1− ε)G∗∗ + µ]
,

I∗∗u =
Π(1− p)G∗∗

K1(µ + ξ + G∗∗)
,

A∗∗
u =

σuΠ(1− p)G∗∗

K1K2(µ + ξ + G∗∗)
,

I∗∗e =
G∗∗Π(G∗∗C∗ + D∗)

K1K3(µ + ξ + G∗∗)[(1− ε)G∗∗ + µ]
,

A∗∗
e =

G∗∗Π(G∗∗A∗ + B∗)
K1K2K3K4(µ + ξ + G∗∗)[(1− ε)G∗∗ + µ]

,

(12)

with,
A∗ = (1− ε)[(1− p)(ψ2σuK3 + ψ1σeK2) + K1K2σep],

B∗ = σeK1K2(1− ε)(pµ + ξ) + µ(1− p)(σeK2ψ1 + σuK3ψ2),

C∗ = [K1p + ψ1(1− p)](1− ε),

D∗ = K1(1− ε)(ξ + pµ) + ψ1µ(1− p).
372

Substituting (12) into (11), and simplifying, leads to G∗∗ = 0 (corresponding to the373

DFE, X ) and the following quadratic equation (in terms of G∗∗):374

a∗11(G
∗∗)2 + a∗12G

∗∗ + a∗13 = 0, (13)

where,375

a∗11 = K3K4(1− ε)(1− p)(K2 + σu) + C∗ + A∗,

a∗12 = K1K2K3K4[(1− p)(1− ε) + p] + µK3K4(1− p)(K2 + σu) + K2K4D
∗ + B∗

−β[K3K4(1− p)(1− ε)(K2 + σuηu) + (1− κ)(K2K4C
∗ + ηeA

∗)],

a∗13 = K1K2K3K4(µ + ξ)(1−Reff ).
(14)
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Thus, the following results from the quadratic equation (13).376

Theorem 3. (a) If a∗12 > 0 then model (1) has forward bifurcation at Reff = 1.377

(b) If a∗12 < 0, then the model (1) undergoes backward bifurcation at Reff = 1.378

Theorem 4. (a) If a∗12 > 0 and379

(i) a∗13 ≥ 0, the model (1) has no positive equilibrium380

(ii) a∗13 < 0, the model (1) has a unique positive equilibrium381

(b) If a∗12 < 0 and a∗13 > 0 and382

(i) (a∗12)
2 − 4a∗11a

∗
13 > 0, the model (1) has two positive equilibria,383

(ii) (a∗12)
2 − 4a∗11a

∗
13 = 0, the model (1) has a unique positive equilibrium,384

(iii) (a∗12)
2 − 4a∗11a

∗
13 < 0, the model (1) has no positive equilibrium.385

(c) If a∗12 < 0 and a∗13 ≤ 0, the model (1) has a unique positive equilibrium.386

387

Since all the model parameters are non-negative (and 0 < ε < 1, 0 < κ < 1), it is clear388

that a∗11 > 0. We consider the following cases:389

Case I. Suppose Reff > 1. Then, clearly a∗13 < 0. Thus, the quadratic equation (11)390

is concave up and has two real roots of opposite signs. This implies that the391

model has a unique positive equilibrium whenever Reff > 1.392

Case II. Suppose Reff = 1. Then a∗13 = 0 and the quadratic reduces to G∗∗(a∗11G
∗∗ +393

a∗12) = 0, with roots G∗∗ = 0 (corresponding to the disease-free equilibrium, X )394

and G∗∗ =
−a∗12
a∗11

. Thus, for Reff = 1, the model has a unique positive endemic395

equilibrium when a∗12 < 0.396

Case III. Suppose Reff < 1. Then a∗13 > 0 and equation (13) has either zero, one397

or two positive real roots. In order to obtain two positive real roots we need398

(a∗12)
2 − 4a∗11a

∗
13 > 0 and a∗12 < 0. If a∗12 < 0 and (a∗12)

2 − 4a∗11a
∗
13 = 0, then399
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there is one positive real root. Otherwise, there is no positive solution. This400

case indicates the possibility of a backward bifurcation in the model (1) when401

Reff < 1 (since it suggests the possibility of multiple endemic equilibria when402

Reff < 1).403

It should be noted that Theorem 3 does not give a local description of the bifurcating404

curve including its stability. Thus, it is instructive to determine the local behaviour of405

the bifurcating branch. Therefore, we alternatively use centre manifold theorem, in line406

with Castillo-Chavez & Song (2004), to prove the existence of backward bifurcation.407

The proof of the following theorem is given in Appendix.408

Theorem 5.409

If (20) holds, then the model (1) has a backward bifurcation at Reff = 1 and the410

bifurcating branch is unstable near Reff = 1.411

To illustrate this phenomenon with respect to the above Theorem, the same param-412

eter values for Figure 4B are used and the backward bifurcation diagrams are depicted413

in Figure 8. For this set of parameter values, the associated backward bifurcation414

coefficients (a and b) have the values: a = 0.02069982715 and b = 1.930595939.415

It is worth noting that when ε = 1 (i.e., public health education campaign is 100%416

effective), the threshold quantity Reff reduces to417

R̃eff = Reff

∣∣∣
ε=1

=
β(B + C)

K1K2K3K4(ξ + µ)
. (15)

Similarly, the coefficients of the quadratic (13) reduce to

a∗11 = 0,

a∗12 = K1K2K3K4p + µ(1− p)[K3K4(K2 + σu) + K2ψ1(K4 + σe) + σuK3ψ2] > 0,

a∗13 = K1K2K3K4(µ + ξ)(1− R̃eff ).
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Thus, the quadratic equation (13) becomes linear in G∗∗, with G∗∗ =
−a∗13
a∗12

. In this case,418

the model (1) has a unique endemic equilibrium if and only if R̃eff > 1 (i.e., a∗13 < 0)419

and no endemic equilibria when R̃eff < 1 (since, in this case, G∗∗ =
−a∗13
a∗12

< 0). Hence,420

backward bifurcation is ruled out in this case (since no multiple endemic equilibria421

exist when R̃eff < 1). Alternatively, it can easily be seen that the inequality (20) fails422

whenever ε = 1. This result is summarized below.423

Theorem 6.424

The model (1) with ε = 1 does not have a positive endemic equilibrium when R̃eff < 1.425

Further, to show that HIV elimination is independent of the initial sizes of the426

sub-populations of the model when ε = 1 (i.e., the efficacy of public health education427

is 100%), we claim the following result:428

Theorem 7. The DFE of the model (1) with ε = 1 is GAS in D if R̃eff ≤ S∗u
N∗ ≤ 1.429

Proof. Consider the model (1) with ε = 1. Further, consider the Lyapunov430

function431

F = f1Iu + f2Au + f3Ie + f4Ae,

where,432

f1 = (1− κ)[ψ1K2K4 + ηeψ2σuK3 + ηeσeψ1K2] + K3K4(K2 + ηuσu),

f2 = K1K3[ηuK4 + ηeψ2(1− κ)],

f3 = K1K2(1− κ)[K4 + ηeσe],

f4 = K1K2K3ηe(1− κ),

with Lyapunov derivative given by (where a dot represents differentiation433

with respect to t)434
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Ḟ = f1İu + f2Ȧu + f3İe + f4Ȧe,

= f1

[
λuSu + (1− κ)λeSu −K1Iu

]
+ f2(σuIu −K2Au)

+ f3(ψ1Iu −K3Ie) + f4(σeIe + ψ2Au −K4Ae),

= K1K2K3K4

(
N∗Su

S∗uN
R̃eff − 1

)
Iu + K1K2K3K4ηu

(
N∗Su

S∗uN
R̃eff − 1

)
Au

+ K1K2K3K4

(
N∗Su

S∗uN
R̃eff − 1

)
Ie + K1K2K3K4ηe(1− κ)

(
N∗Su

S∗uN
R̃eff − 1

)
Ae

− Iu[K1(1− κ)(ψ1K2K4 + ηeσeψ1K2)]

= K1K2K3K4(Iu + ηuAu + Ie + ηe(1− κ)Ae)

(
N∗Su

S∗uN
R̃eff − 1

)

− Iu[K1(1− κ)(ψ1K2K4 + ηeσeψ1K2)]

≤ K1K2K3K4(Iu + ηuAu + Ie + ηe(1− κ)Ae)

(
N∗

S∗u
R̃eff − 1

)

− Iu[K1(1− κ)(ψ1K2K4 + ηeσeψ1K2)] since Su ≤ N in D

≤ 0 for R̃eff ≤ S∗u
N∗ ≤ 1.

Thus, Ḟ ≤ 0 if R̃eff ≤ S∗u
N∗ with Ḟ = 0 if and only if Iu = Au = Ie = Ae = 0.435

Further, the largest compact invariant set in {X : (S∗u, S
∗
e , I

∗
u, A∗

u, I
∗
e , A∗

e) ∈ D :436

Ḟ = 0} is the singleton DX . It follows from the LaSalle Invariance Principle437

(LaSalle, 1976), that every solution to the equations in (1) with initial438

conditions in D converge to DX as t → ∞. That is, the disease dies out.439

Further, substituting Iu = Au = Ie = Ae = 0 in the model shows that Su → S∗u440

and Se → S∗e as t →∞. Thus, (Su, Se, Iu, Au, Ie, Ae) → (S∗u, S
∗
e , 0, 0, 0, 0) as t →∞.441

Hence, since the region D is positively-invariant, it follows that the DFE of442

(1), with ε = 1, is GAS in D for all non-negative initial conditions, whenever443

R̃eff ≤ S∗u
N∗ ≤ 1. ¤444

In summary, it is clear from Theorems 6 and 7 that that the backward445

bifurcation phenomenon of the model is caused by the imperfect nature of446

the public health education campaign (i.e., 0 < ε < 1). In the case where the447
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public health education is perfect, R̃eff ≤ S∗u
N∗ ≤ 1 is necessary and sufficient448

condition for the effective control of HIV in the community. In other words,449

the public health education with perfect efficacy could lead to effective450

control (or theoretical elimination) of HIV in the community provided the451

associated threshold quantity, R̃eff , is brought to (and maintained at) a452

value less than S∗u
N∗ . Thus, this study emphasizes the pressing need for the453

design of perfect public health education campaign to handle HIV.454

Theorem 8. The DFE of the model (1) with ε = 1 does not undergo backward bifur-455

cation at R̃eff = 1.456

Proof. The result follows from Theorem 6, where the model has no pos-457

itive equilibrium when R̃eff < 1, and Theorem 7, where the DFE of the458

model (1) is GAS in D if R̃eff ≤ S∗u
N∗ ≤ 1. ¤459

5 Conclusions460

A realistic deterministic model, which incorporates public health education campaign461

as a sole intervention strategy for HIV/AIDS prevention, is designed and rigorously462

analyzed to get insight into its dynamical features and to obtain associated epidemio-463

logical thresholds. Some of the main theoretical findings of the study are:464

• Under certain conditions, the model (1) undergoes backward bifurcation, when465

the reproduction number (Reff ) is less than unity. The backward bifurcation466

phenomenon resulted from the imperfect nature of the public health education467

program.468

• For the case when the public health education program is 100% effective, the469

disease-free equilibrium of the model (1) is globally-asymptotically stable when-470
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ever the associated reproduction number is less than or equal to a quantity less471

than unity.472

• Threshold analysis of the effective reproduction number shows that the use of473

public health education campaign could have positive, no, or detrimental impact474

depending on whether or not an impact factor, defined as Υ, is less than, equal475

to, or greater than unity (this result is also expressed in terms of a measure of476

risky behaviour, denoted by ∇, given by (6)).477

The impact of public health education strategies are assessed numerically by sim-478

ulating the model with a reasonable set of parameter values (mostly chosen from the479

literature) and initial (demographic) data from five different countries (India, Nigeria,480

China, Ethiopia, and Russia) where the number of HIV-infected people is expected to481

grow. Numerical simulations of the model show the following:482

483

• The universal use of public heath education campaign in India, Nigeria, China,484

Ethiopia, and Russia could avert more than 1.1590 million, 0.7580 million, 0.3858485

million, 0.5731 million, and 0.253 million new HIV cases within a year, respec-486

tively.487

• The universal strategy is more effective than any other strategy in reducing new488

HIV cases.489

• Combining Strategies I, III and IV is the next most effective in reducing the total490

number of new cases (after the universal strategy).491

• Amongst the 2-group combined strategies, combining Strategies I and IV is most492

effective than some 3-group combined strategies.493
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• Strategy I averts more new cases in comparison to all other single-group strategies494

(and some 3-group combination of strategies).495

• The prospect of effective control of HIV increases with increasing efficacy and496

coverage rate of the public health education campaign.497

Overall, this study shows that an effective public health education campaign which498

focuses on change of risky behaviour with a reasonable coverage level could help in499

stemming HIV/AIDS in the countries studied. This requires a concerted effort from500

all the stake holders especially the governments of the respective countries.501
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Appendix: Proof of Theorem 5509

Proof. The centre manifold theorem is used (see Castillo-Chavez & Song, 2004)510

to show the existence backward bifurcation in the model (1) when Reff = 1. For511

convenience, let Su = x1, Se = x2, Iu = x3, Au = x4, Ie = x5, Ae = x6, so that N =512

x1 + x2 + x3 + x4 + x5 + x6. The model (1) can be written as follows:513

dx1

dt
= φ1 = Π(1− p)− (ξ + µ)x1 − βx1[(x3 + ηux4) + (1− κ)(x5 + ηex6)]

x1 + x2 + x3 + x4 + x5 + x6

,

dx2

dt
= φ2 = Πp + ξx1 − β(1− ε)x2[(x3 + ηux4) + (1− κ)(x5 + ηex6)]

x1 + x2 + x3 + x4 + x5 + x6

− µx2,

dx3

dt
= φ3 =

βx1[(x3 + ηux4) + (1− κ)(x5 + ηex6)]

x1 + x2 + x3 + x4 + x5 + x6

−K1x3,

dx4

dt
= φ4 = σux3 −K2x4,

dx5

dt
= φ5 =

β(1− ε)x2[(x3 + ηux4) + (1− κ)(x5 + ηex6)]

x1 + x2 + x3 + x4 + x5 + x6

+ ψ1x3 −K3x5,

dx6

dt
= φ6 = σex5 + ψ2x4 −K4x6.

(16)

The Jacobian of Φ = (φ1, φ2, φ3, φ4, φ5, φ6)
T , around the DFE X , denoted by Jβ, is514

given by515

Jβ =




−ξ − µ 0 −βH1 −βηuH1 −β(1− κ)H1 −βηe(1− κ)H1

ξ −µ −βH2 −βηuH2 −β(1− κ)H2 −βηe(1− κ)H2

0 0 βH1 −K1 βηuH1 β(1− κ)H1 βηe(1− κ)H1

0 0 σu −K2 0 0

0 0 βH2 + ψ1 βηuH2 β(1− κ)H2 −K3 βηe(1− κ)H2

0 0 0 ψ2 σe −K4




,
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where, H1 =
µ(1− p)

ξ + µ
and H2 =

(1− ε)(pµ + ξ)

ξ + µ
. It can also be shown from Jβ, as in516

(4), that517

Reff =
β(A + B + C)

K1K2K3K4(ξ + µ)
. (17)

Consider the case when Reff = 1 and β is chosen as a bifurcation parameter. Solving

(17) for Reff = 1 gives

β = β∗∗ =
K1K2K3K4(ξ + µ)

A + B + C
.

Note that the above linearized system, of the transformed system (16) with β = β∗∗,518

has a zero eigenvalue. Hence, the center manifold theory Carr (1981) can be used to519

analyze the dynamics of (16) near β = β∗∗.520

521

Eigenvectors of Jβ |β=β∗∗:522

The right and left eigenvectors associated with the zero eigenvalue of the Jacobian523

Jβ evaluated at β∗∗ are given, respectively, by w = [w1, w2, w3, w4, w5, w6]
T and v =524

[v1, v2, v3, v4, v5, v6], where525

w1 = −β∗∗H1{w3 + ηuw4 + (1− κ)w5 + ηe(1− κ)w6}
ξ + µ

< 0,

w2 =
ξw1 − β∗∗H2{w3 + ηuw4 + (1− κ)w5 + ηe(1− κ)w6}

µ
< 0,

w3 = w3 > 0, w4 =
σu

K2

w3,

w5 = w5 > 0, w6 =
ψ2w4 + σew5

K4

,

v1 = v2 = 0, v3 = v3 > 0, v4 =
β∗∗ηuH1v3 + β∗∗ηuH2v5 + ψ2v6

K2

,

v5 = v5 > 0, v6 =
β∗∗ηe(1− κ)(H1v3 + H2v5)

K4

.
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To determine the direction of bifurcation, following Castillo-Chavez & Song (2004),

we find the signs of a and b, where

a =
6∑

k,i,j=1

vkwiwj
∂2φk

∂xi∂xj

(0, 0) and b =
6∑

k,i=1

vkwi
∂2φk

∂xi∂β∗∗
(0, 0).

It can be shown, after using the associated nonzero partial derivatives of Φ at the DFE526

(X ), that527

a =
2β∗∗µP11

Π(ξ + µ)
(P12 − P13), (18)

where,528

P11 = w3 + ηuw4 + (1− κ)w5 + (1− κ)ηew6 > 0,

P12 = −v3µ(1− p)(w1 + w2)− v5(1− ε){(pµ + ξ)w1 + (1 + p)µw2} > 0,

P13 = (v3µ(1− p) + (1− ε)(pµ + ξ)v5)(w3 + w4 + w6 + w5) > 0,

(19)

Hence, a > 0 iff529

P12 > P13 (20)

For the sign of b, we substitute vectors v and w and the respective associated

nonzero partial derivatives of Φ at the DFE into

b =
6∑

k,i=1

vkwi
∂2φk

∂xi∂β∗∗
(0, 0),

which gives,

b =
(1− ε)(pµ + ξ)v5 + v3µ(1− p)

ξ + µ
P11 > 0.

¤530
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Variables Description

N Adult population
Su Uneducated susceptible individuals
Se Educated susceptible individuals
Iu Uneducated infecteds with no AIDS symptoms
Ie Educated infecteds with no AIDS symptoms
Au Uneducated infecteds with AIDS symptoms
Ae Educated infecteds with AIDS symptoms
λu Force of infection of uneducated individuals
λe Force of infection of educated individuals

Parameters Description

Π Recruitment rate of susceptibles
µ Natural mortality rate
δu, δe Disease-induced mortality rates
p Fraction of educated newly-recruited individuals
ξ Rate of educating susceptibles
ψ1, ψ2 Education rates of individuals in Iu and Au classes
β Effective contact rate
ηu, ηe Modification parameters
ε Efficacy of education in preventing infection
1− κ Reduction in transmissibility of educated individuals
σu, σe Progression rates to AIDS classes

Table 1: Description of Variables and Parameters of the Model (1).
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Parameters Nominal value References

δu, δe 0.47, 0.04 Gumel et al., 2006
p, ξ 0.5, 0.5 Assume
ψ1, ψ2 0.5, 0.5 Assume
β 0.4 Elbasha & Gumel(2006)
ηu, ηe 1.5, 1.2 Sharomi & Gumel(2008)
ε 0.8 Karen & Susan (1999)
1− κ 0.3 Assumed
σu, σe 2.6, 1/15 Gumel et al., (2006) Hyman et al., (1999);

Table 2: Epidemiological Data for Model (1).

Demographic India Nigeria China Ethiopia Russia References
Parameters (millions) (millions) (millions) (millions) (millions)

N(0) 1025.1 116.9 1285 64.5 144.7 United Nations(2004)
1/µ 64 (years) 52 (years) 71 (years) 53 (years) 66 (years) United Nations(2004)
Π 1.51% 2.54% 0.87% 2.64% 0.33% World Factbook (2002)
Su(0) 1010 110 800 60 100 Assumed
Se(0) 10 3.3 483.75 1.5 43.84 Assumed
Infecteds 5.1 3.6 1.25 3 0.86 World Factbook (2008)
Iu(0) 3 2 1 2 0.7 Assumed
Ie(0) 1 1 0.1 0.4 0.1 Assumed
Au(0) 1 0.5 0.1 0.4 0.05 Assumed
Ae(0) 0.1 0.1 0.05 0.2 0.01 Assumed

Table 3: 2002 Demographic of Data Used as Initial Conditions.
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Education strategy India Nigeria China Ethiopia Russia

(millions) (millions) (millions) (millions) (millions)

(A)

Strategy I 0.8642 0.5474 0.3321 0.4064 0.2116

Strategy II 0.3633 0.2108 0.2584 0.1390 0.1510

Strategy III 0.5266 0.3095 0.2912 0.2321 0.1770

Strategy IV 0.5862 0.3718 0.2938 0.2510 0.1805

(B)

Strategies I and II 0.8717 0.5564 0.3331 0.4140 0.2119

Strategies I and III 0.9918 0.6290 0.3588 0.4831 0.2320

Strategies I and IV 1.0359 0.6760 0.3604 0.4966 0.2344

Strategies II and III 0.5353 0.3200 0.2924 0.2408 0.1773

Strategies II and IV 0.5946 0.3818 0.2950 0.2595 0.1808

Strategies III and IV 0.7440 0.4723 0.3250 0.3449 0.2046

(C)

Strategies I, II and III 0.9986 0.6373 0.3597 0.4899 0.2322

Strategies I, II and IV 1.0425 0.6839 0.3613 0.5033 0.2347

Strategies I, III and IV 1.1530 0.7508 0.3850 0.5670 0.2531

Strategies II, III and IV 0.7516 0.4814 0.3260 0.3526 0.2049

(D)

Universal Strategy 1.1590 0.7580 0.3858 0.5731 0.2534

Table 4: Total new cases averted within a year using (A) Single targeted public health

campaign strategy (B) Pair combination of targeted public health campaign strategies

(C) Combination of three strategies (D) Universal strategy. Parameters as in Tables 2

and 3.
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Figure 1: Schematic Diagram of the Model (1)
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Figure 2: Comparison of observed HIV/AIDS data from Uganda (solid lines) and

model prediction (dashed line). Parameter values used are as in Table 2 with ξ=0.01,

ψ1 = ψ2=0.001, p=0.3, and β=0.325.
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Figure 3: Worst-case scenarios for: (A) China, India and Nigeria; and (B) Russia and

Ethiopia. Parameter values used are as in Table 2 with all education-related parameters

set to zero.
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Figure 4: Simulation of the model (1) showing the total infected population as a

function of time, using appropriate demographic and epidemiological data for Ethiopia,

given in Tables 2 and 3. Dashed line represents the model with public health education

campaign and solid line represents the model without education public health education

campaign (i.e., all education parameters are zero). For: (A) ∇ = 0.0517 < 1, Reff =

0.6898 and R0e = 0.6619 < R0 = 1.3712; and (B) ∇ = 1.4211 > 1, Reff = 1.5866 and

R0e = 1.9857 > R0 = 1.3712, with ξ = 0.01, p = ψ1 = ψ2 = 0.001 and ε = 0.4.
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DFE (ω) and education efficacy (ε). Parameter values used are as in Table 2.
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Figure 6: Simulations of the model (1) showing the time needed to eliminate HIV in

(A) Ethiopia (B) Russia (C) Nigeria (D) China and (E) India. Parameter values used

are as in Tables 2 and 3 with ξ = p = ε = 0.9, ψ1 = ψ2 = 0, κ = 0.8 and β = 0.2 (so

that, ∇ = 0.1609 < 1, Reff = 0.1115 and R0e = 0.1103 < R0 = 0.6856).
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Figure 7: Backward bifurcation diagrams using demographic data from Ethiopia. Pa-

rameter values used are as in Table 2 and 3 with ξ = 0.01, p = ψ1 = ψ2 = 0.001 and

ε = 0.4 (so that, a = 0.02069982715 and b = 1.930595939).
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