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Abstract. The paper is devoted to the study of the dynamical model of HIV. An
application of the technique of singular perturbation theory allows us to calcu-
late the conditions for the stabilization of the HIV status of the patient depend-
ing on the features that reflect the different nature of the intervention of doctors
in the treatment process.
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Introduction

There are many diseases that cause death nowadays. One of the most widespread
disease is human immunodeficiency virus (HIV). HIV is slowly progressive viral
infection of the immune system that causes weakening of the immune defense against
infections. Acquired immune deficiency syndrome (AIDS) is the last stage of HIV.
Concentration of immune cells so low at that stage, that the body can’t fight the virus.
About 60 million people have been infected HIV and 25 million people have died of
AIDS since the beginning of epidemic. Therefore research of this infection is very
important.

Studying of the mathematical model allows us to determine the dynamics of the virus
and the body's immune response depending on the function that describes medical
intervention.

Model

The following system of ordinary differential equations describes the dynamic of HIV
infection [1]:

X(t) = a - Axv-dx- f(y,v)X, 1)
y(t) = Axv-ay, )
v(t) =ky-uv, (3)
2(t) = v -bz, 4
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here x(t) is the concentration of healthy CD4+T immune cells, y(t) is the concentra-
tion of infected CD4+T cells, v(t) is the concentration of free virus particles, and z(t)
is the concentration of antigen-specific CTL. Parameter o is a rate of generating of
healthy CD4+T cells, d is a rate of dying, free virus particles infect the healthy cell at
arate A, a is a death rate of infected cells, the rates of producing and removing of

free virus particles are described by indexes k and u, respectively. The specific CTL
proliferate at a rate p and decay at a rate b. All arguments are nonnegative. Function f
describes protection of immune cells against penetration of viral particles and may
depends on concentration of infected CD4+T cells and on concentration of free virus
particles. According to behavior of concavity of this function the dynamics of system
solution are different. The research of principal cases is our goal.

Analysis

The system (1)-(4) is multiscale in time. The equation (3) is a fast stage (cycle corre-
sponds to 12 hours), equation (4) is the fastest stage (cycle corresponds to 3-4 hours).
For this reason we introduce the new small positive parameters ¢; and ¢, to trans-

form system (1)-(4) into singularly perturbed form:

X(t)= o -Axv-dx- f(y,v)x, (5)
y(t)=Axv-ay, (6)
gV(t)=ky-uv, (7
€1€,2(t)=pv-bz. (8)

Typically, to investigate a singularly perturbed system a combination of asymptotic
and geometrical techniques of analysis are applied [2, 3]. The essence of this ap-
proach consists in separating out the slow motions of the system under investigation.
Then the order of the differential system decreases, but the reduced system, of a lesser
order, inherits the essential elements of the qualitative behaviour of the original sys-
tem in the corresponding domain and reflect the behaviour of the original models to a
high order of accuracy when the slow integral manifold is attracting. A mathematical
justification of this method can be given by means of the theory of integral manifolds
for singularly perturbed systems [3].

System (5)-(6) is a slow subsystem, and (7)-(8) is a fast subsystem of the full system.
Setting €, =0 and &, =0 we obtain the degenerate system:

X(t)= o - Axv-dx- f(y,v)x, ©)]
y(t)= Axv-ay, (10)
ky-uv=0, (11)
uv-bz=0. (12)
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The equations (11)-(12) describe the so-called slow surface of system (5)-(8) [2, 3].
The slow surface is the zero order approximation (i. e., as & — 0 and &, — 0) of

the slow integral manifold. The slow integral manifold is defined as an invariant sur-
face of slow motions (see [3] and references therein).
The Jacobian matrix of (11)-(12)

-u 0
p -b
has the eigenvalues

7\1=-U, 7b2 ='b.

Note that 1, and A, are negative (u>0 and b>0), hence the slow surface is attractive.

For the reason above [4, 5] we can reduce the system with help (9), (10), and instead
of system (5)-(8) we will analyze its projection on the zero order approximation of the
slow integral manifold:

X(t) =a- pxy-dx- f(y,v)x, y(t)=pBxy-ay, (13)

where ff=KA/u is the extent of infection.

The following cases are considered in the present paper:

. f(y)=y?, (14)
. 1‘(y)=1Cy , (15)

+yy

cy’

. f(y)= .
=1, (16)

It should be noted that we have f(y)=0 if y=0 for all cases (14)-(16).

The equilibrium points of system (13) are determined by the following system:
a—pxy—dx—f(y)x =0,

{ Bxy —ay = 0.

The equilibrium point (e /d,0) corresponds to the case without infected cells. The

Jacobian matrix of (13) at this point is

[04
-d 5=
ﬂd
[04
0 —-a
ﬂd

The characteristic equation
(04
a+d)(r- Ba+a) =0
has the roots
a
AM=-d, A =[3E—a.
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Note that 1, is always negative. Hence, the equilibrium point (e /d,0) is a sink if

pL_a<o, (17)
d

and, in other way, it is a saddle. For example, values of arguments: p=0.216, a =0.8,

o =0.1, d =0.06 satisfy the inequality (17) with the interior equilibrium at (1.67, 0).
And in this case the concentration of healthy cells increases and stabilizes, see Fig. 1.
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Fig. 1. (left) Concentration of healthy cells and (right) the phase portrait for system (13) with
p=0216,a=0.8, a=0.1,d =0.06

For the case (14) system (13) takes the form

{)’((t)za-ﬂxy-dx-y X, 18)

y(t) = Bxy-ay.

The equilibrium point with coordinates x =x", y=y", where

iy —aﬁiJ—Aazd +4aaf +a’p?

B 2a

corresponds to the case of the infected cells’ presence. Recall that the variables x and
y are positive, then system (18) has an unique positive steady state

a —ap+y _ [ 452 202
(EZ—aJ \V—\/ 4a“d +4aof+a“p- .

Moreover, the variable y must be real-valued, thus we get constraint:
—4a%d + daap+a’p? >0

from which we get af > ad.

Information Technology and Nanotechnology (ITNT-2016) 603



Mathematical Modeling Lapshova MA, Shchepakina EA. Study of the...

The characteristic equation at the critical point (a/ 8,(—af +y)/(2a)) is

12

P yad +2af3+0.5a8° —0.58y =0,
a

If the discriminant

2
D= (‘%’3) —4(— 2ad + 2o +0.5ap2 —0.5[3\4/)

of equation (19) is more than zero then the first root

4:—2(“/3 \/Sad —8af—2a% + ;’32+2ﬂt//j

is negative. Hence if the second root

R 2{ o \/Sad —8af—2ap’ + ;’62+2ﬁ1//J

(19)

(20)

is positive then the critical point (a/ﬂ, (—aﬁ+¢//)/(2a)) is a sink otherwise it is a

saddle. For example, for parameters’ values f =3,a=0.3,¢ =0.2,d =0.02 the criti-

cal point is a sink and has the coordinates (0.100, 0.557). Figure 2 shows the solu-
tions’ plots and the phase portrait of system (18) in the neighborhood of the critical
point for this case. From the graphs one can see that the concentrations of healthy (the
solid curve) and infected (the dashed curve) cells increase at first, but then the number
of infected cells continues to grow while the number of healthy cells is reduced. Alt-
hough the status of patient is stabilized but the number of infected cells more than the

number of normal cells. Thus, this case corresponds to the severe disease.

If the discriminant (20) is equal to zero then

and the critical point is a stable degenerate node.
If the discriminant (20) is less than zero, we have

A, =—l{%ii\/8ad —8apB—2ap’ + azzﬁz +2,b’1//}
‘ 2| a a

and the point (a/,B, (-aB+w)/ (2a)) is a stable focus. For example, for parameters’
values f=3,a=0.8,¢ =0.2,d =0.02 the condition D > 0 is fulfilled and the critical
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point has the coordinates (0.267, 0.226). The graphs of the solutions and the phase
portrait in the neighborhood of the critical point (0.267, 0.226) are presented in Figure
3. Under these conditions, concentration of healthy cells (the solid curve) and infected
cells (the dashed curve) are damped oscillations at the beginning, followed by stabili-
zation. The number of healthy cells exceeds the number of infected cells after the

initial oscillations.
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20 40 a0 80 100

Fig. 2. (left) Concentration of healthy (the solid curve) and infected (the dashed curve) cells
and (right) the phase portrait for system (18) with =3, a=0.3, « =0.2, d =0.02

In the case (15) system (13) takes the form

. cy
t)=a- Bxy-dx- ,

X(t) = - Bxy-dx 1+7yX

y(t)=Bxy-ay.
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Fig. 3. (left) Concentration of healthy (the solid curve) and infected (the dashed curve) cells
and (right) the phase portrait for system (18) with =3, a=0.8, « =0.2, d =0.02
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The positive equilibrium state with coordinates

B 2apy
E= \/—4aﬂ(ad —aﬁ)y+(ac+a,8+ad7—a,87)2 ,

(a £ (—ac—aﬁ—ad;/+aﬂy+§)j,

corresponds to the case of presence of the infected cells. Note that the number of the
cells concentrations must be real under condition

(ac+ap +ady—apy)’ > 4ap(ad —af)y.

The characteristic equation at this critical point is

2 2a 2y 2ay aw Po yo pro afyo 2
_ac+a,8—§+ ca  acd ac ac’ —c¢

22+1(9+%_c+ﬁ+i+0a cd ¢ ¢ L o ]_ad—aﬂ

_ _ =0,
2y 2(1+y)" 2B(+y) 2r(1+y) 2By(L+y)
where
o2 l+aﬂy+§—ac—aﬁ—ad;/ .
2ap
Let us set
2

31:9+%_ﬂ+i+c_a_ﬂ_i_ C + Cf ,

2 2a 2y 2ay awm pPo yo Pfro afyo

J— 2_
azzl(—ad+aﬂ—ac+aﬂ §+ Caz_ acd . ac 2_ ac c§2 .
Ve (l+7) ﬂ(l+7) ;/(1+7) ,[)’7(1+7/)

According to the Routh Hurwitz stability criterion the system is stable at a critical
point if we have

Ay =a;>0

and
a, 1

AZ = > 0.
0 a,

Due to A, =a,A; the second inequality implies a, > 0. The graphics of the solu-
tions and the phase portrait in the neighborhood of this critical point are plotted for

Information Technology and Nanotechnology (ITNT-2016) 606



Mathematical Modeling Lapshova MA, Shchepakina EA. Study of the...

values of the parameters f=0.216, a=0.4, =02, d =0.02, c=0.1, y =2, and

are presented in Figure 4. Note that for these values of the parameters the critical
point has the coordinates (1.852, 0.317) and the stability conditions are fulfilled. The
figure shows that the concentration of healthy cells and infected cells are stabilized at
the same time after several periods of damped oscillations. The number of healthy
cells prevails over the number of infected cells. In this case a patient continues to live
and feels well.
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Fig. 4. (left) Concentration of healthy (the solid curve) and infected (the dashed curve) cells

and (right) the phase portrait for system (21) with
£=0.216,a=04, «a=02,d=002 ¢c=01 y=2

In the case (16) system (13) has the form

, cy?
t)=a-Bxy-dx-
X(t) = a- Bxy-dx 7y

X,
(22)

y(t)=Bxy-ay.

The positive equilibrium state with coordinates

a —ap-—ady+ofy+e
B'  2(ac+apy) '

where

o= \/—4(ad —af)ac+apy)+(ap+ady —apy)?

corresponds to the case of presence of infected cells. For real values of variable y we
need

(ap+ady —apy)? > 4(ad — ap fac+apy).
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The stabilization conditions are found like in the previous case and are

(2a202d —a’c’p—a’cp® —a’c’dy +ac’apfy —a’cB’y +3acaf’y
—a’cd?®y? —a’cd py® +acdafBy”® + acaf’y® +aaf’y?
—adap?y® +a?B3y® +ac’p+ ac B¢+ acd yp + ac Syp
+ap’y’ )l (a(c+ Br)(2ac+apy —ady® +afy’ +y $)) >0

and

_((2(a3(402d +dy? (B—dy) —c(p*—2d py +5d% %))
—a2ﬁ273(aﬁy+8—aaﬂy(c(Saﬁ;/+33+y(aﬂ7(2ﬂ—3dy)
+(B-2dy)9+a’ (-4c’ap -y’ (- +dy)(-aB(B-3dy)
+d.9+c(—2aﬁy(,8—5dy)+(/3+3d;/).9)))
x(2ac+afy—ady* +apfy’ +y¢) >0

Here 9 =ya?B%y? +2a0p(2c+ (B - dy))+a’ (- 4cd + (B—dy)? ).

For example, for

£ =0.216,a=04, «=0.2,d=0.02, c=0.1, y=2

the critical point has the coordinates (1.852, 0.371) and the plots of the solutions and

the phase portrait in the neighborhood of the critical point are shown at Figure 5. The
critical point is asymptotically stable.
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Fig. 5. (left) Concentration of healthy (the solid curve) and infected (the dashed curve) cells
and (right) the phase portrait for system (22) with
£=0.216,a=04, «a=02,d=002 ¢c=0.1 y=2
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Conclusion

Thus, in the cases considered above the status of a patient infected with the virus may
be stabilized under certain conditions which could be achieved by selection of the
appropriate treatment. It should be noted that the application of the geometric theory
of the singular perturbation made it possible to solve several actual problems concern-
ing multirate processes in biological systems, see, for example, [6-9].
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