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Abstract

This work concerns a particular application of the Optimal
Control Theory to a model related to HIV infection
dynamics. The mathematical model adopted in this work
was proposed by Nowak et al., 1996 and describes the
dynamics of viral concentration in terms of interaction
with CD4 cells and the cytotoxic T lymphocytes, which are
responsible for the immune defense of the organism. The
control variable is the drug dose, which, in turn, affects the
rate of infection of CD4 cells by HIV virus. The cost
function to be minimized is a weighted sum of the final
viral load and the accumulated side effects. Simulation
results show that the optimal control scheme can achieve
improved quality of the treatment in terms of reduction in
the viral load and quantity of administered drugs, but has
the inconvenience related to the necessity of frequent and
periodic laboratory analysis to provide feedback
information to adjust the doses.

1. Introduction

Mathematical and computational models have received
growing recognition as a powerful tool for analysis in
several branches of the human knowledge such as biology,
economics and sociology and are no longer confined to
traditionally quantitative fields of exact and technical
sciences such as physics and engineering (LEVIN, 1997).
A number of works deal with the mathematical models for
computer simulation of infectious diseases, particularly by
viruses: NOWAK et al. 1991,1995,1996,1997; REGOES
et al., 1998; WEIN et al. 1998; ASACHENKOV et al.,
1994; BRUNI et al., 1975; CHERRUAULT et al., 1986;
MOHLER et al, 1980; MURRAY, 1980. The
mathematical models can be useful to describe situations
that will be impossible to test in humans, such as required
in ‘what if’ analysis and can also provide a basis for a
quantitative approach, for instance, to optimize the
administration of drugs.

In this work, the optimal control theory is used to reduce
the final viral load while taking into account the
accumulated side effect. The optimal control theory has
been applied to many problems in engineering (CESARI,
1983; MOHLER ET al., 1980) and there exist a number of
efficient numerical methods to find the solution (STOER
and BULIRSH, 1980).

The mathematical model is of crucial importance and the
one proposed in NOWAK et al., 1991, is used here. The
model comprises a system of four non-linear ordinary
differential equations that describe the number of
uninfected CD4 cells, infected cells, free virus and
cytotoxic T lymphocytes.

2. The Mathematical Model

The dynamic model proposed by NOWAK AND
BANGHAM, 1996, consists of a system of four non-linear
ordinary differential equations that specifically describe
the variation of the variables x(t), y(t), v(t) and z(t) in
function of the time t € R*. These variables represent,
respectively, the amount of the healthy CD4 cells (x),
infected CD4 cells (y), free virus (v) and the HIVV-antigen
specific cytotoxic T lymphocytes (z).

% = % —dx(t) - Bx(t)v(t)

% = BOX(OV() - ay(t) - py(Dz(t) (1)
? = ky(t) - uv(t)

? — cy(Hz(t) - b(t)

Appropriate initial conditions are assumed to be given
(boundary conditions) and in order to avoid numerical
difficulties during the integration, a normalization of the
variables are introduced.



The real parameters required in the model are: A = rate of
production of infected cells; D = mortality rate of the
infected cells; a-rate of natural death of infected cells; B(t)
= infection rate of healthy CD4 cells by HIV virus; p = rate
of death of infected cells; b = rate of natural decline of
CTL; ¢ = rate of production of CTL; u-rate of natural
decline of free virus; k = rate of production of free virus
(which may be time variant).

In this model, the amount of healthy CD4 cells reproduce
according to a fixed rate A, but are attacked by the virus
produced by other cells of its type, so that reproduction
rate should decrease with to the existent amount of CD4,
namely -Dx(t). Moreover, as those cells interact with the
virus, its reproduction rate decreases according to the term
- Bx(Ov(b).

The infected cells depend on the density of cells in
organisms that are amenable to be infected by the virus.
Therefore, the growth of those cells y(t) will be
proportional to the amount of healthy cells, which are
succeptible to be infected x(t), and of the viral load v(t),
with weighting factor . This growth must be discounted
by a term that represents the cells in terminal phase of
destruction represented by ay(t) and also another term that
is associated with the number of cells destroyed by the
lymphocytes, py(t)z(t).

The density of virus v(t) increases in proportion to the
infected cells once their replication depends essentially on
the viral DNA code inside the cell, and this is represented
in the model by k(t)y(t). However, the virus can be
destroyed by the lymphocytes or suffer from erroneous
decoding by reverse transcriptase enzyme (GALLO,
1994), which yields the term uv(t).

The model takes into account the production of cytotoxic T
lymphocytes by the organism. This production depends on
the antigenic characteristics of the viral particles,
represented by cy(t)z(t) and a natural decline rate -bz(t).

3. The Optimal Control

The problem of drug administration in cast into the optimal
control form, where the dose m(t) affect the infection rate
of healthy CD4 cells B(t). The objective is to minimize the
cost functional

t
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subject to the state equations (1). The proposed cost
functional J attempts to balance the accumulated side
effect of the drug (the integral term) and the final viral load
(the terminal cost). The choice of the weight ¥ depends on
the subjective evaluation of the relative importance of the
side effects and the reduction of the viral load over a fixed
time horizon by the clinical staff.

It is assumed that the parameter B presents an exponential
characteristic with respect to m,

B(t)y=e " ®)

where m(t) is the drug dose at time t, so that f becomes
small when large doses m are used but can never become
zero.

The boundary conditions are:

X(0) = Xq
y¥(0) = Yo (4)
v(0) = v
z(0) =z
X(tr) = y(td) = v(tr) = z(t) = free
The Hamiltonian for this optimal control problem is:
H =2, (L —dx(t) - Bx(t)v(t))+
+ 2, (Bx()v(D) —ay(t) - py(H)z(D) + 5)
+ 2, (K(Oy() - u(tv(t) +

+ 2, (cy(t)z(t) — bz(t))+ x{

m* (t)
2

where the A, Ay, Ay, A, are the adjoint variables or co-state
variables and A; corresponds to the augmented state
introduced to transform the original cost function in Bolza
form into Mayer form (CESARI, 1983).

For the sake of simplicity of notation, the following
shorthand will be used for the state variables x(t) = x;
y(t)=y; v(t) = v; z(t) = z and the controls variables m(t) = m
(and, correspondingly, B(t) = B)..

The differential equations governing the adjoint variables
are obtained by differentiation of the Hamiltonian function,

dr, oH
dt  ox
dh,  oH
at oy (6)
dr,  oH
dt ov
dr, ~ oH
dt oz
which, in a more explicit form become:
dA,
at =1, d+2A,Bv—2 BV
di,
T Aja+i pz—A k-2, cz (7
dr, =ABX—=A PX+A U
dt X Y v
ar, =A - ALb
at yPY —ACYy+ A,

The value of the optimal control variable at each instant
can be found by noting that it minimizes the Hamiltonian
(Pontriagin’s Minimum Principle, CESARI, 1983) and,
therefore, must satisfy the necessary condition:

oH
=0 8
om* ®)

yielding the expression for the optimal drug dose:




m +ie ™ xv-21e " xv=0 (9)

Solutions to general non-linear optimal control problems
may be difficult to be found and a numerical method must
be invoked. The integration of the differential equations
was carried out using the Runge-Kutta-Felberg 7/8
integrator with adaptive step-sizes (STOER et al, 1980),

4.00

while the two point boundary value problem (TPBVP)
corresponding to the present optimal control problem
(equations 10 — 14) was solved by a step descent numerical
method. The step descent method is fast at initial stages,
presenting quadratic convergence, but when the iterations
approach the optimum point, it becomes slower.
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Figure 1 - Optimal Drug Doses (Optimal Control Law)

4. The Results

The state equations (1) were simulated for the cases p = 1
(no treatment) and p = B(t) (optimal drug doses, Figure 1)
using the initials conditions and the values of parameters
obtained from NOWAK AND BANGHAM, 1996,
presented in Table 1.

In Figure 1, the number of uninfected CD4 cells is seen to
decay rapidly for non-treated patients (without control),
while it is kept at an adequate level when optimal
treatment scheme is used (optimal control). Figure 2 shows
that the number of infected CD4 cells decline with
treatment, while without treatment, it tends to increase.
The same happens with the number of free virus, as shown
in Figure 3. The initial increase in the number of
lymphocytes in untreated patients in seen in Figure 4.
Modifications of the weight ¥ or moderate uncertainties in
the model parameters (+10%) change the value of the
optimal doses, but the overall shape of the curves (Figures
1-5) are preserved. Therefore, despite the difficulty with
the estimation of the model parameters and the subjective
nature of the choice of the cost functional, the proposed
method provides some interesting insight into the
dynamics of AIDS and may be a useful tool in medical
training.

Parameters Values
A 1.0
d 1.0
a 0.8
B 1.0
p 0.05
b 0.01
C 0.1
u 0.01107
k 1.0
Variables Values
x(0) 1.0
y(0) 0.2
v(0) 0.8
2(0) 0.03
ts 12

Table 1 Values of the model parameters and initial
condition used in the computer simulation
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Figure 2 - Number of Uninfected CD4 Cells for the cases
without control and with optimal control

5. Conclusions

The optimal control theory can be used to determine the
optimal drug doses if a mathematical model of the
infection and the values of the model parameters are
available. In general, the task of estimating the model
parameters for each patient may be very difficult to be
carried out. However, the proposed methodology can still
be useful in ‘what if’ type of analysis, where the medical
staff can evaluate the effects of the alternative treatment

schemes such as pulsed control (high doses applied at
spaced intervals in time), constant control (moderate doses
kept constant during a long period), adaptive control (one
such scheme could be the use of doses that are proportional
to some easily measurable variable) and others. The
optimal control scheme yields the best results in terms of
the chosen cost functional, as verified by extensive
simulations, if the model is accurate (the model parameters
are known and effects such as the presence of mutant virus
are absent).
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Figure 3 - Number of CD4 Cells infected by HIV virus for the cases
without control and with optimal control
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Figure 4 - Number of Free Virus for the cases without control
and with optimal control

6. References

ASACHENKOV, A.; MARCHUK, G.; MOHLER, R;;
ZUEV, S. - Disease Dynamics, Birkhauser, Boston, 1994.
BRUNI, C.; GIOVENCO, M.A.; KOCH, G.; STROM,
R. - A Dynamical Model of Humoral Immune Response.
Math. Biosciences, vol. 27, 1975, pp. 191-221.

CESARI, L. - Optimization: Theory and Applications,
Springer Verlag, New York, 1983.

CHERRUAULT, Y. - Mathematical Modelling in
Biomedicine, D. Reidel, Dordrecht, 1986.

GALLO, R. - "Caga ao Virus, AIDS - Cancer e Retrovirus
Humano, A Histéria de uma Descoberta Cientifica",
Editora Siciliano, S&o Paulo, 1994.

0.12

0.08 —

—@— Without Control
—Jl— Optimal Control

Lymphocytes

0.00 . i

0.00 4.00

T [ T
8.00 12.00

Time

Figure 5 - Number of Lymphocytes for the cases without control
and with optimal control



LEVIN, S.A; GRENFELL, B.; HASTINGS, A;
PERELSON, A.S.- "Mathematical and Computational
Challenges in Population Biology and Ecosystems
Science", Science, Vol. 275, jan, 1997, pp 334-343.

MOHLER, R.R.; BRUNI, C.; GANDOLFI, A. - A
Systems Approach do Immunology, Proc. IEEE, Vol. 68,
No 8, aug, 1980, pp. 964-990.

MURRAY, J.D. - Mathematical Biology, Springer Verlag,
New York, 1989.

NOWAK, M.A.; ANDERSON; R.M.: McLEAN, AR;
WOLFS, T.F.W.; GOUDSMIT, J.; MAY, RM. -
"Antigenic Diversity Thresholds and the Development of
AIDS", Science, Vol. 254, November,1991, pp 963-969.

NOWAK, M.A.; BONHOEFFER, S.; SHAW, G.M,;
MAY, R.M. Anti-viral Treatment Dynamics of Resistance
in Free Virus and Infected Cell Populations, J.Theoretical
Biology, (1997), 184, 203-217.

NOWAK, M.A.; MAY, R.M.; PHILLIPS, R.E;
JONES, S.R; LALLO, D.G; McDAM S;
KLENERMAN, P.; KOPPE, B. ;SIGMUND, K
BANGHAN, C.R.M.; McMICHAEL, A.J. - "Antigenic
Oscillations and Shifting Immunodominance in HIV
infections", Nature, Vol. 375, June, 1995, pp 606-611.
NOWAK,M.A. and BANGHAM,R.M. - “Population
Dynamics of Immune Responses to Persistent Viruses”,
Science, Vol. 272, April,1996, pp 74-79.

REGOES,R.R.; WODARZ, D.; NOWAK, M.A.; Virus
Dynamics: the Effect of Target Cell Limitation and
Immune Response on Virus Evolution, J.Theoretical
Biology, (1998), 191, 451-462.

STOER, J. and BULIRSCH, R. - Introduction to
Numerical Analysis, Springer Verlag, New York, 1980.
WEIN, M. L.; D’AMATO, R.M.; PERELSON, A. S;
Mathematical Analysis of Antiretroviral Therapy Aimed at
HIV-1 Eradication or Maintence of Low Viral Loads,
J.Theoretical Biology, (1998), 192, 81-98.



