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Untangling the dynamics between HIV and CD4 cellular populations and molecular interactions can be used to investigate the
effective points of interventions in the HIV life cycle. With that in mind, we propose and show the usefulness of a stochastic approach
towards modeling HIV and CD4 cells’ dynamics in vivo by obtaining probability generating function, the moment structures of
the healthy CD4 cell and the virus particles at any time ¢, and the probability of HIV clearance. The unique feature is that both
therapy and the intracellular delay are incorporated into the model. Our analysis shows that, when it is assumed that the drug is not
completely effective as is the case of HIV in vivo, the probability of HIV clearance depends on two factors: the combination of drug
efficacy and length of the intracellular delay and also the education of the infected patients. Comparing simulated data before and
after treatment indicates the importance of combined therapeutic intervention and intracellular delay in having low, undetectable

viral load in HIV-infected person.

1. Introduction

Since HIV pandemic first became visible, enormous math-
ematical models have been developed to describe the
immunological response to infection with human immun-
odeficiency virus (HIV). Mathematical modeling has proven
to be valuable in understanding the dynamics of infectious
diseases with respect to host-pathogen interactions. When
HIV enters the body, it targets all the cells with CD4 receptors
including the CD4 T cells. The knowledge of principal
mechanisms of viral pathogenesis, namely, the binding of the
retrovirus to the gpl20 protein on the CD4 cell, the entry of
the viral RNA into the target cell, the reverse transaction of
viral RNA to viral DNA, the integration of the viral DNA with
that of the host, and the action of viral protease in cleaving
viral proteins into mature products, has led to the design of
drugs (chemotherapeutic agents) to control the production of
HIV.

Chronic HIV-infection causes gradual depletion of the
CD4 T-cell poll and, thus, progressively compromises the
host’s immune response to opportunistic infections, leading

to acquired immunodeficiency syndrome (AIDS) [1]. With
the spread of the HIV-AIDS pandemic and in the absence
of an “effective” vaccine or cure, therapeutic interventions
are still heavily relied on. Several research studies have
been carried out in the recent past, both theoretically and
experimentally, to analyse the impact of therapy on the
viral load in HIV-infected persons in order to ascertain
the effectiveness of the treatment (see, e.g., [2-8]). Their
utility lies in the ability to predict an infected steady state
and examining the effects that the changes in parameters
have on the outcome of the system over time to determine
which parameters are most important in disease progression,
and further determine critical threshold values for these
parameters.

In HIV-infected individuals, the infection exhibits a long
asymptomatic phase (after the initial high infectious phase)
of approximately 10 years on average before the onset of
AIDS. During this incubation period, which some call the
clinical latency period, the individuals appear to be well and
may contribute significantly to the spread of the epidemic
in a community [9]. Some clinical markers such as the



CD4 cell count and the RNA viral load (viraemia) provide
information about the progression of the disease in infected
individuals. Also, the clinical latency period of the disease
may provide a sufficiently long period during which one
can attempt an effective suppressive therapeutic intervention
in HIV infections. Various biological reasons lead to the
introduction of time delays in models of disease transmission.
Time delays are used to model the mechanisms in the disease
dynamics (see, e.g., [10, 11]).

Intracellular delays and the target-cell dynamics such as
mitosis are two key factors that play an important role in
the viral dynamics. Mitosis in healthy or infected target-
cell population are typically modelled by a logistic term
[2, 12-16]. Intracellular delays have been incorporated into
the incidence term in finite or distributed form [4, 17-
23]. In [13, 16], in-host viral models with a logistic growth
term without intracellular delays are investigated, and it is
shown that sustained oscillations can occur through Hopf
bifurcation when the intrinsic growth rate increases. It is
shown in [17, 23], in in-host models with both a logistic
growth term and intracellular delay, that Hopf bifurcations
can occur when the intracellular delay increases. In [19], using
in-host models with a general form of target-cell dynamics
and general distributions for intracellular delays, it is shown
that the occurrence of Hopf bifurcation in these models
critically depends on the form of target-cell dynamics. More
specifically, it is proved in [20] that, if the target-cell dynamics
are such that no Hopf bifurcations occur when delays are
absent, introducing intracellular delays in the model will not
lead to Hopf bifurcations or periodic oscillations.

To incorporate the intracellular delay phase of the virus
life cycle, [24] assumed that virus production occurs after
the virus entry by a constant delay 7. They came up with
a basic in-host compartmental model of the viral dynamics
containing three compartments: x(t), y(t), and v(t) denoting
the populations of uninfected target cells, infected target cells
that produce virus, and free virus particles, respectively. They
further assumed that parameters 8, &, and y are turnover rates
of the x, y, and v compartments, respectively. Uninfected
target cells are assumed to be produced at a constant rate
A. They assumed also that cells infected at time t will be
activated and produce viral materials at time ¢ + 7. In their
model, constant s is the death rate of infected but not yet
virus-producing cells, and e describes the probability of
infected target cells surviving the period of intracellular delay
from t — 7 to t. Constant x denotes the average number of
virus particles that each infected cell produces. Preceding
assumptions lead to the following system of differential
equations:

dx
Z:/\—Sx(t)—ﬁx(t)v(t),
dy _ ~ st
E—ﬂx(t v(t-1)e ay(t), @
d
(0 - o).

System (1) can be used to model the infection dynamics of
HIV, HBV, and other viruses [2, 12-14, 25, 26]. It can also be
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considered as a model for the HTLV-I infection if x(¢), y(t),
and v(t) are regarded as healthy, latently infected, and actively
infected CD4 T cells [14, 15]. For detailed description and
derivation of the model, as well as the incorporation of
intracellular delays, we refer the reader to [24].

From the literature, many researchers have employed
deterministic models to study HIV internal dynamics, ignor-
ing the stochastic effects. We consider a stochastic model
for the interaction of HIV virus and the immune system
in an HIV-infected individual undergoing a combination-
therapeutic treatment. Our aim in this paper is to use
a stochastic model obtained by extending the model of
[24] to determine the probability distribution, variance and
covariance structures of the uninfected CD4+ cells, infected
CD4 cells, and the free HIV particles in an infected individual
at any time ¢ by examining the combined antiviral treatment
of HIV. Based on the model, we obtain joint probability
distribution, expectations, variance and covariance structures
of variables representing the numbers of uninfected CD4
cells, the HIV-infected CD4 T cells, and the free HIV particles
at any time ¢ and derive conclusions for the reduction or
elimination of HIV in HIV-infected individuals, which is one
of the main contributions of this paper.

The organization of this paper is as follows: in Section 2,
we formulate our stochastic model describing the interac-
tion of HIV and the immune system and obtain a partial
differential equation for the probability generating function
of the numbers of uninfected CD4 cells, the HIV-infected
CD4 T cells, and the free HIV particles at any time ¢, also
moments for the variables are derived here. In Section 3,
we derive the moments of the variables in a therapeutic
environment and probability of extinction of HIV virus and
also provide a numerical illustration to demonstrate the
impact of intercellular delay and therapeutic intervention in
controlling the progression of HIV. Some concluding remarks
follow in Section 4.

2. HIV and CD4 Cells Dynamics before
Therapeutic Intervention

To study the interaction of HIV virus and the immune
system, we propose a stochastic model by extending the
deterministic model presented in the literature. A stochastic
process is defined by the probabilities with which different
events happen in a small time interval At. In our model, there
are two possible events (production and death/removal) for
each population (uninfected cells, infected cells, and the free
virons). The corresponding rates in the deterministic model
are replaced in the stochastic version by the probabilities that
any of these events occur in a small time interval At.

(1) The Interaction of HIV Virus and the CD4 T-Cells. A
typical life-cycle of HIV virus and immune system interaction
is shown in Figure 1.

Let X(t) be the size of the healthy cells population at
time t, Y(t) be the size of infected cell population at time
t, and V(t) be the size of the virons population at time
t. In the model to be formulated, it is now assumed that
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FIGURE 1: The interaction of HIV virus and the CD4+ T cells.

instead of rates of births and deaths, there is a possibility
of stochastic births or deaths of the heathy cells, infected
cells and the virus particles. Thus, X(¢), Y (), and V(¢) are
time-dependent random variables. This epidemic process can
be modeled stochastically by letting the nonnegative integer
values process X(t), Y(t), and V(¢), respectively, represent
the number of healthy cells, infected cells, and virons of the
disease at time t. Then, {(X(¢),Y(¢),V(¢)) : t > 0} can be
modeled as continuous time multivariate Markov chain. Let
the probability of there being x healthy cells, y infected cells,
and v virons in an infected person at time ¢ be denoted by
the following joint probability function: P, , ,(t) = P[X(t) =
x%Y(t) =y, V() =v],forx, y,v=10,1,2,3....

The standard argument using the forward Chapman-
Kolmogorov differential equations is used to obtain the
joint probability function P, , ,(t), by considering the joint
probability P, (£, + At). This joint probability is obtained
as the sum of the probabilities of the following mutually
exclusive events.

(2) Population Change Scenarios. Consider the following
points.

(1) There were x healthy cells, y infected cells, and v
virons by time ¢, and nothing happens during the time
interval (¢,t + At).

(2) There were x — 1 healthy cells, y infected cells, and
v virons by time t, and one healthy cell is produced
from the thymus during the time interval (¢, + Af).

(3) There were x + 1 healthy cells, y infected cells, and v
virons by time t, and one healthy cell dies or is infected
by HIV virus during the time interval (t, ¢ + At).

(4) There were x healthy cells, y — 1 infected cells, and
v virons by time ¢, and one healthy cell is infected by
HIV virus during the time interval (¢,¢ + At).

(5) There were x healthy cells, y + 1 infected cells, and
v virons by time ¢ and one infected cell dies (HIV-
infected cell bursts or undergoes a lysis) during the
time interval (¢, 7).

(6) There were x healthy cells, y infected cells, and
v — 1 virons by time ¢ and one viron is produced
(HIV-infected cell undergoes a lysis or the individual
angages in risky behaviour) during the time interval
(t,t + Ab).

(7) There were x healthy cells, y infected cells, and v + 1
virons by time ¢, and one viron dies during the time
interval (t,t + At).

We incorporate a time delay between infection of a cell
and production of new virus particles, we let 7 be the time lag
between the time the virus contacts a target CD4 T cell and
the time the cell becomes productively infected (including
the steps of successful attachment of the virus to the cell and
penetration of virus into the cell); this means the recruitment
of virus producing cells at time t is given by the density of cells
that were newly infected at time ¢t — 7 and are still alive at time
t. If we also let p be the death rate of infected but not yet virus
producing cell, then the probability that the infected cell will
survive to virus producing cell during the short time interval
7 will be given by e .

(3) Variables and Parameters for the Model. The variables and
parameters in the model are described as in Table 1.

Using the population change scenarios and parameters
in Table 1, we now summarize the events that occur during



TABLE 1: (a) Variables for the stochastic model. (b) Parameters for
the stochastic model.

(a)
Variable Description Imtlaltcinz)dltlon
X() The concentration of uninfected 100

CD4 cells at time ¢

Y(t) The con.centratlon of infected CD4 0.02
cells at time ¢

The concentration of virus particles

V) at time ¢t 0.001
(b)

Parameter s .
Parameter description Estimate

symbol

(1-a) The reverse transcriptase inhibitor 05
drug effect

(1-w) The protease inhibitor drug effect 0.5

1 The total rate of production of healthy 10
CD4 cells

s The per capita death rate of healthy 0.02
CD4 cells '
The transmission coefficient between

B uninfected CD4 cells and infective 0.000024
virus particles
Per capita death rate of infected CD4

K 0.5
cells
The virus production rate due to risk

4 behaviors 0.001
The per capita death rate of infective 3

H virus particles
The death rate of infected but not yet

P ) . 0.5
virus producing cell

T Time lag during infection 0.5
The average number of infective virus

N particles produced by an infected 1000

CD#4 cell in the absence of treatment
during its entire infectious lifetime

the interval (¢, + A) together with their transition probabili-
ties in Table 2.

The change in population size during the time interval At,
which is assumed to be sufficiently small to guarantee that
only one such event can occur in (t,t + At), is governed by
the following conditional probabilities:

(t + At)

Peyy
= {1 — (AAt + 8xAt + BxvAt + uvAt + kyAt + pAt)
+o (A} P, ,, (1)
+{AAt+0(AD}P, (D)
+{0(x+1) At +0(AD} P, (D)

+{Bx+1)(v+1)e At + o (A1)}
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X Px+1,y—1,v+1 (t)
+{kN (y + 1) At + 0 (AD} Py ()
{YAt +o0 (At)} x,y,v—1 (t)

{(’l (V + 1) At +o0 (At)} X, yv+1 (t)
2)
Simplifying (2), we have the following forward Kolmogorov

partial differential equations for P, (f):

Pl (1) =

ey —{A+0x+ e’

“xv+puv+ Ny +y} P, (1)
+AP 1, () +0(x+1) Py, (£)
+Bx+ 1) (v +1)e Py oy par (1)

+NK()/+1) xy+1v1(t)+yp,y l(t)

SV

+uv+1) Py (B).
3)

This will also be referred to as the Master equation or the
Differential-Difference equation, with the condition

P(;,o,o (t) = = (A +y) Pogg (t) + 8Py (£) + pPyy, (£) . (4)

2.1. The Probability Generating Function. The probability

generating function of (X (), Y (¢), V(t)) is defined by
G (21,2023, t) = Z Z Z oy (021252 (5)
x=0 y=0v=0

Differentiating (5) with respect to ¢ yields
oG (zl, zz, z3,t)

oo o0 o0

P WRSNOL LG

x=0 y=0v=0
Differentiating again (5) with respect to z,, z,, and z; yields
0°G (2,525, 23, 1)
0z,02,0z;

x—1_y-1_v-1
xXyv x},v(t)z zZ, 2z

X_y v
eiLy+Lve (E) 2125 25

7)
x_Y_v

Multiplying (3) by z7 z; z3 and summing over x, y, and v, then
applying (4), (5), (6) and (7) and on simplification we obtain

oG

=Y Y Y (x+D)(y+1)(v+1)P

G - DA+ @16
G oG
+(1—z1)68—21+(z3 )KNa—Z2 (8)

aZ

oG -
+(1- z3)ya—+ﬁep (2, - Zl%)ﬁ
3
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TABLE 2: Transitions of in-host interaction of HIV.
Possible transitions in host interaction of HIV and immune system cells and corresponding probabilities
E Population Population Probability
vent i
(X,Y,V)att (XY, V)at(t,t+A) of transition
Production of uninfected cell (x-1,y,v) (x, y,v) AAt
Death of uninfected cell (x+1yv) (x, v, v) S(x + 1)At
Infection of uninfected cell (x+1L,y-1v+1) (%, y,v) Blx+1)(v+ 1)e TAt
Production of virons from the bursting infected cell (x,y+1Lv-1) (x, y,v) kN(y + 1)At
Introduction of virons due to reinfection because of risky behaviour  (x, y,v - 1) (%, y,v) pAt
Death of virons (x, y,v+1) (x, y,v) ulv + 1)At
This is called Lagrange partial differential equation for the 0G (z;5t) _ 9G (2,1, 151)
probability generating function (pgf). ot ot
Attempt to solve (8) gave us the following solution:
oG
=(z;, -1)AG+(1-2,)0—
(@~ DAG+ (1-2)8 57
G(zy,2y,25,1)
+Be P (1-2) rG
o Y 02,0z,
~ae (@ - DA+ - D1 Flan sy
0G (zy3t)  0G(1,2,,151)
OF (z,,2,,2 ot ot
b (1- gy o e z) e )
Z1 oG °G
=(1-2,)kN— +Be " (2, - 1) ,
9) 0z, 02,0z,
OF (21,25, 23)
+ (N2 - 2g) ko)
22 oG (23;1‘) B aG(l,l,z3;t)
OF (2,25, 23) o o
tl-zme—p; 3G 3G
’ =(z;-1)yG+(z3 - 1)kN— + (1 — z3) y=—
, 0z, 0z,
- 0°F (21,25, 2
+B(e PTZz_lea)—( L) » 2
02,025 —pr 0°G
+Pe P (1-2,) .
02,025
(11)

where a and b are constants.

Equation (9) is not solvable, even for any simple form
of F(z,,z,,z5). However, it is possible to obtain the moment
structure of (X(t); Y(¢); V(t)) from (8).

2.2. The Marginal Generating Functions. Recall that

o0 00 00

G(z;,1,1,t) = Z Z pr,y,v (t) 2.

x=0 y=0v=0

(10)

Assuming thatz, = z; = 1,2z, = z; = l,and 2z, = z; =
1 and solving (8), we obtain the marginal partial generating
functions for X(t), Y(t), and V(t), respectively,

2.3. Numbers of CD4 T Cells and the Virons. Aswe know from
probability generating function,

oG o -
—==)»xP.(t)z"". (12)
0z J;)
Letting z = 1, we have
oG, = .
| = Y xP, ()2 = E[X]. (13)
z=1 x=0

Differentiating the partial differential equations of the pgf, we
get the moments of X(t), Y(¢), and V(t).



Differentiating (11) with respect to z,, z,, and z;, respec-
tively, and setting z, = z, = z; = 1, we have
0
5 EX O] =A-0E[X(®)] - BE[X OV ()],

O BIY (0] = —E[Y (O] + Be FPE[X (O V ()],

ot (14)
0
2ew )

= y+ NKE[Y ()] - uE [V (O] - BE[X () V (O] .
Therefore, the moments of (X(¢),Y(t),V(t)) from the pgf

before treatment are as follows:

2 BIX (0] = A-SE X (0] - BEX OV (0],

OBy ()] = —«E[Y ()] + B FPE (X (O)V (8)].
ot (15)

%)
SELV (1)
=y + NKE[Y ()] - uE[V ()] - BE[X () V (1)].

The corresponding deterministic model of HIV-host interac-
tion as formulated in [24] is given as follows:

dx

S A-ox - prov),
j_)t} =Be " x(t-1)v(t-1)-xy (1), (16)
dv

pn =Y+ Nxy () —uv(t) - Bx () v(t).
Comparing system of (15) with the system of (16), we see
that expected values of the multivariate Markov process
[X(#),Y(t),V(t)] satisfies the corresponding deterministic
model of the HIV-host interaction dynamics.

2.3.1. Simulation. Using the parameter values and initial con-
ditions defined in Table 1, we illustrate the general dynamics
of the CD4-T cells and HIV virus for model (15) during
infection and in the absence of treatment.

The second graph in Figure 2 is the population dynamics
after taking the logarithm of the cell populations in the first
graph.

From the simulations, it is clear that in the primary
stage of the infection (period before treatment), a dramatic
decrease in the level of the CD4-T cells occurs and the
number of the free virons increases with time. With the
introduction of intracellular delay, the virus population drops
as well as an increase in the CD4, cells but then they stabilize
at some point and coexist in the host as shown in Figure 2.

3. HIV and CD4 Cells Dynamics under
Therapeutic Intervention

Assume that at time ¢ = 0, a combination therapy treatment
is initiated in an HIV-infected individual. We assume that
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the therapeutic intervention inhibits either the enzyme action
of reverse transcriptase or that of the protease of HIV in an
HIV-infected cell. An HIV-infected cell with the inhibited
HIV-transcriptase may be considered a dead cell as it cannot
participate in the production of the copies of any type of
HIV. On the other hand, an HIV-infected cell in which
the reverse transcription has already taken place and the
viral DNA is fused with the DNA of the host, but the
enzyme activity of HIV-protease is inhibited, undergoes a
lysis releasing infectious free HIV and noninfectious free
HIV. A noninfectious free HIV cannot successfully infect
a CD4 cell. Accordingly, at any time ¢, the blood of the
infected person contains virus producing HIV-infected cells,
infectious free HIV, and noninfectious free HIV. A typical
life cycle of HIV virus and immune system interaction with
therapeutic intervention is shown in Figure 3.

Introducing the effect of treatment, the Lagrange partial
differential equation becomes

aa_(l'; = {(21_1)A+(Z3_l)y}G+(1_Z1)8§7G

1
oG G
+(1-w)(z - zz);cNa—Z2 +(1- 23)ya—z3 (17)

G

+(1-a) Be " (2, - 2123) 3795
1 3

3.1. The Marginal Generating Functions. Recall that

18

G(z;,1,1,t) = OZO:OZO:

x=

PX,)/,V (t) Zic' (18)

(=}

0

V:

(=}
=

Settingz, = z; = 1, 2z, = z3 = 1, and z, = z; = 1 and solving
(17), we obtain the marginal partial generating functions for
X(t), Y(t), and V(t), respectively, as:

0G (z;5t)  0G (2,1, 15¢)
o ot

oG
=(z; - 1)/\G+(l—zl)66—z1

(- ’G
1- (1-a)pT 1- ,
t-a)pe (1-2) 02,025
0G (z5t)  0G (1,2, 15t)
or ot
oG
=(1—w)(N—zz)Ka—Z2
°G

+(1—a) " (2, - 1)

0z,0z;
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FIGURE 2: The figure shows the CD4 cells and HIV virus population dynamics before therapeutic intervention and when 7 = 0, 1.5, and 2
days. The other parameters and initial conditions are given in Tables 1 and 2.

0G (z33t)  0G(1,1,251)

ot ot

oG
=(z;-1)yG+ (1 - w) (23— 1) kN=—
0z,

G

+(1 —Zs)ﬂa—z3

+(1—a) Be 177 (1-2,) CAS
) 02,0z,
19)

3.2. Numbers of CD4+ T Cells and Virons under Therapeutic
Intervention. From probability generating function one gets

G,
oz

ixpx O (20)
x=0

Letting z = 1, we have the expected number of target CD4+
T cells X (t) as follows:
oG,

EX®l= =7

z=1

(21)

o0
ZxPx O
x=0

Differentiating the partial differential equations of the
pgf, we get the moments of X(t), Y(t), and V(t).

Differentiating (19) with respect to z;, z,, and z;, respec-
tively, and setting z; = z, = z; = 1, we have

%E (X ()] = A~ SE[X ()] - (1 - o) BE[X () V (1)),

0
5 EY O] =-«E[Y ()]

+(1-a)Be TTE[X (1) V ()],
2BV O] =+ (1~ @) NREIY (0] - 4E[V (0]

-(1-a) BE[X () V (1)].
(22)
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Therefore, the moments of (X(¢),Y(t),V(t)) from the pgf
with therapeutic intervention are

SEX(®)]=A-0E[X ()] -(1-a)BE[X )V ()],

ZE[Y ()] = —«E[Y ()] +(1-a)fe "TE[X 1)V (1)],

ot

%E V()] =y+(1-w) NkE[Y (£)]
—UE[V(®)] -1 -a) BE[X () V (1)].
(23)

3.2.1 Simulation. Using the parameter values and initial con-
ditions defined in Table 1, we illustrate the general dynamics
of the CD4-T cells and HIV virus for model (23) with
therapeutic intervention and test the effect of intracellular
delay and drug efficacy (perform sensitivity analysis).

With 60% drug efficacy, the virus stabilizes and coexists
with the CD4 cells within the host as shown in the first graph
in Figure 4.

Introducing intracellular time delay, T = 0.5, the CD4
cells increase and the virus population drops then stabilizes
and again coexists within the host as illustrated in the second
graph in Figure 4.

For = 1 and with 60% drug efficacy, the dynamics
change as shown in the last graph in Figure 4.

We now analyze drug effectiveness on the cell popula-
tions.

Figure 5 shows that, with improved HIV drug efficacy, a
patient on treatment will have low, undetectable viral load
with time. It also shows that the protease inhibitor drug
efficacy is very important in clearing the virus. Also the figure
shows that a combination of therapeutic intervention and
intracellular delay is very important in lowering the viral load
in an HIV-infected person.

3.3. The Probability of HIV Clearance. We now calculate the
distribution of times to extinction for the virons reservoir.
If we assume the drug given at fixed intervals to sustain its
efficacy to be effective in producing noninfectious virus, then
we can clear the infectious virus. Using reverse transcriptase
(ART), the infected cell can be forced to become latently
infected (nonvirus producing cell) hence clearing the virus
producing cell reservoir. If we assume that no newly infected
cells become productively infected in the short time (e ** =
0) or that treatment is completely effective (w = 1), we can
obtain the extinction probability analytically. In this case, the
infectious virus cell dynamics decouples from the rest of the
model and can be represented as a pure immigration-and-
death process with master equation

Pi(t)= ~(y+x(1-w)N)P,(t)
—v(u+ (1 -a)e”B)P, (1)
+(-1)(y+x(1-w)N)P,_, (t)
+ v+ 1) (u+(1-a)e " B) Py (8),

(24)
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FIGURE 4: The figure shows the CD4 cells and HIV virus population dynamics with drug efficacy of 60% and 7 = 0, 0.5, and 1 days. The other

parameters and initial conditions are given in Tables 1 and 2.

where P,(t) is the probability that, at time ¢, there are v
HIV particles. This probability has the conditional probability
generating function

Gv (Z’ t) |V(0):v0

. (25)
= exp {g (z-1) (1 _ e—et)} {Ze—et 11— e_et} 3

where v, is the initial virus reservoir size, 6 = p+ (1 -a)Be "
and € = y + (1 — w)kN. We noticed that this is a pgf of
a random variable with a product of Poisson distribution
exp{(6/e)(z — 1)(1 — e %)} with mean (6/e)(1 — ¢ *) and a
binomial distribution {ze % + 1 — e %}".

The probability of this population going extinct at t or
before time ¢ is given by

Pext (t) |V(0):v0 =P (V =0, t) |V(0):v0 = Gv (0> t) = pO (t)

—exp {2 (e ) -

(26)

The probability of extinction is the value of G, (z, t) whent —
00, that is,

pext = PO (OO)

€xXp 4 —
t— 0o €

= lim (e_et - 1)} {1 - e_et}v0>

(27)
_ e*G/e

= o (ur(1-0)pe ™)/ (y+(1-w)eN))
From (27), it is evident that probability of clearance of HIV is
affected by the combination of drug efficacy and intracellular
delay, death of the virons and education (counseling the HIV
patients on the risk of involvement in risk behaviors).

4. Discussion and Recommendation

In this study, we derived and analyzed a stochastic model for
in-host HIV dynamics that included combined therapeutic
treatment and intracellular delay between the infection of a
cell and the emission of viral particles. This model included
dynamics of three compartments—the number of healthy
CD4 cells, the number of infected CD4 cells, and the HIV
virons—and it described HIV infection of CD4 T cells before
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FIGURE 5: Shows the CD4 cells and HIV virus population dynamics with 7 = 0.5 days and different levels of drug efficacy. The other parameters

and initial conditions are given in Tables 1 and 2.

and during therapy. We derived equations for the probability
generating a function and using numerical techniques. In this
paper we showed the usefulness of our stochastic approach
towards modeling HIV dynamics by obtaining moment
structures of the healthy CD4+ cell and the virus particles
over time t. We simulated the mean number of the healthy
CD4 cell, the infected cells, and the virus particles before and
after combined therapeutic treatment at any time t. We will
emphasize further usefulness of stochastic models in HIV
dynamics in our future research.

Our analysis during treatment shows that, when it is
assumed that the drug is not completely effective, as it is the
case of HIV in vivo, the predicted rate of decline in plasma
HIV virus concentration depends on three factors: the death
rate of the virons, the efficacy of therapy, and the length of
the intracellular delay. Our model produces an interesting
feature that the successfully treated HIV patients will have
low, undetectable viral load. We conclude that to control the
concentrations of the virus and the infected cells in HIV-
infected person, a strategy should aim to improve the cure
rate (drug efficacy) and also to increase the intracellular delay
7. Therefore, the efficacy of the protease inhibitor and the

reverse transcriptase inhibitor and also the intracellular delay
play crucial role in preventing the progression of HIV.

The extinction probability model showed that the time it
takes to have low, undetectable viral load (infectious virus)
in an HIV-infected patient depends on the combination of
drug efficacy and intracellular delay and also education of the
infected patients. In our work, the dynamics of mutant virus
were not considered, and also our study included dynamics
of only three compartments (healthy CD4 cell, infected CD4
cells, and infectious HIV virus particles) of which extensions
are recommended for further extensive research. In a follow-
up work, we intend to obtain real data in order to test the
efficacy of our models as we have done here with simulated
data.
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