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ABSTRACT. The replicability of an oncolytic virus is measured by its burst
size. The burst size is the number of new viruses coming out from a lysis of
an infected tumor cell. Some clinical evidences show that the burst size of an
oncolytic virus is a defining parameter for the success of virotherapy. This arti-
cle analyzes a basic mathematical model that includes burst size for oncolytic
virotherapy. The analysis of the model shows that there are two threshold
values of the burst size: below the first threshold, the tumor always grows to
its maximum (carrying capacity) size; while passing this threshold, there is
a locally stable positive equilibrium solution appearing through transcritical
bifurcation; while at or above the second threshold, there exits one or three
families of periodic solutions arising from Hopf bifurcations. The study sug-
gests that the tumor load can drop to a undetectable level either during the
oscillation or when the burst size is large enough.

1. Imtroduction. Oncolytic viruses are genetically altered viruses that can infect
and replicate in cancer cells but leave healthy normal cells unharmed. When on-
colytic viruses are inoculated into a cancer patient or directly injected into a tumor,
they spread throughout the tumor, and infect tumor cells. The viruses that are in
the infected tumor cells replicate themselves. Upon a lysis of an infected tumor
cell, a swarm of new viruses burst out of the infected cell and infect neighboring
tumor cells. Over the last decade, great progress in understanding of the molecular
mechanisms of viral cytotoxicity of oncolytic viruses has been providing a fasci-
nating possible alternative therapeutic approach to cancer patients. This alterna-
tive approach could be especially beneficial in the case of malignant brain tumor,
glioma, since the standard therapy of surgery-radiation-chemotherapy does not typ-
ically destroy all the tumor cells; survival rate in high grade glioma is measured in
months. Recent experiments in animal brain tumors using genetically engineered
viral strains, such as adenovirus, ONYX-15 and CV706, herpes simplex virus 1 and
wild-type Newcastle disease virus show these viruses to be relatively non-toxic and
tumor specific [4]. Additionally, a wide array of viruses is being tested for potential
as oncolytic viruses.

Although oncolytic viruses have shown promising outcomes in some clinical tri-
als [1], viral oncolytic therapy has not yet lived up to its expectations. One reason
is that once inside a cell the oncolytic virus, such as herpes simplex virus type 1
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hrR3, replicate poorly; this difficulty may be overcome with advanced technology.
Another reason for the failure of efficacy of virotherapy is because of limited un-
derstanding of the dynamics that underlie the spread of oncolytic viruses through
tumors. Without such an understanding, much of the clinical research is based on
trial and error. In this aspect, mathematical modeling can allow us to see the whole
spectrum of possible outcomes, and provide the rationale to optimize treatments.
Several attempts have been made to understand and characterize viral dynamics
by mathematical models [6, 18, 12, 14, 15, 16, 2, 11]. These studies are largely of
qualitative simulation in nature and examine how variation in viral and host pa-
rameters influences the outcome of treatment. The outcome of virotherapy depends
in a complex way on interactions between viruses and tumor cells. A clear picture
of the dynamics of virotherapy seems hard to obtain.

Experimental results [10] have shown that a novel glioma-selective HSV-1 mu-
tant (rQNestin34.5) has a high replication ability and doubles the life span of glioma
mice. Our work [6] has suggested that viral replication ability is a major factor for
the success of virotherapy. Our model in [6] describes interactions among glioma
cells, infected glioma cells, viruses, and immune cells. It also includes the im-
munosuppressive agent, cyclophosphamide. It is a free boundary problem with five
nonlinear parabolic partial differential equations. Our study of a space-free virother-
apy model [13] suggests that the oscillation is an intrinsic property of virotherapy
dynamics and relates to virus replication ability. This paper aims to analyze the
dynamics of oncolytic viruses related to replication ability in a relatively simpler
setting. We will only consider tumor cells and viruses in a space-free fashion.

This paper is organized as follows. In section 2, we review models of the dynamics
of oncolytic viruses in terms of ordinary differential equations, and introduce a
common basic model. In section 3, we mathematically analyze our basic model. In
section 4, using published data, we demonstrate the typical dynamic behaviors of
our basic model by numerical simulation, and give a brief discussion and several
open problems of virotherapy dynamics.

2. Mathematical models. Within the framework of modeling interacting popu-
lations by systems of ordinary differential equations, Wodarz and Komarova [16]
proposed a general model (1) based on the law of mass action,

d

d_f = aF(z,y) — ByG(z,y), (1)
dy

@ =Py~

where z stands for the uninfected tumor cell population and y the infected tumor cell
population. The function F describes the growth properties of the uninfected tumor
cells, and the function G describes the rate at which tumor cells become infected
by the virus. These two functions could take several different forms, depending on
how much detail of the biology is incorporated into the model. The coeflicient 3
represents the infectivity of the virus. The infected tumor cells die with a rate ay.
This is a basic framework to describe the dynamics of virotherapy. From our study
[6, 8], the free virus population itself is very important for virotherapy dynamics.
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Actually, Wodarz [17] proposed a three population model (2),
dx r+y

Ezmc(l— - ) — dx — Bav,

dy

A - 2
Y pro—(a+ o, )
@—a — v

ar Yy —v.

Here, v stands for the free virus population. The tumor growth is modeled by
logistic growth, and C' is maximal tumor size. The term ay models the release of
virions by infected tumor cells, and v is the clearance rate of free virus particles by
various causes including non-specific binding and generation of defective interfering
particles. The death rate of tumor cells dx seems redundant, since it is included in
the logistic model. Dingli et al [5] proposed a similar model by replacing the first
equation in (2) by a generalized logistic model,

do (x +y)°

E = T'.’I](l — T) — ﬁ(E’U,

dy

29 _ _ 3
p Bxv — 0y, (3)
@ = oy —yv

ar Yy —yv.

Here, € is a constant. In order to consider the recombinant effect of measles virus,
Dingli et al [2] proposed the following model (4)

dr (x+y)°

5 = el = =) = Bav — pay,

% = fzv — dy, (4)
%:ay—”yv—ﬁxv,

where pxy describes cell-cell fusion effect during the virotherapy. This model in-
cludes an important fact that tumor cells and free virus both decrease due to infec-
tion.

In our PDE model [6] and ODE model [13], we model virus replication ability by
its burst size. The burst size of a virus is the number of new viruses released from a
lysis of an infected cell. Different types of viruses have different burst sizes. Viruses
of the same type have almost the same burst size. The burst size is an important
parameter of virus replicability. Including the burst size b, we propose a common
basic model for virotherapy:

;—f—)\x(l—%_w)— v
g—fzﬁxv—éy (5)
Y = bdy — fxv — v

dt
Since tumor cells infected by most types of viruses do not combine each other [4],
we do not include recombinant effect into this basic model. Logistic growth is a
common growth pattern. We therefore take it as uninfected tumor growth instead
of a generalized one.
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3. Analysis of the basic model. The main results can be summarized as follows.

Theorem 3.1. The system (5) has three equilibria, Ey = (0,0,0), E1 = (1,0,0),
and the positive equilibrium E*. Ey is always unstable for all positive values of
b. Ep s globally asymptotically stable when 0 < b < bs,, and it is unstable when
b>bs,. At b= bs,, the positive equilibrium E* moves into the domain D, a type of
transcritical bifurcation occurs with Fy and E*. As b increases, while bs, < b < bs,
and b € I, E* is locally asymptotically stable; when b > by and b € I, E* s
unstable. Hopf bifurcations occur for some b > bs,, and these bifurcations give
rise to one or three families of periodic solutions. As b becomes large enough,
B~ (0(h).0(}). 7).

We will use Lyapunov functions, center manifold theorem to study equilibria. To
study Hopf bifurcations, we will develop new properties of coefficient parameterized
polynomials and properties of Routh-Hurwitz determinants since the bifurcation
values are not algebraically expressible. Since the bust size is a measure of capability
of a virus, the main results have the following possible biological implications. When
viruses are not powerful, the burst size is less than bg,, virotherapy fails. When
viruses are powerful but not very powerful, the burst size is in the range bs, <
b < bs,, virotherapy can be partially successful. When viruses are very powerful,
virotherapy successes in the sense of tumor load dropping to a undetectable level.

In the rest of this section, we shall present preliminary results, equilibrium anal-
ysis, and Hopf bifurcation analysis. We will also highlight biological implications of
mathematical statements when available.

3.1. Preliminary results. For simplicity, we non-dimensionalize the system (5)
. _ T e _ A
by setting 7 = §t, * = K, y = Ky, v = K0, and rename parameters r = 7,
a= 'BTK and ¢ = . The system (5) becomes
dz
22 (1l — T — ) — aTT
o rz(l —Z —y) — aZv
dy
2 amv —
dr
dv b7 — aZT — B
— = by — aZv — cv.
dr Y
For convenience, dropping all bars over the variables and write 7 as t, we have
d
d—f =rz(l —z —y) —axv
d
= arv -y (6)
dv b
— =by —axv — cv
at

It is assumed that all parameters are nonnegative.

Lemma 3.2. If 2(0) > 0, y(0) > 0, and v(0) > 0, then x(t) > 0, y(t) > 0, and
v(t) > 0 for t > 0. Furthermore, if 0 < z(0) + y(0) < 1, then 0 < z(t) + y(t) <1
fort>0.

Proof. If the conclusion x(t) > 0, y(t) > 0, and v(t) > 0 for ¢ > 0 is not true, there
must be a time ¢, such that there is at least one component that will be zero first.
We check each possible case.
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If 2(t1) = O first, then 2/(t1) = 0. From the first equation of (6), by the unique-
ness of the solution we know z(t) = 0 for all ¢ > ¢;. Then the second equa-
tion of (6) becomes y'(t) = —y. Its solution is y(t) = y(t1)e!*~t. So, y(t) > 0
since y(t1) > 0. The third equation becomes v'(t) = by — cv. Its solution is
v(t) = v(ty)e= et 4 pe—et—t1) fttl e“Ty(7)dr. Therefore, v(t) > 0.

If y(t1) = 0 first, then y'(t1) = az(t1)v(t1) > 0. So, y(t) > 0 when ¢t > ¢; since
x(t) > 0 and v(t) > 0 as assumed.

If v(t;) = 0 first, then v'(¢t1) = by(t1) > 0. So, after t1, v(t) > 0 since z(t) > 0
and y(t) > 0 as assumed.

If two components are zero simultaneously at t1, it is easy to check that the third
component will be nonnegative when ¢ > t;.

If the three components are zero simultaneously at ¢;, then from the uniqueness
of the solution, x(t) = 0, y(t) =0, and v(¢) = 0 for ¢ > 0.

Therefore, x(t) > 0, y(t) > 0, and v(t) > 0 for t > 0.

Since the initial value of each component is nonnegative, the solution is non-
negative. So, z/(t) = re(1 —x — y) — azv < rz(l — z). With 2(0) < 1, by the
comparison theorem, we have z(t) < 1. Notice, 2'(t) + ¢'(t) =rz(l —x —y) —y <
rz[l — (z +y)] < r(l — (z +y)). Since 0 < x(()) + y(0) < 1, by the comparison
theorem, we have 0 < z(t) + y(¢t) < 1 for ¢t > 0. O

Lemma 3.3. If (0) > 0, y(0) > 0, v(0) > 0, and 0 < z(0) + y(0) < 1, then
limy—s 4 oo sup v(t) < %.
Proof. Under the given conditions, the solution components z(t) and y(t) are both
nonnegative and smaller than 1. v'(t) = by — azv — cv < by — cv < b — cv, by
the comparison theorem, v(t) < & + v(0)e°. So, sup v(t) < 2 + v(0)e~°, and
limy— 4 sosup v(t) < %. O
Define the domain D = {(z,y,v) : > 0,y > 0,v > 0,0 < z +y < 1}. From
Lemma 3.2 and Lemma 3.3, D is a positive invariant domain for the system (6). It

is also a biological meaningful range for variables. We then refer the whole domain
D as a “global”domain.

3.2. Equilibrium analysis. The system (6) always has two equilibrium solutions
in the positive invariant domain D, Ey = (0,0,0) and £y = (1,0,0). When b > 14<,
it has three equilibria, Fy, F1, and a unique positive equilibrium solution E*
B — c re(ab —a —c) r(ab—a—c))
~alb—1)"a(b—1)(ab—a+rc) alab—a+rc)’”

The variational matrix of the system (6) is given by

r—2re—ry—av —rx —azr
av -1 ax
—av b —axr —c
r 0 0
At the equilibrium point Ey, the variational matrix is 0 -1 0 . The
0 b —c

eigenvalues are r, -1, and -c. Since r is positive, Ej is unstable. For the linearization
of the system (6) at Ey, the stable invariant subspace is the y-v plane, and the
unstable invariant subspace is the x axis. It happens that for the system (6),
the local stable invariant manifold is in the y-v plane, and the unstable invariant
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manifold is in the x axis. A possible interpretation is that without viruses and
infected tumor cells the tumor will grow from an initial small value around Ey. If
all tumor cells are infected, then the tumor will shrink until it disappears into Ej.
—-r —-r a

0 -1 a

0 b —(a+o)
The eigenvalues are Ay = —r and Ag3 = 3(—(14+a+c¢) £ /(1 —a —c)? + 4ab).

At the equilibrium point F1, the variational matrix is

Lemma 3.4. E; is locally asymptotically stable when b < 1+ £; Ey is unstable
when b> 1+ 2.

Proof. At the equilibrium Fj, the eigenvalue Ay = —r and Ay = 2(—(1+a+¢) —
V(1 —a —¢)? + 4ab) are both negative for all non-negative parameter values. The
eigenvalue A3 = 2(—(1+a+c)++/(1 — a — ¢)? + 4ab) can be negative, positive and
zero. Suppose \/(1 —a — ¢)? + 4ab < (14+a+c), then A3 is negative. Since (1+a+-c)
is positive, we have (1 —a — ¢)? 4+ 4ab < (1 + a + ¢)?. It implies that ab < a + c.
Then, we have b < 1+ 2. Hence, when b < 1+ 2, all three eigenvalues are negative.
This implies E1 is locally asymptotically stable. Similarly, when b > 1+ =, we have
V(I —a—¢)2+4ab> (1 +a+c). So, A3 is positive. Then, E; is unstable. O

Actually, we can prove that the equilibrium solution E; is globally asymptot-
ically stable when b < 1 + Z. Here by the word “globally”, we mean the whole
positive invariant domain D. We will construct two Lyapunov functions according
to different ranges of the parameter b. For convenience, we make a translation of
variables, t =1 — %, y = 7, and v = U. After dropping the bars over variables, the
system becomes

dx 2

E:—rx—l—ry—i-av—i-m: —rry —axv

d

d_:g = —y+av —axv (7)
d

d_::by—(a—i-c)v—l—axv

while the domain D is translated to D1 = {(z,y,v) : 0 <2z <1,y > 0,v > 0,0 <
x—y <1}

Theorem 3.5. When b <1+ 2, Ey is globally asymptotically stable.

Proof. For any initial condition (xg, yo, vo) in the Domain D1, we know from Lemma
3.2 and Lemma 3.3, the solution satisfies 0 < z(t) < 1, 0 < y(t) < 1 and v(t) > 0.
We will construct two Lyapunov functions according to the values of the parameter
b to prove y(t) and v(t) approach 0, and then prove z(t) also approaches 0.

When 0 < b < 1, we define a Lyapunov function Vi (z,y,v) = y+v. It is obvious
that Vi (z,y,v) > 0, and the orbital derivative Vi (z, y,v) = y'4+v" = (b—1)y—cv < 0.
When 1 <b <1+ £, we define a Lyapunov function Vz(z,y,v) by

1 1
Va(z,y,v) = §ab(a +c)y? + a’byv + §a2v2.
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It is easy to see Va(x,y,v) > 0. The derivative along a solution is given by
Va(z,y,v) = abla + ¢)yy’ + a®by’v + a®byv’ + a®vv
=ab(a + c)y(—y + av — azxv) + a*b(—y + av — azv)v + a®by(by — (a + c)v
+ azv) + a*v(by — (a + c)v + axv)
= —ab(a + c)y? + a®*b(a + c)yv — a®b(a + ¢)zyv — a*byv + a>bv?
— a*bav? + a®*b*y? — a?b(a + c)yv + aPbryv + a*byv — a*(a + c)v? + axv?
=ab(ab — a — ¢)y* — a®bexyv + a®(ab — a — c)v* + a®(1 — b)xv?.
Since 1 <b <1+ £, thatis, ab—a—c < 0and 1—b <0, hence, Vg(:b,y,v) < 0.
Therefore, combining these two Lyapunov functions, we have y(¢t) — 0 and v(¢) — 0

ast — +oo when b <1+ 2.
Considering the component z(t), we see that

dz 9
T = —rT+7ry+av+rr° —rry —arv
=—rz(l—z)+ (1 —-2)ry+ (1 —2x)av
=(1-2)(ry +av —rx)
<ry+av-—rz.

So,
t
0<az(t) <ke ™+ 67”/ (ry(s) + av(s))e"*ds,
0
where k is the initial value for z(t). The limit ke™™ — 0 as ¢ — +oo, while the
limit
fot(ry(s) + av(s))e ds

ert

t
limt_,_kooe*”/ (ry(s) + av(s))e™ds = lim;— 400
0

(ry(t) +av(®)e™ _ %limHm(w(t) + av(t))

=liMmy 100
=0.
Thus, z(t) — 0 as t — +o0.

Such, (z(t),y(t),v(t)) approaches the origin wherever the initial value is in Dj.
Therefore, the original system (6) has a global attractor Fj. O

ert

Theorem 3.5 has an important biological implication. When the burst size of
the oncolytic virus is smaller than 1+ £, the virotherapy always fails. This failure
is determined by the replication ability of the oncolytic virus, and it does matter
what the initial tumor size, the initial infected portion of the tumor, and the initial
amount of injected virus are as long as they are in the domain D. The burst size
does not depends on initial conditions. The number 1 + £ is a threshold value for
the burst size. We denote it by bs, as the first threshold. Namely, bs, =1+ <.

Consider the critical case b = bs,. It implies ab = a + ¢. In this case, the
linearized system at E; has two negative eigenvalues and one zero eigenvalue. In
order to determine the stability of the equilibrium solution F;, we will use the center
manifold theorem to reduce the system (7) into a center manifold, and study the
reduced system. We state the result first.
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Theorem 3.6. E; is unstable when b =bs, =1+ .

Proof. To reduce the system (7) to a center manifold, we first standardize the
system, separate it into two parts, the part with zero eigenvalue and the part with
negative eigenvalues. The system (7) does not have complex eigenvalues in this
case. We start with the matrix corresponding to the linear part of the system (7),

-r r a
which is L = 0 -1 a . It has eigenvalues, —r, —(1 + ab) and 0.
0 b —ab
The eigenvalue —r has an associated eigenvector Vi = (1,0,0)T, —(1 + ab) has
an associated eigenvector Vo = (ab — r,1 + ab — r,—b(1 + ab — r))*, 0 has an

associated eigenvector V3 = (ar + a,ar,r)T. We set a transformation matrix to be
T = (V1,Va,V3). Denote X = (z,y,v)T. Then the system (7) can be written as
Cfi—)t( = LX + F, where F = (ra? — ray — axv, —azv,arv)’. Set X = TY, then

dy
— =T 'LTY + T 'F,
dt
- 0 0
where T~1LT = 0 —(1+4+ab) 0 |,and z = y1 + (ab— 1)y + (ar + a)ys,
0 0 0

y = (1+ab—r)ys+arys, and v = —b(14+ab—7)ya+rys. Denote T1F = (f1, fo, f3)7,
then we have

fi :m(yl + (ab = r)y2 + (ar + a)ys)((r> = r? — abr®)y;
+ (a®0® — a®b — a®b* — abr + 2abr® 4 a®b® + 1% — 3 — 2a%b%r
+ a®br)ys + (ar® 4 ar® — a®br — a®br?)ys)
=AYyt + A2y1ys + Aisyiys + Asoys + Assyoys + Assys,
a(l+a
=1 _(r T agbg —5 W1+ (ab = r)y2 + (ar + a)ys) (b + ab® —br)ys — rys)
=Bioy1ya + Bi3y1ys + Baaya + Basyays + Basys,
b—1
f3 :(i:—iab))r(yl + (ab — 7)y2 + (ar + a)y3) (b + ab® — br)ys — rys3)

=C12y1y2 + Ci3y1y3 + Ozzyg + Co3y2ys + 033y§7

where A;;, B;; and Cj; are coeflicients that can be easily determined.
Then the transformed system can be written as

d—Z—BZ+< fl ),

dt fa (8)
dys

293 _ 4

7 Y3 + f3,

where B = ( OT —(13—(11)) ), A=(0), and Z = (y1,92)-

It is easy to check that A has zero eigenvalue, B has negative eigenvalues, fi,
fo and f3 are C? differentiable functions, fx(0,0,0) = 0 and Df(0,0,0) = 0,
k=1,2,3, where Df is the first derivative of the function f. Then from the Center

Manifold Theorem [3], there is a center manifold given by Z = h(y3) = ( Zl ) =
2
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( hi(ys) ), and it satisfies
Y3

Bilyn) + () Dht) Ay + Sl )

It is known that h(0) = 0 and h’(0) = 0. So, we assume that hi(u) = esu? +
esu® + - - and ha(u) = mou? + mau® + - - -, we use variable u instead of ysz for
simplicity. Then the equation for the center manifold is

—r 0 equ® + ezud + - - I fi(h(u),u)
0 —(1+ab) mou® +mau® 4 - - - fa(h(u), u)
B 2eau + 3ezu? + dequd + - - -

9)
B ( 2mou + 3mau? + dmgud + - - - > fa(h(u), u).

For simplicity, we only consider the order up to 5, and we will know it is enough
late. Then,

fi(h(u),u) =Aq; (e3u® + 2ege3u®) + A1a(eamaou® + eamazu®)
+ A3 (62u3 +esut + e4u5) + Agg (m§u4 + 2m2m3u5)
+ A23(m2u3 + mau* + m4u5) + Aggu? + - -
Similarly, we have expressions for fa(h(u),u) and fs(h(w),u). We substitute fj into
the equation 9, and compare the coefficients on the both sides of the equation. We
get
—rez + Azz =0,
—reg + Aizes + Aagmg = 2e5C}53,
— (14 ab)ms + Bss =0,
— (14 ab)ms + Bizea + Bazma = 2moCss, ete.

Solving these equations for coefficients of h(u), we obtain ey = %, mo = %,
_ 1(A13A33 A23B33z _ 2A33C33 _ _ 1 (A33Bi3 B23B33z _ 2B33Csz3
€3 = ’I"( r + 1+ab r )7 and m3 = 1+ab( r + 1+ab 1+ab )

Now we reduce the system (7) to its center manifold, which is a single equation

dys
293 ro(h
dt f3( (KJB),?JS),
and is
dys 9 ,A33C13  B33Cog. 5
s _ ¢ . 10
s G+ Sl R (10)
where C33 = % < Osince b =1+ £ > 1. It is easy to see that y3 = 0 is
a node regardless of the sign of @ + %. Therefore, for the system (7), the
origin is unstable. O

When b > bs, = 14 £, there is a third equilibrium solution E* = (Z,7,7) while
Ey is unstable, where T = %45, 7 = a(bicgl(b;i;(jr)m) %. It is the

unique positive equilibrium solution. The variational matrix at this point is given

,and v =



850 JIANJUN PAUL TIAN

by
rc re c

T —1T —aT ab—1) alb—1) b—1

_ _ r(ab—a —c) c
av -1 azx = O TE—— -1
v b —aT — ab—a+rc b-1

av ar —c r(ab—a —c) be

ab—a+rc b-1
The characteristic polynomial is given by
p(A) = X + a1 A% + as ) + as, (11)

_ retab—atabe . _ re(betb—1) | re(ab—a—c)(r—a) re(ab—a—c)
where a1 = a(o—1) %2 = ap-12 + a(b—1)(ab—a+rc)’ a(b—1)

By the Routh-Hurwitz Criterion [7], all roots of the polynomial (11) have negative
real parts if and only if

and a3z =

a a a; as 0
H =a; >0, H,= 11 a3 >0, Hy=|1 ay O0]>0.
2 0 ay as

When b > bs,, we have ab—a —c¢ > 0. So, Hy = a1 > 0, and a3 > 0. Since
Hj3; = Hsas, we only need to consider Hs.
Hy = aias — a3
B rc(ab—a—i—rc—l—abc)(bc—i—b—l (ab—a—c)(r—a)) _re(ab—a—c)
B (a(b—1))2 b—1 ab—a+re a(b—1)

If Hy > 0, then
(ab—a+rc+abc) be+b—1 (ab—a—c)(r—a)

bh—a—
(a(b—1)) ( b—1 ab—a+re )>ab—a-c
bc+b—1 (ab—a—c)(r—a) alb—1)(ab—a—c)
> )
b—-1 ab—a+rc ab —a+rc+ abe
be+b—1 L_r-a alb—1)
(b—1)(ab—a—c) ab—a+rc” ab—a+rc+ abc’
alb—1) be+b—1 r—a

ab—a+rc+abc  (b—1)(ab—a—c) < ab—a+rc’
alb—1)(ab—a+rc) (be+b—1)(ab—a+rc)

ab—a+rc+abc  (b—1)(ab—a—c) ST
Define a function (b) = 2tabotre) _ (bepbJboatid)  Ginge b > 1+ &£,

we can conclude from the derivation above that Hy > 0 if and only if p(b) < r — a,
Hy < 0 if and only if ¢(b) > r — a, and Hy = 0 if and only if ¢(b) = r — a. We will
also consider Hs as a function of the parameter burst size b, and denote H (b) = Ho.
We thus get the following theorem.

Theorem 3.7. When ¢(b) < r — a, the equilibrium solution E* is locally asymp-
totically stable.

We will refine this theorem in the next subsection, and explain its biological
implication.
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3.3. Bifurcation analysis. Two types of bifurcations occur in the system (6) as
the parameter b varies. A transcritical bifurcation at b = by, introduces the equi-
librium point E* into the positive invariant domain D. The Hopf bifurcation at
some value b > b,, gives rise to the periodic solutions. In order to analyze these
bifurcations, we study the function H(b).

We define a function ®(z) by

®(z) = — alax — ¢)(ax + re)a? + ((a + ac)x + re + ac)[((c + 1)z + ¢)(azx + rc)
+ z(ax — ¢)(r — a)]
=—ad’t* +d*Be+ A +r—a—ac+ 1)z +ac(3re+ 3a+ rc® + 3ac+r
+ 72 —a®)z? + A(3ar + 2acr + ¢ + 20*)x +r*(r + a).
It is easy to see that
B re®(b—1)
a?(b—1)3(ab—a+rc)
When b # 1 and b # 1 — Z¢, H(b) and ®(b — 1) have the same zeroes. We always

a
assume all other parameters, a, ¢, and r are positive.

H(b) (12)

Lemma 3.8. The equation H(b) = 0 has at least two real roots, one is less than
bs, = 1+ <, and the another one is greater than bs,. Furthermore, among all roots
that are greater than bs,, there exists a root denoted by by and a small neighborhood
of by, (bg — 01,bg + 1), where 61 < by — bs,, such that H'(bg) # 0 and H(b) is
monotonic in this interval.

Proof. Consider the function ®(z). It is easy to compute that ®(£) = ¢*(1 +r +
c+a)(l+c+a)E > 0. Since ®(z) approaches —oo as & approaches +oo, from
the intermediate value theorem of continuous functions, there exists at least one
element xo > £ such that ®(x2) = 0. Similarly, since ®(x) approaches —oo as x
approaches —oo, there exists at least one element z; < £ such that ®(z;) = 0.
From the relation between functions H(z) and ®(z), H(b) = 0 has at least two
roots, 1 + xo > 1+§ and 1+ < 1+§.

For the function ®(x), there are three different cases: ®(z) has four distinct real
roots, or three distinct real roots (one repeated), or two real roots and two conjugate
complex roots. We will check each case.

If ®(z) has four distinct real roots, then there will be three roots or one root
that are greater than <. Figure 1 shows the case where three roots are greater
than £. We take the greatest root to be o, then o > £ and ®'(x¢) < 0 since the
polynomial ®(z) is decreasing around xo. Actually ®(x) is decreasing to —oo as z
goes to +o0o from any point that is slightly bigger than zg.

.
i
x ] 365 x5 Xo
X

i
a

FIGURE 1. ®(z) has four roots

If ®(z) has three distinct real roots, then there is one repeated root. Figure 2
shows cases that ®(x) has three or two roots. We can not choose this repeated root
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since the graph of ®(x) is tangent to the z—axis at the point of the repeated root.
Hence ®(z) does not change sign around the point of the repeated root, and is not
monotonic around this point. If the repeated root is in the between of these roots,
1 and x2, we choose the greater one as xg. If the repeated root is the smallest one,
we choose the greatest root to be xg. If the repeated root is the greatest root, we

C

choose the middle one to be xyo. We claim that the middle root is bigger than <.
If it is smaller than 7, then ¢ must be in the between of the middle root and the
repeated root. Since ®(£) > 0, the graph of ®(z) can not be tangent to r—axis
at the next zero which is the point of the repeated root. This is a contradiction.
Moreover, ®(z) is decreasing around the point of the middle root in this case.

x
% <
a

X X

FIGURE 2. ®(z) has three or two roots

If ®(z) has only two distinct real roots, we take the greater one to be xg. It is
also true that ®'(zg) < 0.
As we choose x¢ for all cases, o > £, ®(29) = 0 and ®'(x0) < 0. Since

re (z —1)(az —a+rc)®'(z — 1) — (4az — da + 3rc)®(z — 1)

H'(z) = a? (x — D*azx — a+ rc)?

)

we then have
re  ®'(xg)

H l) = w——— <0.
(2o +1) a? z}(azo + re) <

We rename the variable x as b, and set by = 1 + z¢. Then, H'(by) < 0. Since
H'(b) is continuous, so there exists a positive number d; that can be made smaller
than by — bs, , such that H'(b) < 0 in the interval (bg — 01, bo + d1). Therefore, H(b)
is monotonic in this interval. O

Define I, = {b > bs, | H(b) > 0}, I, = {b > bs, | H(b) < 0}, Iy = {b >
bs, | H(b) = 0}. From the proof of Lemma 3.8, I, is not empty, and it is a finite
open interval or a union of two finite open intervals. I, is also not empty, and is
an infinite open interval or a union of a finite open interval and an infinite open
interval. Iy is a closed set. Iy at least has one point, and at most has 3 points. We
denote the smallest number in Iy by bs,. For the case of Figure 1, bs, = 1 + z2,
bo =1+ x¢ and bs, < bo; for all cases of Figure 2, by, = bg = 1+ xo. It is also easy
to see that H(b) > 0 when bs, < b < bs,. bs, is the second threshold value for the
burst size. We now can refine Theorem 3.7 as the following theorem 3.9.
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Theorem 3.9. When bs, < b < bs,, the equilibrium solution E* is locally asymptot-
c(1+7r)
- < 1.

ab—a+rc

ically stable. At this equilibrium point, the tumor load T (E*) = T4y =

Proof. From the proof of Theorem 3.8, H(bs,) > 0. Since H(b) is a continuous
function, H(b) is positive until it become zero. So, H(b) > 0 for bs, < b < bs,.
Then, all roots of the characteristic polynomial (11) have negative real parts by the
Routh-Hurwitz Criterion.

The verification of the second part is straightforward. T(E*) =T 47 = ﬁ +

a(br_cgl(b(;)‘i;?m) = ag(_l;gc. With the condition b > 1+ £, we have ¢ < ab — a, and
then ¢+ rc < ab — a + re. Hence, alc)(j:i:?)“c < 1. O

Since the tumor load at the equilibrium point E* is less than 1, this equilibrium
point represents a partial success of virotherapy at a modest value of the burst
size. Although we are not able to prove it is globally asymptotically stable (this
is one open problem), it is locally asymptotically stable. This also implies that a
permanent reduction of tumor load can be reached.

Lemma 3.10. A cubic polynomial X\> + a1 A% + as\ + a3 = 0 with real coefficients
has a pair of pure imaginary roots if and only if az > 0 and a3 = ay1ae. When it has
pure imaginary roots, the pure imaginary roots are given by xi/az, the real root is
gwen by —ay, and ayas > 0.

Proof. Suppose the cubic polynomial has a pair of complex roots A\ = w & vi and
one real root A = \g. Then,

(A= (w4 vi)) (A = (u—vi)) (A= Xo) = A + a1 A2 + ag ) + as.

We compute,

(A= (u+ i) (A = (u = vi))(A = o)

= (A= u)? +v2) (A = Xo)

= (A% = 2ul + u? +0?)(A — Ao)

= X\3 — (Mo 4 2u)A% + (u? + v* 4 2ulg) X — (u? + v?)Xo.
We compare coefficients, and have

a1 = —(No +2u), az=u®+0v*+2udy, az=—(u®+v*)\.

Then, Ao = —(a1 + 2u), u? +v* = G4, and %5 — 2u(a1 + 2u) = as. This last
equation gives

2(ag + (a1 + 2u)?)u = az — ajas. (13)

It is easy to conclude that v = 0 if and only if as > 0 and ag — ajas = 0.
If u = 0, we see that v? = ag and \g = —ay. Since (u? + v?)(a1 + 2u) = a3
becomes v?a; = a3, a; and as have the same sign. O

Lemma 3.11. Consider a coefficient parameterized polynomial \* + a1(T)\? +
az(T)\ + a3z(t) = 0, where coefficients ar(7), k = 1,2,3, are all continuously dif-
ferentiable real-valued functions. Denote its roots by A7) = «a(r) + iB(T), where
a(1) is the real part and B(7) is the imaginary part. Suppose there is a value
To, such that o(ro) = 0 and B(1o) # 0, i.e. A(m0) = iB(m0). If 9|7, = 0, then
a303]r=7, = az(a5—a20a})|r=r,, that is, a5(0)as (7o) = a2(7o)(as(70) —az(70)a’ (10))-
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Proof. For the complex roots of a cubical polynomial, there are formulae to compute

them. For example, A = —% + HEé‘/g $/3(m+/n) + %ﬁ ¢/3(m —/n), and
A= —¢—18L(m+n)—35/1(m— /n), where m = 2a? — 9aras + 27az and

n=m? —4(a? — 3az)3. It is easy to see that A\(7) is a differentiable function of the
parameter 7, and N (1) = /(1) +i6'(7).

Differentiating the given polynomial with respect to the parameter 7, we have
that 3A2XN + ajA? + 2a1 AN + abA + ax) + ay = 0. Evaluate the left-hand side
of this expression at 7 = 7y and notice that a(rp) = 0. If o/(79) = 0, we have
=3iB%(10)B' (o) — @ (70) 8% (10) — 2a1(70) B(70) B (70) +iay(10) B(10) +iaz(10) 8 (7o) +

a5(7o) = 0. Separate the real part and the imaginary part, we have
—36%(10) 8 (10) + a3 (10)B(10) + az(10) ' (19) = 0,

—a} (70) 8% (10) — 2a1(70) B(10) B’ (10) + a3(70) = 0.

Solve these two equations for 8'(1), we get B'(109) = % and f'(1) =

a4 (10) =B (r0)a) (10)

2a1(70)B(70)

(ll T T (ll T0)— 2 T al T
respectively. Therefore, 3622((70[;&52(()30) = aal g()h (é 0560()703( o) That

2a1 (10)ay(70) 8% (0) = (38%(10) — az(m0))(a4(70) — B%(70)a) (70))-

From Lemma 3.10, 8%(79) = az2(70) = Zig:ﬁg, so we get ab(70)as(10) = az(m0)(as(m0)—

az(7o)a’ (70))- O

From the proofs of Lemma 3.8, Lemma 3.10 and Lemma 3.11 and Routh-Hurwitz
Criterion, we have the following corollary for the characteristic polynomial (11). We
consider each coefficient of p(\) to be a function of the parameter b. Actually,

p(A) = X3 + a1 (B)A? + az (D)X + az(b), (14)

rc+ab—a+abe re(be+b— rce(ab—a—c)(r—a
where a1(b) = %, asz(b) = é(bfl)zl) + a(g_l)(ab_)((ﬂrrc;, and a3z(b) =
7rc(ll‘l(l;:‘i;c). When b > 1+ £, a;(b) > 0 and as(b) > 0 for all positive values of

the parameters a, ¢ and r. Denote the root of p(A) by A(b) = a(b) +i5(b).

Corollary 1. There exists a neighborhood of by, (bg—02,bo+02), where d2 < bo—bs, ,
such that az(b) > 0 for each b € (by — d2,bo + 92), and the real part a(b) of the root
of the characteristic polynomial p(\) changes sign when it passes through by.

Proof. If b > 1+ £, then, a1(b) > 0 and az(b) > 0. From H(bo) = a1(bo)az(bo) —

as(bo) = 0, we have az(by) = nggg; > 0. Since az(b) is a continuous function of b,

there is a neighborhood of by such that as(b) > 0 in this neighborhood. The radius
d2 of the neighborhood can be taken small enough such that d; < by — (1 + £) and
0o < 01, where 47 is given in Lemma 3.8.

Since H (b) is monotonic around by, so for the b’s in one side of by in the interval
(bo — d2,bo + 62), H(b) = Hy > 0, and we know that H; = a1(b) > 0 and Hs =
as(b)H(b) > 0. From the Routh-Hurwitz Criterion, a(b) < 0. For the b's on the
other side of by in the interval (by — d2,bo + d2), H(b) = Hz < 0, while a;(b) > 0,
az(b) > 0, and a3(b) > 0. From the equation (13), the real part a(b) must be
positive. We know from Lemma 3.10, a(by) = 0. Therefore, the sign of «(b)
changes when it passes through bg. O
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Theorem 3.12. There exists a neighborhood of by, (bg — do,bo + d0), such that for
each b in this interval the characteristic polynomial p(\) = A* 4+ a1(b)A? + az(b)\ +
as(b) has a pair of complex conjugate eigenvalues A(b) = a(b) £ i5(b), where a(b)
changes sign when it passes through by and S(b) > 0. Furthermore, when b = by,
p(A\) has a pair of purely imaginary roots and one negative real root, and o/ (by) # 0.

Proof. From Lemma 3.8, by > 1+ £ and H(by) = a1(bo)az(bo) — az(bo) = 0. We
know for b > 1+ £, a;(b) > 0 and a3(b) > 0, hence as(by) = Z?Ezﬁg > 0. From the
Lemma 3.10, we know p(A) has a pair of purely imaginary roots, A(by) = i5(by) =

iv/az(bo) =i % = % and the third root is —aq(bo) < 0. Since

B(b) is a continuous function, there is a neighborhood of by, such that 5(b) is
positive over this neighborhood. The radius dg of this neighborhood can be taken
small enough such that §yp < d; in Lemma 3.8 and g < 2 in Corollary 1. Therefore,
in the interval (byg — do,bo + o), p(A) has a pair of complex conjugate eigenvalues
with positive imaginary parts and real parts change sign when they pass through
bo.

If o/(bg) = 0, then from Lemma 3.11, we have af(bo)as(bo) = az(bg)(a%(by) —

) (bo)az(bo)). This gives a}(by) — a4 (bo)az (bo) = 22020 We evaluate

CLQ(b())
_ H{bo)ay(bo) _
CLQ(b()) '

This is a contradiction, since H'(bg) # 0 from Lemma 3.8. Hence, o/ (bg) #0. O

Since the exact value of by is not algebraically expressible, the stability, ampli-
tudes, and periods of periodical solutions that occur around by and E* are difficult
to analyze. We will simulate the system in the next section to demonstrate some
typical dynamics. Here, we simply state a corollary about Hopf bifurcation [9].

Corollary 2. If the equilibrium solution E* is stable, but not asymptotically stable
at b = by, then all solutions of the system (6) in a neighborhood of E* are periodical
(in a surface). If the equilibrium solution E* is asymptotically stable or unstable at
b = by, then there is an asymptotically stable periodical solution in a neighborhood
of E* when b is close to by.

It is clear that for all cases in Figure 2, we only can have one Hopf bifurcation at
bg = 1+ z¢. However, for the case in Figure 1, we can have three Hopf bifurcations
atb=14+xz9,b=14 22 and b = 1 + x3. There will be three families of periodic
solutions rising from these bifurcation. The similar bifurcation analysis can be done
for the parameter values b = 1 4+ z2 and b = 1 4+ z3. The only downside is that
we can not study their nature sine we don’t have explicit algebraic expressions for
these values.

From the proof of Theorem 3.12, when the burst size b is big enough, there is at
least one root of the characteristic polynomial (14) with positive real part. Actually,
there exists b = b, > by such that for every b > by, the characteristic polynomial
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(14) has a root with positive real part. Therefore, E* is unstable for any large burst
size. However, the tumor load at this equilibrium T'(E*) = T 4+ 7 can be made
as small as possible by increasing the burst size b. We state this in the following
theorem.

Theorem 3.13. At the equilibrium solution E*, the tumor load T(E*) is a decreas-
ing function of the burst size b, and

T(E*)b—)-‘roo = 0

Proof. From Theorem 3.9, we have T'(E*) = %. Because of the conditions
b>1+ < and a;@;ﬂc < 1, it is obvious that T'(E*) is a decreasing function of b,
and therefore, we have T'(E*)p— 400 = 0. O

We now study the relation between equilibria 4 and E*. When b < by,, the
equilibrium E* is not in the positive invariant domain D. As b increases to by, =
1 + £, the equilibrium E* moves into D, and it coalesces with the equilibrium
point Ej. The stability of these equilibrium solutions exchange at bs,. For the
characteristic polynomial (14), since H(bs,) > 0, so for b > b, and b < bs,, H(b) =
Hy; > 0. For these b, H; > 0 and H3 = Hsaz > 0, hence, all real parts of roots
of (14) are negative. Hence, E* is locally asymptotically stable. When b < by,
and b is in a neighborhood of 1 + £, the coefficient a3 in (14) is negative. So,
the polynomial (14) has at least one root with positive real part. Therefore, E* is
unstable. Combining Theorem 3.4 and Theorem 3.6, there is a type of transcritical
bifurcation at b = bs, =1+ <. We then obtain the main Theorem 3.1.

4. Numerical simulation and discussion. We will present some numerical re-
sults on the dynamics of oncolytic virus by using published data, and some open
problems in this section.

4.1. Numerical simulation. In order to demonstrate the analytical results about
dynamics of virotherapy, we use some data from our previous research [6, 10] to
simulate our basic model. The tumor was considered as a solid sphere. When the
tumor radius is 2 mm in mice brain, it is considered to be visible and a surgery can
be performed. Once its radius reaches 6 mm, the mouse is regarded to be dead from
the tumor. Since our model is space-free, we convert tumor size to cell numbers
by using the constant of cell density 10° per cubical millimeter as all ODE models
do. After non-dimensionlization, the parameter values are r = 0.36, a = 0.11, and
¢ = 0.44. We compute bs, = 5. Solving H(b) = 0, we have two conjugate complex
zeroes b = 0.6321 % 0.4062¢ and two real zeroes b = —0.347 and b = 27.766. This
happens to be the most simple case, where Iy has only one element Iy = {27.766},
I, = (5,27.766), I,, = (27.766,+00), and so bs, = by = 27.766. There is one family
of periodic solutions when b is greater than bs;,. When b < 5, virotherapy always
fails. Figure 3 shows the dynamics of virotherapy when b = 4.

When 5 < b < 27.766, E* is locally asymptotically stable while E; is unstable.
Somehow this partial success of virotherapy can be always achieved. Figure 4
shows the treatment will eventually reach the equilibrium point E* after a damped
oscillation when b = 27. For each value of the burst size b between 5 and 27, we
get the similar behavior of the dynamics of viral treatments. The difference is that
for different burst sizes the system reaches different equilibrium values. Since the
equilibrium tumor load is a decreasing function of the burst size b, the treatment
reaches a possible minimum of the equilibrium tumor load when b = 27.
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FIGURE 3. Dynamics of virotherapy when b = 4. Relative time
unit used after non-dimensionalization. Each variable is the ratio
between its population size and the maximum size of the tumor.
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FIGURE 4. Dynamics of virotherapy when b = 27. The initial
condition is x = 0.5, y = 0.5 and v = 1.5.

When b > 27.766, there exists a family of periodic solutions that arise from the
Hopf bifurcation at the bifurcation value b = 27.766. For b = 28, there is a periodic
solution. Figure 5 shows an eventually periodic solution when b = 28. Figure 5
also shows that the population of the tumor cells has a large amplitude and the
population of the infected tumor cells has a small amplitude. The population of
viruses also oscillates (not shown in this figure). This periodic solution is Lyapunov
stable. It represents a predator-prey dynamics among tumor cells and viruses. The
tumor cells and viruses coexist in a dynamical way. For even big burst size b, the
solution still shares a similar behavior.

If the burst size b is taken to be very large, say b = 2000, the solution will behave
differently. Figure 6 shows the profile of the uninfected tumor cells when b = 2000.
It is a pulsating oscillation. The minimum of the tumor cell population can reach
a very small value, say 10~7. That means there are about 100 tumor cells since
the maximum tumor size is 6mm [6]. If a tumor with 100 cells is considered as an
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Periodic soltuions arising from Hopf bifurcation
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FIGURE 5. Dynamics of virotherapy when b = 28. The initial
condition is x = 0.5, y = 0.5 and v = 1.5.
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FIGURE 6. The tumor cell population when b = 2000. The initial
condition is x = 0.5, y = 0.5 and v = 1.5.

undetectable tumor, we then consider the tumor is eradicated. The minimum of
the pulsating oscillation solution is decreasing as the burst size b increases. We can
make it even smaller by increasing b.

4.2. Discussion. In this article we presented the analysis of a common basic model
for virotherapy. It highlights key values of the burst size of a virus in oncolytic virus
treatment. There are two threshold values for the burst size. When the burst size is
smaller than the first threshold value, virotherapy always fails. When the burst size
is in the between of the two threshold values, we have a partial success of virotherapy
represented by the stable positive equilibrium solution. Since the tumor load is a
decreasing function of the burst size, the minimum tumor load can be reached by
genetically increasing the burst size of the virus up to the second threshold value.
If the set in which the positive equilibrium solution is stable has more than one
open intervals, we can increase the burst size up to the supreme value of this set,
and still have stable partial therapeutic success with even lower tumor load. Once
the burst size is greater than the second threshold value, there are one or three
families of stable periodic solutions to the system of virotherapy dynamics. This
indicates that there is a predator-prey type interaction among three populations,
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an oscillation among uninfected tumor cells, infected tumor cells, and virus. As the
burst size continues to increase, the periodic solution becomes pulsating oscillation.
The minimum tumor load can be small enough such that it is beyond the detectable
level.

If we express the first threshold by original parameters, we have b, = BLK It is
clear that the first threshold value of the burst size is determined by a combination
of the infectivity of the virus, the clearance rate of the virus, and the maximum
tumor size. In other words, besides the selectivity of a virus, the burst size of an
oncolytic virus and the maximum tumor size will determine the outcome of the
virotherapy. This is biologically meaningful. The bigger the tumor is, the more
powerful viruses are required to fight it. To further understand the dynamics of
oncolytic viruses and improve the efficacy of virotherapy, a thorough understanding
of the basic process of viral treatments is needed. We propose some open questions
regarding the basic dynamics of virotherapy here.

4.3. Open problems. When b > b;,, the equilibrium solution F; is unstable. It
is important to know what the locally stable manifold and unstable manifold are.
One open problem is how to compute these manifolds.

When b > b, and close to bs,, the equilibrium solution E* is locally asymptoti-
cally stable while F; is unstable. If the initial value is in the unstable manifold of
E1, does the solution converge to E*?

When by, < b < bg,, or b € I, is the positive equilibrium solution E* globally
stable? If this is indeed the case, the permanent partial reduction of tumor load
can be reached no matter what the initial conditions are.

What conditions can guarantee that the function H(b) has four, three, and two
distinct real zeros? Then we can specify when one or three families of periodic
solutions arise from Hopf bifurcations.

When b is very big, say b > by, all three equilibrium solutions are unstable. Does
a pulsating periodic solution still arise from a Hopf bifurcation in this case?

It is interesting to study bifurcations with two parameters, the burst size and
the virus clearance, or the burst size and the maximum tumor size. This will have
important biological implications.

Acknowledgments. The author would like to thank E.A. Chiocca for useful dis-
cussion, to thank Philip Maini for suggestion and modification, to thank reviewers
for their constructive suggestions, and acknowledges the support by the start-up
fund at the College of William and Mary.

REFERENCES

[1] M. Aghi and R. L. Martuza, Oncolytic viral therapy—the clinical experience, Oncogene, 24
(2005), 7802-7816.

[2] Z. Bajzer, T. Carr, K. Josic, S. J. Russel and D. Dingli, Modeling of cancer virotherapy with
recombinant measles viruses, J. Theoretical Biology, 252 (2008), 109-122.

[3] J. Carr, “Applications of Centre Manifold Theory,” Applied Mathematics Sciences, 35,
Springer-Verlag, New York-Berlin, 1981.

[4] E. A. Chiocca, Oncolytic viruses, Nature Reviews, Cancer, 2 (2002), 938-950.

(5] D. Dingli, M. D. Cascino, K. Josi¢, S. J. Russell and Z. Bajzer, Mathematical modeling of
cancer radiovirotherapy, Math. Biosci., 199 (2006), 55-78.

(6] A. Friedman, J. P. Tian, G. Fulci, E. A. Chiocca and J. Wang, Glioma virotherapy: Effects
of innate immune suppression and increased viral replication capacity, Cancer Research, 66
(2006), 2314-2319.


http://dx.doi.org/10.1038/sj.onc.1209037
http://dx.doi.org/10.1016/j.jtbi.2008.01.016
http://www.ams.org/mathscinet-getitem?mr=MR0635782&return=pdf
http://dx.doi.org/10.1038/nrc948
http://www.ams.org/mathscinet-getitem?mr=MR2205559&return=pdf
http://dx.doi.org/10.1016/j.mbs.2005.11.001
http://dx.doi.org/10.1158/0008-5472.CAN-05-2661

860

JIANJUN PAUL TIAN

[7] B. A. Fuchs and V. L. Levin, “Functions of A Complex Variable,” Pergamon Press, London,

1961.

[8] G. Fulci, et al, Cyclophosphamide enhances glioma virotherapy by inhibiting innate immune

responses, PNAS Proceedings of the National Academy of Sciences of the United States of
America, 103 (2006), 12873-12878.

[9] B. D. Hassard, N. D. Hazzarinoff and Y.-H. Wan, “Theory and Applications of Hopf Bifur-

cation,” Cambridge, 1981.

[10] H. Kambara, H. Okano, E. A. Chiocca and Y. Saeki, An oncolytic HSV-1 mutant express-

ing ICP34.5 under control of a nestin promoter increases survival of animals even when
symptomatic from a brain tumor, Cancer Res., 65 (2005), 2832-2839.

[11] A. S. Novozhilov, F. S. Berezovskaya, E. V. Koonin and G. P. Karev, Mathematical modeling

of tumor therapy with oncolytic viruses: Regimes with complete tumor elimination within the
framework of deterministic models, Biology Direct, 1 (2006), 1-18.

[12] Y. Tao and Q. Guo, The competitive dynamics between tumor cells, a replication-competent

virus and an immune response, J. Math. Biol., 51 (2005), 37-74.

[13] D. Vasiliu and J. P. Tian, Periodic solutions of a model for tumor virotherapy, Discrete and

Continuous Dynamical Systems Ser. S, 4 (2011), 1587-1597.

[14] L. M. Wein, J. T. Wu and D. H. Kirn, Validation and analysis of a mathematical model of a

replication-competent oncolytic virus for cancer treatment: Implications for virus design and
delivery, Cancer Res., 63 (2003), 1317-1324.

[15] D. Wodarz, Viruses as antitumor weapons: Defining conditions for tumor remission, Cancer

Res., 61 (2001), 3501-3507.

[16] D. Wodarz and N. Komarova, Towards predictive computational models of oncolytic virus

therapy: Basis for experimental validation and model selection, PloS ONE, 4 (2009), e4271.

[17] D. Wodarz, Gene therapy for killing p53-negative cancer cells: Use of replicating versus

nonreplicating agents, Hum. Gene Ther., 14 (2003), 153-159.

[18] J. T. Wu, H. M. Byrne, D. H. Kirn and L. M. Wein, Modeling and analysis of a virus that

replicates selectively in tumor cells, Bull. Math. Biol., 63 (2001), 731-768.

Received June 2, 2010; Accepted October 13, 2010.

E-mail address: jptian@math.wm.edu


http://dx.doi.org/10.1158/0008-5472.CAN-04-3227
http://dx.doi.org/10.1186/1745-6150-1-6
http://www.ams.org/mathscinet-getitem?mr=MR2214419&return=pdf
http://dx.doi.org/10.1007/s00285-004-0310-6
http://www.ams.org/mathscinet-getitem?mr=MR2754177&return=pdf
http://dx.doi.org/10.3934/dcdss.2011.4.1587
http://dx.doi.org/10.1371/journal.pone.0004271
http://dx.doi.org/10.1089/104303403321070847
http://dx.doi.org/10.1006/bulm.2001.0245
mailto:jptian@math.wm.edu

	1. Introduction
	2. Mathematical models
	3. Analysis of the basic model
	3.1. Preliminary results
	3.2. Equilibrium analysis
	3.3. Bifurcation analysis

	4. Numerical simulation and discussion
	4.1. Numerical simulation
	4.2. Discussion
	4.3. Open problems

	Acknowledgments
	REFERENCES

