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Lyapunov functionals, we provide the global stability for this model. Let 1 be the number
of virus produced per infected cell. If 1, the critical number, satisfies 1 < ngic, then

Cfﬂog‘ﬁ;amics model the virus-free steady state is globally asymptotically stable. On the contrary if 1 > N,
Mitotic transmission then the infected steady state is globally asymptotically stable if a sufficient condition is
Intracellular delay discrete satisfied.

Volterra-type Lyapunov functional © 2011 Elsevier Inc. All rights reserved.

Global stability

1. Introduction

In the mathematics of viral infections usually the mathematical models are written in the form of ordinary differential
equations [4,23-26,30-32]. This class of models assumed that infection could occur instantaneously once a virus contacted
a uninfected cell to infect a target cell.

Other class of virus dynamics models incorporate the delay between the time a cell is infected and the time it starts
producing virus, modeled with discrete time delay [1-3,6,11,16,17,28,22,29,30,33] or distributed time delay [18,21] using
functional differential equations.

The question of global stability in population models is a very interesting mathematical problem. Many authors have
studied the global stability of virus dynamics models without delay using the second Lyapunov method. The Lyapunov
function candidate for population biology models is the Volterra-type function. This function was applied by Korobeinikov
[14] and other authors [3,10,12,13,27] to prove global stability of the steady states of viral infections models.

Recently, McCluskey and other authors study the global stability of the steady states of epidemic models with delay
[9,19,20] and in [8,16,18,21,22] analyzed virus dynamics models with intracellular delay, using the method of Lyapunov
functionals.

In this paper, we consider a viral infection model with mitotic transmission that was presented and studied in [1,7]. It is
a refinement of earlier models (see [6,16,33], for example) that ignores density-dependent proliferation of infected cells and
uninfected cells. The general viral model given in [1,7] without delay, this coincides with the models studied in [4,31] for
which the global stability analysis was completed in [27,31].
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The goal of this paper is study the global stability of a delayed viral infection model with mitotic transmission, assum-
ing that infection is transmitted directly from free virus to target cells and by divisions of infected cells. We present the
construction of Lyapunov functionals for this model, using Volterra-type Lyapunov functionals.

The paper is organized as follows. The delayed model with mitotic transmission is described in Section 2. The global
asymptotic stability of the virus-free steady state is established in Section 3. The global asymptotic stability of the infected
steady state is established in Section 4. The paper ends with a discussion in Section 5.

2. Basic model with mitotic transmission and intracellular delay
In this section, we describe the basic model of viral infections with mitotic transmission and intracellular delay. We use
the convention that x = x(t), y = y(t), v =v(t), Xy =x(t — t), and v; = v(t — T), in order to avoid excessive use of paren-

theses in some of the later calculations. The model given in [1,7] is formulated by the following system of delay differential
equations:

d
—x=)\+rx[l—x—:7y}—/u<—ﬂxv,

dt

d X+

d_}t} =Pxc Ve +ry[1 - Ty] —ay,

dv . v (1)
dar _dny -y

where x(t), y(t) and v(t) denote the concentration of uninfected cells, infected cells and free virus, respectively. Here,
uninfected cells are generated at a constant rate A and die at rate u per uninfected cell. These cells are infected at rate g
per uninfected cell per virion. T denotes the lag between the time of the virus contacts the uninfected cell and the time of
the cell becomes actively infected. The model considers that all infected cells survive the latent period, this assumption is
common in delayed HIV pathogenesis models [11,28-30]. Actively infected cells die at rate « per cell by cytopathic effects.
The basic model of viral infections with intracellular delays [6,16,33] assumes a source of uninfected cells but ignores
proliferation of both actively infected cells and uninfected cells. The proliferation of actively infected cells and uninfected
cells due to mitotic division obeys a logistic growth. The mitotic proliferation of uninfected cells described by rx[1 — "T—<y]
and mitotic transmission occurs at a rate ry[1 — "T—(y], that is the mitotic division of actively infected cells. Uninfected cells
and actively infected cells growth at a the same constant rate r and K is the maximal number that total cell population
proliferate. Each actively infected cell is assumed to produce 7 virus particles during its life time, and y is the clearance
rate of virus particles. All parameters are positive constants with the exception of t that is non-negative.

The model (1) without delay is developed by Wang and Ellermeyer [31] for describes the dynamics of the infection of
human immunodeficiency virus type 1 (HIV-1) and considers the logistic growth of uninfected and infected lymphocyte T
cells. Independently Dahari, Lo, Ribeiro and Perelson developed in [4] for hepatitis C viral (HCV) the same model without
delay, extending the basic model [23] including density-dependent proliferation terms for both infected and uninfected
hepatocytes.

Huang, Takeuchi and Ma, in [8] constructed Lyapunov functionals and analyzed a class of models in three dimensional
with intracellular delay discrete, that incorporate generalized nonlinear incidence rate. The model (1) does not correspond
to the structures of the equations of the study system in [8].

3. Known results

We begin by presenting some notations that will be used throughout this paper. Let C([—7, 0], Ri) be the Banach space
of continuous functions mapping the interval [—t, 0] into ]Ri, where

R} ={(x.y,v)eR*: x>0, y>0, v>0}.

It is biologically reasonable to consider the following initial conditions for (1):

XO)=¢10),  yO =¢200), v(O)=¢3(0) (—T1<0<0), (2)

where ¢ = (¢1(0), ¢2(0), ¢3(0)) € C. From the fundamental theory of functional differential equations [5] and [15], it is easy
to see that the solution (x(t), y(t), v(t)) of system (1) with the initial condition (2) exists for all t >> 0 and is unique.
In [1,7] study the basic mathematical properties of the model (1). The results are presented in the following theorems:

Theorem 3.1. (See [1,7].) For sufficiently large t, all solutions of system (1) with initial conditions (2) are positive and ultimately
bounded.
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Theorem 3.2. (See [1,7].) The critical number 1i; defined by

A
ncrit:al);—xo<x—o+(¥—u,>>0. 3)

If n < Ngrit, then system (1) has only the virus-free steady state E°(x°, 0, 0), where

x°—5[(r— )+ /(= )2+4ﬁ] (4)
T 2r H* H K |

and it has no infected steady state. Whereas if n > 1¢rir, then system (1) has two steady states: the virus-free steady state E° and the
unique infected steady state E* (x*, y*, v*).

The infected steady state of (1) satisfies the following algebraic equations:

X* 4 y*
K

O:A+rx*|:1— ]—MX*—,BX*V*,

K
0=any* —yv*. (5)

X* *
0= Bx*v* +ry*|:l _Xty ] —ay*,
The global stability properties of (1) without delay are obtained by Vargas-De-Le6n and Esteva [27] in the following
results.
Theorem 3.3. (See [27].) If n < Nrit, then the virus-free steady state E° of (1) is globally asymptotically stable when T = 0.

Theorem 3.4. (See [27].)If n > Nericand r < o+ % [x* + y*], then the unique infected steady state E* of (1) is globally asymptotically
stable when T = 0.

The local stability of virus-free and infected steady states (1) with delay are studied in [1,7] and obtained the following
result.

Theorem 3.5. (See [1,7].) If n < n¢rie then E° is locally asymptotically stable for any time delay T > 0. If n > n¢ then E° is unstable.

Theorem 3.6. (See [1,7].) Let

A T Bx*v*
p1=x—*+E[x*+y*]+ —+7,
LBV T Byxv: BV oty ..,
pz—x—*( KV +y)+ T Ky + o X+ 7],
rByx*v* 29 x* (v*)2 XVELA T
ps = By +.3)’ 5" By LA
K y* y* x* K
rgx*v*  Byx*v*
Pa= - e
K y
xX*v* A r ryay*  rByx*v*
p o BYXVE (A TN vyt rByxvt
y* x* K Kx* K

Assume 1 > Nie. If (i) p1(p2 + p4) > p3 + ps, a —r[1 — X*?’*] > 0, (ii) p3 > 2p1ps + p3, p2 > p3, then E* is locally asymp-

totically stable for any time delay T > 0.

4. Global stability of virus-free steady state

In this section, we shall consider the global stability of the virus-free steady state of system (1) by means of Lyapunov
functionals.

Theorem 4.1. If < 71¢ir, then the virus-free steady state E° of (1) is globally asymptotically stable for any T > 0.
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Proof. Define a Lyapunov functional
X T
—X° x°
U:/(Goi)davLy—l—%v—i—ﬂfx(t—w)v(t—w)dw.
o 0

Then U is defined and continuous for all x(t), y(t), v(t) >0, and U =0 at (x°,0,0). The time derivative of U computed
along solutions of (1), is given by the expression

dU (x—x°)dx Bx° dv /3f x(t Wt — w)da
p— J— J— —w —
dt x dt dt y dr
NY2S X+ +
:(x—x)(;—i—r[l— Ky}—u—ﬂv)+ﬂx,vf+ry[l—7y}—(xy
Bxrve + Bxv.
Using r — = £x° — Xo, we get
dU—(x %) A(x—x") r(x %) r v + preve +1y(1 x°
de Xx° K [ Ve Ty K
r r afnx°®
—ozy—E(x x)y—Eyz—i— b1 y — BX°V — Bx; vy + Bxv
x—x)% r 2 r apnx® X ro,
=—A——— —(x—x°)" —2— —_ -y — —
XX° K (x X ) K (x )y + y y+ry K *y Ky
(x — x°)2 r 2 aBnx° X°
= A————|(x—x° 1——) - .
Xx° K[(x X )+y] + 14 *r K “|y
Using r(1 — )_ — x°' we have
du x—=x2% r 2 apx°[ y (A
— = _[(x—x° - -nly.
dt Xx° K[(X X )+y] y  LaBxe \x° o TETH U
Rewritten & dt in terms of the critical number (3), we get
du x—x% r 2 apfx°
=~ —x° 7 - .
dt O K [(X X ) + J/] v Merie — MY

If n < Nerits then 4 E < 0 any solution 1s also bounded on [0, +00). If < N¢rit, from Corollary 5.2 of [15], E° is globally
asymptotically stable. Also, for 1 = e, dt = 0 implies that x(t) =x° and y(t) = 0. It is easy to show that E°(x°,0,0) is
the largest invariant set in {(x(t), y(t), v(t)): 3 = 0}. By the classical Lyapunov-LaSalle invariance principle (Theorem 5.3

of [15]), E° is globally asymptotically stable. D
5. Global stability of infected steady state

We motivated by the works of McCluskey [19,20], and other authors [8,16,18,21,22], we constructed Volterra-type func-
tionals for established the conditions of the global stability of the infected steady state of (1).

Theorem 5.1. If n > neie and r <+ % [x* + y*], then the unique infected steady state E* of (1) is globally asymptotically stable for
any t > 0.

Proof. Define a Lyapunov functional for E*,

L(t) =L(t) + Bx*VFLo (D),

where

X y v
vk _ y¥ Ky % *
szudH/MdHW v /(l_v_>d0,
o o any* o

X* y* v*
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and

L+:/(x(t—w)v(t—a)) 1 _lnx(t—w)v(t—a)))dw

xX*v* xX*y*

At infected steady state, we have

A r
_ —__= * C (¥ * 6
r—p=—1s+BY + (YY), (6)
xX*v* or
o =-B8" 7
r—a ﬂy* +K(x+y) (7)
y*
y =ant. (8)

The derivative of T with respect to t along the solutions of (1), we get

dL _(x— x*)dx (y—y*dy ,Bx*v*1 dy
de— x dt y dt  any* dt

—(X—x*)<&—i(x+ )— BV 41— >+( - *)( T L xty)yr— )
= LT RATY P p)+ =y B— - — gty o

+'va (1—v—)(a V).
any* ny—v
Using (6)-(8), we get

dL

G = ) (A2 = L)+ =y =B =)

Xx*

N X;Ve  X*VE r N N Bx*v* v* Y
() ) 1) oo )

Canceling identical terms with opposite signs and collecting terms, yields

dL x—x9% r 2 X XV XeVe  yVE X ytvg
— = — _[(x—x* —y* xXvi[1+ — — - — )
dt Xx* K [( )+ (y Y )] +h + X* o X*v* + x*ve  y*y x*yv*

We can rewrite dt as

dL x—x9% r 2 x* Xv XeVy  yv* o Xeytve
— = — —[(x—x* —y* v (3—- —— — 4 —— — T— —
dt xx* K [( )+ (y Y )] +p x  x*v* + x*ve o y*v o x*yv*

XX
+ﬁx*v*<— +— —2>,
X x*

replacing the term X + % —2 by Xy

Xx*

dL x—x9% r 2 x* XV XcVr  YVE o X y*ve
— =—(A—BxXv)——— — —[(x —x* —y* xXv¥(3 - — — - — .
dt ( p ) Xx* K[( )+ (y Y )] +h X x*v* + X*vE o y*y X*yv*

Using A — Bx*v* = (u —r)x* + %[x* + y*], we get

dI_ "o« * (x — x*)? r * #\12
E——<M—r+g[x +y ])T—E[("—XH(Y—Y )]

+ﬁx*v*<3_ﬁ_ Xv o Xvp o yv* xry*vr)

X X*VE o X*vE o yRy xryyr
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Let x, = x(t — w) and v, = v(t — w). It is easy to see that

T T
Lo [t g, [ ),
dt dt X*y* X*y* dt \ x*v* X*y*

0 0
T T
d (XyVe XoVo XoVao XoVo
=—| — —1—In dw=— —1—1In
dw \ x*v* x*v* X*v* X*vV* |, o
0
X Vg XV Xz Vg x*v* X Vg XV Xy vy x* yv*
=— n In =— In— +1In .
x*v* o x*v* X*v* + XV x*v* o x*v* xX*yv* + X + y*v
Since
d. dL , .dL;
— = XVt —,
dt dt+ﬂ dt
we obtain
dL o o\ &x=x9% 1 . 12 . X x*
— = —r+ —|x — — —[(x—x — —Bx*v(——-1—-In—
= (1 ey ) S - w4 =) - v (% ¢
v* v* X y*v X y*v
— Bx*v* y——l—lny — Bx*v* Xy Vo LI —1—1In Y Ve .
y*v y*v X*yv* X*yv*

Thus, r < pu + %[x* + y*] implies that ‘% < 0. By Corollary 5.2 of [15], solutions limit to M, the largest invariant sub-

set of {‘fj—% = 0}. Furthermore, ‘fj—f =0 if and only if x(t) =x(t — ) =x*, v({t) =v({t — 1) = v* and y(t) = y*. There-
fore the largest compact invariant set in M is the singleton {E*}, where E* is the infected steady state. This shows
that lim;_, o (X(t), y(t), v(t)) = (x*, y*, v*). By the classical Lyapunov-LaSalle invariance principle (Theorem 5.3 of [15]),
ifr<u+ %[x* + y*] then E* is globally asymptotically stable. This proves Theorem 5.1. O

6. Discussion

In this paper, our goal is the construction of Lyapunov functionals is to prove the global stability of the steady states of
a virus dynamics model with density-dependent proliferation of infected cells and intracellular delay.

We obtained that if 1 < nqi, will only virus-free steady state, which is globally asymptotically stable; and the virus is
cleared of the cells population irrespective to the initial conditions. In [1,7] proved that if 1 > 1 then virus-free steady
state becomes unstable and a unique infected steady state exists. We proved the global stability of the infected steady state
if the condition r < u + %[x* + y*] is satisfied. In this case, the viral infection is present in the cells population and will
become a persistent infection.

The results show that, for the viral infection model with mitotic transmission, the time delay has no effect on both global
asymptotic properties of the virus-free steady state and global asymptotic properties of the infected steady state.

Our results of model (1) can be used to prove the global stability of the following system:

*O sy rx(r)[l - M} — X — (1 — &) px(®) v (D),
dt K
YO _ 1 _eypxit - yvict — 1) +1y(0) [1 - M] —ay(),
dt K
dv;(t)
prae (1 —=e)any®) — yivi),
dvni(t) £) — ymivii(t
a eany(t) — Ynivni(t),

that incorporates the combination of two drug therapies [7]. Where v; and v,; denote infectious and non-infectious viral
particles, respectively.

Parameters € and € are defined as follows: & efficiency of drug therapy in preventing new infections, and € efficiency of
drug therapy in inhibiting viral production. With 0 < €, € < 1. An efficacy of 0 indicates that there is no inhibition, whereas
an efficacy of 1 (100%) indicates complete inhibition. Values of the efficacy between 0 and 1 indicate partial inhibition.

Note that the first three equations are decoupled from the last one and that this subsystem is essentially similar to (1).



890 C. Vargas-De-Le6n / J. Math. Anal. Appl. 381 (2011) 884-890

References

[1] LM. Cai, X. Li, Stability of Hopf bifurcation in a delayed model for HIV infection of CD4+ T-cells, Chaos Solitons Fractals 42 (2009) 1-11.
[2] R.V. Culshaw, S. Ruan, A delay-differential equation model of HIV infection of CD4* T-cells, Math. Biosci. 165 (2000) 27-39.
[3] R.V. Culshaw, S. Ruan, G. Webb, A mathematical model of cell-to-cell spread of HIV-1 that includes a time delay, J. Math. Biol. 46 (2003) 425-444.
[4] H. Dahari, A. Lo, RM. Ribeiro, A.S. Perelson, Modeling hepatitis C virus dynamics: Liver regeneration and critical drug efficacy, ]J. Theoret. Biol. 247
(2007) 371-381.
[5] J.K. Hale, S.M.V. Lunel, Introduction to Functional Differential Equations, Springer-Verlag, New York, 1993.
[6] V. Herz, S. Bonhoeffer, R. Anderson, R.M. May, M.A. Nowak, Viral dynamics in vivo: Limitations on estimations on intracellular delay and virus delay,
Proc. Natl. Acad. Sci. USA 93 (1996) 7247-7251.
[7] Z. Hy, X. Liu, H. Wang, W. Ma, Analysis of the dynamics of a delayed HIV pathogenesis model, J. Comput. Appl. Math. 234 (2010) 461-476.
[8] G. Huang, Y. Takeuchi, W. Ma, Lyapunov functionals for delay differential equations model of viral infections, SIAM J. Appl. Math. 70 (2010) 2693-2708.
[9] G. Huang, Y. Takeuchi, W. Ma, D. Wei, Global stability for delay SIR and SEIR epidemic models with nonlinear incidence rate, Bull. Math. Biol. 72 (2010)
1192-1207.
[10] T. Inoue, T. Kajiwara, T. Sasaki, Global stability of models of humoral immunity against multiple viral strains, ]. Biol. Dyn. 4 (2010) 282-295.
[11] X.W. Jiang, X.Y. Zhou, X.Y. Shi, X.Y. Song, Analysis of stability and Hopf bifurcation for a delay-differential equation model of HIV infection of CD4*T
cells, Chaos Solitons Fractals 38 (2008) 447-460.
[12] X. Jiang, P. Yu, Z. Yuan, X. Zou, Dynamics of an HIV-1 therapy model of fighting a virus with another virus, J. Biol. Dyn. 3 (2009) 387-409.
[13] T. Kajiwara, T. Sasaki, Global stability of pathogen-immune dynamics with absorption, ]. Biol. Dyn. 4 (2010) 258-269.
[14] A. Korobeinikov, Global properties of basic virus dynamics models, Bull. Math. Biol. 66 (2004) 879-883.
[15] Y. Kuang, Delay Differential Equations with Applications in Population Dynamics, Academic Press, San Diego, 1993.
[16] M.Y. Li, H. Shu, Global dynamics of an in-host viral model with intracellular delay, Bull. Math. Biol. 72 (2010) 1492-1505.
[17] D. Li, W. Ma, Asymptotic properties of an HIV-1 infection model with time delay, J. Math. Anal. Appl. 335 (2007) 683-691.
[18] C. Lv, Z. Yuan, Stability analysis of delay differential equation models of HIV-1 therapy for fighting a virus with another virus, J. Math. Anal. Appl. 352
(2009) 672-683.
[19] C.C. McCluskey, Complete global stability for an SIR epidemic model with delay (distributed or discrete), Nonlinear Anal. Real World Appl. 11 (2010)
55-59.
[20] C.C. McCluskey, Global stability for an SIR epidemic model with delay and nonlinear incidence, Nonlinear Anal. Real World Appl. 11 (2010) 3106-3109.
[21] Y. Nakata, Global dynamics of a cell mediated immunity in viral infection models with distributed delays, J. Math. Anal. Appl. 375 (2011) 14-27.
[22] Y. Nakata, Global dynamics of a viral infection model with a latent period and Beddington-DeAngelis response, Nonlinear Anal. (2011).
[23] A.U. Neumann, N.P. Lam, H. Dahari, D.R. Gretch, T.E. Wiley, T]J. Layden, A.S. Perelson, Hepatitis C viral dynamics in vivo and the antiviral efficacy of
interferon-o therapy, Science 282 (1998) 103-107.
[24] M.A. Nowak, R.M. May, Virus Dynamics: Mathematical Principles of Immunology and Virology, Oxford University Press, New York, 2000.
[25] A.S. Perelson, PW. Nelson, Mathematical analysis of HIV-I dynamics in vivo, SIAM Rev. 41 (1999) 3-44.
[26] A.S. Perelson, D.E. Kirschner, R. de Boer, Dynamics of HIV infection of CD4" T cells, Math. Biosci. 114 (1993) 81-125.
[27] C. Vargas-De-Ledn, L. Esteva, Global asymptotic dynamics of a viral infection model with mitotic transmission, Nonlinear Anal. Real World Appl.,
submitted for publication.
[28] D. Li, W. Ma, Asymptotic properties of a HIV-1 infection model with time delay, J. Math. Anal. Appl. 335 (2007) 683-691.
[29] X. Shi, X. Zhou, X. Song, Dynamical behavior of a delay virus dynamics model with CTL immune response, Nonlinear Anal. Real World Appl. 11 (2010)
1795-1809.
[30] PKr. Srivastava, P. Chandra, Modeling the dynamics of HIV and CD4*T cells during primary infection, Nonlinear Anal. Real World Appl. 11 (2010)
612-618.
[31] L. Wang, S. Ellermeyer, HIV infection and CD4* T cell dynamics, Discrete Contin. Dyn. Syst. Ser. B 6 (2006) 1417-1430.
[32] K. Wang, A. Fan, A. Torres, Global properties of an improved hepatitis B virus model, Nonlinear Anal. Real World Appl. 11 (2010) 3131-3138.
[33] H. Zhu, X. Zuo, Impact of delays in cell infection and virus production on HIV-1 dynamics, Math. Med. Biol. 25 (2008) 99-112.



	Global properties for virus dynamics model with mitotic transmission and intracellular delay
	Introduction
	Basic model with mitotic transmission and intracellular delay
	Known results
	Global stability of virus-free steady state
	Global stability of infected steady state
	Discussion
	References


