Appl. Math. Inf. Sci. 14, No. 6, 967-976 (2020)

%N S\ 967

Applied Mathematics & Information Sciences
An International Journal

http://dx.doi.org/10.18576/amis/140603

A Mathematical Model of Risk Factors in HIV/AIDS
Transmission Dynamics: Observational Study of Female

Sexual Network in India

S. Saravanakumar', A. Eswari?, L. Rajendran3 and Marwan Abukhaled**

'Department of Mathematics, Sri Ramakrishna Institute of Technology, Coimbatore, India
“Department of Mathematics, Agricultural Engineering College and Research Institute, Tamil Nadu Agricultural University,

Coimbatore, India

3Department of Mathematics, AMET (Deemed to be University), Tamil Nadu, India
4Department of Mathematics and Statistics, American University of Sharjah, Sharjah, UAE

Received: 2 May 2020, Revised: 4 Jul. 2020, Accepted: 10 Sep. 2020

Published online: 1 Nov. 2020

Abstract: In this paper, a mathematical model for the transmission dynamics of HIV/AIDS epidemic with emphasis on the role of
female sex workers is considered. The model is a system of nine nonlinear differential equations that represent nine different groups of
an HIV population. A modified approach of the homotopy perturbation method is used to derive an approximate analytical expression
for each of the nine different groups that form HIV population. The analytical results are shown to be consistent with the numerical
results obtained by the highly accurate fourth-order Runge-Kutta method. The analytical solution will simplify studying the effect of
each parameter on the governing equation and identifying the dynamics of HIV prevalence. Thus, effective prevention strategies can be

adopted.
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1 Introduction

Understanding the transmission dynamics of HIV and its
deadly consequences (AIDS) helps propose effective
treatment for the infected patients and adopt effective
prevention measures. Mathematical models of HIV
transmission aim to describe the dynamics of the disease
prevalence using systems of differential equations where
the transition rates from a state to another are defined
quantitatively [1]. These models, which are complex
because of biological and behavioral variables
incorporation, become fairly reliable if their validity is
justified [2]. In literature, the four families of
mathematical models that are used to model HIV
transmission are stochastic, deterministic, statistical, and
state-space model (Kalman filter model) [3].

Stochastic models assume that the response variables
are random indexed by time, so the HIV epidemic is a
stochastic process [3]. Stochastic difference and
differential equations have been used as models for
primary HIV infection [4], models for spread of HIV in a

mobile heterosexual population [5] and as models to
study the effects of antiretroviral therapy (ART) and HIV
vaccines on HIV transmission using empirical data [6].
The fact that the variables involved in modeling infectious
diseases are subject to random variation makes stochastic
models more realistic than deterministic models.
However, adopting stochastic models involves some
obstacles. For example, closed form solutions are almost
impossible to be found in real world applications [7] and
numerical solutions in either weak or strong sense may
become unstable over large interval domains [8].

In deterministic models, the population is divided into
compartments consisting of those who are susceptible in
each of the infection stages or in the AIDS phase. The
movement between these compartments, which ranges
from infected to progressing to AIDS is expressed in
terms of systems of difference, differential or integral
equations. In addition, deterministic models consider the
biological, epidemiological and clinical aspects of the
disease. Among deterministic models that are used to
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study the HIV infection and its consequences, we mention
modeling the early stages of infection, the dynamics of
prevalence, and control of HIV/AIDS [9-13].

Statistical models have also contributed to
understanding the infection and the spread of HIV as well
as its development to AIDS. Brookmeyer and Liao [14]
proposed a back calculation method that aims to
reconstruct the pattern of HIV infections in the past to
predict the future cases and evaluate the impact of
therapeutic advances on these cases. Downs et al. [15]
applied an empirical Bayesian back-calculation method to
AIDS incidence data to reconstruct and predict
HIV/AIDS epidemic in the European countries. For more
on statistical models see [16—18]

The iterative computational algorithm (the state space
method or Kalman filtering method) aims to improve
noisy measurements, current state estimates and forecasts
calculations. Tan and We [19] employed the Kalman
filtering method for simultaneous estimation of HIV
infection and incubation distributions, the numbers of
susceptible and infective people and AIDS cases. Cazelles
and Chau [20] used the Kalman filter and dynamic
models to assess the changing HIV/AIDS epidemic.

1.1 HIV/AIDS in India

The presence of HIV in India became evident when first
cases were documented in the southern city of Chennai
in 1986. Prevalence of HIV is broadly divided into three
groups as per states and union territories [21]:

—High prevalence states: Forty-five districts in 6 HIV
prevalence states fall in this category

—Moderate prevalence states: Three states fall into this
group where the HIV prevalence is more than 5%
among high risk groups.

-Low prevalence states: The remaining states in the
country are classified within this group

Figures 1, 2 and 3 present review of HIV spread across
India as a whole and within the states in addition to AIDS
related deaths from 1982 to 2017 [22].

In 2002, it was estimated that around 500,000 were
diagnosed as HIV positive in the southern Indian State of
Tamil Nadu. The number of reported AIDS cases was
24667 in 2003 and 1092 cases in 1998. Heterosexuality is
the main cause of HIV transmission. Commercial sex
workers, homosexuals, and intravenous injection drug
users are classified among the high risk groups, whereas
migrant population workers of unorganized sectors, street
children, and youth adolescent are among the most
vulnerable groups [21].

The present paper aims to find an analytical solution
to a mathematical model for the transmission dynamics of
HIV/AIDS epidemic with emphasis on the role of female
workers in the disease prevalence. It is believed that
analytical solutions are more useful in the study of
disease transmission dynamics than numerical solutions
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Fig. 1: Adult HIV prevalence in India from 1982 to 2017.
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Fig. 2: State-wise adult HIV Prevalence in 2017.

Aggregate [l
Ll

Thousands
)
8
-

1983 1986 1989 1992 1995 1998 2001 2004 2007 2010 2013 2016

Fig. 3: AIDS related deaths over years from 1982 to 2017.

because they enable us to obtain quantitative information
on the variables that cannot be measured easily. In this
paper, we will employ a modified form of the powerful
homotopy perturbation method [23-25] to solve the
underlined nonlinear system modeling the dynamics of
HIV transmission. Other methods that can be used to
obtain analytical solutions include, but not limited to, the
variational iteration method [26, 27], differential
transformation method [28] and Green function based
method [29-31].

This paper is organized as follows: Section 2
describes the mathematical model of HIV infection.
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Section 3 addresses the analytical solution of the
nonlinear model. In section 4, we present numerical
simulation with discussion. Section 5 is devoted to
conclusions.

2 Mathematical model for HIV infection

A sexually active population at time ¢ denoted by P(r)
consists of the following nine mutually exclusive
compartments: HIV-susceptible males, females, and
female sex-workers denoted S, Sy, and Sy, respectively,
HIV-infected males, females, and female sex-workers
denoted I,,,1; an Iy, respectively, AIDS-infected males,
females, and female sex-workers denoted A, Ay and Ay,
respectively. The following system of deterministic
nonlinear differential equations describes the model of
HIV/AIDS infection [11]

dSm

” = A1 = BiSulr — BoSmlrs — WSm, (D
dl,,

e BiSmls+ BoSmlgs — (b1 + W)L, 2
dA,
d—l‘n :bllm*(”‘i’d)Amv (3)
dSys

d_f = Ay — B3Ssln — uSy, 4)
dl¢

—L = BsSyhu— (b2 -y, )
dA;

? :bzlff (ﬂ+d)Af, (6)
dSys
7"‘ = A3 — BaS sl — S s, (7
dl .

df = BuS sl — (b3 + )y, (8)
dA ¢,

dtf = byly— (U +d)Agy, )

with the following initial conditions

Su>0, S¢>0, Sg >0, (10)
In>0, I; >0, Iz >0, (1)
An>0, Ay >0, Ay >0, (12)

where A, A, and Az denote the recruitment rates of male,
female and female sex-workers,  respectively,
Bi,i = 1,2,3,4 are the rates of transmission of infection
from infective to susceptible, u is the natural death rate
constant, d is the disease induced mortality rate in AIDS
classes, by, b>, and b3 are the progression rates from HIV
infective male, female and female sex workers to
respective AIDS class. The disease dynamic transmission
is illustrated in Figure 4 [11].
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Fig. 4: Schematic illustration of the Dynamic transmission of the
deterministic model.

3 Analytical solution of the nonlinear
HIV/AIDS transmission dynamics

In this section, a new approach of the homotopy
perturbation method (HPM) is employed to derive an
analytical solution of the nonlinear system (1)-(12). The
main idea of the HPM is presented in Appendix A.
Constructing the homotopy (A.4) to each equation in the
nonlinear system (1)-(12) gives

asSy
(I-p) [7 'Hlsm}
s (13)
+P |:d—tm _Al + (ﬁlls +ﬁ21fs +N)Sm} =0

(1-p) [dﬁﬂbl +u)lm}

dt
dl,
+p| S+ (b1+ W)l — (Buly = Bal)Sn] = 0
(14)
dAp
(I-p) [7+(”+d)lm}
JA (15)
+P|: dlm _bllm + (FL +d)Am] =0
ds;
(1=p)|—=+usSy
1)

ds;
+P[? - 2+qu_ﬁ3SfIm} =0
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dls 2 3
(1-p) [d—tf +(ba+ u)lsf} Ap=Ap+pAp+pAntpApt: (29)
iy a7
+P[E *AerlJSf*BBSfIm} =0
Ags=Ap0+ pApsi +p*Ap + P A+ (30
1— @ dA Back substitution of Egs. (22)-(30) into Egs. (13)-(21)
(1-p) +(u+d)As ; .
dt (18) and arranging the coefficients of the powers of p produce
+p [@ +(utd)A;— by If} —0 the following systems of differential equations:
dt
ds
0. 'm0 _
B des ' p —dt + US0 = 0
(=)= + 1S dSm1
ds a9 ph: d—,: + USm1 + BrSmol o + BaSmolrs0 = 0 G1)
+P[7*A3+ﬂ5fs*ﬁ45fslm} =0 as,
P d—,: + uSm2 + Bi(Smolr1 + Smilyo)
d[ +ﬁ2(S ()I 51 +S 1] ‘.0) = O
(1= 22 4 (o ] ol Sl
dl t (20)
fs
5 by + i) ys — BaSysl, } =0 dl,
+p[dt +(3+N)fS ﬁ4 fsdm pO: d:0+(bl+”)lm0:0
t, dm + (b1 + @)t — BiSmol 0 — BaSmol 50 = 0
dA s P 1+ H )i 19m0Lf0 — P2omolfs0 =
(1= p) [ S + (1 + Ay )
dt (32)
JA. 21
+p[ dtfs + (u+d)Afs—b31fs} =0
dA
0. %m0 —
The solution to each equation in the system (13)-(21) P dt +(+d)Anm =0
is expressed in terms of power series, as follows: | dAm (33)
p I Jr([-ler)Am[*b]Imo:O
Sim = Smo + PSm1 + pszQ + p35m3 + - (22)
dS
p0 : d—{ +uSp=0
(34)
9, i 2g .. 3G ... dSs;
Sy=Sp+pSp+pSp+p’Sp+ 23 1, d;‘ Ao+ 1S+ B3S ol = 0
Sts=Sss0+ PSpst + P> S g2+ PP Spa+ (24) dly,
fs fsO T POfs1 TP Ofs2 T P Ofs3 PO : ﬁ I (b2+ll)1f() -0
dls
2 3 p': d—f + (ba+ 1)Ip1 — B3Spodmo =0
L = Ino +le1 +p L2 +p Lz + -+ (25) dlt
2
P d—ft + (ba + )2 — B3(Spolmt + Srolm1) =0
(35)
Ir=Ip+plpi+ p°lpn+ plps + - (26)
dA ¢
) 5 poi—d; +(Ii+d)Af()=O
Irs=Ip0+plgsi +p o +plps+--- 27) dA
pltd—:-i-(li-f—d)Afl—bz[fo:O (36)
dA
2, 44 _
Am = Amo + PAmt +p2Am2 +p3Am3 + - (28) P dt + (“ T d)Afz - bZIfl =0
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o dSts0

——— A S =0
p 0 3+ U fs0
dSys
ph: dj;Y — A3+ S + BaSrs0lmo =0 (37
, dSpo
P dt +USr2+ ﬁ4(stOIm1 + SfSIImO) =0
dl ¢y
Pl C{; + (b3 +u)lp=0
dl 38
P dfts + (b3 +)Iys1 = BaSgsolmo = 0 Y
— Ba(Sts0bm1 +Sgsilno) =0
dA ¢4
P’ % +(u+d)Apo=0
dAs
P L (e dAg —bslgo =0 (39)
dA e
P d]t% (Lt d)As = b3l =0

The solutions of the initial value systems (31)-(39)
with initial conditions (10)-(12) are given by

Smo(t) = le ™

Bly A _ Ay
S = | - —— =7 pr  Z70
m () < wiby ptbs w )¢ Tn

%e(wm " %e&m;)z (40)

Sma(t) = ((b3 by ﬁzf;t(lLZ” bl)) X
(efut _ e*(3#+bl)t)

Io(t) = Le~ 140
L (1) = % ( (b e*(Z,qubz)z) )

% (f e~ ef<zu+b3)t)
Apo(1) = ke (@R
A (t) = bf’ LLd (ef(dw)z _ e*(bﬂru)z) (42)
Spo(r) = Qe
Sri(t) = %(e(b'““)’ — M —i—ﬁ(l T

(43)

L
In(t) = (bz ﬁ3uQ by ) (—e~ (b2ti) | o= (brt2u)ry
B BsArL —(byu)t _ —(by+2u)t
If2(t)7(u(b2_u_bl))(e —¢ )
B3AL —(bay+m)t (b
(o)™ e )

(44)

by —d

o baB3 0L —(ud) o~ (bru)

A2 = @) o
byB30L

(ef(uﬂi)t _ o utb )z)

(by—by—p)(d—by— )
(45)

st()(t) = Xe“t

As - BaXL _ _
s = 2(]1— M _ Tt (b14+2p)t
Srs1(t) “( e )+b1+u( e M e )
ﬁ4A3L _ 2
S fs tzie'ul_e(ﬁH‘bl)I
sl u(u+b1)( )
Bitsl oy, _ e
S (e t—e M)
(46)
I (1) :ye*(bsﬂl)l
BaXL —(b1+2 -
I [ [ i Si—— 1+2u)e  —(b3+u)t
fs1(1) (_M_b1+b3)(€ e )
ﬁ4A3L —(b3+ _
[ro(t) = ——M——— s+t —(2u+by)t
T ‘ )
_ M e~ (b3t _ e*(b]‘Hl)t)
p(bs —by)
47)

Ago(t) = ze” TR

b3BaXL (b1 +2 -
Ags _ 12t = (b3+p)t
ss1(t) ((—u—b1+b3)(d—b3))(e ¢ )
() = b3uXL ~(u+d) _ y(bytu)
b3BaXL

_ —(u+d) —(2u+by)
Gb—wa—b—m© e

(48)
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Equations (40)-(48) are now used to construct the
following analytical solutions

Sm(t) = 11m Sm( ~ S0+ Sm1 + Sz (49)
In(t) = 11)1‘]11 (1) = Lo+ I (50)
An(t) = 1im Ap (1)  Ano + Am (51)
Sy(e) = lim §¢(r) ~ Sp0+ 1 (52)
Iy(t) = 11m1f()~1fo+1f1+1fz (53)
Ay(r) *IlgnlAf( )~ A +An+Ap (54)
Sps(t) = 11m st( ) R Sfs0+Spst +Sp (55)
Iys(t) = 11m  ps(0) & Ipso + Iyt + 2 (56)
Ags(t) = 11m Afs( )R A0+ Afs1+Af (57)

4 Numerical simulation and discussion

For numerical simulations, the following experimental
values for the parameters are used [11]:
A = 80,Ay = 60,A3 = 50,8, = 0.00005,8, =
0.0002, B3 = 0.0001, B4 = 0.00005,0.0003,b; = 0.1,b, =
0.0924,b3 = 0.25,u = 0.0743, and d = 0.123. The
analytical solution obtained by the proposed method is
compared to a numerical solution obtained by the fourth
order Runge-Kutta method using MATLAB’s function
ode45.

Figure 5 shows the analytical curves representing
HIV-susceptible males (S,,), HIV-susceptible females
(Sy), HIV-susceptible female sex-workers (Sgy),
HIV-infected males (I,,), and AIDS-infected males (A,,).
The analytical curves representing HIV-infected females
(Ir),  HIV-infected  female  sex-workers  (If),
AIDS-infected females (Ay,) and AIDS-infected female
sex-workers (A ry) are depicted in Figure 6.

A comparison between the analytical and numerical
curves for HIV infected male (7,,,), AIDS infected male
(A), HIV susceptible female (Sy, and HIV susceptible
female sex worker (S¢y) is shown in Figures 7-10.

Figures 11 and 12 show the effects of the rate of
transmission of infection, f;, on the number of
susceptible and infected males. Figure 13 indicates that a
larger rate of transmission of infection leads to an
increase in AIDS infected females as time increases.
Figure 14 also reveals that the number of AIDS infected
female sex workers increase with time when the rate of
transmission increases.
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Fig. 5: Analytical curves for Sy, i, Am, Sy and Sg;.
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Fig. 7: Comparison between analytical and numerical
solutions for HIV infected male (Z,).

Fig. 9: Comparison between analytical and numerical
solutions for HIV susceptible female (Sy).
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Fig. 10: Comparison between analytical and numerical
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5 Conclusion

A deterministic mathematical model of the HIV virus
with nonlinear incidence function in a population was
presented and analyzed. A modified version of the
homotopy perturbation method was employed to obtain
analytical expressions for the concentrations of
HIV-susceptible male (S,), female (Sy) and female
sex-workers (Sy), HIV-infected male (/,, ) female (/7 )
and female sex workers (/¢,), AIDS-infected males (A),
female (Ay) and female sex workers (As). The obtained
analytical solution are consistent with the numerical
results obtained by MATLAB ode45 routine. The
obtained accurate analytical results can be employed to
run sensitivity analysis of the parameters of the governing
system to better understand the spread mechanism of the
disease and suggest effective prevention measures.
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Appendix A: The basic idea of HPM

Consider the nonlinear differential equation

A(u)—f(r)=0, re Q, (A.1)
with the boundary condition
d
B(u,—“) —0, rer, (A2)
dr

where A, B, f(r) and I" are a general differential operator,
a boundary operator, a known analytical function and the
boundary of the domain Q , respectively. Expressing A(u)
as the sum of linear (L) and nonlinear (N) parts, Eq. (A.1)
becomes

L(u)+N(u) — f(r)=0. (A3)

The homotopy technique begins by defining v(r,p) :
Q x[0,1] — R, such that

H(v,p) = (1= p)[L(v) = L(uo)] + p[A(v) = f(r)] = O,
(A.4)
where p € [0,1] is an embedding parameter and u is an
initial approximation of Eq. (A.1) that satisfies boundary
conditions (A.2). Evidently, Eq.(A.4) implies that

H(v,0) = L(v) — L(up) =0, (A.5)
H(v,1) =A(v)—f(r)=0. (A.6)
As p changes from O to 1, v(r, p) changes from ug to u,,

a process known as a homotopy. The solution of Eq. (A.4)
may be expressed in terms of power series in the form:

v=vo+pvi+pia -, (A7)

With p = 1, an approximate solution to Eq. (A.4) is given
by:

u=Ilimv=vog+vi+va+---. (A.8)
p—1
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