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ABSTRACT. In this paper, the dynamical behavior of a viral infection model
with general incidence rate and two time delays is studied. By using the
Lyapunov functional and LaSalle invariance principle, the global stabilities of
the infection-free equilibrium and the endemic equilibrium are obtained. We
obtain a threshold of the global stability for the uninfected equilibrium, which
means the disease will be under control eventually. These results can be applied
to a variety of viral infections of disease that would make it possible to devise
optimal treatment strategies. Numerical simulations with application to HIV
infection are given to verify the analytical results.

1. Introduction. In the past decades, mathematical models have been paid much
attention to investigate the viral infection of disease in vivo. A proper model can
not only provide important quantitative insights into the pathogenesis, but also
lead to design treatment strategies which would more effectively bring the infection
under control [9]. Due to the fact that actions and reactions take time to take
effect in real-life problems, many biological models considered time delays in the
variables being modeled [4, 6, 10, 12, 15, 16, 18, 19, 20, 21]. But many models were
constructed with only one time delay.

In modelling the viral infection of disease, the incidence rate plays a critical role
in describing the population dynamics of viral load in vivo. Based on different
practical backgrounds, some nonlinear incidence rates have been considered [1, 7, 8,
11, 13, 14, 22]. Gang Huang et al. [7] discussed a delayed model with Beddington-
DeAngelis functional response
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Where uninfected cells z are assumed to be produced at the constant rate s, die

at the rate of dz and become infected at the rate of —2% Infected cells y are

1+ax+bv -
produced at the rate of 7 +§ ig:;fg&?_ﬂ and die at the rate of ay, where 7

represents the time needed for infected cells to produce virions after viral entry.
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Free virions v are generated from infected cells at the rate of ky and decay at the
rate of uv.

It is easy to see that when a = 0,b > 0, model (1) is the delayed model with
saturation response which was discussed by Rui Xu [22]. When a > 0,b = 0,
model (1) is the delayed model with Holling type II functional response. When
a = 0,b = 0, model (1) is the delayed model with the bilinear incidence rate
(Holling type I functional response).

Recently, Hattaf et al. [5] proposed a nonlinear incidence rate with the form of
f(z,y,v)v. Tian and Liu [17] studied a generalization of the Hattaf’s model with
the form of f(x,y,v). The general incidence rate can help us gain the unification
results by the omission of unessential details. However, the effect of the time delay
on the dynamics of viral infection should be considered.

Motivated by the work above, we consider the following DDE model with two
time delays:

1'/ :S_dx_f(x7yﬁv)a
y' = flz(t —1),y(t —1),v(t —71))e” " — ay, (2)
v =ky(t —m)e”*2™ — .

Where 11 represents the time necessary for infected cells to produce new virions. The
term e~ '™ accounts for cells that are infected at time ¢ but die before becoming
productively infected 71 time units later. 7o represents the time for the newly
produced virions to become mature. The term e~ %272 accounts for the probability of
survival of immature virions. The incidence f(z,y,v) is assumed to be continuously
differentiable in R% and satisfies the following hypotheses [17]:

(Hy) f(0,y,v) =0, for all y > 0 and v > 0; f(x,y,0) =0, for all x > 0 and y > 0.

0

H, —f z,y,v) >0, forall z > 0,y > 0 and v > 0.
9]
z

(Hj3) a—f(x,y,v) <0, forallz >0,y >0 and v > 0.

9y
of of
(Hy) %(x,ym) >0, v%(x,y,v) — f(z,y,v) <0, forall z > 0,y > 0 and v > 0.

It is easy to show that the incidence rate f(x,y,v) generalizes many common
forms SUCh as ﬁ{,CU, merZ’ 1€rmot)v’ 1+§iibv and 1+a:vflijv+abzv‘

In this paper, our primary goal is to study the effect of the two delays on the
dynamics of model (2) and give a mathematical analysis of its global stability.

The rest of this paper is organized as follows. In Section 2, we introduce some
preliminary results of model (2). The existence and uniqueness of positive equilib-
rium of model (2) are also discussed. In Section 3, we study the global stability of
the infection-free equilibrium by using the Lyapunov functional and LaSalle invari-
ance principle. The stability of the endemic equilibrium is analyzed in Section 4. In
Section 5, numerical simulations are given to verify the analytical results. Finally,
concluding remarks are given in Section 6.

2. Preliminary results. In this section, for biological reasons, we will show the
positivity and boundedness of solutions of model (2) and the existence and unique-
ness of the positive equilibrium.

We denote the Banach space of continuous functions ¢ : [-7,0] — R? by C
with norm ||¢|| = sup |p(0)|, where 7 = max(m;,72). The nonnegative cone
—7<0<0

of C is defined by C; = C([-7,0],R%). The initial conditions of model (2) are
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(0,9),p € CT and p(0) > 0. A solution of model (2) is denoted by (x(t),y(t), v(¢)).
We will give the following basic results of model (2).

2.1. Positivity and boundedness of solutions. The proof of positive solution
is easy, we only show the boundedness of solutions as follows.

Theorem 2.1. There is an M > 0, such that, for any positive solution (x(t),y(t),
v(t)) of model (2), we have z(t) < M, y(t) < M, v(t) < M.

Proof. Consider the following function

N(t) = =z(t)+y(t) + %v(t) + /t_ F(z(0),y(60),v(6))e= 1= gg

a [t
+- / y(0)e= 2= g,
2 t—To

Calculating the derivative of N along the solutions of model (2) gives

N'(t) = 57d~azfg~y—u'i

t
‘ v [ 1®).p0) o) -ap

a [t
—ay - 7/ y(0)e=22t=9dp
2 t—TQ

< s —min{d, g, u, o, a2} N (t).
Denote h = min{d, g, u, oy, sz}, it follows that

N'(t) < s— hN(t).

Further
s s
N(t) < =+ (N(0) — -)e "
() <2+ (N©) - e
Hence, N(t) is bounded. Then we can conclude that x(t), y(t) and v(t) are eventu-
ally bounded. Thus, there exists an M > 0 such that z(t) < M,y(t) < M,v(t) < M.

This completes the proof. O

Define

D={(z, y, v) € R} 0<a(t) < 2,0 <y(t),v(t) < M}.

d K
If (0) < §, then from the first equation of model (2), we have x(t) <
It is easy to see that D is a positively invariant region for model (2).

2 when t > 0.
2.2. Existence and uniqueness of the positive equilibrium. Obviously, @ =
(2, 0,0) is the infection-free equilibrium of model (2), which represents the extinc-
tion of the free virus.

Following the concept of next generation matrix given by Diekmann et al. [2]
and the reproduction number given by van den Driessche and Watmough in [3], we
can compute the basic reproduction number of model (2) as

k 9f(5,0,0)
aueX1Ti+aaT2 ov
which describes the average number of secondary infections produced by a single
infected cell during the period of infection when all other cells are uninfected.

Ry =

)
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As for the existence and uniqueness of the positive equilibrium, we have the
following theorem.

Theorem 2.2. If Ry > 1, then model (2) has a unique endemic equilibrium of the
form Qo = (x*,y*,v*) with 0 < 2* < 5,y* > 0 and v* > 0.

Proof. At any equilibrium, we have:

s —dr — f(m,y,v) = Oa
[z, y,v)em ™ —ay =0, (3)
kye=*2™ —yv = 0.

By the first and the second equation of (3), we have

1

Yy = aeoim (S — dx),
and

[z y,v) = ae™ ™y
From the third equation, we get

ky k(s — dzx)
v = = .
uex2T2 auet1TitoaT2

S
Obviously, if z > 7 there is no positive equilibrium.

Now, we consider the following function F'(x) defined on the interval [0, 5]:

F(.’E) = f(.’L',y,’U) - aealn%

where y = (s—dx) and v= fo)
ae1m1 aque1TitozTs
Then,
of of d of kd d
F/ — ~-J ~J A _ Q1T
(@) (ax + 8y( aecT )+ 87)( auev1Ti T2 2 ) ac™ ™ aec1m )

or ae™™ Jy

aue*17Tl +ooT2 8/0

of d 6f+<d_ kd 8f).

1
Clearly, F(0) = 0 — ae™™ ———s5 = —5 < 0, F(g) = f(g,0,0) = 0. Notice that
ae®1m
of s of s
= 0,50 22(2,0,0) = 9L(20,0) = 0. Theref
f(z,y,0) =0, so 8x(d70,0) 0 and By(d’o’o) 0 erefore,
;S af s d Of s kd af s
2y = 242 — 2Lz L R R
(d) ax(d’o’o) aec1m 0y(d’070) * < aueti Ttz Gv(d’o’o)
= d(1 - Ry).

S
Hence, we get F’ (g) < 0 when Ry > 1. Therefore, there exists at least one positive

equilibrium @y = (2*,y*,v*) with 0 < z* < §,* > 0 and v* > 0.
Next, we will proof the uniqueness of the positive equilibrium. Observe the third
Ryt _ Rt yten)

term of F’'(x*). Since f(x*,y*,v*) = ae®* " y* and v* = =
(") fla* y*,v0") y e = gueernTonn
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any positive equilibrium, we have

kd  Of

= armTanms gy YY)
~ e
= ]W(f(z Y vt) = Bv(x Y v )>~

0
Since f(z,y,v) — va—f(x,y,v) > 0, we get F'(z*) > 0 at any positive equilibrium.
v

s
Suppose there are at least two positive equilibria of F(z) = 0 in (0, 8)’ then there

must be F'(z*) < 0 at some equilibrium, which is a contradiction. Therefore, if
Ry > 1, there exists a unique endemic equilibrium Q2 = (2*, y*, v*) with 0 < * <
2,y* >0 and v* > 0. This completes the proof. O

3. Global stability of the infection-free equilibrium @;. In this section, we
will study the global stability of the infection-free equilibrium ;. We have the
following theorem.

Theorem 3.1. If Ry < 1, then the infection-free equilibrium Q1 is globally asymp-
totically stable.

Proof. Consider the following Lyapunov functional

t t
vV o= ealﬁy+%eo‘1n+aﬂzv+ f(:c(@),y(é)),v(@))d@+aea1“/ y(0)df.

t—71 t—To

Calculating the derivative of V' along the solutions of model (2) gives
VI(t) = fla(t—m)y(t—7),0(t — 1)) —ae™ ™y
—&—% (ke* ™ y(t — 7o) — ue™ T2 20) + f(z,y,v)
—flz(t —71),y(t —m1),0(t = 71)) + ae™™ (y — y(t — 72))

au
= f(z,y,v) — ——eM T2y,

k

i of of ) of
— — < 0. — ) —
Notice that o (z,y,v) >0, By (z,y,v) < 0. Meanwhile, f(x,y,v) v@v (z,y,v)
[z, y,v)

> 0, which indicates is decreasing for v. Similar with the proof in [17],
v

we have

V() < f(:vo,(),v)—%ea””'“z”v

_ (f(xm 0,’1)) _ m"ealﬁ-i—azrg) v

v k
< lim 7f(x0,0,v) _ W aamitarn |,
v—0+ v k
af(l‘o,0,0) AU o i tasms
( ov Tk Y
au

= ?ea”ﬁagm (Ro — 1)v.
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Since Rg < 1, then V'(t) < 0 and V’(t) = 0 if and only if v = 0. For each point
in E, the largest invariant subset of {(z, y, v)|V’'(t) = 0}, we have v'(¢) = 0, and
y = 0. Since F is invariant, from the first equation of model (2), it is easy to prove
that all solutions approach the infection-free equilibrium ;. This completes the
proof. 0

Remark 1. Notice the fact that the reproduction number Ry is a decreasing func-

E0f(3,0,0) _ k 9£(3,0,0

X

tion for the time delays 71 and 75. Ry = P 90 o

u v
R*. The delay independent R* is the basic reproduction number of the nondelayed
model in [17]. Hence, ignoring the two time delays in real-life problems will overes-
timate the threshold Rg.

4. Stability of the endemic equilibrium @>. In this section, we will study
the stability of the endemic equilibrium Q2 = (z*,y*,v*). It is often difficult to
handle the global stability of the endemic equilibrium for a delayed differential model
mathematically. In the following, we will consider the incidence rate f(x,y,v) with

: Bxv Bzxv
the form of f(x,v), which covers many common forms such as Sxv, Ttas’ TFastbo
Bxv
and 1+az+bv+abzv

To simplify the presentation, we will use the following notation: z,, = z(t — 7;)
for any z € {z,y,v} and i = 1,2. We have the following theorem.

Theorem 4.1. If Ry > 1, then the endemic equilibrium Qs is globally asymptoti-
cally stable.

Proof. Consider the following Lyapunov functional

* ” f(x*,v*) Yy a + v
— _ _ N 7 Q171 *H s 1T T2 T2 *H _
1% T—x o df + ey (y*)+ke v (v*)
t t
oy gy (@(0),0(0)) / —_— )
+ o o) H(LEEL YY)y g 4 geenrn H a9,
t—71 f( ) ( f(.l?*, U*) ) t—To Y ( y* )

where H(z) =2 —1—Inz.
Calculating the derivative of V' along the solutions of model (2) gives

/ o f(x*7U*) / Q1T _ y7* / E Q1T TQ2T2 _ ’Ui /
V'(t) = <1W>x + e (1 y) + e Fe2T2 (] U)v
f(z,v)

+f(1',’U) - f('rﬁvvﬁ) - f($*7v*)lnm

+ae™ ™ (y —Yr, —y'In y>

Yro
o * . f(iE*,"U*) 25 v — 7.0) — 5 * f(SC*,’U*)
= der - a) (1= E ) ) < o) - gy L)

f(x,v%)
+f(x7v)m + f('rTlva1) - aealny — ygf(l‘ﬁ,vﬁ) + &ealle*

%
ayu v
760417'1“1'(127'2/0 — qge® T - +

k
_f(x‘rluvn) - f(x*’v*)lnfm

cn:}* ecamitaaTs | f(y y)

+ ae* (y —Yr, — Yy ln y) .
Yrs

Q1T
+ae® My, —
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Notice that f(z*,v*) = ae™ ™y* = SLeMMF®2T29* and y* = Le™™0*, we get

V/(t) = d(l‘* _1.) (1 _ f(;vv)) +3f(33 v ) f(CE*7’U*)M

ExD) 7@ o)
f(QL'*,U*) * * y* au @1T1HaoTe
+f(ffav)m—f(x » U )mf(xmvn)—?e TaaTzy
R I B e
_ . flz*,v") o [T 0Y) flz*,v")
- “x‘”<“‘ b)) (i - )
(y -T-,—l,’U-,—l —1—-1n y*f(xnavrl))
f(z [ v*)y
( ky, kyr, )
—In
ueo‘ﬂ% uex2m2y
vf(z,v* ! vf(z,v*)
(i 1 “v*f(x,w)

Fat () fe)
L () - g0 (L2 ).
o

Since I > 0, it is easy to prove

x
[, v*))
dz*—z) |1 - "] <0.
w oo (150
. of o - . : .
Notice that —— > 0, which indicates f is increasing with respect to v. Meanwhile,

ov
of

f —v= >0, which indicates 2 is decreasing with respect to v. Therefore,
v

ov
(o) = fla) (27 - H22) <

v* v

Hence, V'(t) < 0 and V/(t) = 0 if and only if x = 2*,y = y* and v = v*. By
the Lyapunov - Lasalle Theorem, solutions in D approach the largest positively
invariant subset of the set F where V'(¢) = 0. All solutions in the set D approach
the endemic equilibrium Q2. This completes the proof. O

5. Numerical simulations. In this section, we will give numerical simulations of
model (2). Let f(z,y,v) = 1&”{;’”.

In paper [16], Song et al. studied a HIV infection model with one time delay.
Clinical experiments give us biologically reasonable ranges for parameter values in
model (2). For example, since the infected CD4™ T cells live less than 1-2 days,
we can choose the death rate of infected T cells, a, to be values between 0.5 and
1.0 [16]. To illustrate our theoretical analysis results, we choose the parameter
values of model (2) as those in paper [16] with s = 5 mm™3 day~',d = 0.01
day o = 1 x107% mm?3, a; = 1.2 day™!, ap = 3.4 day™!, a = 0.5 day ™',
k = 1200 day~! , v = 5 day~!. We will regard 8 as a parameter to study the
stability of equilibria of model (2).
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y(®) X(t)

FIGURE 1. The infection-free equilibrium @1 = (500, 0,0) is glob-
ally asymptotically stable, when 8 = 2 x 1074, 7, = 1,75 = 1.2.
The basic reproduction number Ry = 0.244 < 1.
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small enough such that Ry < 1, then the virus eventually dies out. Let 3 = 2x 1074,
We will study the effects of the two delays on the dynamics of model (2). Firstly,
we choose 71 = 1,75 = 1.2, then the basic reproduction number Ry = 0.244 < 1.
The initial conditions are chosen as (z(0),y(0),v(0)) = (350,20, 60), (200, 15, 10)
and (25,12, 98) respectively. As can be seen from Figure 1, numerical simulations
confirm that the infection-free equilibrium @), is globally stable if Ry < 1. Secondly,
we choose 71 = 0.8,75 = 1.8 and do not change the other parameter values. We
can calculate Ry = 0.04 < 1. In Figure 2, numerical simulations show that the
infection-free equilibrium @) is also globally stable if Ry < 1. Figure 1 and Figure
2 demonstrate our theoretical analysis that the infection-free equilibrium i is
globally asymptotically stable if Ry < 1 and the virus is cleared. The two delays
have no direct effects on the stability of the viral dynamics if Ry < 1.

With the increase of 3, the endemic equilibrium occurs if Ry > 1. According
to Theorem 4.1, the endemic equilibrium @) is globally asymptotically stable. To
verify the above analytic results about Q, we choose 8 = 2 x 1073, We will study
the effects of the two delays on the dynamics of model (2). Firstly, we choose
71 = 1,79 = 1.2, then the basic reproduction number Ry = 2.44 > 1. Figure
3 shows that the endemic equilibrium @ is globally stable if Ry > 1. Secondly,
we choose 7 = 0.8, 79 = 1.5 in Figure 4, then Ry = 1.12 > 1 and Q> is also
globally stable. Figure 3 and Figure 4 demonstrate that the endmic equilibrium Q-
is globally asymptotically stable if Ry > 1 and the virus persists in the host.

Moreover, we can obtain an interesting phenomenon if we increase the time delays
with 71 = 1.5, 75 = 1.5 and do not change the other parameter values of Figure 4.
As shown in Figure 5, the infection-free equilibrium @1 becomes stable again. The
reason lies in that the basic reproduction number Ry = 0.4837 < 1. Figure 5

Note that the basic reproduction number is given by Ry =
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Y0 w0 x(0)
FIGURE 2. The infection-free equilibrium @ = (500, 0, 0) is glob-
ally asymptotically stable, when 8 =2 x 1074, 7 = 0.8, 75 = 1.8.
The basic reproduction number Ry = 0.04 < 1.

300

200
150

y(t) X(t)
FIGURE 3. The endemic equilibrium @2 = (204.55,1.78,7.23) is
globally asymptotically stable, when 8 =2x1072, 7, = 1,75 = 1.2.
The basic reproduction number Rg = 2.44 > 1.
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20

x(t)

FIGURE 4. The endemic equilibrium Qo = (446.29,0.41,0.60) is
globally asymptotically stable, when 8 = 2 x 1073, 7, = 0.8, 75 =
1.5. The basic reproduction number Ry = 1.12 > 1.
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0 500 1000 1500 2000 y(t) -1 0 ()
t

FIGURE 5. The infection-free equilibrium @, = (500, 0,0) becomes
stable again, when 8 = 2 x 1073,7, = 1.5,75 = 1.5. The basic
reproduction number Ry = 0.4837 < 1.
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demonstrates our theoretical result again that the infection-free equilibrium @ is
globally asymptotically stable if Ry < 1 and the virus is cleared eventually.

6. Conclusions. Due to the fact that actions and reactions often take time to
take effect in real-life problems, many papers propose viral models with one time
delay. To cover a variety of incidence functions and time delays in many models, we
establish a viral infection model with general incidence rate and two kinds of delays
in this paper. The boundedness of solutions and the existence and uniqueness of
endemic equilibrium for the general model (2) have been proved. By using the
Lyapunov functional and LaSalle invariance principle, we obtain the conditions of
global stabilities of the infection-free equilibrium and the endemic equilibrium of
model (2).

It is easy to see that when 7 =0, f(x,y,v) = Hg,%, model (2) is the delayed
model with Beddington-DeAngelis functional response which was discussed by Gang
Huang et al.[7]. In paper [17], Tian and Liu studied a generalization of the Hattaf’s
model [5] with the form of f(z,y,v). The general incidence rate can help us gain
the unification results by the omission of unessential details. However, the effect
of the time delays on the dynamics of viral infection was not been considered in
paper [5, 17]. The basic reproduction number of the nondelayed model in [17] is
e K 00(3,00)

. Notice the fact that the reproduction number of model (2)
au

v
k 9f(5,0,0)
aue1Tita2T ov
problems will overestimate the threshold of the basic reproduction number.

Moreover, the basic reproduction number Ry is a decreasing function for the
two time delays 7 and 7. When the time delays are long enough, the endemic
equilibrium disappears and the virus is cleared in the host. For example, if the time
delays 71 = 7 > 1.35 day~! in Figure 5, then Ry < 1. This can help to develop
drug treatment strategies which would more effectively bring the infection under
control.

Ry = < R*. Hence, ignoring the two time delays in real-life
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