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It has always been a priority for all nations to reduce new HIV infections by implementing a comprehensive HIV prevention
programme at a sufficient scale. Recently, the ‘HIV counselling & testing’ (HCT) campaign is gaining public attention,
where HIV patients are identified through screening and immediately sent under a course of antiretroviral treatment (ART),
neglecting the time extent they have been infected. In this article, we study a nonlinear mathematical model for the trans-
mission dynamics of HIV/AIDS system receiving drug treatment along with effective awareness programs through media.
Here, we consider two different circumstances: when treatment is only effective and when both treatment and awareness
are included. The model is analyzed qualitatively using the stability theory of differential equations. The global stabilities
of the equilibria under certain conditions are determined in terms of the model reproduction number. The effects of changes
in some key epidemiological parameters are investigated. Projections are made to predict the long term dynamics of the
disease. The epidemiological implications of such projections on public health planning and management are discussed.
These studies show that the aware populations were less vulnerable to HIV infection than the unaware population.
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1. Introduction

HIV/AIDS continues to be a major public health issue that
disproportionately affects our human society. According
to WHO, there were approximately 34 million people
worldwide living with HIV/AIDS in 2014 and 36.7
million in 2015, meaning that the HIV cases increased by
7.94% globally in one year from the beginning of 2014 to
the end of 2015. WHO also reported that in the same time
period (2014-2015), the global coverage of antiretroviral
therapy ranged from 42% to 46%. Therefore, the fact
is that, although increasing emphasis is being placed and
people are under coverage of antiretroviral treatment, no
indicatory outcomes have been seen in positive prevention
of HIV (UDAIDS/WHO, 2014; UDAIDS/WHO, 2015).
One of the most significant reasons for this failure was
found as the ‘lack of awareness’ among people. Thus,
developing awareness levels among masses, especially in
the high risk infected category, is very important.

The HCT program is a scheme which directly takes
part in both ‘HIV prevention’ (through the knowledge
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of one’s HIV status) and ‘treatment of HIV infection’
(through knowing what to do in case one is positive).
Extensive research has been done based on the disease
dynamics with combinational drug therapy or using
other strategies, but continuing drug treatment along
with simultaneous awareness programs through media
is a novel conception which should be taken in our
consideration. The major question we ask here is: How
does such an initiative influence the course of HIV/AIDS
epidemic? In this paper we develop a mathematical model
that incorporates this intervention with the intention of
assessing the effectiveness of HCT and reduction in HIV
transmission due to treatment initiation.

Mathematical models, their analysis and results have
been used broadly in research into the epidemiology
of HIV/AIDS to improve our understanding of major
contributing factors to the pandemic. Incorporation of
interventions in these models has attracted significant
attention in recent years (Gumel ez al., 2006; Roy, 2015;
Nyabadza, 2006; Cai et al., 2009; Elbasha and Gumel,
2006; Chatterjee et al., 2015). The epidemiology of
HIV/AIDS has moved beyond the virus and the risk
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factors associated with its transmission to a more detailed
observation of the mechanisms associated with the spread,
distribution and impact of interventions on the population.
Consequently, the impact of health policies, such as poor
access to care, delayed treatment or the use of screening
for asymptomatic cases can be evaluated.

Chatterjee and Roy (2012) formulated a basic
mathematical model to study the cellular infection for
HIV positive patients within the human immune system.
They showed that the controlled drug therapy in different
cases gives better understanding to control the diseases
progression or to get rid of the disease. In the work of
Tripathi et al. (2007), a model that considers infection
leading to asymptomatic HIV infectives who are later
screened and finally develop AIDS is presented without
interventions. A similar approach was considered earlier
by Hyman et al. (2003) with differential infectivity
and staged progression models. Al-arydah and Smith
(2015) considered a model where they investigated how
testing, educating HIV-positive cases, treatment and drug
resistance affects the HIV epidemic. Kiss et al. (2010)
proposed a model for a totally aware closed population
where the individuals are discriminated according to
their response towards the information available. As a
result, the spread of infection is controlled, leading to a
reduction in the number of individuals becoming infected.
Recently, Roy et al. (2015) formulated a model and
studied the effect of awareness programs through media
on the HIV disease dynamics in a variable population with
immigration.

In this present paper, we analyze an epidemic
model that provides HCT programs and also awareness
related programs through media campaigns in a variable
population with immigration. But these results will fall
into the non-network epidemic models category. We also
investigate a sub-case in Section 3, where it is assumed
that no HCT programs are provided and only ‘screening
& testing’ is available for the whole population. Lastly,
in Section 5, we compare both cases numerically to find
which system is more feasible and which factors have
significant roles to reduce the disease prevalence.

2. Model

2.1. System description. The model describes the
spread of HIV/AIDS in a high risk population. The total
sexually active population at time ¢, denoted by (N (t)), is
subdivided into six classes that are: unaware susceptibles
(S(t)), aware susceptibles (S (t)), unaware and untreated
HIV infected individuals (I(t)), diagnosed and treated
infected individuals who have not yet developed to AIDS
(Ip(t)), diagnosed and treated individuals with clinical
AIDS (Ipa(t)) and aware infected individuals (I (t)).
Therefore, N = S+ Sy + I+ Ip +1Ipa + 1. Ilis
the constant recruitment rate in the susceptible population

either by birth or immigration and d is the natural death
rate. dy, i1, 4 and py are the additional death rates for
I,Ip, Ipa and I, respectively. The force of infection A
is given by

I+ XirIp + Niralpa + A 14

A=8 7

(D
where [ is the product of the effective contact rate
between susceptible and infected individuals that is
sufficient to result in HIV infection and the transmission
probability of HIV per contact; 6, = ¢ - 7 is the rate at
which people are diagnosed and treated (0 = diagnosis
rate and 7 = treatment rate); p is the proportion of
diagnosed individuals who have not yet developed to
AIDS (0 < p < 1); v is the rate of progression
from HIV diagnosis to the AIDS class. Susceptible
individuals transfer from the unaware to the aware class
at a rate ¢ and infected individuals move to the aware
class at a rate o,cp, E = {i,i7,iTa}. Note that we
ignore the interactions between aware individuals and
HIV infected subcases, because it is assumed that once
a person (with or without AIDS) becomes aware, he/she
will avoid being in contact with the infective and does not
get involved in any sexual relations or in any other means
that causes AIDS. But due to the lack of their memory, a
portion will transfer to the unaware class from the aware
population. We assume that #; and 65 are the transfer
rates from aware to unaware for susceptible and infective
cases, respectively. The population movements between
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Fig. 1. Flow diagram of the system (2)).
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different compartments are described in Fig. 1.

On the basis of the above assumptions, the dynamics
of the model are governed by the following system of
nonlinear ordinary differential equations:

ds

7 =~ L (A +d+e)S+615,,
ds

dt_+ =cS — (d+ 01)S+7

d7

G =M - rdi+ oo +0:1, ()
dl
d_f =pd, 1 — (d+ pr+ v+ 0 )Ip,

dl
dle =1 —=p)sI+vIp—(d+pa
+O'i‘ra)IDA7

dr.

+ pg )L
with the positive initial conditions given by

S(0) = So,
Ip(0) = Ip,,

54+(0) = S,
Ipa(0) = Ipa,,

100) = o,
I.(0) =14, ()

Since the above system represents population dynamics, it
is assumed that all the state variables are non-negative at
timet = 0 with I + A\ Ip + NiroIpa + Ay Iy > 0 and
all other parameters of the model are non-negative.

2.2. Model properties. System (@) will be analyzed in
a domain D C Ri, where all feasible solutions enter the
region

II
D{wﬁ%Lh%b&L)eMpogNgE}.m)

Theorem 1.  The solutions of system ([2) with initial
conditions @) satisfy S(t) > 0,S+(t) > 0,I(t) >
0,Ip(t) > 0,Ipa(t) > 0,14(t) > 0 forallt > 0. The
region D € Rﬁ is positively invariant and attracting with
respect to system (2).

Proof. From the first equation of () we have
S>—(A+d+c)S,
giving
S(t) = 5(0) exp ( - Oft()\(s) +d+c) ds) > 0.

In a similar fashion we can show that
S (t),I(t),Ip(t),Ipa(t) and I,(t) are all strictly
positive. Thus we can conclude that all solutions of
system (@) remain positive for all ¢ > 0.

Now, we will show that all feasible solutions are
uniformly bounded in D. Using the fact that N = S +
Sy+I1+1Ip+1Ipa+ I, weget

N =T —~dN —diI —prIp — palpa — pils
<II —dN.

Solving this differential equation, we have
IT
0<N() < 5+ N(0)e %,

where N(0) represents the initial value of the total
population at time ¢ = 0. Thus,ast — 00,0 < N < II/d.
Therefore, it it clear from the above that II/d is an upper
bound to N, provided N (0) < II/d. If N(0) > II/d, then
N will decrease to this level. Thus, all feasible solutions
of the system enter or remain in the region D. Further, the
existence, uniqueness and continuation results hold for the
system in this region. [ |

3. Sub-model analysis

In this section, we will examine the case when no HCT
programs are provided and only screening and testing is
available for the whole population, i.e.,

as
gy §
= (A +d)S,
% Z NS — (d+dy + 51, )
I
d—tD =pd:1 — (d+ pr +v)Ip,
dIpa
T (1 =p)o- I +vIp —(d+pa)lpa,

where A = B8(I + Xi+Ip + MNiralpa)/N and N = S +
I+Ip+1Ipa.

3.1. Disease-free equilibrium (DFE) and the repro-
ductive number. The sub-model (3) has a disease-free
equilibrium, obtained by setting right-hand sides of
system (@) to zero, given by

Ey=(S,1,1Ip,Ipa) = (11/d,0,0,0).

The basic reproductive number can be established by
using the next generation operator (Van den Driessche and
Watmough, 2002). Using this approach, we have

0
S
F = 0 ,
0
and

A+d)S—-1I
(d+dr +0:)1
—pb; I+ (d+ pr+v)Ip
—(1 —p)o. 1 —vip + (d+ wa)lpa
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The infected compartments are I, Ip and Ip4. Thus the
matrices F' and V for the new infection terms and the
remaining transfer terms are given by

6 6)‘1'7' 6)\1'7'(1
F=1|0 0 0 ,
0 0 0
(d+dr +0r) 0 0
V= —pdr (d+ pr+v) 0
—(1—=p)o- —v (d+pa)

Therefore, the model reproductive number is given by
Ro=p(FV™)
1 AirPOr
=Pl ard o) T @rdi o)At o)
5rXira(v + (1 = p)(d + 1))
(d+dr+8:)(d+v+pr)(d+pa) |’

(6)
the spectral radius of the next generation matrix F'V 1.

Thus, we have proved the following theorem on the
local stability of Ej.

Theorem 2.  The disease-free equilibrium Ey for the
system () is locally asymptotically stable whenever Rq <
1 and unstable otherwise.

Remark 1. 1t is to be noted that if A\;-p(d + dr)(d +
pa) + Nira[v(1 —p)(d+ pr)] < d+ pr + v, then
IRy
0.
a0,

This implies that as long as A;;p(d + dr)(d + pa) +
Nira[V(1 — p)(d + pr)] < d + pr + v, antiretroviral
treatment will have a significant input in HIV/AIDS
control.

3.1.1. Global stability of Ey,. We now use Theorem 1
of Castillo-Chavez et al. (2002) to show the global
stability of the DFE for the system (3)), which can be stated
as described in the following theorem.

Theorem 3. Rewrite system (3) in the form

X'(t) = H(X,Y),
V() = G(X.Y), GX.Y)=0 ()
where X = (S)andY = (I, Ip,Ipa) with X € R, de-
noting (its component) the number of uninfected individ-
ual and 'Y € Ri denoting (its components) the number

of infected individuals. Assume that following conditions
are satisfied:

(H1) For X'(t)=H(X™*,0), X" is globally

asymptotically stable,
(H2) G(X,Y)=AY —G(X,Y),G(X,Y) >0
for (X,Y)eD. (8)

Then the fixed point Ey = (Xg,0), where Xo = (I1/d), is
a globally asymptotically stable point of model system ([3)),
provided Ry < 1.

We consider H(X,0) = [II — dX],

ﬁ*(d+dl+5‘r)

A= PO
(1 —p)s,
BAiT 6)\1'711
—(d+pr +v) 0 ,
v —(d+ pa)

B(I + XirIp + Niralpa)(1 — S/N)

G(X,Y) = 0
0
Therefore,
GX,Y)>0
for all

11
(X.¥) e {(LIp, Ipa) € RS : N < - ).

As a result, the conditions of Theorem 1 of
Castillo-Chavez et al. (2002) are satisfied, and we
can conclude the result in the next theorem.

Theorem 4. The disease-free equilibrium Ey for system
@) is globally asymptotically stable whenever Ry < 1.

3.2. Endemic equilibrium point (EE). The endemic
equilibrium point of the system (@) is given by
E*(S*,I*,I},1I}, 4), where

I
S* =
N+ d
[ II\*
(M +d)(d+dr+6,)]

e IIpd, A"

Pt d)(d+dr +6-)(d+ pr+v)

o 16N (A = p)(d 4 pr+v)) + p]

DA N\t d)(d+ pa)(d+df +6,)(d+pr +v)°
« 14+ Ay

N="Nva
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with
1 po,
(d+d;+d,) * (d+dr +0.)(d+ pr +v)
6-[(1 —p)(d+pr +v) +pv]
(d+dr+0:)(d+ pr+v)(d+pa)

ES

Substituting S*, I*, I}, and I}, , into the equation
A =8I+ NirIp + MNiralpa)/N, we obtain a quadratic
polynomial whose roots are \* = 0 and \* =
(Ro—1)/1. The case A\* = 0 gives the disease free
equilibrium discussed in Section 3.1.

Note that Ry > 1 implies A* > 0. Thus, we can
conclude the following result.

Theorem 5. Whenever Ry > 1, the disease-free equilib-
rium (DFE) Ey becomes unstable and the endemic equi-
librium point (EE) exists.

3.2.1. Local stability of the EE. The variational
matrix around the endemic equilibrium point £* is
—mi1 —Mmi2 —M13 —Mi4
may ma2 ma3 M2y
J(E*) =
( ) 0 ms2 —mss 0
0 Mag M4z —Mag

with mi1 = d+ )\*,mu = [35*/N*,m13 = Mo3 =
BAir S*/N*,miy = mos = PAizaS*/N*,map =
BS*/N* — (d + dr + 0;),m32 = po;,mz3 =
(d+ pr +v),mss = (1 — p)d;,my3 = v and
mag =d~+ 4.

The characteristic equation corresponding to the
above matrix is

Q4 + AlQS + A2Q2 + Asp+ Ay =0,

where

Ay =my1 — mag + M3z + My,
Ay = mazzmas + miama1 — (Ma2mas + MaaMay
+ ma3maz + Magmaz),
Az = m%lmgg + m§1m44 + ma1mizmsa
+ mao1miamas — (Ma2M33Mag + Ma3zm3amay
+ Maams3amag + MagMmaamss),
Ay = myamao1mazmay + Ma1M13M32May
+ M21M14M32M43 + M21M14M42M33
— (M11ma2ms33mays + M11Ma3M32May
+ M11M2agM32M43 + M11M24M42M33).

Thus, using the Routh—Hurwitz criterion, we can conclude
the following result.

Theorem 6. The system () around the endemic equilib-
rium E* is locally asymptotically stable if Ay > 0, Az >
0,A4 > 0and A A3 Az > Ag + A%A4

3.2.2. Global stability of the EE. To prove the global
stability of the endemic equilibrium, we assume that the
population does not change significantly over time and
the relation II = dN + d;I + purlp + palpa holds.
While this may not be true for the case of South Africa
at the present moment, evidence of a declining population
growth due to HIV/AIDS mortality has been observed
(Statistics, 2006) and a stagnation of the population
growth is forecasted. This allows the force of infection to
be driven by a normalized mass action incidence function.
To attain the full characterization of endemic equilibrium,
we construct a Lyapunov function and the results thus
found are stated in the following theorem whose proof is
given in Appendix[Al

Theorem 7. The endemic equilibrium E* is globally
asymptotically stable if Il = dN +diI + purlp + palpa
and Ry > 1.

Therefore, from the above discussion we have found
the existence conditions for both the equilibrium states:
the disease-free state and the endemic state. The value
of the basic reproduction number and the critical rate of
transmission are calculated. We have also proved the
local and global stabilities for the disease-free equilibrium
and the global stability for the endemic equilibrium. In
the next section, we will analyze our complete model

system (@).

4. Full model analysis

4.1.  Disease-free equilibrium (ES) and the re-
productive ratio (RJ). System @) has a disease-free
equilibrium obtained by setting the right-hand sides of the
equations of system (@) to zero, given by

Eg : (Sov 53710 IO I%AvijL)

YT

II(d + 61) Ile
- , 10,0,0,0 .
(d(d—i—éﬁ +¢) d(d+ 61 +c) )

To find the basic reproductive number, the previous
technique is used here (applying Van den Driessche and
Watmough (2002)). The matrices for the new infection
and transition terms are represented by

6 6)\17 6)\1'711 6)‘+

0 0 0 0
=149 o 0 0 |’

0 0 0 0

Pl 0 0 792

Vi = 71)57— P2 0 0
YT - =po, —v Py 0 ’
—0; —0ir  —0Oira Pi
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where Py = (d+d;+ 6, +07),Po = (d+pur +v+
0ir), P3 = (d+ pa + 0ira), Pa = (d + py + 62).

Therefore, the reproductive number, Rf, for model
system (@) is given by

14+ X Q1+ XiraQ2 + A4Q3

Ry =p P +62Q3 '

9)
where

Q1 = pdr /P,
Q2 = [(1 —p) Py +vp|o-/PaPs
Q3 = [0i + 0irQ1 + 0iraQ2]/ Ps.

This implies the following result.

Theorem 8.  The disease-free equilibrium E§ for the
system (2)), is locally asymptotically stable whenever

14+ X7 Q1+ NiraQ2 + A1Q3

R§ = <1
0="5 Py +02Q3
and unstable if
1 Ai‘l’ )\iTa A
Re =3 + Air Q1 + Aira@2 + +Q3>1.

P+ 0,Q3

4.2, Endemic equilibrium point (EE). We now
analyze the endemic equilibrium of model @). The
endemic equilibrium E**(S**, S3*, I**, I, I, IT¥)
of model (2)) can be obtained as follows:

g 1(d + 6h)
¥ (d+61)+d(d+c+6)’
o CS**
S+ - d+91,
)\**S**
"= — (10)
(P14 62Q3)
I5 =10,
Iy = Q1™
Ij»* = Q3I**7

N™ =S + ST+ I + I + 15, + 17

Substituting (T0) in (), we get a quadratic equation
in \**, given by

)\** )\**7 6(d+01+c) *O
a A4+@1+Q24+Q3)71 |~
<d + 91) [RO - ﬁ (P11+922QS) : ]
(11
The case \** = 0 yields the disease free equilibrium,

discussed in Section 4.1. For the second solution, R§ >

B(]. + Ql —+ Q2 —+ Qg)/(Pl —+ 92@3) 1mphes A > 0.
Therefore, we can conclude the following result.

Theorem 9. The endemic equilibrium for system (2) ex-
ists if

a B+ Q1+ Q2+ Q3)
Ry > max{l, Py + 0203) }

4.2.1. Local stability of the EE (E**). For the local
stability test of the E'E of system (2), we will utilize
centre manifold theory as described by Castillo-Chavez
and Song (2004). In order to apply the centre manifold
theory, we make the following changes of variables:

S:"Ela S+:w23 I:LL'3, ID:J;4’
Ipa =5, Iy = ws,
so that
6
n=1
Thus, system @) can be written as
dIl
Wiflinf(A+d+C)$1+91I2, (13)
dx
5 = =en = (d+ ), (14)
d
% = fg :)\xl — (d+d[+5T+UZ)I3
+ 226, (15)
d
% = fa = porx3 — (d+ pr + v+ 0ir )24,
(16)
dI5
O =fs =1 —p)orxs +vay — (d+ pa,
+ UiTa):EB A7)
dt = J6 = 0;X3 Oir T4 Oirals
— (d+ 02 + py )we, (18)
where

B
A= N(xs + Nir T4 + Nira®s + Ap26).

If B is taken as the bifurcation parameter and we
consider R§ = 1, then for 3 = ** the Jacobian matrix
for the DFE has zero as an eigenvalue, with the right
eigenvector

— T
u = (Ul, U2, U3, Uq, Us, Uﬁ)

and the left eigenvector

T
v = (U13U27’U37’U47’U53U6) 5
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where
uy =uy >0,
c
Uy = u
2 d+01 1
uz = ug > 0,
Por
Uy = ————————Ug,
4 d+pur+v+oir °
_ (]- 7p)5‘r(d+ﬂl +v+ Uir) + Vp(STu (19)
B d+pr +v+ o0 »
OiU3 + OirUg + TirqUs
U = )
d+ py + 02
and

U1:U1>0,

V2 = d+011)1
N d(d+c+91)v
3 = d+91 1,
Vs — 1 d@g(d—i—c—i—ﬁl)
YT d+dr+ 0, d+ 6,
ﬂA+(d+91)T
d+C+91 V1, (20)
e — 1 6)\i7a(d+91)7‘
0 d+ﬂA+UiTa d+d;+ 6,
Cira dOx(d+ c+ 04)
d+d1+92 d+ 6,
B}\+T
d+c+ 61
1 [ﬂ/\i-,—a(d-i-el)?“
Vg = U1
d+pr+v+oil d+dr+6;
+ vus +Uirvﬁ}v
with
_d(d+c+6y)

d+ 6,

Moreover, the bifurcation coefficient

6

02 11(0,0)
b= ———
kzz:l et O0x;005* 1)

= v3fuz + Airtg + Niras + Ay ug)
is always positive, since wus,uq,us, ug,v3 > 0. It
follows from the work of Bhunu et al. (2009) that when

B < Beitical, there exists a unique stable disease-free
equilibrium; and when 3 changes from 8 < Bitical to 5 >

Beritical, the disease-free equilibrium becomes unstable
and the endemic equilibrium changes from negative to
positive. This implies that the system @) is locally
asymptotically stable around the point £**. Thus we have
the following result.

Theorem 10. For a sufficiently close R§ > 1, the unique
endemic equilibrium (EE), E**, is locally asymptotically
stable.

4.2.2. Global stability of the EE (E**). To prove the
global stability of the endemic equilibrium, we assume
that the population does not change significantly over
the modelling time and the relation II = dN + d;I +
urlp + palpa + p4ly holds.  To attain the full
characterization of endemic equilibrium, we construct
a Lyapunov function and the results thus found are
stated in the following theorem whose proof is given in
Appendix Bl

Theorem 11. The endemic equilibrium E** is globally
asymptotically stable if 1l = dN + d;I + purlp +
palpa + pyly and R > 1.

4.3. Model persistence. Uniform persistence of
system (@) implies that there exists a constant ¢ >
0 such that any solution starting with initial value
(89,89,1°, 1%, I}, 4, 1Y) satisfies

hm mf S(t

IN

IN

hm 1nf Sy(t

IN

IN

liminf Ip (¢
t—o00

IN

liminf Ipa(t
t—o00

(t) <9
(&) <9
lim inf 7(t) < ¢,
(t) <9,
(t) <9
(&) <9

IN

hm mf I (t (22)

Now, we construct the Lyapunov function following
Korobeinikov and Maini (2004) as
E(Sv S+7 I? ID7 IDAv I+)
= wl(S — S5 1In S) + WQ(S+ — Si* In S.;,_)

+ws(I=I""Inl)+ws(Ip — I In1p)

+ W5(IDA — IE*A hlIDA)

+we(ly —I7 Inly). (23)
The derivative of £ along the solution path is given by

El(‘sv S+aIa IDaIDAw[-‘r)

*% S’
S’ r
+W2(S+ — Si*)—+ +W3(I —I'")—
S, T
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/

* 3k I *k I/
+ws(Ip — I )i +ws(Ipa — IDA)I?:

+we(ly — 17 )I—
+

< —wi(S=S")(A+d+c) —wa(Sy —ST)
X (d+01) —ws(I — I**)(d+d + 6, + 0y)
—wi(Ip =I5 d~+ pur +v+0ir)
—ws(Ipa —Ipa)(d+ pa+ 0ira)
—we(Ipa — Ipa)(d+ 02 + py),
<X[(S=5")+(S4 = S7)+ (I - I™)
+Up —1I5) + (Upa — I5a) + (Upa — I54)],
(24)

where x is the minimum value of wy,k = 1,...,6.
Therefore, L(S,S+,1,Ip,Ipa,I+) is a Lyapunov
function, as

E(Sv S+717 IDleA7[+) >0

and
El(‘sv S+7I7 ID?-[DAvj-‘r) =0

at E**. Since S(t),S+(t),I(t),Ip(t),Ipa(t), [+ (t) €
L' are continuous and bounded with derivatives in L,
we get

(§=5")+ (54 =S)+ (I - I") + (Ip - I77)
+ (Upa —Ipa) + (Ipa = Ipy) = 0 (25)

as t — oo (Barbalat, 1959). Thus, from @24) we get
El(sv S+7 Ia ID7 IDA? I+) <0

and we conclude from the Lyapunov-LaSalle properties
that system (@) uniformly persists.

5. Numerical simulations

To study the dynamical behaviours of models @)
and (@), we perform numerical computations with the
initial values S(0) = 150,5+(0) = 15,1(0) =
50,1p(0) = 30,1pa(0) = 20 and I;(0) = 10.
The set of parameter values is given in Table [Il
These values are collected from different peer reviewed
international journals, and the rest are hypothetical
parameters relevant to HIV/AIDS. This set of parameter
values is constant throughout the numerical experiments
except the value of 0, and o.cp, E = {i,ir,ita}.
The modifying transmission parameters are given in
Table [l in which the values represent A3 for j €
{it,iTa,+}. Numerical simulations have been performed
using MATLAB (version 7.6.0). We will start by
investigating the sensitivity of Ry and R§ for each
parameter.

5.1.  Sensitivity analysis. In this section, we use
sensitivity analysis to investigate the impact of various
intervention measures. By this method, we can identify
the parameters that have high impact on the basic
reproductive ratio, as well as on the HIV transmission.
Here we derive the sensitivity index by using partial rank
correlation coefficients (PRCCs) of the basic reproductive
ratio with respect to the parameters. According to
Abiodun et al. (2013), the normalized forward sensitivity
index of Ry with respect to a parameter m is defined as
follows:

ORy  m (26)
om RO

InFig. 2, PRCCs are plotted for each input parameter
for the model system (B). This demonstrates that Ry is
most negatively sensitive to the diagnosis and treatment
rate, d,, meaning that if we increase the diagnosis and
treatment rate, that can reduce new cases and HIV
prevalence. In Fig. 3, Ry is drawn as a function of § and
7, which describes the significant dependence of Ry on
these parameters.

Figure 4(a) exhibits that . and 0, are two parameters
that are negatively correlated with the reproductive
number R¢ for system (Z). A sharp decrease can be seen
in the values of R{ with variations in . and 6> (see
Fig. 4(b)). This indicates that the model with treatment

I =

Table 1. List of parameters used for the systems (2) and ().

Parameter | Assigned value Reference
(day™ )
11 12 Samanta et al. (2014),
Misra et al. (2011)
B 0.0025 Samanta et al. (2014),
Roy et al. (2015)
Nir 0.0019 Smith et al. (2010)
Nira 0.0015 Smith et al. (2010)
At 0.0021 Assumed
d 0.005 Hove et al. (2009)
dy 0.007 Hove et al. (2009)
15 4.713x10~4 Roy et al. (2015)
A 8.712x107% Roy et al. (2015)
jom 0.007 Roy et al. (2015)
v 3.178x107% Roy et al. (2015)
Or 8.329 x10~* Roy et al. (2015)
c 0.00125 Roy et al. (2015)
Misra et al. (2011)
P 0.65 Assumed
o; 0.0015 Roy et al. (2015)
Tir 0.0022 Assumed
Cira 0.0017 Assumed
01 0.0052 Roy et al. (2015)
Misra et al. (2011)
02 0.0015 Roy et al. (2015)
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Fig. 2. Partial rank correlation coefficients indicate that the rate
at which people are diagnosed and treated (0 = § - 7)
is most sensitive to Ro. This means that the value of Rg
will decrease when § and 7 are increased.

Fig. 3. Graph of Ry as a function of ¢ and 7.

and awareness is more feasible and has a more significant
result than the model system without awareness.

5.2. Numerical results. We vary the population
densities with respect to time (see Fig. 5), keeping all
parameters fixed as same as in Table [I] except the values
of o;,0ir,0ira,01 and O3. To show the advantage
of awareness on the disease transmission that changes
the epidemic trend, we vary the population densities
with and without awareness in Fig. 5. Here, solid
trajectories indicate the changes in population densities
when treatment is only effective and dotted trajectories
indicate the case when both freatment and awareness
are included. Figure 5 indicates that after 500 days,
the susceptible population S(t) is increased by 20.85%,
while the infected population (I(t)), the screened but
non-clinical AIDS population (Ip(t)) and the population
screened with clinical AIDS (Ipa(t)) are decreased by
11.43%, 11.89%, 11.99%, respectively. It is worth
mentioning here that as we increase the values of ;, 7;;
and 0,4, the percentage of all infected classes reduces.
Since R{ is a function of o0y, 0 and 0,4, the disease
transmission rate can be controlled by varying these

parameter values. However, the disease cannot be
eradicated from the system, since the proper isolation of
the disease transmission, i.e., = 0 from the infectious
disease and/or the permanent immunity are not possible.
In Fig. 6, we plot the total susceptible population
along the horizontal axis and the total infected population
along the vertical axis for system @)). This figure shows
the global stability around the endemic equilibrium point.
For 8§ = 0.00285 and other fixed values of parameters
as listed in Table [IL we obtain the interior equilibrium
E**(182,62). We choose different initial values

(165,64), (170, 55), (175, 68), (180, 54),
(185,62), (195, 54), (200, 60)

and draw the phase portrait of system (2). We observed
that all trajectories initiated from different initial values
converge to the endemic equilibrium point E**(182, 62),
which clearly indicates that the endemic equilibrium is
globally asymptotically stable.

6. Discussion and conclusions

In this article, we deal with a non-linear mathematical
model that incorporates the effect of drug-dosing along
with the influence of media, where we measure the
success of knowledge by its ability to reduce the risk of
infection. We compare our model with a sub-model where
it is assumed that no awareness programs are provided
and only screening & testing is available for the whole
population. We have studied the impact of awareness
as a novel intervention for HIV/AIDS control. In the
modelling process, it is assumed that media campaigns
create awareness regarding personal protection as well
as control the disease spread. As a result, behavioural
changes (transfer from unaware to aware) occur within
the human population, which results in the formation of
a new class, i.e., the aware class. Individuals of this class
not only protect themselves from the infection, but being
aware they also take part in reducing HIV/AIDS by taking
precautions.

Our analytical study shows that the basic
reproduction number, Ry, which determines the existence
of the disease, contains awareness related parameters.
As a result, the persistence of the disease depends on the
rate of public consciousness. Awareness among people
reduces the infection rate, shortens the rate of disease
transmission and cuts down the size of the disease.
Numerical simulations, which are very realistic, add an
extra dimension to our analytic conclusions. Our results
show that in presence of awareness in the population
makes the disease transmission difficult and shorter. If
awareness is provided along with treatment, then the
HCT program will control the disease more rapidly. As a
result, the best strategy is treating HIV/AIDS with proper
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(a)

Fig. 4.

(b)

Partial rank correlation coefficients indicate that the rate at which people are diagnosed and treated (d-) and the transfer rate

from the unaware and untreated infected class to the aware infected class (o;) are most negatively sensitive and have the greatest
effect on R{ (a). Graph of R§ as a function of 6 and o; (b).

3000 100 P e
- - -
e .

P 2000 .- S 5 .7 = = = Treatment+Awareness
51 . - wnt ’ Treatment Only

1000F »

0
0 100 200 300 400 500

I(t)

T

1

Population 0 . . . .
0 100 200 300 400

500 0 100 200 300 400 500
5————————————————————— ==+
40 10t - -
e e .
,_; 20 - Shr ="
0 0 ‘ ‘ ‘ ‘
0 100 200 300 400 500 0 100 200 300 400 500
Time >

Fig. 5. Population densities are plotted with respect to time, where solid trajectories indicate the presence of drug without awareness
and dotted trajectories indicate the presence of drug with awareness.

implementation of awareness programs through media.
But in a practical sense, the disease remains endemic,
because low education, ignorance in taking precautions,
social problems, immigration, etc. play negative roles
in the system. We discuss a model that captures some
important features and we believe these findings may help
in controlling AIDS through awareness.
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Appendix A

Proof of Theorem [7]

To study the global stability of the endemic equilibrium,
we construct the Lyapunov function

V= (S—S*—S*m%) +¢1(I—I*—I*ln%>
+¢2<]D_ID IDlnI*>+¢3<IDA_Iz)A
Ipan L), (A1)

DA

Its derivative is

S*\ dS I*\dI
Vi= <1?)E+¢1< 7)5

+¢2< ID)dID +¢3<1 IDA)dIDA.

Ip ) dt Ipa de
(A2)
At the endemic equilibrium point, we have
= (A" +d)S7,
)\* *
d+d]+57‘ = If )
0 I*
dtpr+v="0,
1p
1—p)o,I* Iy
DA DA
Now we let
S, L, I, dba_,
S A
(A3)

and evaluate the components of the derivative of the
Lyapunov function so that

T
S /) dt

= fd%(l —w)? + (1 - l)(1 — wz)S*I*
+ 6 Nir (1 - i) (1 — wy)S*I%
+ Nira (1 . i) (1 - wz), (A4)

I*\dI
¢1 (1 )dt
= ¢1g<1 - %)(wx —x)S*I*

+ ¢1<Aw(1 - l) (wy — x)S™ I},

1 * *
+ ¢1gAm(1 - E) (wz —2)S*I5,,  (A5)
I3\ dIp
1—-20 )=~
¢2< ID> dt
1 *
= owdr (1= )@~y (A6)
I\ dI
1_ DA DA
¢3( IDA) de

= 951 -5, (1-7)

(z — 2)I* + ¢3u(1 - %) (y — 2)I". (A7)
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Substituting (A3)—(A7) in (A2) we get

dv S*
P —d—(l —w)? + G(w,z,y, 2), (A8)
‘We choose
AirsS* I},
= 1 = -
¢1 ) ¢2 pé‘rl* )
)\i'rags*[*
b3 = DA

(1 —p)o-I* +vI}

so that the expression for G(w, x,y, z) in (A8) becomes

G(U)?:E?y? Z)
=S (2 = —w ) + XS T2 — — =2
w w xr
1 w2z
1Ta *I 2 -
+ SNiraS DA( Pt )
I* I*
— 0, [¢2p— + ¢3(1 — P)?}
V * *
¢3 — 2¢3[(1 — p)o.T* + vIb]. (A9)

Note that the terms (2 — 1/w — w), (2 — 1/w — wy/x)
and (2 — 1/w — wz/x) are less than or equal to zero
by the arithmetic mean-geometric mean inequality. This
implies that G < 0 with equality only if S = S*, I =
I*,Ip =1}, and Ipa = I} ,. Therefore, dV/dt < 0 and
by LaSalle’s extension, we can conclude that the point is
globally asymptotically stable.

Appendix B
Proof of Theorem 1]

We will use same approach as in Appendix [Al To study
the global stability of the endemic equilibrium for the
system (2), we use the Lyapunov function

= (s—s*—s*1n%)+(s+—si—si nS—+>

5
+w1(1 I*fI*lnF>
Ip
+¢2(ID —Iphn I*)
. Ipa
+w3(IDA—1DA Tpaln 22)
DA
I
%*¢4<I+ T;).
+
(B1)
We set
S, I,

and the corresponding derivative of the Lyapunov function
is given as

5%\ dS 5\ ds
I 1— 1— +
Va < S)dt+< S+> a
I dlp
+¢1<1 T>E+¢2< ID) dt

I5.\ dIpa I\ dl,
1 _ ipa\%pa 1 164
+¢3< IDA) dt +w4< I ) dt’

(B2)
where
1 S*\ dS
S ) dt
S* g
—(d + C)E(l —w)? — 91%(1 —u)?
* 7k 1
+¢S571 (17 E)(lfwx)
k Tk 1
+ A 57T} (1 - E>(1 — wy)
1
+SAiraSTIH4 (1 - E>(1 —wz)
1
+ AL S (1 - —)(1—wu), (B3)
S\ dSy . 1
<1 S+) ot =S (175)(10711), (B4)

I\ dI
n(1-7)%

I
=10, (1 —v)?
v

1 * Tk
+ (1 - E)[g(wx —x)S*I
+ Shir (wy — 2)S™IDH + hira(wz — x)S* I5H 4

+ Ay (wu — x)S*I7], (B5)
I7 dID B 1 .
O R
(B6)
IH,\dipa
w1 2a)te
1
= 3(1 — p)d, (1 - ;) (x —2)I"
1
+ har (1 — ;)(y*Z)I*v (B7)

I\ dly
n(-7) %
1
— ¢4(1 — ;) [oi(x — )" + 04 (y — 0) I}
+ UiTa<Z U)IDA]- (BS)
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Now, substituting (B3)—(BS)) in (B2), we get

g g
V! =—(d+ C)E(l —w)? — 917+(1 —u)?

I*
+ wlel_+<1 - U)z + Ga(w,x,y,z,u,v), (Bg)
v
where

Ga(wvxvyv Z,U,’U)

= Gla(wvxvyv Z,U,’U) + GQa(wvxvyv Z,U,’U).
(B10)

We choose 1)1 = 1 and the coefficients 15,3 and
14 can be obtained from the following expressions:

Z/)gVIB + ’(/140'1'-,—125 — ’(/szé-,—f* =0,
VYa0iralpa — (1 —p)o-I" +vIpls =0,

Popd- I + 1pi’;(l _p)érj* + a0 I*
- g)\rrs*[;) - g)\iTaS*Il*)A - §A+S*Ii =Y,

so that
1 VOiral ]y 417
= iTI* )
=T ((1 — )1 +uTy, T irD v
_ UiTaIEA
A (1 —p)o,I* + v} Vi,
1/)4 _ g()\’LTS*Iz)+>\zTaS*IBA+)\+S*I:,)

voiral®  I% (1=p)oroirall 4 I* :
DA"D DA . *
(a=p)s, I*+vIf + (GRS LI Ey ey + oir I}

It is important to note that

Gio(w,z,y, 2, u,v)

= O[S T + Ay S* T + AiraS Ty + Ay S*I7]
+ [h2p0r + 3(1 — p)or + Yaoi] I
+ (Y31 + a0ir ) I} + Pa0iralp g + AL S™ T u
+ ST w4+ eST + A S T Y + SNira STIH 4%,

G2a<w7$7ya Z,u,’U)

wy

1 1
= —¢S*rI* <w + —) — A7 8™ I} (— + —)
w w T
N G 1 +wz \L ST 1 +wu
SAira DA W T SA4 + w T
w T T
— S (” + _) - (%pér— +1hs(1 = p)orI™—
u Y z
T
+¢40i1*—)1* - (1/)3Vg +¢40i7g)15
) z v
z
— ¢4Uira;I;)A — 1/)4(0’1'1* + Ui‘rlg + O'i‘rar[k)A)U-

Substituting the values of 2,93 and 4 in
Go(w,x,y, z,u,v), we get

Ga(wvxvyv Z,U,’U)

1 1
=<S*I*(2—w— —) +<AiTS*I;5<2— — - %)
w w

x

1 wz
XiraSTIF 2—— — —
+g DA( " CL')

1
FoAL ST <2 - %>
w x

+ G7 (/U‘)?:E?y? Z7u7 /U),

where G_(w,z,y,z,u,v) < 0. Therefore,
Go(w,z,y,z,u,v) is less than or equal to zero
by the arithmetic mean-geometric mean inequality,
which implies G, < 0 with equality only if
S =88 =8,1=1"1p=1},Ips = I}, and
I, = I7. Hence we prove that the endemic equilibrium
point for the system (2)) is globally asymptotically stable
by LaSalle’s extension.
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