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Abstract. We investigate an optimal treatment strategies with mathematical population
model of HIV-1 infection dynamics. We establish the existence of an optimal control for this
model and provide necessary conditions for the optimal treatment. Pontryagin’s maximum
principle is used to characterize these optimal controls, and the optimality system is derived.
The optimal treatment strategy is obtained by solving the corresponding optimality system
numerically. For the numerical simulation, we propose a new algorithm based on the Euler

forward and backward difference approximation.

1. INTRODUCTION

Several drugs that substantially decrease morbidity and mortality in HIV-
infected patients have been developed in the last few years. A number of
researchers have searched for optimal treatment strategies that can decrease
virus mutations, pharmaceutical side effects, and complex and expensive med-
ication burdens. The structured model of HIV-1 dynamics has three state
variables: T'(t) which represents the number of uninfected CD4A1T cells at
time ¢; T*(¢) which represents the number of infected C D4 T cells at time ¢;
and V(t) which represents the number of virus particles at time ¢t. The main
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target cell of HIV is the C D4™T helper cells. Now, we here introduce the con-
trol term 7 represents the effectiveness of the reverse transcriptase inhibitors
(RTT), which block new infection. Hence, the equation become as follows,

ar T@t)\ (1-=n)BTH)V()

o = A—=dT(t)+rT(t) (1— I ) — L+ al )

ar  (1-n)BT{t—-1)V(t—71) .

a 1+aT —oT(),

% — NOT*(t) — V(1) (L.1)

A represents the rate at which new T cells are created from sources, r is the
maximum proliferation rate of target cells. K is the T cell population density
at which proliferation shuts off. Parameter d and § are death rate of the T’
cells and infective cells (T*), BT (t)V (t) is the incidence of HIV-1 infection
for CD4TT cells, each infected CD4TT cell is assumed to be produce N
virus particles during its life time, including any of its daughter cells and ¢
is the clearance rate constant of virions. « is the parameter that measure
the inhibitory effect and the intracellular delay, 7 represents the time needed
for infected cells to produce virions after viral entry. Thus the infection rate,
B, is reduced to (1 —n)B, where 0 < pin < 7 < Nmax < 1. Here npin and
Nmax represent minimal and maximal drug efficacy, respectively. when 7 > 0,
the solution of the system (1.1) are defined in [1, 2] by the following initial
conditions:

T(0)=¢1(0), T7(0)=¢200), V(0)=¢3(0);
$1(0) >0, ¢2(0) >0, ¢3(0) >0, 6¢[-7,0]. (

1.2)
System (1.1) has to be analyzed with the initial conditions ¢ = (¢1, ¢2, ¢3)
defined in the space C;g = {¢ € O([-7,01,R3) : ¢1() = T(0),92(0) =
T*(0), p3(0) = V(0)}, where T() > 0, T*(6) > 0, V(0) > 0,0 € C([—7,0],R3);
is the Banach space of continuous functions and is a mapping from [—7,0] to
Ri, where

R} ={(T,T*,V):T,T*,V > 0}.

It can be shown that all solutions of the system (1.1) in C¢. Thus, CJ is
positively invariant and it is sufficient to consider solutions in Cg. From [3]
standard existence and uniqueness results hold for system (1.1) in Cg :

2. AN OPTIMAL CONTROL PROBLEM

In this section, we formulate an optimal control problem together with
HIV-1 infection model (1.1) to derive the optimal treatment strategies. We
minimize not only the virus population but also the systemic cost of drug
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treatment. The cost of the treatment comes from both the actual treatment
cost and the severity of the unintended side effects of the drugs. Therefore,
our main objective is to optimize the functional as follows,

t

max J() = / (T(t) V() — (32’7[77@)]2)) dt, (2.1)
0

where B, is the weight constants to balance the quantity of virus particles
and the control function, our control function 7 represents the drug (RTI)
effectiveness satisfying 0 < 9min < 7 < Nmax < 1. The control class is chosen
to be the measurable functions defined on [0,ty], with the initial condition
0 < Nmin <1 < NPmax < 1. In other words, we are seeking optimal control n*
such that

max J(n*) = max{J(n) :n is Lebesque-integrable on [0, ;] with values
eW = [nmin’ nmax]}

2.1. Existence of an optimal control. The approach to solve an optimal
control problem is to first prove the existence of an optimal control and then
characterize the optimal control by using the optimality system. We now prove
that there exists an optimal control that minimizes the objective functional
(2.1) subject to the HIV-1 dynamical model. The existence of an optimal
control can be obtained by using a result from Fleming and Rishel [4] and by
Lukes in [5].

Theorem 2.1. There exists an optimal control n* € W such that

J(n") = ;%%J(n)- (2.2)

According to [4], the solution exists if the following hypotheses are met:

(1) The set of controls and corresponding state variables is non-empty.

(2) The admissible control set W is closed and conver.

(3) The right-hand side of the state system is bounded by a linear combi-
nation of the state and control variables.

(4) There exists constants hy,hy > 0 and § > 1 such that the integrand
L(T,T*,V,n) of the objective functional satisfies

L(T,T*,V,n) < hy = ha(|nl?),
of the objective functional is a concave on W.

Proof. In order to verify the conditions, we should first prove the existence

of the solution for the system (1.1), Since g fZT < f and by neglecting the
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negative terms in the model, we have

dT(#) AT (1) v (t)
“dr 7 (1=n)BV(t—T), 7

System (2.3), can be written in the matrix form as follows,

< A+rT,

< N6T*.  (2.3)

/

T(t) ro 0 0] [T 00 0 T(t—7)
T*t)| <o o o [T*®)|+ |0 0 A-nB| |Tt-7)|, (24)
V(t) 0 N5 0| | V@) 00 0 V(t—1)

where / = %. This system is linear in finite time with bounded coeflicients.

Then the solutions of this linear system are uniformly bounded. Therefore,
the solution of the non-linear system (2.1) is bounded and exists by [5]. Hence
the condition (1) is satisfied.

Secondly, we note that W is closed and convex by definition. For the third
condition, the right hand side of system (1.1) is continuous, since the denom-
inators of all fractions from the right hand side of this system consist solely
of positive entities. Note that the integrand of our objective functional is
concave. Also we have the last condition needed

L(T,T*,V,n) < ha — hi(|n?),

where hy depends on the upper bound on 7" and V' and h; > 0 since B;, > 0.
This completes the proof. O

2.2. Optimality conditions. In this section, we establish the necessary con-
ditions for the optimal solution of the optimization problem (1.1), we use
Pontrygian’s minimum (maximum) principle is derived by

H=T(t)+ V() - <B2"[77(t)]2> 0 D ()
and \;, ¢ = (1,2,3) are the adjoint variables that satisfy
N = =T = X O g ¢+ 75 Naleg) =0,
M) = O (1) dolt) =0
(O = =50 ~ Xoa, A0 g 047 Nl =0 (26

Here xo¢,—r denotes the indicator function of the interval [0,ty — 7] and
defined by

. 1, tE[O,tf—T],
Xlots=7] = { 0, otherwise. (2.7)
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To minimize the Hamiltonian functional, the Pontryagian’s minimum principle
[6] is used. Thus, we arrive at the following theorem.

Theorem 2.2. Given an optimal control n* and solutions of the corresponding
state system (1.1), there exist adjoint variable \; for i = 1,2,3 satisfy the
following:

O
acum)

+>‘2(t+7—) X[0,tf—7]
Ap(t) = — (A2(=6) + A3(N

Ny(t) = <1+/\ ((14:7)?)

with transversality conditions

Ai(tp) =0; i=1,2,3. (2.9)

),

+A3(— V)—i—)\z(t—i-T)X[O’tf_T}M) (2.8)

(
(1+
9)

and the optimal control

L BI'V' | BT (t—n)V*(t—7)
7 —m1n<1,max <0 Bn <)\11+ T*—)\z Tt aT*(1—7) ))) (2.10)

Proof. The optimal control n* can be solved from the optimality condition
(%%(t)) = 0, By using the handedness of the control set W, it is easy to
obtain 7* is in the form of (2.10). O

3. NUMERICAL CALCULATIONS

In this section, we give a numerical method to solve the optimality system
(2.8), (2.9) and (2.10) are present the results. The optimal system is solved
numerically and the results are presented graphically. Our findings leading to
the approximation of the optimal controls (2.8-2.10) are carried out using the
forward Euler method for the state system and backward difference approx-
imation for the adjoint system. We assume that the step size h, such that
T =mh and t; —tg = nh, where (m,b) € N2. We define the state, adjoint and
control variables at the mesh points. An initial guess is given for the control
7 which is then updated continuously untill the objective functional satisfies
the conditions. However, there are several major problems to overcome when
solving delay differential equations.

The different variables (cell populations and control functions) in the ob-
jective functional given in (2.1) have different scales. Hence they are balanced
by choosing weight constants B, = 1 and 2 in the objective functional given
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n (2.1). The numerical results for the optimal problem are obtained by using
the parameter values given in Table 1 ([7]).
By using the Theorem 2.2, for 7 = 3, the state equation (1.1) as follows:

dT T(t)\ (1 —n)0.0002T(t)V (t)

g — 0~ 00IT(@) +0.5T(%) < 1200> 140017
dT _ (1 —=n)0.00027(t — 7)V(t — T) AT,

dt 1+0.01T

‘%/ = 800T™*(t) — 5V (t), (3.1)

and using the parameter values from Table I, we obtain the optimal control
variable n = 0.5 was followed from (2.10).

Table I. Parameters and Values

Parameter Units Scaling values
A day~Imm™3 5
d day~! 0.01
r day~! 0.5
K mm3day ™! 1200
B mm ™3 0.0002
0 day ™! 1
N mm3day 800
c day~! 5
T day—! 3

The graph from simulating the model, given below, help to compare the
uninfected cells, the infected cells, and the viral load for using with no control
and minimal level of control variables with the help of weight factor constants.
Each control strategy can be calculated within 10 days.

Figue 1
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Figs: From figure (1)-(3) shows the simulation of the system (2.8)-(2.10) with RT1T,
using these initial conditions 7°(0) = 30,7™(0) = 400,V (0) = 600, with B,, = 1 for

T=23.

Using the Table I values, we have noticed that the growth of uninfected cell
decreased to a large level. In order to determine, under what level of control
variable, the target cell of C D41 T cell has not to be infected may shown from
the following figures. From the above figures (1)-(3) represent with using no
control variable, since the growth of uninfected cell is decreasing the large level.
For using the small level of control variable, the growth of the uninfected cells
maintained a level of the growth. It may shown from the following figures.
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Figue6
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Figs: Figure (4)-(6) shows the simulation of the system (2.8)-(2.10) with RTI, us-
ing these initial conditions 7'(0) = 30,7*(0) = 400, V(0) = 600, with B,, = 1 for 7 = 3.

From the figures (4)-(6), we noticed that the small level of desirable con-
trol variable 7 = 0.5 can be easily control the growth rate of uninfected cells,
infected cells and minimize the viral load. Based on the above simulation, we
showed that small level of treatments, the CD4™T population grows signifi-
cantly which improves the quality of life of the patient.

4. CONCLUSION

Firstly, we given a delay mathematical model with control that describe
HIV infection of C D41 T cells during therapy. Hence, we presented an optimal
therapy in order to minimize the cost of treatment, reduce the viral load, and
improve immune response. For the comparison study of both without control
and with control, the small level of control may lead to block new infection
and prevent viral production by using drug therapy with minimum side effects.
Our numerical results show that the optimal treatment strategies reduce viral
load and increase the uninfected CD4"T cell count after two days of therapy
intervention.
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