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Abstract: This paper examines the transmission dynamics of HIV infection with public health intervention strategies
treatment and awareness on the proper procedure of ART treatment. For the problem, a deterministic mathematical model is
proposed and analysed qualitatively using the concept of stability of differential equations. The effective reproduction number is
computed in terms of model parameters. The existence and stability of disease free and endemic steady states are recognized.
The disease free and endemic equilibria are indicated to be locally and globally asymptotically stable whenever the effective
reproduction number is less than unity and greater than unity respectively. This means that, HIV infection will die out in the
community when the effective reproduction number is less than the threshold value and persist otherwise. Based on the
sensitivity analysis of the effective reproduction number, we found that the rate of ART treatment and the rate of awareness on the
proper procedure of ART are influential in reducing the magnitude of the reproduction number and thus they are important in
decreasing the number of infected population. Numerical simulations support our analytical results that implementing ART
treatment at every stage of HIV/AIDS had high impact in reducing the infected population than implementing on a single stage
for those who follow the proper procedure of ART treatment. It also verifies the positive impact of awareness on the proper
procedure of ART treatment in reducing infected individuals by reducing treatment waning rate. Therefore, our result suggests
that ART treatment should be implemented together with awareness on the proper procedure of ART treatment to control the
spread of HIV in the community.
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tear, and urine, but it does not show to be at risk of
transmitting the infection among human population since the
virus levels on these liquids are very low [1-4]. In HIV
infection CD4+T -cells depletion occurs inside the human
body with consequent decrease in secretory IgA production
that neutralizes other toxin [4, 5]. There is no cure or effective
vaccine against HIV, however antiretroviral treatment can
slow the course of the disease and may lead to a near -normal
life expectancy [6-10].

HIV/AIDS transmission in Africa is primarily through
heterosexual sex and vertical transmission (mother to-child).
40% of HIV/AIDS cases result from vertical transmission.
High rates of heterosexual transmission in Africa appears to

1. Introduction

Human immunodeficiency virus (HIV) infection is a
disease of immune system caused by HIV virus and it is
transmitted primarily via unprotected sexual intercourse,
contaminated blood transfusions (Horizontal transmission)
and from mother to child during pregnancy, delivery or
breastfeeding (Vertical transmission). After entering the body,
the virus causes acute infection, which often manifests itself
with flue like symptoms and this acute infection is followed by
a long asymptomatic (chronic stage) period. With no public
health interventions, as the illness progresses, it weakens the
immune system more and more making the infected individual

much more likely to get other infections called opportunistic
infections that are unusual for healthy individuals (AIDS stage)
according to CDC. Even though this virus contains on saliva,

result in part from synergistic (combined action) relationship
between HIV and STD. This condition fuel an epidemic
among infants and \children of infected mothers. A smaller
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contributor to continuing HIV transmission in Africa is the
unintentional use of infected blood transfusions [1, 3, 11].
Sub-Saharan region is the region most affected. In 2017, an
estimated 66% of new HIV infections occurred in this region.
South Africa has the largest population of people with HIV
of any country in the world, at 7.06 million, as of 2017. In
Tanzania, HIV/AIDS was reported to have a prevalence of
4.5% among Tanzanian adults aged 1549 in 2017 [12-15].

The whole world is touched by the HIV pandemic, as of
2017, approximately 36.9 million people are infected with
HIV globally. In 2018, approximately 43% are women. There
were about 940,000 deaths from AIDS in 2017. The 2015
Global Burden of Disease Study (GBD), in a report published
estimated that the global incidence of HIV infection peaked in
1997 at 3.3 million per year. Global incidence fell rapidly from
1997 to 2005, to about 2.6 million per year, but remained
stable from 2005 to 2015 [12]. South & South East Asia (a
region with about 2 billion people as of 2010, over 30% of the
global population) has an estimated 4 million cases (12% of all
people infected with HIV), with about 250,000 deaths in 2010.
Approximately 2.5 million of these cases are in India, where
however the prevalence is only about 0.3% (somewhat higher
than that found in Western and Central Europe or Canada).
Prevalence is lowest in East Asia at 0.1%. In 2008,
approximately 1.2 million people in the United States had HIV;
20% did not realize that they were infected. Over the 10-year
period from 1999 to 2008, it resulted in about 17,500 deaths
per year. In the United Kingdom, as of 2016, there were
approximately 89,400 cases and 428 deaths. In Australia, as of
2017, there were about 27,545 cases. In Canada as of 2016,
there were about 63,110 cases [12, 16].

The Global HIV prevention coalition was launched in
October 2017 to reduce new HIV infection by 75% by 2020
from 2011 baseline. 25 countries with the highest number of
new HIV infections were selected for the Global HIV
prevention coalition. Of these, 17 are African countries
including Ethiopia [1, 17]. Treatment consists of high active
antiretroviral therapy (HARRT) which slows the progression
of the disease. The goal of ART is to decrease HIV related
morbidity and mortality. In addition, it also decreases the risk
of transmission of the virus to sexual partners and
mother-to-child transmission. [18].

Mathematical modeling provides us invaluable
management tools to understand the status of the spread of the
disease and to identify and predict the effectiveness of
different control measures. Many mathematical models have
been used to examine the consequences of HIV infection at the
population level. Such as in 2012 the research work conducted
by Abdallah S. Waziri et al. in Tanzania with title
‘Mathematical Modelling of HIV/AIDS Dynamics with
Treatment and Vertical Transmission’, the result of their study
show that using treatment measures (ARVs) and control of the
rate of vertical transmission have the effect of reducing the
transmission of the disease significantly[11]. The research
work conducted by Maimunah and Dipo Aldila in Indonesia,
published in 2018, with title ‘Mathematical model for HIV
spreads control program with ART treatment’, suggest that

ART treatment as an alternative way to control the spread of
HIV [4]. However, the goal of this paper is to propose
HIV/AIDS dynamics incorporating treatment and awareness
on the proper procedure of ART treatment control strategies
in the transmission of HIV virus.

The organization of this paper is as follows: In section 2,
we formulate our model for HIV/AIDS infection transmission
dynamics. We analyze the positivity and boundedness of the
solutions of the dynamical system as basic properties of the
model, which are essential in the proofs of stability, existence
of disease-free and endemic equilibria as well as their local
and global stability and analysis of the sensitivity of the
parameters of the reproduction number are treated in section
3. In Section 4, we present the numerical simulation to
support the analytical results of the research. The discussion,
conclusion and recommendation of the research are present
in sections 5 and 6 respectively. In the end, we present
acknowledgement of the research in last section.

2. Formulation of the Model

In this model of HIV infection, public health intervention
strategies are incorporated. Individuals living with HIV/AIDS
are grouped according to different stages of infections
depending on their viral counts. The basic assumptions in
developing this model are as follows: The total human
population is closed. The susceptible become HIV infected
because of direct contact (free sex), blood transfusion from an
infected human or from the use of a syringe from an infected
human (Horizontal transmission). This infection is assumed
not to lead the birth of infected children. Public health
intervention strategies of ART treatment on infected
individuals and continuous education campaign on the proper
procedure of ART (antiretroviral therapy) treatment to avid
the failure of ART, will be taken in to account.

The variables and parameters of the model are defined as
follows: The total human population N(t) is divided into five
classes: susceptible S(t), H;(t) is HIV infected in acute stage,
H,(t) is pre-AIDS patients, AIDS patients A(t) and
HIV/AIDS treated class Ty (t), such that N(t) = S(t) +
H;(t)+ Hy(t) + A(t)+ Ty(t). p is the natural mortality rate
in all classes at time t, for t = 0. We assumed that there is a
positive recruitment rate A into the susceptible class.
Susceptible individuals might be infected by direct contact
with infected humans with the probability of infection g if
they are infected by acute individuals (H;), BY,, L,
and Sy if they are infected by chronic (H,), AIDS (4) and
treated (Ty) compartment individuals respectively. We
assume that more infected humans will limit their capability to
do daily life activities; therefore, we have f > Sy, > B,.
Since the use of treatment significantly reduces the viral load,
treated individuals are less infectious than other groups
hence 8 > By, > Y, > BYy. Where ,, Y, and P, are
modification parameters. Therefore, HIV infected individual
is generated following the infection of susceptible individuals

B2 2 Vadt¥uTh) g1y infective suffer

AIDS-induced mortality at a rate y. We also assume that the

at a rate ¢ =
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infective (H;) proceed to join the treated class at a rate &;.
Some individuals join the pre-AIDS class (H,) with a rate
&,, while others seriously infected individuals without
showing symptoms move directly to the full blown AIDS
class at a rate &;. The pre-AIDS individuals in class (H,)
move to treated class (Ty) at a rate 7, and others move to
AIDS class (A) at a rate T, to develop full blown AIDS. The
full-blown AIDS class (A) individuals move to treated class
with a rate w to get treatment. Individuals in the treatment
class (Ty) may not follow proper procedure of ART
treatment due to lack of awareness about the procedure. These
individuals lead to the failure of treatment and move to AIDS
class (A) by the rate of failure of treatment ¢..

These assumptions ar translated to the following Schematic
flow diagram and dynamical system:
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Figure 1. Schematic flow diagram for the model.

Q_A_B(I'h + 1, H, +¢AA+1PHTH)S_

= S
dt N N
dH (Hy + YyHy + YA + YyTy)
d—t1=ﬁ 110 ZNw’* Pl s gy &y & + My
dH,
?=52H1_(T1+T2 + WH, (1
dA

E=E3H1+T2H2+£TH_(Q)+}/+M)A

W = E].Hl + Tle + (A)A - (S + M)TH

3. Model Analysis

3.1. Positivity of the Solutions

Theorem 1. The solutions (S(t), H;(t), H,(t), A(t) and
Ty(t)) of model (1) are nonnegative for all t > 0 with
non-negative initial conditions.

Proof: Since the system of equations (1) represents human
populations, all parameters in the model are non-negative and
the total human population is finite at time ¢ > 0, we need to
show that, given non-negative initial values

S5(0) =0,H,(0) = 0,H,(0) =0,4(0) =0, T,(0) =0
and, the solutions of the system are non-negative.

Suppose

S() + H (t) + Hy(t) + A(t) + Ty(t) = N(t) < % Q)

Let us consider the region
0 ={(8,Hy, Hy, A Ty) ERS:N < %} for system (1).

From the first equation of the system (1),

% =A—(¢+u)S, Where ¢ = ﬁ(leszJ;VwAAWHTH)
We obtain
B < ©)

Therefore, since S(0) = 0, fort — oo,
Which gives 0 < S(t) < At
From the second equation of the system (1),

dH;

——=¢S— (& + &+ &+ wH;,

a
We obtain
dH,
< ¢s &)
Which gives Hy () = e™# ~[e?" 1] 2 0
Therefore, since H;(0) = 0, fort — oo,

A
0<H(t) <e ¥ . [e?t — 1]

From the third equation of the system (1),

T &Hy — (1 + 1, + WH,

We have
dH
—CS&H, )

Therefore, since H,(0) = 0, fort — oo,
A
0 < H,(t) <e %2t ;[efzt -1]=0
From the fourth equation of the system (1),
dA
_t=§3H1+T2H2 +€TH —(0)+)/+[1)A

d
We get

< GH, + Ty H, + Ty (6)

Al A
SAR)=e X x——[eXt—1]=e* —[e*-1] =0
ux u
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Therefore, since A(0) = 0, fort — oo,
A
0<A() <e™ —[e* —1]
u

From the fifth equation of the system (1),

dstH =& Hy + 1 Hy + wA — (e + )Ty,

we ()btain
% = S Tl tow )

Therefore, since Ty (0) = 0, fort — oo,
0<Tyt) <e™t %[eyf — 1], where,y = (é; + 1, + w).

Hence, any solution of system (1)
(S(t), Hy(t), Hy(t),A(t), Ty(t)) € R} forallt > 0.

3.2. Boundedness of the Solutions

Theorem 2.

The Solutions (i.e S(t), H;(t),H,(t), A(t), Ty(t) of
model (1) are bounded.

Proof:- The total human population in our model is denoted
by N and divided in to five subclass which are denoted by
S,H,,H,, A, Ty from this we have

N(@®) = SO+H,() + H,(©O) + AW +Ty(t)  (B)

By differentiating both side with respect to time t we get

)

dN _ dS | dH; | dH, , dA | dTy
dt ~ dt = dt dt = dt = dt

:dN<A N
dt — v

If 2% > 0 then A — uN > 0. Thus N(t) < %for N(0) < %
where at t=0,N(0) s population.
Therefore lim;_, o, sup N(t) < % This shows that N(t) is

initial

bounded above and increasing. Since N (t) is bounded above,
each other state variable of human population
S(t), H (t), H,(t), A(t), or Ty (t) is bounded above.

To show that the state variables of human population are
bounded below, we need to show the boundedness of each

state variable below for N(0) > %

From the first equation of the system (1), we have
ds
o= A— ¢S (10)
Thus, S(t) is bounded below and decreasing. Therefore,
lim,_o, inf S(Y) z% (11)

From the second equation of the system (1),

F=¢S_(S(1+S(2+S(3 + WH;
If H,(t) is decreasing with time t > 0,4 <

dt

A ¢
>H (@) >-——F——
(1) 2 u (¢+f1+fz+f3+ﬂ)

12)
Which gives,

. , A ¢
> —_ — —
limye, inf Hy (£) 2 I3 (¢+f1+52+f3+l‘-)

(13)

This shows that H;(t) is bounded below.
From the third equation of the system (1),
dH,

W =&H — (1 + 1, + WH,

dH2<0

If H,(t) is decreasing with time t > 0, — <

Therefore,

lime o inf Hy(6) = % ( (14)

é2 )
Er+T+T 1

This shows that H,(t) is bounded below.
From the fourth equation of the system (7)

dA
E=€3H1 +T2H2+£TH_((U+]/+H.)A

If A(t) is decreasing with time ¢t > 0,% <0
. Afu
that is A(t) = " (;),

Where u=(é3+17,+¢) and v=(&+1,+e+w+
Y+ .

. . A
Therefore, lim,_,, inf A(t) = . (%) (15)

This shows that A(t) is bounded below.
From the fifth equation of the system (1)

W = E].Hl + Tle + (A)A - (S + M)TH

If Ty(t) is decreasing with time t > O,dstH <0

. i é §1+T71+w
Therefore, lim,_,, inf Ty (t) = B (_51+Tl+w+g+ﬂ)

(16)
This shows that Ty (t) is bounded below.

Hence, all solutions of the system (1) are bounded.
Theorem 3. The region

0 ={(S,Hy, Hy A,T,) € RE:N < %} is
invariant for the model (1) with non-negative initial conditions
in R3.

Proof: To proof the positive invariance of Q (i.e., all
solutions in Q remain in  for all t).

positively

dN
Let —=A—uN 17)
= N(t) =§—%e“” S%—N(O)e"“, for N(0) S%

= N(t) < %— N(0)e (18)

If Y > 0thenA—puN >0 and 2 >0 = N() <2
dt dt u
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Specifically, if 5% 2 0 then N(0) < % Thus N(t) < % and
this shows that N(t) is increasing and bounded above by
%and if A—uN < 0then 7 < 0.

Thus N(t) > % = ‘;—IZ < 0. In particular, if N(0) > %,

then Z—IZ < 0 and this shows that N(t) is decreasing and

bounded below by 0 because of positivity. Thus, € is
positive-invariant and attracting. Therefore, every solution of
the dynamical systems with initial conditions in (1 remains in
Q for t > 0. Hence, it is sufficient to consider the dynamics
for the system (1) in Q and thus, in the region, the model the
system (1) is epidemiologically and mathematically well posed.

Corollary. Let Q = {(S, Hy,H,,A,Ty) ER3:N < %}, then
the region is invariant and attracting for system (1). The

feasible region is () = {(S, Hy,H,, A, Ty) ER3:N < %}

3.3. Disease -free Equilibrium Point

The disease -free equilibrium point of the system (1) can be
obtained by setting HIV related variables and parameters to
Zero

H1=H2=A=TH=¢=0 (19)

then we have
A — uS = 0. Therefor the infection-free equilibrium point
of the HIV/AIDS model is

Eop = (SO'Hlo'Hzo’AO’ THO) = (%'0'0'0'0) (20)

3.4. Reproduction Number

Theorem 4. The effective reproduction number (Ry) of
HIV/AIDS model (1) is given by

Ry, = BA (—SwC2+C203C4+1/)2(—S(sz+C3C4fz)+1/)A(Cz0453+€sz1+ffz‘f1+c4fz‘fz)+ll’H(wcz53+C2C3f1+C352T1+w52T2)) Q1)

_Np_

Proof: In order to compute Ry, it is important to distinguish
new infections from all other changes in the host population.
We apply the next generation approach in Diekmann et al.
1990 [23].

dx;

- = i) =F(©) — ()

o (22)
wherei =1, ...,5
vy (t) =V (t) = Vi (6) (23)

and the matrices F(t),V*(t) and V~(t) associated with
model (1) are given by

[ B(H1+Y2H2+Y 4A+YHTH)

0 S|
| 0 |
F(t) =] 0 [,
0
.
0
0 c1H,(t)
|r $2Hy (8) ]| |[CZH2 (t)]|
VH(t) = |&3H, () + 1,H, + €Ty |and V= (t) = | c;A(t) |
& Hy +1,H, + wA c, Ty (1)
A csS(t)

Where,c;, =&+ &+ &+ =1+ 1, + 1,
GG=w+y+p ca=c+ucs=¢dp+u

Let v;(t) = Vi (t) — Vi ()

Then, we have

[dHl(t) dHp(t) dA(t) dTy(t) ds)]T
dt dt dt dt dt

=F@t)—v(®) (24)

The Jacobian matrices of F(t) and V(t) for

(—ewcqcy+cicac3cy)

F(t) and v (t) respectively are 4x4 matrices as there are four
infected classes

B B> BYa By
—S(t S(t S(t S(t
e 75O SEse Stso 5 ()}
= EZ 0 0 0 0
i 0 0 0 0 |
l 0 0 0 0 J
o) 0 0 0
and V =% _ 5 G 0 0 , where x; =
ax; -& -1, ¢ —¢
—$ T —w G
(HllHZ'AlTH)'

At the infection-free equilibrium pint E,; F and V
at E,, Fy and V, respectively are:

BA  Buah Bah  BUni

|Nu Nu Nu Nu |
Fo=10 0 0 0 |and
|l0 o 0 0 Jl
0 0 0 0

c1 0 0 0

_ _52 C2 0 O

Vo= —$3 —T, ¢ —¢
=& T G

Thus .R, = p(FoVgl) Where p(F,V5?') denotes the
spectral radius of a matrix FyVy'? (that is, the eigenvalue with
the highest magnitude). To find the eigen values of FyVi't, we
consider det(F,Vy! — AI) = 0, where [ is the identity matrix.

Thus,= A = 0 or A = BniA + BznaA + BpansA + ByungA

DNu DNu DNu DNu

Thus, Rh — Bn1A+ﬁ¢2nZA;fvtAn4A+ﬁ¢Hn8A (25)

R, =
b=

_ BA (—swcz +C2C3Ca+ Yo (—ewr+C3C482) P Aa(C2Ca83+ECo 81 +882T1+Ca82T2) +WH (WCa83+Cac381+C362T1 +wfz‘fz))
(—ewcqca+cqcac3cy)

(26)
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Where, ¢c; =& + &+ &+ =1 +1, + 44,
G=wt+y+tuc,=c+u

Which represent the average number of new secondary
cases generated by a single HIV infected individual during
his/her entire infectious period in a completely susceptible
population, in the presence of HIV intervention strategy
[19-21].

Theorem 5. The basic reproduction number (Rg,) of HIV
transmission model (1) is given by

B
Roy = 1
oh fz+f3+ﬂ( +

Yaéata
(T2 +m)(y+1)

¢zfz+¢A53
Tatp oyt

) @

Proof: We apply the next generation approach in Diekmann
et al. [23] by setting§; =73 = w = Ty = 0 in mode (1):

dxi
- = O = F©) —0i(®)
Where, i = 1,2,3,4, as there are three classes and

x; = (Hy,Hy, A, S)

;) =V @) = Vi@ and the matrices
F(t),V*(t) and V= (t) are given by
B(H; + 1/)2NH2 + IPAA)S]
Ft) =| 0 l
o
0
0 [C7H1 (t)]
) — $2H1 (D) oy |esHz (D))
VO = e b | O= |
A Le,oS(0)

Where,C7 262 +€3 +,u-168 :T2+.u'lc9:y+l'l‘

Clo=¢+u
Let, vy(6) = V7 () = Vi* (©)
Then, we have
dH, (t) dH,(t) dA(t) dS(t)1"
dt dt  dt dt

The Jacobian matrices of F(t) and V(t) for
F(t) and v (t) respectively are 3x3 matrices as there are five
infected classes

=F(t) —v(t)

Es@y B2sey Eas(r

v
0 andV—a—xi—

oF
| 0 0
0 0 0

F =

Cc; 0 0
[—EZ Cg 0], where x; = (Hy, Hy, A,)
=$3 —T; G

At the infection-free equilibrium pint E,, S = N,F and V
at E,, are Fy and V,, respectively:

B BY, Ba 7 0 0
FO = O O 0 and VO = _EZ CB 0 »
0 0 0 =& —T, G

Thus .R,, = p(FyV51), where p(FoVy1) denotes the
spectral radius of a matrix FyVy! (i.e, the eigenvalue with the
highest magnitude). To find the eigen values of FyVy 1, we set

det(FoVy! — AI) = 0, where [ is the identity matrix.

Thus,

B
Roy = 1
oh fz+f3+ﬂ( +

Vab2 | Vas
Tphp oyt

Yadat2
(T2 +m)(y+1)

) @8
3.5. Local Stability of the Disease-free Steady State

Theorem 6. The infection-free equilibrium (E,;) of model
(1) is locally asymptotically stable, if R, < 1 and unstable, if
R, > 1.

Proof: The Jacobian matrix of the system (1) at the disease
free equilibrium point Ejy, is

[_/i -B =B, —Pa _:31/)11]

| 0 B—¢a By, BYa BYu
J(Egp) =1 0 $2 —C 0 0 |

| 0 & T, —C3 £

l 0 & Tq W —Cy

as S=N at Ep,, Where, ¢; =& +& +&+p),c0 =
(m+ntp)ag=(@+y+w,c=(>E+w

The characteristic polynomial of the matrix J(E,) is given
by ps(1) = det(J(Ey,) — Al) and in order to find the roots
of the polynomial p, we set

B -B =B, —BYa By
0 B—ca—2 By BYa BYu
ps(D) = 0 & —c;— A 0 0 =0
0 &5 T, —c3— A £
0 & T, W —cy,— A

ps(/’{) = (—/l - A) [b4l4 + b3l3 + bzlz + blll + bo] =0 (29)
=>/1=—[1<OOTb4/14+b3)l3+b2/12+b1/11+b0 =0

Where, b, = 1,b; = (—f + ¢, +¢c; +c5+¢,)

b, = (—ew — Bey + i+ c3(=f + ¢+ cy) + (=B +c1 +c3+ i) — &Y, — BE3a — BE1YH)

by = (c1(—ew + c3¢4 + c3(c3 + €4)) — 2w + c3(B — ¢4) + By + BEsPa + BE1Yn) + B(ew — €614 — &7,
= €4(§2Y2 + §304) — WPy — § TPy — c3(Cs + EoY5 + E1Yy)))
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by = sz((“—'w — ¢3¢, — Ta(CaPu + wy) — T (EPy + CslpH))
+c (C1(_€w +c3c) + 3(50’ — &Py — ca&3Py — w3y — c3(cy + S(ﬂ/)H)))

The disease free steady state is locally asymptotically
stable, if the necessary and sufficient conditions that all the
roots of the polynomial in (29) have negatives real parts are
all the polynomial coefficients must have the same sign (all
positive in this case), nonzero. In addition, the first column
containing the term b, of the Routh’s array should be
positive by Routh-Hurwitz stability criterion.

The biological interpretation of locally asymptotically
stable of the disease-free equilibrium point is that, the
existence of small number of infectious individuals will not
be the cause of the outbreak of the disease unless Ry, > 1.

V(S, Hl’ Hz,A, TH) = a1H1 + asz + a3A + a4_TH

where

Thus, we need to consider the global asymptotic stability of
Eon to control the disease effectively. To investigate the
global stability, we define a Lyapunov function [22].

3.6. Global Stability of the Disease Free Equilibrium Point

Theorem 7. Disease-free equilibrium point (Eqp) is
globally asymptotically stable, if R, <1

Proof: Define a Lyapunov function by applying Lyapunov
theorem.

(30)

Let a; = ¢3(c3¢4 — €w) + Po(—ewé; + €36483) + Ya(C2€483 + €281 + €651y + €48,T,) + Yu(werés + 0381 + ¢38,T1 +
wé,T7)

a; = ¢1[Pa(—ew + c3¢4) + Pa(ety + €472) + Py (c3ty + 0T)], az = c1[Paczcs + Pywe,] and
a, = c;[Yec, + Pycycs]. Since aq,a,,a; and ¢, are all non negative and also all state variables are positive,

V(S,Hy,Hy, A, Ty) = 0 and

V(S, Hy, Hy A Ty) = V (% 0,0,0,0) = 0 is the minimum value.

dt oM, dt T oH, dt " o9Adt Tor, dt

v_, ov_
AH, al'ayz = A5y
dv 9V dH, 09V dH,
_ @®Ney[—ewe, + cy03¢4] a,$SP
B B PNci[—ewcey, + cyc5¢,]
< Paleoaraealy =l —1], sinceS< N =
B c1[—ewcz+cac3c4]

when R, < 1. Since all parameters are non-negative ‘;—[: <0,
if Ry <1 and 5= 0 holds if and only if H; = H, = A =
TH = 0

The largest ~ compact invariant
{(S,H,H,, A, Ty)} is the singleton set {Egp,}.

Therefore, by Lasalle’s invariant principle (Lasalle
1976) E,, is global attractor whenever R, < 1 (i.e every
solution of the model approaches to Ey,, as t — oo with initial
conditions in )

subsets in

En = (8" Hi, H3, A" T) = (

Where,

av . . .
= az and Sro = Qg are all constants and thus continuous partial derivatives.
H

VdA oV dTy,

_ ®Ney[—ewe; + cy0304] a.Sp

B Ncy[—ewe, + cyc3¢,]

PNci[—ewey+cacscy

; Ry —11<0 31)

3.7. Endemic Equilibrium Point

Theorem 8. The endemic equilibrium point of the system (1)
exist, if Ry, > 1.
Proof: The endemic equilibrium point

E, = (S*,H{,H;, A, T;;) of the system (1) can be obtained
dHy _ dHp _ dA _ dTy

.. ds
by setting dat  dt  dt  dt dac 0
Therefore,
L PR _BOL_ of ot ) (32)
¢+ c1(PT+u) cic(P*+p)” Q T Q

P =((e+m)cé3d A+ ((e + WETP™A) + e, A + e1,8,9"A
Q = c16363(p" + ) (c3(e + ) — we)
R =038 9" A+ 37160 A+ wp Acyés + wpAS,T,

(H{+ Yo Ho+ P g A+ Ty
From, ¢*=l3’ 1+Y2 zNIfA YTy

E, = (§*, H{,H;, A*, T};), we have
¢ =—u (1 —ﬁRh), but at disease free equilibrium

and

point S* = N*, thus, i* =1
uN
= ¢ =—u(l—Ry)

We define ¢* = B(lesz:rvlfAA YT i the rate of HIV
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infection and the disease persist in the community if ¢* > 0,  3.8. Local Stability of Endemic Equilibrium Point
that is endemic equilibrium point exist for R;, > 1.

Where, ¢; = +&E+E+0), =0 +1,+40), T.heorem 9. The en(.iemic equilit?rium poipt (Eh). of model
G=(W+y+uc = (c+u (l)Pls lofcally asymptotically stable in the region Q if R, > 1
roof:
Py = (e + Werés + ((e + WEeT2) + ey + e14é, Jacobian matrix at the endemic steady state is

Ry = c36581 + 3718, + (wCz65 + wé,T5)

—-g-—u -1 -m -n -r

[ g I=CGi+é&+m m n r ]
J(ER) = | o $2 —(t+1+w 0 0 |

| o & T, —(w+y+uwp e |

l 0 & Ty ) —(£+/1)J

Let c; = (5 + &+ G+ a=0O+n+twa=(@+y+p,co=(E+p)
The characteristic polynomial of the matrix J(E},) is given by hs(w) = det(J(Ey,) — @T), where T is identity matrix and in
order to find the roots of the polynomial hs (@), we set

hs(w)
f—-o =l -m -n -r
g q—@ m n r
= 0 &, —C,— @ 0 0 =0
0 & T, —C3— @ £
0 & T, W —C,— @

BHI+ Yo H3+ P aA+PuTy)
N* ’

Where,f = —g —pu=—

Bs* Bi2S* Bpas® BYus®
q=l_C1=F_(§1+§2+S{3+#),=N_Z*,n=1v—éandr:}\,_]j

= hs(@) = ys@° + yuw* + y3@° + y,w2 + yyw + y, = 0 (33)
Where, ys = =1, y, = (f +q —¢c; — ¢35 —¢4)

vi=(—gl-fat+ew+tc(f tq—c)tc(f +q—c3—cy)+ fcy +qcy +1& +mé; +nés)

Y2 = (—few — qew — glcy — fqc, — fréy — gré; + ne§y — fmé, — gmé, + meyé,
+e3(—gl—faq+ (f + @)cy + & + M) — fnés — gnés + rwés + ncyés
+(—gl—fagtew+cs(f+q—c)+ (f + Qs + 78 +né3) + 1811 +1é,15)

1 = (glew + fqew — fned; — gne§y — mews; — fme,é, — gmess,; — frwés — grwds — fncds — gneyés — oo (few
+ qew + fréy + gréy —nedy +e3(gl+ fq— (f + Qe —181) + fnés + gnés —rwés + cu(gl + fq
—né3)) — fréa1y — gréaty + nedoty — e ((f + 9)réy +ca(gl + fq —méy) + & ((f + 9)m —r1y))
— fnéyy — gnéaTy + rwép T, + neudp ;)

Yo = Cz(glsw + fqew — (f + g)neé; — C3((gl +f Qe+ (f + 9)7’51) — frwés — groé; — fncyés — gnC4§3)
+ (f + 9)é,(mew — nety — cz3(ncy, +1r177) —rwWT, — NCYT,)

The endemic steady state is locally asymptotically stable, . . o .
if the necessary and sufficient conditions that all the roots of ~ 3-9- Global Stability of the Endemic Equilibrium Point

the polynomial in (33) have negatives real parts are all the . S . .
. . . . Th 10. E 1 t (E loball
polynomial coefficients must have the same sign (all negative eorem 10. Endemic equilibrium point (Ep) is globally

in this case), nonzero. In addition, the first column containing aS};r;g)(:(;U];allay stlati)rlle, Lf 5’11;0\} theorem.
the term ys of the Routh’s array should be positive by - By applymng Lyap 1 . ’
Routh-Hurwitz stability criterion. Let g(O)=¢—-1-1In (E) » (eR™. Define a Lyapunov

function
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H,
V(S, Hy, Hy, A, TH)—Sg( )+H1g( >+H2g(

H2>+Ag(A)+THgG>
[s s*—szn( )] [H1 H — Hlln( )] [HZ H; — Hzln( )

. T,
+a-a-am( )] |7 = T = T (TZ)] (34)
v s av H* av H,* av A v T,
—=l-— =1 ——=1-—2 —=1-—qnd —=1-—+,
are all continuous partial derivatives for (S, H;, H,, A, Ty) #  value of f. Thus, V(S*, Hi,H;, A", T;) = 0 is minimum
0. functional value. Hence V (S, Hy, H,, A, Ty) = 0.
Let fX)=x—u—uln G)’ then forx =u,f(x) =0 The derivative of V along the solution of the model is

and for x > u, f(x) > 0, and also f(u) = 0 is the minimum

dv _ avds | oV dH{" oV dH,* = 9V dA* oV dTy*

dt _ asdt | 9H, dt | 0H, dt | 0A dt ' 9Ty dt (35)
av B(Hy +YoHy + A+ YyTy) §* S*B(Hy +YHy + YA + 1y Ty) s*
E—A— N S—,LLS—?A'F? N 5+?ﬂ5
H,+vy,H, + Y,A+ T, H H, +y,H, +Y,A+ T
+/3( 1+ Y, lel’A Yy H)S (€1+€2+€3+“)H1_H_1,8( 1+, lel’A Yy H)
1

*

Hi H H;
+_H1 (& + 48 + WHy + & Hy — (1q + 15 + WH, — _HZ & H, +_H2 (t1 + 72 + WH,
1 2 2

+§3H1++T2H2+€TH_((L)+}/+M)A__§3H1 T2H2 €TH +§(w+‘y+ﬂ)A

T T

Ty Ty
+§1H1 + TIHZ + wA - (8 + #)TH - _Hlel - _TlHZ - _HwA + —H(€ + M)TH
Ty Ty Ty Ty

We let W :A+5?ﬁ(H1+¢2H2*1'V¢AA+1PHTH)S+5?#S+E(H1+¢2H2*1'V¢AA+1PHTH)S+%(€1 + &+ &+ WH, +%(T1 +1,+
1 2

wH, +§(w +y+wA+E&EH +1,H, + wA +;—:(e + )Ty and

H; + Y,H, + YpA + YyT S* Hy + y,Hy + YA + YyT,
Z=B(1 2 lelJA Uy H)S+HS+SA+(51+H)H1+H_1B(1 U2 2N1|JA Uy H)
1

* * * * * * *

H; A A A TS T T
+(T1+I»1)H2+H EZH1+(('0+Y+“)A+KE3H1 +XT H +_£TH+(£+|J.)TH +_§ Hl +_T1H2 + —wA
2

2 , A Ty Ty Ty

Then, %Z W—Zand‘ji—‘t’s 0if W< Z.
= = 0ifand only if (S, Hy, Hy, A, Ty) = (S*, Hj, H3, A", Ty).

The largest compact invariant subsets in {(S, H;, H,, A, Ty)} is the singleton set{E;}. Therefore, by Lasalle’s invariant
principle (Lasalle 1976), E,;, is global attractor whenever R, > 1.

Table 1. Definition and parameter values for the model.

Parameter Description Value Reference
N Total human population 1000 [4]
A Recruitment rate ﬂ [4]
65 ><1365
u Death rate of unrelated HIV/AIDS [ — [4]
65 % 365
& Rate of ART treatment on acute stage 0.01(day™1) [4]
1
&, Rate of transition to pre-AIDS (Chronic) stage X365 [4]
X
& Rate of transition to full blown AIDS stage from acute stage 0.00055(day™1) [12]
T Rate of ART treatment on pre-AIDS stag 0.01 (day™") [12]
1
T, Rate of movement to full blown AIDS from pre-AIDS — [4]

3 X365
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Parameter Description Value Reference
0.5

& Rate of transition for the failure of treatment 365 [4]

w Rate of ART treatment on AIDS stage 0.01 (day™) [4]

y Death rate due to HIV/AIDS 0.00008(day™1) [20]

B Probability of infection of HIV by acute stage 0.0025 [4]

Y, Modification parameter for the infectiousness in class H, 0.75 [4]

Pa Modification parameter for the infectiousness in class A 0.5 [4]

Yy Modification parameter for the infectiousness in class Ty 0.001 [22]

. R .
results in decrease of Rpand <pgh = —1, shows an increase of

3.10. Sensitivity Analysis of the Effective Reproduction
Number

To conduct the sensitivity analysis, we adopt the normalized
forward sensitivity index. The partial derivative is the rate of
change of prediction with respect to each parameter using the
approach in (Chitns et al 2008), (Edward and Nyerere 2015),
(Numfor 210). The degree of sensitivity index of the
reproduction number with respect to a parameter say h,
measures the relative change in variable when the parameter

9Rn (9. Rh _
%9 (Rh)' The value ¢,* = 1, shows an

increase of g results in an increase of R, and a decrease of g

g changes as (pgh =

g results in a decrease of R, and a decrease of g results in
an increase of Ry. In our case, we calculate the sensitivity
indices of the parameters using the values of the parameters
from different literatures in table 1.

First let us analyse Ry, to understand whether implementing
treatment of ART in the acute stage (with rate &;), in pre AIDS
stage (with rate 7,), in the AIDS stage (with rate w) on a
single stage or simultaneously in all stages leads to control the
spread of HIV in the community effectively. It is true that from
the effective reproduction number Rj,

_ BYa(e@ittati))+Bu ((@a+ta+i) (@+y+10))

limg, 0 R (1472 +p)[—ew+(w+y+u) (e+1)] >0 (36)

. _ BYa((e+p)éz+eé1+e§))+fYy(wész+Hw+y+u)éi +(w+y+p)ér)
lime, o Ry = GrtEa+Es+m-ew+(@ry ) (e i)] >0 (37)
limg, o Ry, _ BYa(—elat+(e+1)82)+ BYu ((Ta+T2+1)§5+(T1+Ta+1)§1 8571 +$5T2) >0 (38)

(§1+82+&3+)(Tr+T2+u

Thus, effective HIV treatment that targets treating individuals in acute stage with high rate (§; = o) or treating individuals in
pre-AIDS stage with rate (7, = o) or treating individual in AIDS stage with rate (w — o) could lead to effective control of
HIV transmission, if all the above limits are less than unity. That is respectively if,

Bba(e(y + 15 + ) + BYu((ty + 72 + (@ +y + )
<(m+1+wl-ew+ (0 +y+ e+l
Ba((e + s + &8y + €85)) + By (wés + (w +y + )& + (w + v + &,
<G+t twl—ew + (0 +y + (e +p)]
and B,(—e&, + (e + &) + Yy (1 + T2+ WS+ (i + 2+ W& + 6T+ 6T < (G + &+ G+ (T + 12 + pu

Secondly, let us try to answer the question that, at which stage of HIV/AIDS, ART treatment should be implemented to control
the spread of HIV in the community effectively? To answer this question, first we target treatment of ART for individuals at every

stage of HIV/AIDS. (¢, # 0,7, # 0,0 # 0).

=6 +E&+E+pu=0.01114, ¢, =1, + 1, + 1 = 0.01094

cz=w+y+upu=0.01012, ¢, =+ pu=0.00141

Ny = ;€304 — EWCy = 6.227048 X 1072, n, = &,(c3¢, — ew)=3.1295 x 10710

ng = C2C4§3 + chEI + 852‘[1 + C4§2T2 = 1.6658 X 10_7

ng = wC2€3 + C2C3§1 + C3€2T1 + wfzrz = 0.0000012279

D = —ewc ¢y + €1C503¢, = 6.9369 X 10711

nl + lpznz + I,DATl4 + I,DHTIS = nl + 0.75712 + 0.5114 + 0.001118 = 9.09796 X 10_8

= 3.2788

Ny + Pon, +Pan, + ¢Hn8) 227449 10710 22.7449
T 6.9369 x 10711

Rh:ﬁ( D

6.9369
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Let us target the treatment of ART is only on acute stage alone (t; = w = 0)

=& +&+&+u=001114, ¢ =7, + u = 0.00094

¢ =y +4pu==0.00012, ¢; = ¢ + u = 0.00141

Considering treatment target only on a single stage acute (H;) (i.e 7, = w = 0)

n; = 1.59 X 10710, 13 = 9.306 x 1071, nj = 1.4304 x 10~%, nj; = 1.128 x 10~°,D* = 1.7717 x 10~12

ny + Yn; +Puny + Pyng =

nq + 0.757’12 + 0.57’14_ + 0.001n8 =7.382 X 10_9

ny + Yn; +Puny + Pyng

R*h=ﬁ<

From these results, we can observe that strategy that focuses
on treating individuals at every stage reduces the basic
reproduction number (Theorem 10) from Ry, =13 to
Ry, = 3, whereas, the second strategy that focuses on treating
individuals only in acute stage alone reduces the basic
reproduction number from Ry, = 13 to R*,, = 10, Thus,
HIV can not be eliminated by implementing the second
strategy. Similarly, implementing treatment on any single
stage of HIV/AIDS alone is not effective to control the spread
of HIV. In general, the first strategy that targets on treating
individuals at every stage reduces reproduction number faster
than implementing at one stage alone and hence leads to
elimination of HIV/AIDS in the community (verified by
figure 2A and 2B). Therefore, infected individuals should be
treated at every stage of HIV/AIDS and hence all treatment
parameters are very important to reduce the magnitude of
reproduction number.

Table 2. Sensitivity indices of the effective reproduction number to model
parameters.

D*

Parameter Sensitivity index
B 1

E 0.64545

& —0.061845

& —0.0008786

& —0.0020858

T, —0.0011675

I —0.18435

From the values of sensitivity indices in table 2, we can see
that an increase in transmission rate of HIV (f) will
increases the infective (acute stage) population. In addition, an
increase in waning (failing) of ART treatment rate () will
increase the AIDS population. Thus, HIV transmission rate
and ART treatment waning rate have positive impact on the
magnitude of effective reproduction number. An increase in
transition rate from infective (acute) stage to treated,
pre-AIDS and AIDS stages, decrease the infective population
which in turn increase the treated population. As movement
from infective increases, the infective population decreases
and hence the pre-AIDS and AIDS population decrease with
time until they reach the equilibrium point.

On the other hand, HIV/AIDS related mortality rate (y),
ART treatment rate (§;) of HIV/AIDS have negative
influence on the magnitude of reproduction number. However,
we cannot control HIV prevalence by disease mortality, since

) = 10.4165

our objective is saving life. An increase in ART treatment
control strategy has positive impact in controlling HIV
transmission and hence we can reduce the transition to
pre-AIDS and AIDS classes by high rate of treatment. The
transition rate (z,) from pre-AIDS to AIDS class has again
negative impact on the magnitude of reproduction number, but
we can reduce this transition by increasing the ART treatment
rate (7;) on pre-AIDS class.

From the sensitivity index in table 2, the transmission rate
of HIV (f), treatment rate (§;) and rate of failure of ART
treatment (&) are highest in magnitude, thus, effective
reproduction number is more sensitive to these parameters.

4. Numerical Simulation

We carried out numerical simulations to verify and support
the impact of basic model parameters on the reproduction
number, using set of model parameters whose values are taken
from literature. The model parameter values and respective
sources are present in table 1.

The basic reproduction number R,,, of the dynamics
without public health intervention strategy based on the
standard data from literature is

Y282 |, Yaés
Tatu Yt

Yaéato
(T2 (y+p)

Ron = 52+§3+M( ) =1369

Whereas the effective reproduction number R, with control
strategy is given as

Rh — ﬁ (n1+¢2n2+IID}An4+¢H‘n8) = 3.2788

(40)

From the above results, the basic reproduction number tells
us a single HIV infected individual can generate about 13 new
secondary infections in the community during his/her entire
infection period in a completely susceptible population in the
absence of HIV treatment and continuous education campaign
on ART. The effective reproduction number tells us about 3
new infections were generated by a single infected individual
in the community where ART treatment intervention, targeted
at every stage of HIV/AIDS and continuous education
campaign using different medias about the correct procedure
of ART treatment in treated class are implemented. Thus, we
can observe that R, << Ry, and our public health
intervention strategies are effective to control the spread of
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HIV/AIDS infection.
Ra(B) = (1,3115)8

Ry (B) R,(B) = (1,311.5)8

Rh(/f) T

S
7

0.0007624 B

Figure 2. Effective reproduction number Ry, versus HIV transmission rate 3.

From figure 1, HIV transmission rate (8) reduces the
magnitude of reproduction number to the values less than
unity with rate lesssthan 0.0007624 and reproduction
number increases as transmission rate increases.

Consider the case treatment targets only in acute
stage (i.e 1; = w = 0).

Thus,

0.0123115 + 10.1229¢;

Ra(0) = &, +0.00114

Consider the case treatment targets on every stage of
HIV/AIDS (i.e & # 0,7, # 0.w # 0).

Thus,
R, (&) = 3.05305¢; + 0.003498
n) = 00114
Ry ($y)
s 0.0123115 + 10.1229¢;
Rp(§1) = T Y e AT 0

S
rd

£

Figure 3. Effective reproduction number Ry versus ART treatment rate in
acute stage, &; as variable, when t, = w =0 and when t, and w are
non-zero positive constants.

From figure 2, when treatment intervention is implemented
only in acute stage, the effective reproduction number reduce
slowly. As the treatment increases the reproduction number
decreases. But when treatment intervention is implemented in
all stage of HIV/AIDS, it reduces the reproduction number
faster than intervention only in acute stag. In both cases, the
graph supports the analytical result that treatment only in one
stage and simultaneous treatment in all stages of HIV/AIDS
has negative impact on the magnitude of effective
reproduction number R;, however simultaneous treatment in

all stages is very much important in eliminating the spread of
the disease in the community.
15.51¢ + 0.0014

R =
n(&) =16 7 049

15.51¢4+0.0014
1.46£+0.49

I ot U

Rh(s) =1

Rh(g) ==

5
7

0.03477 €

Figure 4. Effective reproduction number Ry, versus ART treatment waning
rate &.

From figure 3, If the rate of failure of treatment due to
improper use of procedure of ART treatment increases, the
magnitude of the reproduction number also increases. In
particular if the failure of the treatment rate is greater than
0.03477 , reproduction number is above unity (disease
transmission increase in the community). The reproduction
number is below unity when the treatment waning (failing)
rate is between 0 and 0.03477 (disease dies out in the
community).

0.0081 + 3.89y

Rn(Y) = 50055 + 17.18y
/N
Rh
[
_ 000814359
Ry(y) = 0.0055+17.18y
Rh(y) =k
0.0001956 Y

Figure 5. Effective reproduction number Ry, versus AIDS induced death rate
y.

From figure 4, when disease induced death rate increase,
the effective reproduction number decrease and less than unity
for y > 0.0001956. This verifies that AIDS induced death
rate has negative impact on the magnitude of effective
reproduction number, but we cannot reduce the effective
reproduction number by killing people as our objective is
saving life. However, it is true that AIDS induced death rate,
can be controlled by ART treatment together with continuous
education campaign on the proper procedure of ART
treatment.
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5. Discussion

Human immunodeficiency virus (HIV) infection is a
disease of immune system caused by HIV virus and
transmitted primarily via unprotected sexual intercourse,
contaminated blood transfusions (Horizontal transmission)
and from mother to child during pregnancy, delivery or
breastfeeding (Vertical transmission).

In this paper, we proposed a deterministic mathematical
model, incorporating public health interventions ART
treatment, which is, targeted at every stage of HIV/AIDS and
continuous education campaign on the proper procedure of
ART treatment in the transmission dynamics of HIV infection.
The population is grouped in to Susceptible (S), Acute stage
(H,), Pre-AIDS stage (H,), AIDS stage (A) and Treated
individuals are in compartment (Ty) by modifying SH; H,A
model, where treatment is targeted only on pre-AIDS stage
and individuals in pre-AIDS class will return back to acute
stage by the help of treatment. In most researches like in [4, 11]
awareness on the proper procedure of ART treatment is not
considered as a major problem for the failure of treatment. In
our research, we tried to understand the effect of control
measures treatment and education campaign on ART with
only horizontal transmission way of HIV, to gain useful
strategies to the effective prevention and intervention against
HIV prevalence. The basic reproduction number (R,,) and
the effective reproduction number (R,) are determined by
applying the next generation approach in Diekmann et al.
1990 [23]. The disease free (Ey) and endemic (Ej)
equilibria are indicated to be locally and globally
asymptotically stable for R, < 1 and R, > 1 respectively in
the mathematical results. This shows that HIV/AIDS dies out
in the community, if the treatment rate and treatment waning
rate bring (Ry) less than unity and the disease persist in the
community, if R, > 1. We have shown that R, < R, and
Ry = Ry, when the treatment rate and treatment waning rate
equal to zero (§;, =7, =w =€ =0) . This mean that
treatment rate and education campaign to decrease ART
waning rate will reduce the basic reproduction number and
thus they are important to control HIV transmission. On the
other hand, in the absence of these two interventions the
spread of the disease will be high.

By evaluating the sensitivity indices of the effective
reproduction number with respect to model parameters, the
influential parameters for the spread of the disease are
identified and thus HIV transmission rate, ART treatment rate
and ART waning rate are influential parameters. The most
influential one is HIV transmission rate. From the values of
sensitivity indices, an increase HIV transmission rate and
increase in failure of treatment rate may increase the
magnitude of reproduction number. On the other hand,
HIV/AIDS related mortality, ART treatment, movement to
acute stage, movement to pre-AIDS and full-blown AIDS
stages have negative influence on the magnitude of
reproduction number. The movement from acute stage to
pre-AIDS and AIDS stages can be control by high rate of ART
treatment on infective (Acute stage). The transmission rate of
HIV can be reduced by education campaign on the danger of

HIV/AIDS primary. However, we cannot control HIV
prevalence by disease and natural mortality, since our
objective is preventing people from dying of the disease and
save life. Therefore, sensitivity analysis helps to focus on high
sensitive parameters of the reproduction number in order to
combat the transmission with low cost, if there is economic
constrained. Both ART treatment and continuous education
campaign on ART treatment (to decrease the failure of ART)
had positive impact in reducing the disease prevalence.
Moreover, numerical simulations support the analytical results,
that both in an increase in ART treatment and continuous
education campaign on the proper procedure of ART
treatment (to reduce the rate of failure of treatment) will
reduce the magnitude of the basic reproduction number

6. Conclusion and Recommendation

We rigorously analysed a deterministic mathematical model
of the transmission of HIV virus in a population with
treatment and continuous education campaign on the proper
procedure of ART treatment (to reduce the failure of treatment
rate). We have seen that there exists a feasible region where
the model is well posed and a unique disease free steady state
exists in the region.

The disease free and endemic equilibria were obtained and
their stabilities investigated. It was established that the disease
free and endemic equilibria are locally and globally
asymptotically stable for the effective reproduction number
R, <1 and Ry, > 1 respectively. This shows that HIV/AIDS
dies out in the community, if the effective reproduction number
is less than unity and persist otherwise. Moreover, based on the
parameter values, we have R, < R. This mean that both ART
treatment and continuous education campaign on procedure of
ART treatment will reduce the basic reproduction number. That
is implementing treatment with high rate will reduce the
movement from infective (acute stage) to pre-AIDS and full
blown AIDS stages and an increase continuous education
campaign on the proper procedure of ART treatment through
different medias will reduce the failure of ART treatment, with
this we can control the transmission of HIV.

In addition, from the numerical simulation, by increasing
treatment rate, controlling HIV transmission rate and failure of
treatment rates, the spread of the disease can be reduced
significantly and finally the disease die out in the community.

There are different ways of preventing new HIV infections
such as Education campaign through different media about the
danger of AIDS, providing condoms at a very low cost,
creating awareness on correct use of condoms and designing
Strategy of community-based management of sexually
transmitted infections (STIs).

Once the disease emerge in the community, based on the
findings of our research, proper implementation of preventive
mechanisms, ART treatment and continuous education
campaign on the proper procedure of ART treatment must be
the major concern to control the spread of the disease.
Therefore, we recommend for the stakeholders to design
policies, planning, budgeting finance and resource allocations
primarily focusing on prevention and then all possible public
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health interventions to combat against HI'V transmission in the
community.
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