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GLOBAL RESULTS FOR AN HIV/AIDS
MODEL WITH MULTIPLE SUSCEPTIBLE
CLASSES AND NONLINEAR INCIDENCE*

Wei Yang

Abstract In this paper, an HIV/AIDS epidemic model is proposed in which
there are two susceptible classes. Two types of general nonlinear incidence
functions are employed to depict the scenarios of infection among cautious
and incautious individuals. Qualitative analyses are performed, in terms of the
basic reproduction number R, to gain the global dynamics of the model: the
disease-free equilibrium is of global asymptotic stability when Ry < 1; a unique
endemic equilibrium exists and globally asymptotically stable Ry > 1. The
introduction of cautious susceptible and the resulting multiple transmission
functions has positive effect on HIV/AIDS prevalence. Numerical simulations
are carried out to illustrate and extend the obtained analytical results.

Keywords HIV/AIDS, cautious susceptible, general nonlinear incidence, ba-
sic reproduction number.
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1. Introduction

The human immunodeficiency virus (HIV) infection, leading to the acquired im-
munodeficiency syndrome (AIDS) [27], continues to be a major public health issue
across the globe. In 2017, there were approximately 36.9 million people worldwide
living with HIV/AIDS, out of which an estimated 1.8 million individuals became
newly infected [22].

Infected individuals advance through several stages of HIV life cycle before de-
veloping full-blown AIDS [12]. Without treatment, the majority of HIV-positive
people will develop signs of HIV-related illness and even AIDS within 5-10 years.
HIV is a sexually transmitted disease in most cases, and it is transmitted by perform-
ing unprotected sex with someone who is HIV positive. HIV education programs
may prevent new infections from taking place by giving the public information
about HIV - what HIV/AIDS are, how they are transmitted, and how people can
avoid infection. The mass media is a very effective way to convey this information.
Therefore, creation of public awareness about HIV prevention, treatment, care and
support can potentially influence individual’s behavior.
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The transmission dynamic of HIV/AIDS has been of extreme interest to re-
searchers, including both mathematicians and biologists. Mathematical models
have been used extensively in helping improve our understanding of the major con-
tributing factors to the pandemic. The classical mathematical model for infectious
diseases is the compartmental model, first proposed by Kermack and McKendric
in the year of 1927, in which, individuals are divided into multiple compartments
dependent on their epidemiological status [10]. Since then, a large amount of epi-
demiological models have popped up to find out the mechanisms of HIV transmission
and to determine the effective measures in preventing and controlling the spread of
HIV/AIDS. de Arazoza and Lounes studied an epidemic model with contact tracing
and fitted it with the data for the Cuban HIV/AIDS outbreak [2]. Naresh formu-
lated an HIV model with varying population size and considered both horizontal
and vertical transmission [17]. The optimal strategy for controlling HIV/AIDS was
studied by Yusuf and Benyah targeting South Africa [30]. An HIV/AIDS model
with different latent stages and treatment was developed and investigated [8]. Sil-
va and Torres obtained the global results of an HIV/AIDS model with constant
recruitment rate, mass action incidence, and varying population size [19].

Bilinear and standard incidence functions have been widely used in previous
work [16,24]. Several nonlinear incidence functions have been proposed correspond-
ing to different scenarios. A saturated incidence Sf(I) was introduced by Capasso
and Serio to study the cholera in Bari in 1973 [1]. Another two types of nonlinear
incidence function SI?S? and SIPS/(1 4 al?) were proposed by Liu et al. [15], and
ever since they have been employed in various epidemic models (see [5,6,18] and the
references therein). The nonlinear incidence form of S(I 4+ vI?)S was proposed by
van den Driessche and Watmough [25]. An HIV/AIDS epidemic model with general
nonlinear incidence rate and treatment was formulated and studied in [9]. A more
general form of nonlinear incidence f(S, I, N) was considered in [11], and many oth-
er forms of nonlinear incidence were proposed and discussed in [4,13,21,24,28,29].

Motivated by previous work, we consider an HIV /AIDS epidemic model with two
general nonlinear incidences and two susceptible classes: the cautious susceptible
class and the incautious susceptible class. The paper is organized as follows. In
section 2, the compartmental model is formulated; In section 3, preliminary results
are summarized and the basic reproduction number is derived; In section 4, the
global stability of the disease-free equilibrium is analyzed; In section 5, the existence
and uniqueness of endemic equilibrium are identified, and its global stability is
proved; In section 6, numerical simulations are performed. The paper ends up with
a conclusion.

2. Model formulation

The total population is divided into five classes depending on epidemiological sta-
tus of individuals: incautious susceptible S, (), cautious susceptible Sy, (t), asymp-
tomatic infective E(t), symptomatic infective I(¢) before the onset of AIDS, and
AIDS patients A(t). The AIDS patients are usually hospitalized or sexually inac-
tive, who are then assumed not to engage in HIV transmission activities, and do not
contribute to HIV infection accordingly. The dynamic flow chart describing HIV
infection between compartments is shown in Figure 1.

The following system of nonlinear ordinary differential equations is formulated
from Figure 1.
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Figure 1. Dynamic flow of HIV infection for the SETA model.

%t(t) = Ay = Su(t)gu(B(t), I(t)) — dS,(t), (2.1a)
dS;’t(t) = Ny — Su(t)gu(E(t)) — dS,(t), (2.1D)
%it) = Su()gu(E(t), I(t)) + Su(t)guw(E(t)) — aE(t) — dE(t), (2.1c)
%t) = aE(t) — I(t) — dI(t), (2.1d)
%ﬁt) =0I(t) — rA(t) — dA(t), (2.1¢)

where A, and A,, are the recruitment rates of the susceptible classes S, (t) and S, (),
respectively; d is the natural death rate; « is the transfer rate from asymptomatic
stage to symptomatic stage of HIV infection; § is the transfer rate from symptomatic
stage to the full-blown AIDS; r is the AIDS-related death rate; g, (E(t),I(t)) is
the general nonlinear force of infection toward incautious susceptible, which can
be infected by both asymptomatic infective and symptomatic infective through
sexual contact; g, (E(t)) is the general nonlinear force of infection toward cautious
susceptible, which only can be infected by asymptomatic infective. The initial
conditions are listed below:

5,(0) > 0, 8,(0) > 0, E(0), 1(0), A(0) > 0, E(0) + I(0) > 0. (2.2)

Motivated by previous research [7,9, 13,20, 23,24, 28], assume g, (E,I) and g, (F)
satisfies the following properties:

(H1) g, (E,I) is a real locally Lipschitz function in [0, +00) X [0, +00); g (E) is a
real locally Lipschitz function on [0, +00);
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(H2) ¢.(0,0) =0, g,(E,I)>0for E >0, I>0;g,(0)=0, g,(FE) >0 for E > 0;

(H3) 789“6(5’1) > 0 and L‘gf’ D S 0tor B, 1>0: g, (E) > 0 for all E>0;
829, (B, 1) 82g.(B, 1) 82g,(B, 1) 829, (E)
< < = U: <0:
) =g =0 g =Omd —5per =0 g =0

(H5) gu(E,I)/E is continuous and monotonously non-increasing with respect to
E, for E, I > 0; Similarly, g,,(F,T)/I is continuous and monotonously non-
increasing with respect to I, for E, I > 0; g¢,(F)/E is continuous and
monotonously non-increasing with respect to E, for £ > 0.

3. Preliminary results

Let N(t) = Su(t) + Sw(t) + E(t) + I(t) + A(t). From system (2.1), we have the
equation for total population N (t):

NG _ Ny A, —dN A,
at
yielding
dﬁft) < (Aw+ Ay) — dN.

Therefore, the biologically feasible domain for system (2.1) is
Q={(Su, 5w, B, 1,A) € R%I0< S, + S+ E+I1+A< (A, +Ay)/d)}.  (3.1)

Note that system (2.1) always has a disease-free equilibrium Ey = (S2,59.0,0,0)
with SO = A, /d and S° = A,,/d.

Follow the next generation method to calculate the basic reproduction number
for deterministic compartmental models [3,26]. Denote x = (E,I,A,S,,Sy,)".
Using the same notations as [26], we rewrite system (2.1) as

dx

= =F @)=V (@), (3.2)
where
F(2) = (Sugu(E,I) + Suwgw(E),0,0,0,0), (3.3)
and
oF +dE
(6 +d)I —aFE
V(z) = (v +d)A -1 : (3.4)

Swiw(E) + dSy — Ay
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Denote D9 (E.1T)
019,(0,0) = 2

Ogu(E, I
@%@mzi%fi

g0 = )

)

E=0,I=0

)

E=0,I=0

E=0
Set E=1= A =0, and then 2o = (0,0,0,5%,S9)T. Taking the Fréchet derivatives
of .#(z) and ¥ (z) and evaluating them at zo, we find

F= 0 0 0],
0 0 0
and
a+d 0 0
V= —-a 6+d 0 |,
0 —d ~v+d

where F' is non-negative and V is non-singular. Additionally,

My M5 0
1
Fv—= ,
a@rdordqra | 00
0 00

where
My = (54019(0,0) + 81,,(0))(8 + d) (v + d) + SuB2g.(0,0)a(y + d)

and
Mj = S40294(0,0)(v + d) (a + d).
The basic reproduction number of system (2.1) is given as follows.

B L1y (890194(0,0) + 59,9, (0))(6 + d) + S2929.(0,0)cx
Ro=p(FV 1) = (et dETd . (3.5)

4. Global stability of disease-free equilibrium

Considering the variable A(t) in (2.1e) decouples from the first four equations of
(2.1), we target the following subsystem for the rest of paper:

A5ub) N 8 (Dgu(B(), I(8) — dSu(t), (4.1a)

dt
Bl — Ao~ Sult)9u(B(0) ~ dSult) (4.10)
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%ﬁ’f) = Su(t)gu(E(t), I(t)) + Suw(t)guw(E(t)) — aE(t) — dE(t), (4.1c)
%t) = aBE(t) —61(t) — dI(t). (4.1d)

System (4.1) always has a disease-free equilibrium FEy = (52,59 .0,0), where SO =
A, /d and SY = A,,/d. The Jacobian matrix of system (4.1) at Ej is

—d 0 —Sﬁ@lgu(0,0) —Sﬁ&ggu(0,0)

0 —d ~59,9.,(0) 0
J(Ep) =

0 0 S89019u(0,0) +5%9,,(0) —a—d S3029.(0,0)

0 0 ! —0—d
The characteristic equation of J(Ey) is
det(AI — J(Ep)) = 0. (4.2)

Obviously, equation (4.2) has four roots: a negative double root —d; and other two
roots satisfy the following equation

AN 4+ BiA+ By =0, (4.3)

where ,
By = ~[52019.(0,0) + 559, (0) —a — d — 5 — d],

and
By

—[59819.,(0,0) + ngg;,(O) —a—d|(6 +d) — aSl019.(0,0)

(64 d)(a+ d)(1 — Ro).
When Ry < 1, we have
59019.(0,0) + 5% g..(0) < a + d.

It infers that By > 0 and By > 0, which means that all the eigenvalues of matrix
J(Ey) have negative real parts. Therefore, the disease-free equilibrium Fj is locally
asymptotically stable.
Next, we prove the global stability of Ey. It is obvious from Egs. (4.1a) and
(4.1b) that
Su(t) < 8% S,(t) < S°.
Let
hl(E7 I) = gu(E7 I) - (algu(07 O)E + a2gu(0u O)I),
and )
ha(E) = gu(E) — g, (0) E.
For E, I > 0, from assumptions (H1)~(H5), we have
OulB D) _ 098Dy gu0,0) <0,
ahl(Eal) _ 8gu(E=I)
or oI

(4.4)

— 029u(0,0) <0,
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and
azhl(Ev-[) _ aQQU(Ev-[) <0
OFE? OFE? ’
Ph (B, 1)  9%gu(E,I
1B _ TolBl) (45)
82h1(E7I) _ a2gu(E,I) =0
OE0I OEOI '

Together with hi(0,0) = 0, we have hy(F,T) <0 for all E,I > 0.
Similarly, for E > 0, we have

ahQ(E) _ agw(E) 4

Pha(E) _ 0°gu(E) _ '
OE? OF? '
Together with hy(0) = 0, we have hy(E) < 0 for all E > 0.
Therefore, we have
dE(t 0 0./
7 < Su[algu(oa O)E + 829u(070)1] + Swgw(O)E —akb - dE7
(4.7)
@ < aF -6 —dI
dt
The following auxiliary system is then constructed:
dE(t /
) 1609,0u(0.0) + S50,,(0) — @~ d)E + S0, 0,01
(4.8)
dI(t)
— =aF - (0+d)l.
4 —eE-0+d
The coefficient matrix of system (4.8) is:
50019u(0,0) + 50,9,,(0) — & — d $029u(0,0)
Me = . (4.9)

a —(0+d)

Discussions above indicate that all the eigenvalues of matrix M have negative real
parts. Therefore,

tllgloo E(t) =0, tilgo I(t) =0, (4.10)
and
. _ a0 . _ a0
tilgloo Su(t) =S, tilgloo Sw(t) = Sy, (4.11)

We then have the following results.

Theorem 4.1. The disease-free equilibrium Eq of system (4.1) is globally asymp-
totically stable when Rg < 1, and unstable when Ry > 1.
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5. Existence and global stability of endemic equi-
librium

The existence and uniqueness of an endemic equilibrium is investigated in this
section. Let the right hand side of system (4.1) be zero.

Ay — Sugu(E,I) —dS, =0, (5.1)
Ay — Suwgw(E) —dS, =0, (5.2)
Sugu(E,I) + Syguw(E) — aF —dE =0, (5.3)
aF — 61 —dI = 0. (5.4)
From (5.1), (5.2) and (5.4), we have
Ay Ay (0+d)I
Sy=——+—+—, Sy=——r——, E=—"—". 5.5
B rd BT ) v a >
Substituting (5.5) into (5.3) gives
Augu(E,T) Apguw(E) (a+d)(d+d)
- 1. (5.6)
gu(E, D) +d  gu(E)+d o
Rewrite (5.6) as the following equation
1 (a+d)(6+4d) ) A, Ay
A+ Ay ————T ) = . 5.7
d( y o wEDTd gm0
Let
1 d)(6+d
Al) =~ (Au + Ay — WI) : (5.8)
A, A
BT = u 5.9
RED = @nvat @t >
Then (5.7) presents
fD) = f2(E,1). (5.10)
Moreover,
1
Ay Ay
f2(E,0) (5.12)

= —+ .

gu(E,0)+d ~ gu(E)+d
If E > 0, we have g,(F,0) > 0, namely, fo(F,0) < f1(0); If E = 0, we have
9w (0) = 0, namely, fo(E,0) = f1(0). When f;(I) =0, we have

(A + Ay)a

(a+d)(6+d)’
and fo(E,I) > 0. Then fo(E,I) > fi(I). Next, the derivatives of f; and fo with
respect to I are calculated.

I= (5.13)

0f2(E, 1) o (Ay019u(E,0) + Awgw(E))((S +d) 4+ NyO29.(E,0)a
—_ = - <0,
oI I—o0 ad?
afi1(I) (a+d)(§+d)
= 2 <0.
or |,_, ad

(5.14)
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Then at E = 0, we have
0fo(E,1I) of ) (a+d)(6+d)
PR\ ) o)y _lardOTd g gy (5.15)
0l 7=0 ol |, ad
When Ry <1,
Of(E, I afi(d
ol =0 ol |,
when Rg > 1,
Of:(E, I afi(I
fQ( ) ) fl( ) <0 (517)
ol I—0 ol |,
y y
y=fM y=f1h
(02452 - @000 : (045%) = 01200 :
if E>0,(0,f2(E0)) ¢ : if E> 0, (0, f>(E,0)) :
[(7, raciEn 7, ey
y=/f2ED) y=/f2ED
) ! (1.0 '
I ]\ I ‘:,\
|
| |
| |
| |
(a) Ro <1 (b) Ro >1

Figure 2. Sketch map of y = f1(I) and y = f2(E,I) for E > 0.

Fig. 2 indicates that system (4.1) has a unique endemic equilibrium E, =
(Sk, Sk, E*, I*) when Ry > 1. The components of E, satisfy

Ay — Sigl —dSE =0,

Ay — Sigs —dSE =0,

Srge 4+ Shgr, —aE* —dE* =0,
aE* —§I* —dI* =0,

where g = ¢, (E*,I*) and g% = g.,(E*)

(5.18)

Next, the second Lyapunov criterion is employed to prove the global stability of

the endemic equilibrium FE,. Define

w&ﬁwﬂnz(&—ﬁ—xm
Su9n

Gt ar

+<EE*E*ln(

(Su

S5

<))

E*

) -
(-r-ra()

S
S*n( =2
"\s

w

Se —

()

(5.19)

It is easy to verify that V > 0, where V = 0 if and only if (Sy,Sw, E,I) =

(Sk, Sk E*, T*).



344

W. Yang
Differentiating V (S, Sw, E, I) along the solution of system (4.1) yields
av
—(Su, Sw, E,I) =P+ P+ P;+ Py, (5.20)
dt (4.1)
where P;(i = 1,--- ,4) are calculated as follows.
SEN
pe (%)
= (1 - ?) (Au — SuGu — dSu)
S’: (5.21)
— (1 5) (st + ast - Sugu - d5.)
S* S Sk Sugu Gu
o ( 5. S:;) + g ( 5. S g) |
SEN
pe (1555,
= <1 - gw) (Aw - Sww — dSw)
Sf (5.22)
— (1 52 ) (Sugh+ dS, — Sug — 45.)
S Sw S Swgw Gw
_ * _ Pw Pw * % 1— W Jw
isi (2o G- 5 )+ s (1- G- e+ 22).
E* /
P (B
E*
= (1 by ) (Sugu + Swgw — aE — dE)
_ LB (50gu + Suguw)E
= (1 z ) <Sugu + Sww o (5.23)
£ Sugul* Sugu
— * % 1 _ .
ol < B S S:mi;)
E  SwgwE" | Swgw
S* * 1 o
ot ( B SugnE S{Zg;) ’
and 5 I
wu "\
P, —(1- I
CETIIE < I )
= Zulu (. E— 61 —dI
(5+d)I*< I>(°‘ o = dl)
Skgx I\ ((6+d)I*E (5.24)
ugu
oo (- 7) (P - o)

. .(E EI I
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We then have

s s (. S S,
P1+P2+P3+P4_d5u<2_su_S’k)+d5 ( S, S;Z)

S: E' I S.9.E" g
Sigr(3-Sv T Jul)  (5.25
Foulu ( Su BT I SigE > (5.25)

S E  SuguE*  gu
Srg* (20— 2w = PwIwm | Jw )
G ( Sw E*  SigiE - gfu)

Since / 7 7
Ju Ju 9 9u
Ju - (™ 1— +1-— , 5.26
porm () (- ) - 520
and g > B
Guw Juw [ g;‘u
Jw 2 ([ _q 1-— +1-— , 5.27
o Rl G ) R S
then
S: Sy S* S,
P+ P+ P+ P=dS(2-22 2% 448" v _ =
1+ o+ 3+ 0y u( S, S*>+ ( Sw 5:;)
S*  S.guE* g¢:I EI*
Sugn (4- 2t - e Sus
Su St Gul* E*I
. SwgwE* g, E
2
+Sragn |3 — St St o E guE*) (5.28)
Gu gul
ugu g gul*
« % [ Juw gZJE>
+S5g 1— .
(5 - ) (
Therefore,

v 5 [ Gu gl « x [ 9w 9w
P +Py+Ps+P, < S 1) (11— S Jw ) (1 - 2= )
1FETE TS Sl <gzi >< gul*)+ wio (gw >( gwE*)

Using the monotonous conditions in (H1)~(H5), we have

Ju gul ) I . (gu 932)
U1 1— = gu—09,) | = - <0 5.29
(g:z > ( 0l ) = gig T T (529)

and
Guw Q;ZE> E * (gw gZ)
A | 1— = Jw —9w) | == — = ) <0. 5.30
<9w ) ( guwE* g;i,gw( ) E E* (5.30)
Then Vi
%:P1+P2+P3+P4§0. (531)

And dV(t)/dt = 0 if and only if (S, Sw, E,I) = (S, Sk, E*,I*). According to the
second Lyapunov criterion [14], the endemic equilibrium of system (4.1) is globally
asymptotically stable. The results are summarized in following theorem.

Theorem 5.1. System (4.1) has a unique endemic equilibrium E., and it is globally
asymptotically stable when Ry > 1.
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6. Numerical considerations

The following specific forms of g, (E,I) and g¢,(FE) are chosen to illustrate the
obtained theoretical results for model (2.1):

B E Bal
u E7I = ’ w E =
g ( ) 1+C¥1E+ 1+0421 9 ( )

which satisfy conditions (H1)~(H5).

The parameter values are assigned as follows: A, = 7, A, = 5, d = 0.0196,
6=04,a=02,7r=0.15 a3 = 0.02, ag = 0.03, a3 = 0.01. The initial condition
(5.(0),5,(0), E(0),1(0), A(0)) = (200; 150; 80; 40; 20). Fig. 3(a) presents the global
asymptotic stability of the disease-free equilibrium when Ry < 1 with 5; = 0.0003,
B2 = 0.0002, B3 = 0.00025; Fig. 3(b) presents the global asymptotic stability of the
endemic equilibrium when Ry > 1 with 5; = 0.003, 32 = 0.002, 83 = 0.004.

400 200

100

50 @

0 50 100 150

(a) (b)

Figure 3. Illustration of the dynamical nature of S, (t), Sw (t), E(t), I(t), A(t) when (a) Ro = 0.9334 < 1
and (b) Ro = 11.0760 > 1.

Next, the effects of incorporating two susceptible classes and two incidence func-
tions on disease transmission are investigated by considering the basic reproduction
number Ry. If we do not distinguish classes S, and S, i.e., both of them getting
infected through the same infection force g, (F,I), (2.1) turns into the following
system:

Bul) _ x,~ Sugu(B.1) - S, (6:20)
%t(t) = Ay — Suwgu(E, I) — dS,, (6.2b)
B S0gu(B.1) + Sugu(E.1) — a — B (6.2¢)
d{T(tt) =aFE — 61 —dI, (6.2d)
dAWG) 51 pa—qa. (6.2e)
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Denote S = S, + Sy, and A = A, + A,,. By adding (6.2a) and (6.2b), we have

ds(t

450 _ \ _ §g.(2.1) - as,

dgtt (6.3)
% = Sgu(E,I) — oF — dE.

System (6.3) is the classic model equations for S(t) and E(t).
The basic reproduction number for model (6.2) is calculated following the same
method in section 3:

ﬁ/ _ (Sgalgu(oa 0) + Sg;algu(ov 0))(6 + d) + (SgaQQu(Ov 0) + 5382971(07 0))0[
0 (a+d)(6+d) '

It is checked that .
Ro < Ro. (6.4)

This implies that system (2.1) has a smaller basic reproduction number because
of the introduction of cautious susceptible S,,, which does not interact with symp-
tomatic infective. Moreover, Fig. 4 shows the consistent result that the cautious
individuals Sy, () and the resulting infection force g,,(E) have positive impact on
HIV transmission .

150 =

— E(t)+I(t): include both cautious and incautious class
- - == E(t)*I(t): include only incautious class

t

Figure 4. Effect of the introduction of cautious class and multiple transmission functions on HIV/AIDS
prevalence when R > 1.

7. Conclusion

In this paper, an HIV/AIDS epidemic model is proposed, incorporating the cautious
and incautious susceptible classes. The incautious susceptible can be infected by
both the asymptomatic and the symptomatic infectives. However, the cautious
susceptible can only get infected by asymptomatic infectives. This results in two
types of general nonlinear incidence function.

The basic reproduction number R is derived by the next generation method,
which is crucial to the global dynamics of the model system. The system only has a
globally asymptotically stable disease-free equilibrium when R < 1, and it implies
that the disease eventually dies out; the system has a unique globally asymptotically
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stable endemic equilibrium when Rg > 1, and it means that the disease becomes
endemic in the long run.

The introduction of cautious susceptible may reduce the basic reproduction num-
ber to some extent through avoiding excessive contact with symptomatic infectives
(presence of two nonlinear infection force functions). This in turn mitigates the
HIV epidemic and give hints for the role that the mass media may play in disease
prevention and control by raising public awareness.

Acknowledgments The author is grateful to the anonymous referees for their
useful suggestions which improve the contents of this article.

References

[1] V. Capasso and G. Serio, A generalization of the Kermack-McKendrick deter-
ministic epidemic model, Mathematical Biosciences, 1978, 42(1), 43-61.

[2] H. de Arazoza and R. Lounes, A nonlinear model for a sexually transmitted
disease with contact tracing, Mathematical Medicine and Biology: A Journal
of the IMA, 2002, 19(3), 221-234.

[3] O. Diekmann, J. Heesterbeek and J. Metz, On the definition and the com-
putation of the basic reproduction ratio Ry in models for infectious diseases
in heterogeneous populations, Journal of Mathematical Biology, 1990, 28(4),
365-382.

[4] P. Georgescu and Y. Hsieh, Global stability for a virus dynamics model with
nonlinear incidence of infection and removal, SIAM Journal on Applied Math-
ematics, 2007, 67(2), 337-353.

[5] H. Hethcote, M. Lewis and P. van den Driessche, An epidemiological model
with a delay and a nonlinear incidence rate, Journal of Mathematical Biology,

1989, 27(1), 49-64.

[6] H. Hethcote and P. van den Driessche, Some epidemiological models with non-
linear incidence, Journal of Mathematical Biology, 1991, 29(3), 271-287.

[7] W.Huang, M. Han and K. Liu, Dynamics of an SIS reaction-diffusion epidemic
model for disease transmission, Mathematical Biosciences and Engineering,
2010, 7(1), 51-66.

[8] H. Huo and L. Feng, Global stability for an HIV/AIDS epidemic model with
different latent stages and treatment, Applied Mathematical Modelling, 2013,
37(3), 1480-1489.

[9] J. Jia and G. Qin, Stability analysis of HIV/AIDS epidemic model with nonlin-
ear incidence and treatment, Advances in Difference Equations, 2017, 2017(1),
136.

[10] W. Kermack and A. McKendrick, A contribution to the mathematical theory
of epidemics, Proceedings of the Royal Society of London. Series A, 1927,
115(772), 700-721.

[11] A. Korobeinikov and P. Maini, Non-linear incidence and stability of infectious
disease models, Mathematical Medicine and Biology: A Journal of the IMA,
2005, 22(2), 113-128.

[12] J. Levy, Pathogenesis of human immunodeficiency virus infection, Microbio-
logical Reviews, 1994, 46(2), 113.



Global results for an HIV/AIDS model 349

[13]

J. Li, Y. Yang, Y. Xiao and S. Liu, A class of Lyapunov functions and the
global stability of some epidemic models with nonlinear incidence, Journal of
Applied Analysis and Computation, 2016, 6(1), 38—46.

A. Liapunov, Stability of motion, Elsevier, 2016.

W. Liu, S. Levin and Y. Iwasa, Influence of nonlinear incidence rates upon
the behavior of SIRS epidemiological models, Journal of Mathematical Biology,
1986, 23(2), 187-204.

Z. Ma and J. Li, Dynamical modeling and analysis of epidemics, International
Association of Geodesy Symposia, 2009, 106(B11), xiv+498.

R. Naresh, A. Tripathi and S. Omar, Modelling the spread of AIDS epidem-
ic with vertical transmission, Applied Mathematics and Computation, 2006,
178(2), 262-272.

S. Ruan and W. Wang, Dynamical behavior of an epidemic model with a non-
linear incidence rate, Journal of Differential Equations, 2003, 188(1), 135-163.

C. Silva and D. Torres, Global stability for a HIV/AIDS model, arXiv preprint
arXiv:1704.05806, 2017.

L. Simpson and G. A., Mathematical assessment of the role of pre-exposure
prophylaxis on HIV transmission dynamics, Applied Mathematics and Com-
putation, 2017, 293, 168-193.

B. Sounvoravong and S. Guo, Dynamics of a diffusive SIR epidemic model with
time delay, Journal of Nonlinear Modeling and Analysis, 2019, 1(3), 319-334.

G. Statistics, HIV BASICS: Overview: Data & Trend. HIV gov., 2018.
https:/ /www.hiv.gov/hiv-basics /overview/data-and-trends/global-statistics.

C. Sun, J. Arino and S. Portet, Intermediate filament dynamics: Disassembly
regulation, International Journal of Biomathematics, 2017, 10(1), 1750015 (22
pages).

C. Sun, Y. Hsieh and G. P., A model for HIV transmission with two interacting
high-risk groups, Nonlinear Analysis: Real World Applications, 2018, 40, 170-
184.

P. van den Driessche and J. Watmough, A simple SIS epidemic model with a
backward bifurcation, Journal of Mathematical Biology, 2000, 40(6), 525-540.

P. van den Driessche and J. Watmough, Reproduction numbers and sub-
threshold endemic equilibria for compartmental models of disease transmission,
Mathematical Biosciences, 2002, 180(1), 29-48.

R. Weiss, How does HIV cause AIDS?, Science, 1993, 260(5112), 1273-1279.

W. Yang, Z. Shu, J. Lam and C. Sun, Global dynamics of an HIV model in-
corporating senior male clients, Applied Mathematics and Computation, 2017,
311, 203-216.

Z. Yuan and L. Wang, Global stability of epidemiological models with group
mizing and nonlinear incidence rates, Nonlinear Analysis: Real World Appli-
cations, 2010, 11(2), 995-1004.

T. Yusuf and F. Benyah, Optimal strateqy for controlling the spread of
HIV/AIDS disease: a case study of South Africa, Journal of Biological Dy-
namics, 2012, 6(2), 475-494.



	Introduction
	Model formulation
	Preliminary results 
	Global stability of disease-free equilibrium 
	Existence and global stability of endemic equilibrium
	Numerical considerations
	Conclusion

