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GLOBAL STABILITY FOR A VIRUS DYNAMICS MODEL WITH
NONLINEAR INCIDENCE OF INFECTION AND REMOVAL*

PAUL GEORGESCU!T AND YING-HEN HSIEH?

Abstract. Global dynamics of a compartmental model which describes virus propagation in
vivo is studied using the direct Lyapunov method, where the incidence rate of the infection and the
removal rate of the virus are assumed to be nonlinear. In the case where the functional quotient
between the force of infection and the removal rate of the virus is a nonincreasing function of the virus
concentration, the existence of a threshold parameter, i.e., the basic reproduction number or basic
reproductive ratio, is established and the global stability of the equilibria is discussed. Moreover, in
the absence of the above-mentioned monotonicity property, estimations for the sizes of the domains
of attraction are given. Biological significance of the results and possible extensions of the model are
also discussed.
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1. Introduction. We consider a compartmental model for the propagation of a
virus in vivo, in the form

S"=n(8) — () f(V),
E'=c(8) (V) — cri(E),
I' = c2i(E) — esp(I),

V' = cyp(I) —r(V).

(S)

Here, S denotes the concentration of the cells in the susceptible (i.e., uninfected) class,
E denotes the concentration of cells in the exposed (i.e., latent) class, I denotes the
concentration of cells in the infected class, and V' denotes the concentration of the
virus itself.

The intrinsic growth rate of the susceptible class, which includes both production
of new cells and natural mortality of cells, is given by n(S) with all the newly produced
cells assumed to be susceptible. The movement of cells from the exposed class into
the infected class and the production of free virus from infected cells are given by
coi(E) and ¢4p(I), respectively. By ¢1i(FE) and esp(I), we denote the removal of the
exposed and infected classes, respectively, which include the mortality of cells in the
above-mentioned classes.

It is assumed that the infection process is characterized by the incidence rate
e(S)f(V), where ¢(S) denotes the contact function at concentration S and f(V)
denotes the force of infection by virus at concentration V. We note that our incidence
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rate is sufficiently general to encompass many forms of commonly used incidence rate,
including simple mass action. The removal rate of the virus is denoted by r(V'). All
functions ¢, f,7,p,r,n are allowed to be nonlinear and all constants ci,ca, c3, ¢4 are
assumed to be positive.

We thereby assume that the major infection pathway is virus-to-cell, since the
cell-to-cell pathway is sometimes less documented and therefore less considered, par-
ticularly in diseases such as AIDS (see Perelson and Nelson [18]).

While this model has been studied in Bonhoeffer et al. [1], Korobeinikov [7],
Nowak and May [14], and Perelson and Nelson [18], among others, for linear ¢, f, 1, p,
r,m, it is perhaps important to account for a number of nonlinear features of the bio-
logical phenomena which are involved, especially for the nonlinearity of the incidence
rate, which is influenced by the availability of susceptible cells and by the force of
infection of viral cells. As the concentration of viral cells becomes higher, the simple
mass action law SSV may not necessarily suffice. Moreover, the rate at which an
infected cell or virus will die as a function of their concentrations is generally not
known, and hence we make a further generalization by assuming that the removal
rate is also nonlinear. For a detailed discussion on the virus dynamics of HIV, readers
are referred to Perelson and Nelson [18].

We note that in (S), for i(z) = = and p(x) = x, the constant 1/c; represents
the average time spent by a cell in the latent state, while 1/c5 represents the average
lifetime of an infected cell. Also, ¢; > ¢o and ¢; — ¢ represents the mortality rate of
the exposed cells, while ¢4 relates to the production of virus from infected cells.

As noted by Korobeinikov in [7], if there is no exposed class E and consequently
c(S) f(V) represents the movement of cells from the susceptible class directly into the
infected class, the (reduced three-dimensional) system (S) is equivalent to a SEIR
model with a constant population assumption. It is therefore expected that the dy-
namics of our model will share some features with the dynamics of a SEIR model.
Some perspectives and results from the global stability theory for SEIR models would
also be relevant for our discussion. See Korobeinikov and Maini [8], Li et al. [11],
Li and Muldowney [12], and Li, Muldowney, and van den Driessche [13] for global
stability results for SEIR models. However, in [11, 12, 13] the approach is essentially
geometrical, using a stability criteria which extends the Poincaré-Bendixson theorem
and ruling out periodic orbits, rather than constructing a Lyapunov functional.

A related investigation pertaining to the dynamics of infectious disease models
which incorporated nonlinear incidence rates of a very general form has recently been
performed by Korobeinikov and Maini in [9] by using the Lyapunov method. In [9],
the local stability of the equilibria for SIRS and SEIRS models has been considered
assuming that the incidence rate is given by an arbitrary function f(S,I, N), while
the global stability of the equilibria for SIR and SEIR models has been considered
assuming that the incidence rate is of the form f(I)g(S). However, apart from the
incidence rate, the other functions which appear in the models considered in [9] are
linear and a constant population assumption is used, while for our model full non-
linearity is assured and a constant population assumption would not be an option.
Moreover, the analysis performed in [9] is done in a somewhat different manner, with
a focus on the role of the concavity of the nonlinear incidence rate in the existence
and stability of the endemic equilibrium.

Substantial results regarding the global dynamics of a three-dimensional HIV
model have been obtained by De Leenheer and Smith [3] using a different approach;
their result distinguishes whether or not the term —kVT', which models the loss of a
free virus particle once it enters the target cell, can be absorbed into the general loss
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term —yV. In [3], V is the concentration of free virus particles in the blood and T is
the concentration of T" cells. De Leenheer and Smith start with general assumptions
on the function f which models T cell dynamics in a healthy individual and then
specialize their results for two particular functions: f1(T) =6—aT +pT(1—T/Tmax)
as used by Perelson and Nelson in [18] and f2(T) = 6 — aT as used by Nowak and
May in [14]. Certain linearity assumptions on some other functions appearing in the
model are also made.

In the particular case in which the term —kV'T is absorbed into the general loss
term (as done in [18] and [14])) and f = fs, the model used in [3] can be thought of as
a reduced version of our model, with no exposed class and extra linearity assumptions.
However, the proof of our global stability result uses in an unavoidable manner the
monotonicity assumption on n, which corresponds to f in [3], and therefore it can
accommodate the case f = f5 only and not the case f = fi. In particular, our model
does not admit orbitally asymptotically stable periodic solutions, which are obtained
in [3] for f = fi; see [3, Theorem 1] for details.

The paper is organized in the following manner. We propose the model to be
studied in section 2 and discuss its well-posedness. In section 3 we give results on the
stability of the disease-free equilibrium and persistence of the system, while sections
4 and 5 contain discussions on the existence, uniqueness, and global stability of the
endemic equilibrium. Finally, in section 6, we give some remarks on the biological
interpretation of our results, as well as some further extensions of the model one can
make.

2. The model and its well-posedness. We assume that c, f,i,p,r are real
locally Lipschitz functions defined at least on [0, 00) which satisfy

¢(0) = £(0) = i(0) = p(0) = r(0) = 0,
c(t), f(t),i(t),p(t),r(t) >0 fort >0

and that n is a real locally Lipschitz function defined at least on [0, c0) with n(0) > 0
such that the equation n(S) = 0 has a single solution Sy. We also assume that

(2.1) (n(S) — n(Se))(S — So) <0 for S # S,
(e(S) — ¢(So))(S — So) >0 for S # So

together with

1
1
D / ——dr =+oc0 forall p € {c, f,i,p}.
®) ot #(7) { ;

Note that (2.1) is satisfied if, for instance, n is strictly decreasing and c is strictly

increasing. We also suppose that there are ky,, k;, kp, ky, £, > 0 such that

(G) n(S) <k, —FkpSfor $>0, i(E)>kEfor E>0, p(I)> kI forI>0,
r(V) >k V for V> 0.

The set of growth conditions (G) will be used to establish, in our general setting,
the global existence of the solution for the Cauchy problem associated with the system
(S). We note that these conditions may be dropped if the global existence property
is known or the a priori boundedness of the solutions may be established by other
methods. We shall indicate in section 6 how to remove conditions (G) at the expense
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of other conditions on the behavior of ¢, f,4,p near +oo if f/r is nonincreasing on
(0, 00).

First, it can be easily shown that a solution of the system (S) which starts in
[0,00)* remains there on its whole interval of existence. To this purpose, we note
that the vector (R, Rg, R3, Ry) points inside @ = [0,00)* at all points of 9Q, where
Ry, Rs, R3, and Ry are the right-hand sides appearing in (S), and hence Nagumo’s
tangency conditions are satisfied. See [15] for details.

From our assumptions, it is clear that the system (S) has a unique saturated (i.e.,
nonextendable) solution for any initial data (S(0), £(0),1(0),V(0)). Using (G), it is
possible to prove that all saturated solutions are global. To this aim, note that

c1k; c1C3 C1C3
E— 2k, — —>
2 462 P 40204

C1C3

<S+E+2Cll+ k. V,

Co 402 Cq

/
V) S ];:n _an_

it follows that there is § = 6(ky, ks, kp, kr, c1, C2, €3, ¢4) > 0 small enough such that

C1C3

!/
<S+E+611+ 1% V> +5(S+E+61[+

V) <k
2¢o 4eocy 2¢co deoey )_ "

which implies that

C1C3 v kn

C1
S+E+—1I
TR 2¢o + 4eqcy 6

C1C3

< (S(O) +E(0) + 2%1(0) e

V(0) — 6) e % fort >0,

and therefore S, E, I,V are bounded on their maximal interval of existence. It follows
that the functions S(t), E(t), I(t), V(t) are defined on [0,00), and so the Cauchy
problem with nonnegative initial data is well-posed for the system (S). Moreover, if
we denote

F= {(S,E,I,V) €000 S+ E+4 T+ 12y < k”}

2¢o degey T 5

it follows that F' is a feasible region for the system (S). Of course, the feasible
region determined above is neither minimal nor unique, and the parameter 6 above is
obviously not uniquely determined. We shall simply choose

(2.2) & = min (kn %k %31%, k) .

If S is small, then S’ = n(S) — ¢(S)F(V) > 0 if V stays in a bounded set, since
n(0) > 0 and limg_,0¢(S) = 0, and we may infer that for any S(0) > 0 there is
€s@) > 0 such that S(t) > eg(q for all £ > 0. This means that all solutions which
start with positive S(0) do not reach any point with S = 0 in future time. If S(0) = 0,
then S’ > 0 in a vicinity of 0 and, again, S(t) raises over a certain minimum value (of
course, the case in which S(0) = 0 does not make much biological sense). Also, it can
be seen that the only w-limit point of (S) on the boundary of F is the disease-free
equilibrium (S, 0,0, 0) and the only points on the boundary of [0, 00)* which can be
attained in finite time are situated on [OS, the positive S-semiaxis containing the
origin.
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3. Stability of disease-free equilibrium. Since the equation n(S) = 0 has a
single solution Sp and f(0) = i(0) = p(0) = r(0) = 0, it is easy to see that the system
(S) admits a unique disease-free equilibrium (Sp,0,0,0). We now turn our attention
to the study of its stability.

Consider the Lyapunov functional

dr+E+ 21+ 22V

2 C2Cy

Ul(S,E,I,V):/SC(T)—C(&))

C C1C3
so o) ¢

Since (¢(S) — ¢(50))(S — So) > 0 for S # Sp, it is seen that U; increases whenever
any of |S — Sy|, E, I,V increases and Uy (S, E,I,V) > 0 for all S, E, I,V > 0, while
Ui(S,E,I,V)=0if and only if (S, E,I,V) = (5,0,0,0).

We now compute the time derivative of U; along the solutions of (S). It is seen
that

i = (1= %) (0(5) = )70 + ()1 - ()

C1 C1C3

+ —(c2i(E) — esp(I)) + ——(cap(I) = r(V)),
C2 CoCy

and since n(Sp) = 0, we can deduce that

_ <(50)
c(9)

(3.1) UL(S,B,I,V)= (1 ) (n(S) = n(S0)) + |e(So) F(V) = 280V

C2C4

Due to (2.1), it is easily seen that

(3.2) <1 - C(SO)) (n(S) —n(So)) <0 for S # S,
c(5)
and the first term in the right-hand side of (3.1) is negative. It is then seen that the
stability of the disease-free equilibrium is related to the sign of the remaining term in
the right-hand side of (3.1).
THEOREM 3.1. Suppose that there is a number Vi > 0 such that

f(V) caeq
T(V)E Sl fOTVE(O7VR)7

(3.3) c(So)

and let m = U1(Sp,0,0,Vg). Then the disease-free equilibrium (Sp,0,0,0) is locally
asymptotically stable and its domain of attraction includes the set

M, ={(S,E,1,V) € (0,00) x [0,00)* U1 (S, E,I,V) <m}.

Proof. From (3.1), (3.2), and (3.3), it is seen that Uy (S, E,I,V) <0for 0 <V <
Vg, with equality if and only if S = Sy and either V' = 0 or the equality in (3.3) holds.

Let us denote M = {(S,E,1,V) € (0,00) x [0,00)%,0 <V < Vz} and take k < m
arbitrary. Since for all V' > Vi one has Uy (S, E,I1,V) > Ui(S,0,0,Vg), it is seen
that M, C M. Consequently, Uy (S,E,I,V) <0 on My, with equality if and only if
S = Sy and the equality in (3.3) holds.

We now find the invariant subsets P within the set

P={(S,E,I,V) € My;Uy(S,E,I,V) = 0}.
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Since S = Sy on P and consequently S’ = —¢(Sg)f(V), it is seen that V = 0 and
one similarly deduces that £ = I = 0; that is, the only invariant subset of P is the
singleton P = {(S,0,0,0)}. From LaSalle’s invariance principle (see LaSalle [10])
and the fact that £ < m was arbitrary, the conclusion follows. 0

To complement Theorem 3.1, we further consider the case in which the disease-
free equilibrium is unstable and give some remarks related to the persistence of the
system. The system (S) is said to be uniformly persistent on F if there is a constant
€o > 0 such that any solution of (S) which starts in (S(0), E(0),1(0),E(0)) € F
satisfies

liminf S(t) > &9, liminf E(t) > eo, liminfI(t) >ep, liminfV () > .
t—o00 t—o0 t—o0 t—o00

See also Butler, Freedman, and Waltman [2] or Hofbauer and So [6].
Consider the Lyapunov function
Us(S,E,I,V)=E+ 11+ 9%y,
C2o C2Cy
Similar to the derivation of (3.1), the time derivative of U, along the solutions of (S)
is given by
. C1C3
2C4
Obviously, if (S) is uniformly persistent, then the disease remains endemic and
stability for the disease-free equilibrium is excluded. In this regard, we have already
observed that if (3.3) is satisfied on some interval (0, Vy), then the disease-free equi-
librium is locally asymptotically stable. If, on the other hand, the opposite of (3.3) is
satisfied on some interval (0, Vz), then the system (S) is uniformly persistent in the
sense mentioned above.
THEOREM 3.2. Assume that there is a number Vg > 0 such that

oy f (V) eaca
(3.5) c(S (V) crcs

Then (S) is uniformly persistent and the disease-free equilibrium (S, 0,0,0) is unsta-
ble, with the positive semiazis [OS as its stable variety.
~ Proof. From (3.4), (3.5), and the continuity of the function c at Sy, it follows that
Us > 0 on a small vicinity of (Sp,0,0,0), except for the points with V' = 0. It then
follows that any solution which starts in that vicinity remains away from (S, 0,0, 0),
except for those starting on the positive semiaxis [OS, which tend to (Sp,0,0,0) while
remaining on [OS. It may now be obtained, as in Proposition 3.3 in Li et al. [11], that
the system (S) is uniformly persistent. This amounts to observing that (Sp,0,0,0)
is the unique compact invariant set on the boundary of our feasible domain (so it is
isolated) and its stable variety is the positive semiaxis [OS, which is contained in the
boundary of the feasible domain. Then the use of Theorem 4.1 in Hofbauer and So
[6], together with the remark that a flow and its time one map have the same maximal
compact invariant set and the same stable set in a region, concludes the proof. ]
It now remains to indicate some situations in which (3.3) or (3.5) are satisfied.
Suppose for the moment that f/r is nonincreasing on (0,00) and define a basic re-
production number Ry of the system (S) by
cocy .. f(V)

(3.6) Ry = C(SO)E\;ILHOT(V)

>1 forVe(0,Vg).

(note that the limit limy _q % does indeed exist, since f/r is monotone on (0, 00)).
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If Ry <1, then (3.3) is satisfied on [0, 00), while if Ry > 1, then (3.5) is satisfied
for V in a vicinity of 0. Also, it may be seen that limy, . U1(S0,0,0,Vg) = +oo.
One then obtains the following result, which establishes that Ry is the threshold
parameter for the stability of the disease-free equilibrium.

THEOREM 3.3. Suppose that f/r is nonincreasing on (0, 00).

1. If Rg <1, then the disease-free equilibrium (Sg,0,0,0) is globally asymptoti-
cally stable.

2. If Rg > 1, then (S) is uniformly persistent and the disease-free equilibrium
(S0,0,0,0) is unstable, with the positive semiaxis [OS as its stable variety.

In fact, if f/r is nonincreasing on (0, 00), more can be said for the case Ry > 1,
and it will be shown in sections 4 and 5 that, in this situation, the system (S) admits
a positive endemic equilibrium, which is globally asymptotically stable.

We also note that if the functions f and r are of class C'! and the limit limy _ %
exists, then by the L’Hopital theorem

€264 3y SV

RO - C(SO) c1c3V—0 T‘I<V)

)

which is in agreement with the definition of the basic reproduction number given by
van den Driessche and Watmough in [19] for a large class of compartmental models,
including the present model. We do not need, however, to assume C! regularity for
the functional coefficients throughout our proofs. We also note that, since no C*!
regularity is assumed, local stability analysis based on Jacobian matrices would fail.

4. Existence of endemic equilibrium. We now try to establish some sufficient
conditions for the existence of the endemic equilibrium (S*, E*, I*, V*). Since it would
be somehow unrealistic to attempt to solve the system (EQ) in its greatest generality,
we impose some additional conditions on our functional coefficients. Let us suppose
the following;:

(4.1)

f/r is nonincreasing on (0, c0),
(4.2)

¢, f,4,p are strictly increasing on [0, 00) and n is strictly decreasing on [0, 00),
(4.3)

lim i(z) = lim p(z) = +o0.

Necessarily, S*, E*, I*,V* > 0, and the following equilibrium relations are satisfied:

(EQ) n(S%) = c(ST)F(VF),  e(ST)F(VT) = cri(ET),  cai(E™) = esp(I7),
cap(I™) = (V7).

To solve the equilibrium system (EQ), note first that from the last three equalities in
(EQ) one obtains

Let us define

Fi (5, V) =n(S) = c(S)f(V), Fa(S,V) =c(S)f(V) = —r(V).



344 PAUL GEORGESCU AND YING-HEN HSIEH

Since S — F1(S,V) is strictly decreasing and Fy(0,V) - F1(Sp, V) < 0 for all V| the
equation F1(S,V) = 0 can be uniquely solved with respect to S as a function of V'
for all V. That is, there is a function S = 41 (V') which satisfies

c(i1(V))

Since n/c is strictly decreasing and f is strictly increasing, it follows that t); is
strictly decreasing. Note also that due to (4.4), limy .. ¢1 (V) = 0.

Similarly, S — F»(S, V) is strictly increasing and F5(0, V) < 0 for all V. However,
in this instance it is not necessarily true that F5(Sp,V) > 0, and hence the same
approach we used to solve the equation F»(S, V') = 0 would not work. However, for our
purpose we do not actually need the global solvability of the equation F»(S,V) =0,
since we are searching for a unique endemic equilibrium and consequently for a single
V*. In some situations, local solvability may suffice.

To gain insight, suppose for the moment that the equation F5(S, V) = 0 may also
be uniquely solved with respect to S as a function of V' (locally for V). That is, there
is a function S = ¥9(V') which satisfies

acs (V)
cacq f(V)

Since c is strictly increasing, it follows that 1, is strictly increasing.

Since 1 is strictly decreasing, s is strictly increasing and limy _ o ¢1 (V) = 0,
the curves defined by S = ¢1(V) and S = 1)2(V') have a common point (5%, V") with
S* > 0and V* > 0 if and only if ¢;(0) > 12(0), or equivalently, ¢(1)1(0)) > ¢(12(0)).
Since 11 (0) = Sy and ¢(12(0)) = 2 limy %, the existence condition is ¢(Sp) >

Cc2Cyg
i;zi limy g % Using the basic reproduction number of the system (S) as defined

in (3.6) (note again that f/r is monotone), this condition may be rewritten as Ry > 1.
Up to now, we have shown that if the equation F5(S,V) = 0 is solvable with
respect to S as a function of V', then the necessary and sufficient condition for the
existence of positive (S*, V*) is that Ry > 1. In this case, we have
C1C3

B cacq f(V)
FQ(Sa V) - ar(v) C(S)E T’(V)

c(¥2(V)) =

and F»(Sp, V) is positive for V in a vicinity of 0. Since we have already noted that
F5(0,V) < 0 for all V, it follows that the equation F»(S,V) = 0 is solvable with
respect to S as a function of V' (locally for V) if Ry > 1, which is precisely what we
needed. That is, we have shown that the existence of positive (5%, V*) is equivalent
to the validity of condition Ry > 1.

Also, if 4,p are strictly increasing on [0,00) and lim, o i(z) = lim, o p(x) =
+00, then the equations i(F) = %n(S*) and p(I) = 2-n(S*) will have unique

C.
positive solutions E*, I*, respectively. In view of the above, we can summarize our

discussion with the following result.

THEOREM 4.1. Assume that conditions (4.1), (4.2), and (4.3) are satisfied. Then
there is a unique positive endemic equilibrium (S*, E*, I*,V*) of (S) if and only if
Ry > 1, where Ry is the basic reproduction number for the system (S), as defined in
(3.6).

We note that conditions (4.1), (4.2), and (4.3) (combined with Ry > 1) are
sufficient for the existence of the endemic equilibrium but not necessary. Actually, if
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one assumes that the removal rate r(V') of the virus is influenced by treatment which
is administered if an increase of the virus load over a certain value is observed, while
the force of infection f(V') is not, it is easy to think of a function f/r which is not
monotone, for instance. In this situation, the disease-free equilibrium may coexist
with multiple positive endemic equilibria. It is perhaps also worth noting that the
stability of the equilibria depends essentially on the behavior of the function f/r and
depends on the contact function ¢ only through the basic reproduction number Ry.

5. Stability of endemic equilibrium. In this section we assume that the sys-
tem (S) admits a positive endemic equilibrium (S*, E*, I*, V*) and study its stability.
However, we do not assume that (4.1), (4.2), and (4.3) are satisfied and establish our
results under somewhat weaker hypotheses. This is consistent with the remark that
conditions (4.1), (4.2), and (4.3) are sufficient for the existence of the endemic equi-
librium but not necessary. For our purpose, apart from the existence of the endemic
equilibrium, we assume that

(P) (e(S) — ¢(S*)) (S — 8*) >0 for S #8*,8>0,
(V)= f(V)H(V=V*)>0 forV#£V*V >0,
( i(E*))(E—E*)>0 for E+#E*E>Q0,

p(I) —p(I")(I—I")>0 for I#I*1>0

and

(N) (n(S) —n(S*)(S—5") <0 forall S>0.

Note that conditions (P) and (N) are satisfied if (4.2) holds. However, nonmonotone
functions ¢, f, i, p,n can also satisfy (P) and (N).
We consider the Lyapunov function

Se(r)—ols?) [P —i(E)
R i+ [ in

e [Tp) o), ac [V IO - fV)
P e e

U3(S7E7[7V) :/
+

Due to the sign conditions (P), it is seen that Us increases whenever any of |S — S*|,
|E — E*|, |I — I*|, |V — V*| increases and Us(S,E,I,V) > 0 for all S, E, I,V > 0,
while Us(S, E,I,V) = 0 if and only if (S, E,I,V) = (5%, E*,I*,V*). We note that
if any of S, E, I,V tends to 0, then Us(S, E,I,V) tends to oo due to the divergence
condition (D). It then follows that all level sets of Us have no limit points on the
boundary of (0, c0)%.

We now compute the time derivative of Us along the solutions of (S).

LEMMA 5.1. The time derivative of Us with respect to the solutions of (S) is

Us(S, B,1,V)
e [ e (£ (£ )
= (n(8) =n(5 ”(1 6(5)>+(5)(V)(f(‘/> 1>(r<V*> r<v>>
AS) B (8) JV) B plI") | JOV) p(D)
o(5) T A(E) (5 F) T B pD) T FV) p(I)
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If the inequality
RV N (VYR
(5-1) AS7r(V) ( i) 1) <r<V*> - r<V>) <0

holds true for V in some given interval (Vi,VRg), then Ug(S,E,I,V) <0 forV e
(Vi, Vr), with equality if and only if

S=8" and 5= =
Proof. It is seen that

Ui = (1 - fs,))) (n(8) — (S) F(V)) + (1 - i@) (C(8)(V) - cxi(E))

) el = S ) 4 ai(E) -
acs ey _ €163 g cres f(VT) aces J(V7)

¢ P Cacs V) e f(V) pl) + cacs f(V)
Using the equilibrium relations (EQ), it follows that

Us = n(S) (1 - CC((.S;D +e

p(I”) .

r(V).

SYF(V) = C1i(E*)iZ.(g)) cc((i)) ]f ((VV}) + eri(E”)

it SV 2D

—~

)
=n(9) <1 = S > + (SN f(V) 4 c1i(E™) V) 7V — )
~ eyin) [IED) 9 F0) | iE) pUI)
! Li(E) o(S*) f(V) (B p(I) T f(V) p(I7)
")

(1 SN L FV) V) (V) (V)
=n(S) (1 c<s>>+ B iy Tail® )(f(V) Q) r(V*>>
(5 iE) A8) SV) () ol

— c1i(EY)

L c(S)  i(E) o(S*) f(V*) i(E) p(I) — f(V) p(I*)
+ cli(E*)Cc(fg)) — 2¢1i(E").

This implies that
s = (0(5) - i) (1- S )
VYY) V) S
+ elE) ( F07) (V) r(v) ) 1)
c(S*)
o(3) T iB) a8 f7) T HE o) T FV) p(F)

— c1i(EY) [
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and since ¢1i(E*) = n(S*), it follows that

Us(S, E,1,V)

sy (4SSO L RV (V) )
= (n(8) —n(S ))(1 C(S)>+1(E)<f(V) 1) (r(V*> f(V*)>
o8) B l8) JOV) | iE) pI) SOV pD) 4}
o(5) "B (5 T T B p@) T I e

Using the relation cji(E*) = ¢(S*)f(V*), one gets the required conclusion. Now,
from the sign condition (N) it is seen that

— cyi(EY) [

c(S*)
c(5)

with equality if and only if S = S*, and from the AM-GM inequality (which says
that the algebraic mean is not smaller than the geometric mean) it is seen that

c(87) | iE") «(8) f(V) . iE) pU*)  fVT) p(d)
co(S)  A(E) ofS) f(VF) i(Er) p(I)  f(V) p(I*) T

with equality if and only if
(5.2) o(S*) _iE") o(S) fV) _ uE) pr) _ f(VT) pU)

(n(S) — n(S™)) <1 - ) <0 for >0,

co(S)  i(E) o(S*) f(V) () pI)  f(V) p(I*)
It then follows that if the inequality

o (S5 (453 47) =

holds true for v € (Vi,Vg), then Us(S, E,I,V) < 0. For the equality case, we note
that ¢(S*) = ¢(S) if and only if S = S*, and substituting this into (5.2) one obtains
that

iB) _fV) e

i(E*)  f(vr) o p(I)

It is now obvious that the stability of the endemic equilibrium (S*, E*, I*, V*) is
related to the validity of the inequality (5.1). Subsequently, we estimate the size of
the domain of attraction associated with (S*, E* I*, V*).

THEOREM 5.2. Assume that the sign conditions (P) and (N) are satisfied and
there are Vi, and Vgr such that

V) _ F0v)

(5.3) ) S for V<V < Vg,
fvV) _ fv) .
r(V)ZT(V*) for Vp <V <V*.

Define m = min (Us(S*, E*, I*, V), Us(S*, E*, I*,VR)). Then (S*,E*,I*,V*) is lo-
cally asymptotically stable and its domain of attraction includes the set

My, = {(S,E,I,V) € (0,00)5; Us(S, E,I,V) < m} .
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Proof. Denote
M = {(S’E7I7V> € (0700)4;VL < V < VR} .

From (5.3) it follows that (5.1) is satisfied for V' € (Vr,Vg), and using Lemma 5.1
one may infer that Us(S, E,I,V) <0 on M, with equality if and only if

i(B) _ J(v) _ pll)
i(E*) - f(Ve) o p(I¥)
Take an arbitrary & < m. Since Us increases whenever any of |[S — S*|, |E — E*|,
|l —I*|, [V — V*| increases, it follows easily that, for all V' outside (Vz, V), one has
Us(S,E,I,V) > m for all S,E,I > 0. Consequently M} C M. Moreover, as noted

previously, My is a bounded set which has no limit points on the boundary of M.
We now find the invariant subsets N within the set

S =5* and

N ={(S,E,I,V) € My;Us(S, E,1,V) < 0}.

Since S = §* on N and consequently S” = n(S*) — ¢(5*)f(V), it follows that S’
e(S*)(f(V*) = f(V)), and so S" = 0 if and only if V = V*. From :(%5*)) = pp((ll*)) =
we then deduce that E = E* and I = I* by using the sign condition (P).

Therefore, using LaSalle’s invariance principle (see LaSalle [10]) one obtains that
any trajectory which starts in My tends to (S*, E*, I*,V*) as t — oo. Then the
endemic equilibrium (S*, E*, I*, V*) is locally asymptotically stable and the set M},
belongs to its domain of attraction. Since k was arbitrary and less than m, one obtains
the required conclusion. O

We now continue with a few considerations on the inequalities (5.3). Since

— |l

thOUg,(S*,E*,I*,VL) = lim U3(S*,E*,I*,VR) = +o00,
L—

Vr—o0

one obtains that if the following inequalities are satisfied,

fv) _ v

(5.4) (V) < (V) for V* <V,
fvV) _ f(ve) .
T(V)ZT(V*) for0 <V < V™,

then (S*, E*, I*,V*) is globally asymptotically stable in (0, 00)*.

Regarding the inequalities (5.4) (or (5.3)), it is easy to see that they are ver-
ified if the function f/r is nonincreasing on (0,00) (or on (Vz,Vg)); however, this
monotonicity property is only sufficient and not necessary. If r(V) = kV, for some
k, then the above monotonicity property is satisfied for three common incidence
rates, namely ¢1(S)f1(V) = 815V, c2(S) f2(V) = [25PV9, where 0 < ¢ < 1, and

We also remark that the inequalities (5.4) alone imply the uniqueness of the
endemic equilibrium (S*, E*, I*, V*). To show this, suppose that there is another
endemic equilibrium (ST, ET, I7, V7). Apart from (EQ), one then has

(EQ') n(S7) = c(STFVE),  e(ST)F(VY) = cri(EY),  eai(EY) = esp(I7),
cap(Iy) = (V7).
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It follows that

* *\ % T(V*) _ T(Vl*)
(5:5) o(57) = el81) = 5, (f(V*) f(%*)) ’
(5.6) n(5*) = n(S;) = — (r(V*) = r(V{))

and therefore

If V* > V¥, then, from (5.5), ¢(S*) > ¢(S7), S* > ST, which implies n(S*) < n(S7)
and consequently from (5.6), r(V*) < r(V;*), which is a contradiction. The case V* <
Vi* is dismissed in a similar manner, subsequently V* = V;* and from (5.5), S = S7.
Substituting these equalities into (EQ) and (EQ’) we obtain that i(E*) = i(E]) and
p(I*) = p(I7), and hence E* = EY and I* = I}; that is, the endemic equilibrium is
uniquely determined. However, we should point out that inequalities (5.4) ensure the
uniqueness of the endemic equilibrium only and not necessarily its existence.

6. Discussions and concluding remarks. The earlier analysis clearly indi-
cates the importance of the quantity

f(V) caca

(o) (V) cies

in the discussion on local stability of the disease-free equilibrium and persistence for
the system. Moreover, under the monotonicity condition on f(V)/r(V), we obtain
the basic reproduction number

Co2Cy . f(V)
(6.1) Ry = C(SO)E\PLHOT(V) .
We will now give a biological interpretation of this result. From (S), it is obvious that
the terms in the numerator denote the growth in the concentrations of the infected
cells, £ and I, and of the virus V. The terms in the denominator, on the other
hand, denote the removal (or decrease in concentration) of these three same classes.
Therefore, the ratio of the two can be considered as a measurement of the combined
“productivity,” perhaps more aptly, the basic reproductive ratio of the infected classes
in the system. The fact that the stability of the disease-free equilibrium and the
persistence of the system depend on whether this quantity is less than one or not
(Theorems 3.1 and 3.2) further confirms our assertion.

The quantity f(V)/r(V) is also important for our results. It can be interpreted
as the efficiency of the virus, that is, the ratio of its infectivity to its removal, as a
function of the virus concentration. Theorems 3.3, 4.1, and 5.2 require f(V)/r(V)
to be a nonincreasing function of V. Some recent studies (see, e.g., [16, 17]) let
f(V) = r(V) = V, an assumption which is supported by some clinical data. We
note that in this case f(V)/r(V) = 1, and hence our condition of nonincreasing ratio
f(V)/r(V), which generalizes to the models with nonlinear f(V') and r(V), is satisfied.
For HIV, it has been observed that the productivity of the virus, f(V), increases as
the virus concentration increases. Our analysis is valid if the increase in removal of
the virus (V') as virus concentration increases is at least to the same level as the
increase in f (V). Further studies are needed to verify whether our assertion holds.
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On the other hand, if the function f/r is indeed increasing on (0, 00), then Uy
and Ujz are not necessarily global Lyapunov functionals and therefore do not create
their own boundedness structure for the solutions of (S). For the global existence
of the solutions, growth conditions (G) (see section 2) need to be imposed. If f/r
is nonincreasing on (0, c0), however, the boundedness structures created by the level
sets of Uy and Us render the growth conditions unnecessary.

Suppose that f/r is nonincreasing on (0,00) and Ry > 1. Assume that the
following conditions are satisfied:

y
(B) lim (y - gp(m)/ (1 )dT) =+4oo forallz>0and ¢ € {c f,ip}.
y—oo . ot

Note that (B) is satisfied for a function ¢ such that lim, . ¢(y) = 400, since in this
situation

y_1

M L ,
lim =07 =0 for p € {¢, f,i,p}.
y—oo Y y—o0p(y)

However, condition (B) is also satisfied for ¢(x) = 2P /(14 axP),0 < p < 1 (this is, for
instance, the case when (V) = f(V) = V?/(1+aV?) is a nonlinear force of infection
with saturation), which does not tend to +oo as z — +o0.

Regarding conditions (D), since the only points on the boundary of [0, 00)* which
can be reached in finite time are situated on [OS and the only w-limit point of (S) on
the boundary of [0,00)? is the disease-free equilibrium (Sp, 0,0,0), a less restrictive
condition than (D) would suffice to avoid these situations, namely

1
1
(D,) / —dr = 400 for some "2} S f;zvp} .
0+ ‘P(T) {

Then, by the results in the previous section, there is a unique positive endemic
equilibrium which verifies relations (EQ). Take (S(0), E(0),1(0),V(0)) € (0,00)*.
Then Us < 0 for all ¢, and it follows that (S(t), E(t), I(t), V(t)) stays in a level set of
U3 on its whole interval of existence. Since the level sets of Us are bounded due to
(B), it follows that the saturated solution which starts in (S(0), E(0), I(0),V(0)) exists
on [0,00). The growth conditions (G), which were used to obtain global existence,
therefore become unnecessary and the proof proceeds in the same manner. Then, as
in section 3, all solutions which start in [0,00)* tend to (S*, E*,I*,V*), except for
those which start on [OS and tend to (Sp,0,0,0) as t — oco. The growth conditions
become unnecessary for the proof of the uniform persistence result as well, since the
system (S) admits an endemic equilibrium and it is obviously uniformly persistent.

If Ry <1, the reasoning is quite similar, with Uy in place of Us, and it is obtained
again that all the saturated solutions are global and the stability result remains valid.
We then summarize our discussion in the following result.

THEOREM 6.1. Suppose that f/r is nonincreasing on (0, 00) and conditions (4.2),
(4.3), (B), and (D') are satisfied.

1. If Ry <1, then the disease-free equilibrium (Sp,0,0,0) is globally asymptoti-
cally stable.

2. If Ry > 1, then the system (S) admits a unique positive endemic equilib-
rium which is globally asymptotically stable. The disease-free equilibrium
(S0,0,0,0) is unstable, with the positive semiaxis [OS as its stable variety.
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Obviously, in statement 2 the stable variety of the endemic equilibrium actually
excludes [OS.

As an example to illustrate the usefulness of our results, it is easy to see that a
system which fits into our framework is

S'=b-—mS — 55L
N 1+aVr’
VP
(RS) = B — 1B
II = CQE — C3.Z'7
V' =y — KV

for bm,8,k > 0, a > 0, and 0 < p S v < 1. In this situation, ¢(S) = 385,
f(V)=VP/(1+aV?), i(E ) E,p(I)=1I1r(V)=V7, n(S) =b—msS.
It follows that f/r =1/((1 4+ a1 VP?)V7~P) is nonincreasing on (0, o0),

lim £ = lim I = hm kEVY = 400,

E—oco I—o0

and limy_,o VP/(1 4 aVP) = 400 if a = 0, while if a > 0, then

P Vi P
lim <V B / roar dT) =400 forall z > 0.
V—00 1+azr J, TP

Also, f01+ +dE = 4o0. Note that if a = 0 and p € (0,1), then f(V) = V? is not
Lipschitzian on [0, c0) due to its behavior near 0. However, our solutions which start
with V' > 0 do not reach points for which V' = 0 in finite time. Hence the uniqueness
property is not impaired. The same remark applies to the function r. We can therefore
apply the results in the previous sections and obtain the following result.

THEOREM 6.2.

1. If p < =, the basic reproduction number Ry of the system (RS) is 4o00. The
system (RS) admits a positive endemic equilibrium which is globally asymp-
totically stable. The disease-free equilibrium (Sp,0,0,0) is unstable, with the
positive semiazis [0S as its stable variety.

2. If p =, the basic reproduction number Ry of the system (RS) is

Ry = Pbe2cal

mcies k

In this case, if Ry < 1, then the disease-free equilibrium (Sg,0,0,0) is globally
asymptotically stable, while if Ry > 1, the system (RS) admits a positive
endemic equilibrium which is globally asymptotically stable. The disease-free
equilibrium (Sop, 0,0, 0) is unstable, with the positive semiaxis [OS as its stable
variety.
Again, the “global” stable variety of the endemic equilibrium is understood to
exclude [OS. Note that for p = v = 1 and a = 0 we obtain the results given in
Korobeinikov [7].
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As a final remark, we note that similar analysis can be extended to a system of
the form
S =n(8) = c(S)f(V),
E'=c(S)f(V) — c1i(E),
(SE) It = c2i(E) = kapa(h),
I =k api (L) = kypy(1;), 2<j<mn,
V' = kupn(L,) — (V).

The associated Lyapunov functionals are in this case

S — n
c(1) — c(So) k; a1y Ky
U Svaja"'aIn :/ 7dT+E+* = IZ+ T‘/,
1 1 ) s c(7) z:: 1;[ k; o 31;[1 k;
c n i—1 ,Z{Z n ,l{j
Ug(S,E,Il,...,In):E+—Z HTJ HTJ
253 \joi ki =1k
and
S _ * E - . *
%@EAWWMZ/CWW”M+/1W(THW
* C\T E* T
cas [k / pi(n) = pill)
C2i3 \joi ki ) i pi(T)

with the convention H] 1 k =1.

Again, related asymptotlc stability can be obtained as in previous sections, and
the size of the domain of attraction depends essentially on the behavior of the function
f/r. If the function f/r is nonincreasing on (0,00), the threshold parameter Ry is

given by

The first Lyapunov functional of type Z?zl d; (zz —z; —xln i"—), to which our
functional Us reduces when ¢, f, i, p are linear functions, has been used by Volterra in
[20] to treat a two-dimensional predator-prey model which describes the interaction
between sharks and predated fish in the Mediterranean Sea. (See also Goh [4].) In
[5], Harrison constructed a Lyapunov functional of this type for a two-dimensional
predator-prey model which accounted for very general numerical and functional re-
sponses of the predator. The computation of the derivatives is straightforward and
hence omitted for brevity.



GLOBAL STABILITY FOR A VIRUS DYNAMICS MODEL 353

Acknowledgment. The authors would like to thank the referees for their con-

structive comments.

z,

REFERENCES

. BONHOEFFER, R. M. MAy, G. M. SHAw, AND M. A. Nowak, Virus dynamics and drug

therapy, Proc. Nat. Acad. Sci. U.S.A., 94 (1997), pp. 6971-6976.
. BUTLER, H. I. FREEDMAN, AND P. WALTMAN, Uniformly persistent systems, Proc. Amer.
Math. Soc., 96 (1986), pp. 425-430.

. DE LEENHEER AND H. L. SMITH, Virus dynamics: A global analysis, SIAM J. Appl. Math.,

63 (2003), pp. 1313-1327.

. S. GoH, Global stability in many species systems, Amer. Natur., 111 (1977), pp. 135-143.

. W. HARRISON, Global stability of predator-prey interactions, J. Math. Biol., 8 (1979),
pp. 159-171.

. HOFBAUER AND J. W. H. So, Uniform persistence and repellors for maps, Proc. Amer.

Math. Soc., 107 (1989), pp. 1137-1142.

. KOROBEINIKOV, Global properties of basic virus dynamics models, Bull. Math. Biol., 66
(2004), pp. 879-883.

. KOROBEINIKOV AND P. K. MAINI, A Lyapunov function and global properties for SIR
and SEIR epidemiological models with nonlinear incidence, Math. Biosci. Eng., 1 (2004),
pp. 57-60.

. KOROBEINIKOV AND P. K. MAINI, Non-linear incidence and stability of infectious disease
models, Math. Med. Biol., 22 (2005), pp. 113-128.

. P. LASALLE, The Stability of Dynamical Systems, CBMS-NSF Regional Conf. Ser. in Appl.

Math. 25, SIAM, Philadelphia, 1976.

M. Y. L1, J. R. GrRAEF, L. K. WANG, AND J. KARSAIL, Global dynamics of a SEIR model with

a varying total population size, Math. Biosci., 160 (1999), pp. 191-213.

M. Y. L1 AND J. S. MULDOWNEY, Global stability for the SEIR model in epidemiology, Math.

Biosci., 125 (1995), pp. 155-164.

M. Y. L1, J. S. MULDOWNEY, AND P. VAN DEN DRIESSCHE, Global stability for SEIRS models

in epidemiology, Can. Appl. Math. Q., 7 (1999), pp. 409-425.

M. A. Nowak AND R. M. MAY, Virus Dynamics: Mathematical Principles of Immunology and

Virology, Oxford University Press, New York, 2000.

. H. PAVEL, Differential equations, flow invariance and applications, Pitman Research Notes
in Mathematics, Boston, MA, 1984.

. S. PERELSON, A. U. NEUMANN, M. MArRKOwWITZ, J. M. LEONARD, AND D. D. Ho, HIV-1
dynamics in vivo: Virion clearance rate, infected cell life-span, and viral generation time,
Science, 271 (1996), pp. 1582-1586.

. S. PERELSON, Modelling viral and immune system dynamics, Nat. Rev. Immunol., 2 (2002),
pp. 28-36.

. S. PERELSON AND P. W. NELSON, Mathematical analysis of HIV-1 dynamics in vivo, STAM
Rev., 41 (1999), pp. 3-44.

. VAN DEN DRIESSCHE AND J. WATMOUGH, Reproduction numbers and sub-threshold endemic

equilibria for compartmental models of disease transmission, Math. Biosci., 180 (2002),
pp. 29-48.

. VOLTERRA, Legons sur la Theorie Mathematique de la Lutte pour la Vie, Gauthier-Villars,
Paris, 1931.



