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Diffuse infiltrative gliomas are the most frequent primary central nervous
system (CNS) tumors in adults. Their deserved reputation as devastating
diseases is due in large part to their widespread invasiveness in the neuropil,
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Abstract

In this paper, we discuss biological background and mathematical
analysis of glioma gene therapy for contributing to cancer treatment.
By a reaction- diffusion system, we model interactions between gliom
cells and viruses. We establish some sufficient conditions on model
parameters which guarantee the permanence of the system and the
existence of periodic solutions. Our study has experimental and theo-
retical implication in the perspective management strategy of therapy.

Introduction

i.e., the dense network of interwoven neuronal and glial cell processes.

Gene therapy consists of the delivery of a gene of interest to tumor cell
populations to control and, when possible, kill the growing tumor. Viruses
are prominent vehicles for gene therapy, and some adenoviral vectors exhibit
oncolytic properties. To this end, a variety of viral vectors have been de-
veloped, with oncolytic viruses emerging as an innovative therapeutic tool
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for these tumors. To be effective, a virus used for oncolytic therapy must
have several features. The desired properties of these vectors include selec-
tivity for the tumor target, minimal brain and systemic toxicities, and the
capacity to penetrate and diffuse throughout the brain to reach all neoplastic
foci residing beyond the resection border of the tumor. In addition, the vi-
ral vector needs to remain active despite evoking an immune response. The
goal of developing an ideal vehicle for treatment of malignant brain tumors
remains to be achieved. A wide variety of viral vectors have been developed
and tested in the setting of gene therapy for malignant gliomas. These are
based on different kinds of viruses, such as herpes simplex virus, retrovirus,
measles virus, reovirus, and adenovirus. Some have shown promising results
when tested in animal models of intra-cranial gliomas, but to date, clinical
trials performed in humans have not shown a significant increase in survival.

Various vectors have been targeted toward cancer cells by deleting the
genes responsible for bypassing those cells antiviral proteins. Without these
genes, the designed vectors will only be able to replicate within cancer cells
with disrupted antiviral mechanisms. The deletion of viral genes to enhance
specificity for the killing of neoplastic cells is a principle well exemplified
by the actions of two oncolytic adenoviruses, ONYX 015 and Ad5-Delta24.
ONYX 015, has a deletion in the viral genomic region coding E1B 55kd. This
deletion effectively limits the replication of the virus to neoplastic cells that
have a defective p53 pathway (2; 12). A Phase I clinical trial to examine
the effects of injection of ONYX 015 into peritumoral regions of recurrent
malignant gliomas was recently completed and published (6). In that study,
ONYX 015 was injected into the walls of tumor resection cavities. This trial
proved that the injection of up to 1010 plaque-forming units of ONYX 015
into brain tissue surrounding a resected malignant glioma is safe in humans.
Extensive efforts have been dedicated over many years to mathematical mod-
elling of cancer development (14; 17; 18). These mathematical models serve
as valuable tools to predict possible outcomes of virus infection, and pro-
pose the optimal strategy of anti-virus therapy. Wodarz (29; 30) presented a
mathematical model that describes interaction between two types of tumor
cells, the cells that are infected by the virus and the cells that are not infected
but are susceptible to the virus so far as they have cancer phenotype and
the immune system. Our system is more general than the one considered
in (29; 30) even when there is no diffusion. Because the free virus parti-
cles are very small, they disperse in the fluid tissue like Brownian particles.
Therefore, we have incorporated into our model a diffusion term for the free
viruses. We also assume that the tumor has a logistic growth, which can be
slowed down by the inhibitor, captured in the expression 1 — u. Thus, the
tumor admits a maximum size and density defined by the carrying capacity



K. When the virus is administered, the dynamic interactions between the
virus and tumor cell populations is described by the following diffusive ratio-
dependent predator-prey model of reaction-diffusion equations in the tumor
region €2,

ovi Vi
S = mAVL+ Vot ) (1= w)(1 = 2) = d(a.1)
pr(t, z)ViVs
- - - Q 1
1+€‘/3 ) T € ) t>07 ( )
V.
o = 1AV =V a(t,2)(1 —w) + d(t, )]
Br(t,x)ViVs
RS ref, t>0, (2)
V3
W = :u3A‘/3 + k‘(t,l‘)(l - U)VvQ - b(twr)‘/?n
reQ, t>0, (3)
A% Vs )%
on laa 0, on laa 0, on laa 0, ¢>0, (4)

where V] is the number density of susceptible and uninfected tumor cells;
V5 is the number density of infected tumor cells and V3 is the number den-
sity of free virus, i.e., virus in the extracellular tissue. When parameters of
system (1-4) are constant, we determined in () the conditions for optimal
therapy and estimated by numerical simulations, the patient survival time
when tumor can not be cured. This paper is organized as follows: Section 2
is devoted to some preliminaries, which are needed in next sections, includ-
ing some lemmas, due to Walter and Smith. In Section 3, some conditions
for the ultimate boundedness of solutions and permanence of this system are
established and in section 4, we study the existence of the unique periodic
solutions of the system (1-4).

2 Preliminaries

We need the following lemmas due to Walter (27) and Smith (21), respec-
tively.

Lemma 1. Suppose that vector-functions v(t,x) = (v1(t,z),...,vm(t,x))
and w(t,x) = (wi(t,x),...,wn(t,x)), m > 1; satisfy the following condi-
tions:

(i) they are of class C? in x; x € X and of class C* in (t,x) € [a,b] x Q,
where 0 C R™ is a bounded domain with smooth boundary;
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(11) vi—pAv—g(t,x,v) < w—pAw—qg(t, z,w), where (t,z) € [a,b]xQ, p =
(Ml» s aﬂm) > 07 U@CtOT—fU’ﬂCtiOﬂg(t, €, U) = (gl(ta T, 2)), s 7gm<t»$a U))
18 continuously differential and quasi-monotonically increasing with re-
agl(ta £y Uty .- aum)

spect to u = (uy, ..., uy,) and >0,4,7=1,...,m,

0uj
L F ]
., 0v Ow
(111) T 0, (t,z) € [a,b] x 0.

Then, v(t,x) < w(t,z) for all (t,z) € [a,b] x Q.

Lemma 2. Assume thatT" and p are positive real numbers, a function u(t, x)
is continuous on [0, T]XT', continuously differential in x € S, with continuous

2
derivatives %;xj and % on (0,T] x Q, and u(t, ) satisfies the following

inequalities:

u — pAu — c(t,z,u) >0, (t,z) € (0,T] x £,

%ZO, (t,z) € (0, 7] x 09,
u(t,z) >0, =€,

where c(t,x,u) is bounded on (0,T] x Q. Then u(t,x) > 0 on x € (0,7] x
Q2. Moreover, u(t,z) is strictly positive on x € (0,T] x  if u(t,x) is not
identically zero.

Consider the following logistic differential equation:

dz
i z(a — bz), (5)

where 2 € R™; a and b are positive constants.

Lemma 3. Every solution z(t,0, 29), z0 > 0 of () satisfies

lim z(t) = %

t—+o0

3 Permanence

Throughout the paper we always assume that (H): a(t,x), b(t,x), d(t,x),

k(t,x), r(t,xz) and p(t,x) are bounded positive-valued functions on R x Q
continuously differential in ¢ and x, and are periodic in ¢ with a period w > 0.



Definition 4. Solutions of system (1-/) are said to be ultimately bounded if
there exist positive constants Ny, No, N3 such that for every solution

(Va(t, z, Vor, Vos, Vos); Va(t, @, Vor, Vos, Vos); Va(t, @, Vor, Vas, Vas)) there exists a
moment of time t = t(Voy, Vos, Voz) > 0 such that Vy(t, x, Vo, Vos, Voz) < Ny,

Va(t, z, Vor, Vos, Vos) < Na, Vs(t,z, Vor, Vos, Vos) < Ns, for all z € Q and
t>t.

Definition 5. System (1-/) is said to be permanent if there exist positive con-
stants C and n such that for every solution with non-negative initial functions
Voi(z), Voo(z) and Vog(x), Vor(z) # 0, Voo(x) # 0, Vos(z) # 0, there exists a
moment of time t = t(Vy1, Vos, Vos) such that ¢ < Vi(t,x, Vor, Vo, Vo) < n,

C S ‘/Q(taxv%lv%i%%?)) S n, C S ‘/i%(t7$7 %17%37‘/03) S n, fOT' U/” A Q
andt >t.

For simplicity, for a bounded function ¢(t, ), we denote ¢, = inf( 5 ¢(t, x)
and ¢y = supg ) p(t,z). Now we have the following positively invariant
principle for system (1-4)

Theorem 6. Assume that conditions (H) hold, then non-negative and posi-
tive quadrants of R are positively invariant for system (1-4).

Proof. Suppose (Vi(t, x, Voi, Voz, Voa); Va(t, @, Vor, Vos, Vos); Va(t, 2, Vor, Vos, Vos))
is a solution of system (1-4) with initial condition Vpi(z) > 0 (Vou(x) # 0),
Voo (x) >0 (Voe(x) # 0), Vog(z) > 0 (Vos(z) # 0). Let Vi(t, z) a solution of

oV A Vv,
S~ mAV + Vs [dM — (1= u)(1 = ) + e—lﬁMrM} —0,
. oy
- R BN )
V1(0, ) = Vi (2), 5 |og 2 0, t>0 (6)

It holds that

o, A . Vi ﬂr(t,w)VlVg
av, N v
< 8_t1 — AV +V; [dM —pm(l—u)(1 - El> + gilﬁMTM]’

which implies that V; (¢, z) is a lower solution of equation (1). By Lemme 2,
we have Vl(t,x) >0 forall t >0 and z € Q. In addition, since Vg;(z) > 0
(Vor(z) # 0), then Vi(t,2) > 0 for all ¢ > 0 and = € Q. Thus by Lemme 1,
Vi(t, ) is bounded from below by positive function Vi (¢, z), and so Vi (¢, z) >



0.
Let Va(t, ) a solution of

oV
8—;—M2AV2+VQ[CLM(1—U)+dM} =0,
. v,
% = —| >0,t>0.
2(0, ) = Voo (), g = 0, t>0 (7)

It holds that

oV Br(t,z)ViVs

E_MZA‘/Q"F‘/Z[ a(t, )(1—U)+d(t7$)} T Tty
OV ~ -

< a—;—MQAVQ+V2[GM(1—U)+dM} =0,

which implies that Va(t, ) is a lower solution of equation (2).
Let V3(t, z) a solution of

3V3
AVa + by, Ve =0,
a9t — u3AVs +0op Vs
. oV
- —’3 > ]
Va(0,2) = Voa(a), —=| 20, t>0 (8)
It holds that
% — s AV + b(t, )V — k(t,2)(1 — u)Vs
Vs

_a——uaAVg+bMV3—0

which implies that V3(¢, 2) is a lower solution of (3).
A similar argument to Vi(t,x) leads that Va(¢, ) and V3(¢,z) are bounded
from below respectively by positive functions Va(t, ) and Vi(t, z). O

Theorem 7. Assume that conditions (H) hold, then all solutions of system
(1-4) with non-negative initial functions are ultimately bounded.

Proof. Let V(t,z) a solution of

ov v
8t1 1AV — par(1—u)(1 — 71)\/1 =0,
Vl (07 MVI) = MVl’ (9)

where My, is such that max,q |Voi(x)| < My,.
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It holds that

oV Vi Or(t,z)ViVs
0=—  —mAI+N [d(fﬂat) = p(t,2)(1 —u)(1 - E)} + TS
oVi \%
> 8_t1 — AV — ppr(1 —u)(1 — ?1)‘/1
So, we get
9V, — V,—
0 = 8t — MlAvl — ,OM(l — u)(l — ?>V1
A% Vi
> 8_251 — mAV; = py(1 = u)(1 - ?1)‘/1-

Therefore, Lemme 1 gives Vi(t, z, Vo1, Vo, Vos) < Vi (t, le)._
Note that, according to the uniqueness theorem, the solution V' (¢, My, ) of
(9), does not depend on z for ¢t > 0, and so V'1(t, My, ) satisfies the ordinary
differential equation

N pm (1 —u)(1— f)vl =0.

By Lemme 3, we have

Vi(t,My,) — K, as t — +o0.

So, there exists Ny and t; > 0 such that Vi(¢,x) < Nj.
For the infected tumor cells, we have the following inequality

0V Br(t,z)ViVs
0=—>"~ p2AVa + Vy [G(ty z)(1 —u)Va + d(t,w)] BT

oV;
> 8_152 — e AVy + V5 [am(l —u) + dm} — e By VY.

So, we get
oV B
0= 8_152 — 2AVy + Vs [am(l —u)+ dM} — & ' Buru N
A%
> 8_152 — AV + Vs [am(l —u)+ dm} — & Buru .

Therefore, Lemme 1 gives Va(t, z, Vo1, Voz, Vos) < Va(t, My, ), where Vo(t, My,)
satisfies the ordinary differential equation

oV, — —

8_t2 = -V, [am(l —u)+ dm} + e BurmNi, Va(0, My,) = My,.
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Since N
— e T DrpIVy
Vol(t, My,) — t
2( ) VQ) am(l _ U) + dm as - +OO7

thus, there exists Ny and ¢ > 0 such that V5(¢,x) < Nj.
For the virus in the extracellular tissue, we have the following inequality

V.

0= 8t3 s AVs + b(t, 2)Vs — k(t, 2)(1 — u) Ve
oV

> 8—;’ — 3AVs + by Vs — kg (1 — u) Ny

So, we get

8V3

0=
ot
oV:
Therefore, Lemme 1 gives Va(t, z, Vo1, Voz, Vos) < Vi(t, My,), where Vs(t, My, )
satisfies the ordinary differential equation

ov

,ugAVg—f—b V3 k)M(l —U)Ng

a—t?) = —me3 + k’M(l — U)Ng, V3(O, Mvg) = MV3~
Since (1 N
Vs(t, My,) — w as t — 400,
thus, there exists N3 and ¢3 > 0 such that V3(t, ) < Ns. O

Theorem 8. Assume that conditions (H) hold, in addition, if dy+Be 'ry <
pm(1 —u), then the system (1-/) is permanent.

Proof. Theorem 7 implies that there exists n > 0 such that Vi(¢t,z) < n,
Vo(t,z) < n and V5(t,z) < n starting with a certain moment of time. Note
that, by comparison principle if Vor(z) > 0 (Vou(z) # 0), Voe(xz) > 0
(Voa(z) # 0) and Voz(z) > 0 (Vos(z) # 0) then Vi(t,z, Vor, Vos, Vos) > 0,
Vo(t, z, Vor, Vos, Vo3) > 0 and V5(t, z, Vo1, Vos, Vo3) > 0 for all z € Q and
t > 0. Considering the solution on the interval ¢ > € with some ¢ > 0,
we get (Vi(e,, Vo, Vo, Vag): Va(e, 2, Vo, Vag, Vas)s Va(e, 2, Vo, Vog, Vas) ) sep-
arated from zero. Therefore, we can assume that min,cq Vo1 () = my, > 0,
min, g Voo (#) = my, > 0 and min,.q Vis(z) = my, > 0. Let Vi(t,z) a
solution of

oV, Vi
S+ v, [dM (1 — u)(1 — ?) e 5MrM} —0,
‘/1(07 MVl) = my;. (10)



So using the inequality

o Vi), Britz)ViVs
0= = mAVA+ Vald(e, 1) = p(t, 1)1 —w)(1 = )| + =77
oV, V;
< S = AV + Vi |dyy = p(1 = w)(1 = 2) + =7 B
one has by (10),
oV N V;
0= 8_151 — AV +V; |:dM — pm(1 —u)(1 - El) + 5715M7"M:|
ov; Vi 1
<1 — — - — .
S 5 AV +V [dM pm (1 —u)(1 K) +e ﬂMTM]

Therefore, Lemme 1 gives Vi (t, z, Vo1, Vo, Vo) > Vl(t, my, ). By the condition
dar + e Byrar < pm(1 — u), we have

~ K[pm(l — U) —dy — EilﬁMTM:|
‘/i<tvmv1) - P (1 — u)

, T — +o00.

Therefore, there exist ¢; > 0 such that Vi(¢,z, Vo1, Vg, Vos) > ¢ for ¢ large
enough.
Let Vi(t, z) a solution of

WVy - 5
a—t2+‘/2|:aM(1 —U)+dM] _5715M7'M€1 :0, ‘/2(0,.%') = My,. (11)
Using the inequality

oV,
0= 2% oAVs + Valalt )1~ w) + d(t, )]

oVs
< 8_152 — AV, + Vs [GM(l —u) + dM} — e ' By,

B Br(t,z)ViVs
1+€eVs

we have by (11),

Vs

0=—>-— p2 AV + Vo [aM(l —u)+ dM] —& PuruG
oV
< 6_7&2 — paAVs + Vy [GM(l —u)+ dM} — & Burm-

. e Burma
Theref Va(t, x, Vo1, Voo, Vog) = Val(t
eretore, 2( , Ly Voi, Vo2, 03) = 2( 7mV2) - aM(l _ u) +dM’

as t — 4o00. Therefore, there exist (5 > 0 such that Va(t, z, Vo, Vg, Voz) > G

9



for ¢ large enough.

Now, let V3(t, x) a solution of

% +ba Vs — k(1 —u)Ge =0, V3(0,2) = my,. (12)
By the following inequality,
0= T — Wy AVy + b(t, 2)V5 — k(t, )(1 — )V
< % — p3AV3 + by Vs — k(1 — u) G,
we have
Vs

N N oVs
B psAVs 4+ bp Vs — k(1 — u)(a < 8_753 — p3AVs + by Vs — k(1 — u)Co.

. k(1 —
Therefore, V5(t, x, Vor, Voo, Voz) > V3(tamv3) . M( U)Cz

M
Therefore, there exist (3 > 0 such that V5(t,z, Vo1, Voo, Voz) > (3 for t large
enough. 0

,as t — +oo.

4 Periodic solutions

Theorem 9. Assume that conditions (H) hold and system (1- J) is perma-
nent. Moreover, if we assume the following conditions:

2(,0M(1 —w)(1 - 2/K) - dm> — e Buyrar < 0, (13)
ﬁ?MTM+I{3M—4CGM(1—U)+2dM <O, (14)
ke — 2b,, <0, (15)

then, the system has a unique globally asymptotic stable strictly positive w-
periodic solution.

Proof. For convenience, we denote a = a(t, x), and similar meaning to b, d, k,
rand p. Let (V}(¢,x), Vi (t, ), Vit z)) and (ViH(¢, x), VE(t, ), VE(t, z)) be
two solutions of system bounded by constants ( and 7 for below and above.
Consider the function

Mﬂ—émem—wwmfﬂwwm—ﬁm@fﬂwm@—@mmﬂdx
(16)

10



ot ot ot ot
VL oV
I _ oy (28 _ 273
Q/Q(V?’ V?’)(at 8t)dx

=mgﬂw—WMWﬁWﬁM+mﬁﬁé4@MW—WMx
Q Q

@ZQ/Q(V V2)(8V1 av2>dx+2/ﬂ(‘/gl—‘/2)<avl 8V2>dx

-M@ﬂW—WMM—WMx
Q

z@w-wﬂm—m04W+WwQ—4w

A BrV2V2
_9 1 Nl 3 2/ 1 12
Jo—vy e [ o2 vy e

—q@@—@ﬂm—wm+wwﬂm

VLV, Brv2v2
p Vl—VQﬁrl?’d—z/v —v) s gy
w2 [ vy P e [0y vy s

+2/Qk(1—u)(\/ V2)(V, —v;,)dx—zfﬂb(xg — V22 da

Z:[1+...+[11.

It follows from the boundary condition (4) that

L+t I; = —2/Q [ullv( V) Pt pia| V (V= V2) P28 | V (V= V2) 2 ]dx <o0.

The terms

I+ I + Lo+ In < 2/9 (PM(l —u)(1-2¢/K) - dm) (Vi = Vi) da
/Q<4gaM(1 — ) +2dM) (Vi — V2)2 da

=2 [ bV - Vi e [ b0V - VR (05 - VPP do
Q Q
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and

Vv
Is+ 1+ Ig+ 19 =2 Q%[(W—Vf)—(‘ﬁl—‘ﬁz)] dx
3
BrV2V.2
2 [ T [0 - v - (v ) ds
3

<2 [ SB[ - V) - (7 - V)] do
2 [ V[ - VE) - (5 - VD) o
< —2/95_161\/[7”]\/[(1/11 — V3?2 dx

2 [ (Vi = VANV = Vi) da

<= [ [F =V - (05 =12

Thus, we have

B0 < [ [2(owt =0 26/8) = ) = = Guarad) (2 = V22

n / [5’161\47’]\4 4 kg — 4Cans(1 — u) + 2dM] (Vi — V2)2da
Q
+ / [ = 20 | (V) = V22 o
Q
< (‘/11 - ‘/127 ‘/'21 - ‘/22a V;sl - ‘/;32) P (‘/Yll - ‘/12’ ‘/21 - ‘/227 ‘/31 - V32)T,

< M (P) [V = V2 aioy + IV = VEIB oy + I3 = VEIRage) |

where Ay/(P) is the maximal eigenvalue of the diagonal matrix P = diag(Py, Py, Ps)
with

P = 2<pM(1 —u)(1 - 2¢/K) - dm) — e B

P = EilﬁM’l"M +ky — 4CCLM(1 — u) + 2dyy
Py =y — 20,

So, we deduce that

L(t) < L(0)eM P — 0, as t — 4o0.

12



Thus, [|Vy! = VP r2@) — 0, V5 = VZl|12e) — 0 and ||V = V|| 12() — O;
as t — +00. By Theorem 6, solutions of system (1-4) are bounded in the
space C1(Q,R?, where 0 < v < 2l —1—n/p and 1/2 +n/(2p) <1 < 1.
Therefore,

lim sup |‘/11(t,l‘) - ‘/12(t7 I)’ = 07 lim sup |Vv21(t7x) - ‘/22(t7$)‘ = 07

=400 1 t—=+00 3

lim sup |V3 (¢, ) — Vi(t, )| = 0. (17)

=10 3
Consider the sequence
(Vi(qw, =, Vor, Voz, Vos; Va(qw, z, Vor, Voz, Vos); Va(qw, @, Vor, Voo, Vos) = W (qw, Wo).
Then {W(qw, Wy), q € N} is compact in the space C(Q)3. Let W be a limit

point of this sequence. It follows, from
W (w, W) = Wlle < [[W(w, W) = W(w, W(gaw, Wo))lc
+ ||W(w7 W(Qﬂw7 WO)) - W(ana WO)HC’
+ W (gaw, W) = W] — 0 as n — o0,

that W(w, W) = w. )
Next, let W and W two limit points of the sequence {W(qw, Wo), ¢ € N}.
Using (17) and W = W(g,w, W), we have

W = Wlle < W =W (guw, Wo)lle + W (g, Wo) = Wle — 0 as n — +oc.

Thus, W = W and so (Vi(t, z, Vi, Va, Va); Va(t, z, Vi, Va, V&); Vs (t, o, V2, Va, V3))
is the unique periodic solutions of system (1-4). By (17), it is asymptotically
stable. n

References

[1] Jr E.C. Alvord, C.M. Shaw, Neoplasms affecting the nervous system of
the elderly. In: Duckett S, editor. The Pathology of the Aging Human
Nervous System. Philadelphia: Lea and Fabiger; 1991, 210-286.

[2] J.R. Bischoff, D.H. Kirn, A. Williams, al, An adenovirus mutant that
replicates selectively in ph3-deficient human tumor cells, Science 274
(1996) 373-376.

[3] F.G. Blankenberg, R.L. Teplitz, W. Ellis, M.S. Salamat, B.H. Min, L.
Hall, al., The influence of volumetric tumor doubling time, DNA ploidy,
and histologic grade on the survival of patients with intracranial astro-
cytomas, AJNR Am. J. NeuroRad 16 (1995) 1001-1012.

13



[4]

[10]

[11]

[13]

[14]

P.C. Burger, E.R. Heinz, T. Shibata, P. Kleihues, Topographic anatomy
and CT correlations in the untreated glioblastoma multiforme. J Neu-
rosurg 68 (1988) 698-704.

B.I. Camara, H. Mokrani, Mathematical modelling of gliomas therapy
using oncolytic viruses. to appear

E.A. Chiocca, K.M. Abbed, S. Tatter, al., A phase I open-label, dose-
escalation, multi-institutional trial of injection with an E1B-Attenuated
adenovirus, ONYX-015, into the peritumoral region of recurrent malig-
nant gliomas in the adjuvant setting, Mol. Ther. 10 (2004) 958-966.

An. Claes, A.J. Idema, P. Wesseling, Diffuse glioma growth: a guerilla
war, Acta Neuropathol 114 (2007) 443-458.

J.C. Concannon, S. Kramer, R. Berry, The extent of intracranial
gliomata at autopsy and its relation to techniques used in radiation
therapy of brain tumors, Am. J. Roentgenol Radium Ther. Nucl. Med.
84 (1960) 99-107.

L.K. Csatary, al., MTH-68/H oncolytic viral treatment in human high-
grade gliomas, J. Neurooncol. 67 (2004) 83-93.

A. Friedman, Y. Tao, Analysis of a model of a virus that replicates
selectively in tumor cells, J. Math. Biol. 47 (2003) 391-423.

D. Harrison, H. Sauthoff, S. Heitner, J. Jagirdar, W.N. Rom, J.G. Hay,
Wild-type adenovirus decreases tumor xenograft growth, but despite
viral persistence complete tumor responses are rarely achieved—deletion

of the viral E1b-19-kD gene increases the viral oncolytic effect, Hum.
Gene. Ther. 12(10) (2001) 1323-1332.

C. Heise, A. Sampson-Johannes, A. Williams, al., ONYX-015 an E1B
gene-attenuated adenovirus, causes tumor-specific cytolysis and antitu-

moral efficacy that can be augmented by standard chemotherapeutic
agents, Nat. Med. 3 (1997) 639-645.

P.J. Kelly, C. Daumas-Duport, D.B. Kispert, B.A. Kall, B.W. Schei-
thaurer, J.J. Illig, Imaging-based sterotaxic serial biopsies in untreated
intracranial glial neoplasms, J Neurosurg 66 (1987) 865-874.

N.L. Komarova, Mathematical modeling of tumorigenesis: mission pos-
sible, Curr. Opin. Oncol. 17(1) (2005) 39-43.

14



[15]

[16]

[17]

X. Liu, L. Huang, Permanence and periodic solutions for a diffusive
ratio- dependent predator-prey system, Applied Mathematical Mod-
elling 33 (2009) 683-691.

R.M. Lorence, A.L. Pecora, P.P. Major, S.J. Hotte, S.A. Laurie SA,
M.S. Roberts, W.S. Groene, M.K. Bamat, Overview of phase I studies
of intravenous administration of PV701, an oncolytic virus, Curr. Opin.
Mol Ther 5(6) (2003) 618-624.

A.S. Novozhilov, F.S. Berezovskaya, E.V. Koonin, G.P. Karev, Math-
ematical modeling of tumor therapy with oncolytic viruses: Regimes
with complete tumor elimination within the framework of deterministic
models, Biology Direct 2006, 1:6.

J.T. Oden, A. Hawkins, and S. Prudhomme, General diffuse-interface
theories and an approach to predictive tumor growth , Mathematical
Models and Methods in Applied Sciences 20(3) (2010) 477-517.

G. Paganelli, M. Bartolomei, C. Grana, M. Ferrari, P. Rocca, M. Chinol,
Radioimmunotherapy of brain tumor, Neurol. Res. 28(5) (2006) 518-522.

C.V. Pao, Nonlinear Parabolic and Elliptic Equations, McGraw-Hill,
New York, 2005.

J. Peiffer, P. Kleihues (1999), H.J. Scherer (1906-1945), Pioneer in
glioma research, Brain Pathol. 9:241-245.

D.C. Shrieve, E. Alexander, P.Y. Wen, H.M. Kooy, P.M. Black, J.S.
Loeffler, Comparison of sterotactic radiosurgery and brachytherapy in

the treatment of recurrent glioblastoma multiforme, Neurosurgery 36
(1995) 275-282.

D.L. Silbergeld, M.R. Chicoine, Isolation and characterization of human
malignant glioma cells from histologically normal brain, J. Neurosurg.
86 (1997) 525-531.

L.H. Smith, Dynamics of Competition. Lecture Notes in Mathematics,
vol. 1714, Springer, Berlin, 1999, pp. 192-240.

K.R. Swanson, C. Bridge, J.D. Murray, E.C. Alvord, Virtual and real
brain tumors: using mathematical modeling to quantify glioma growth
and invasion, Journal of the Neurological Sciences 216 (2003) 1-10.

15



[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

T. Takayanagi, A. Ohuchi, A Mathematical analysis of the interactions
between immunogenic cells and cytotoxic T Lymphocytes, Microbiol.
Immunol. 45(10) (2001) 709-715.

W. Walter, Differential inequalities and maximum principles: theory,
new methods and applications, Nonlinear Anal. Appl. 30 (1997) 4695-
4711.

L. Wang, M.Y. Li, Diffusion-Driven Instability in Reaction-Diffusion
Systems, J. Math. Analysis and Applications, 254 (2001) 138-153.

D. Wodarz, Viruses as antitumor weapons: defining conditions for tumor
remission, Cancer Res. 61(8) (2001) 3501-3507.

D. Wodarz, N. Komarova, Computational Biology Of Cancer: Lecture
Notes And Mathematical Modelin. Singapour , World Scientific Pub-
lishing Company, 2005.

J.T. Wu, H.M. Byrne, D.H. Kirn, L.M. Wein, Modeling and analysis of
a virus that replicates selectively in tumor cells, Bull. Math. Biol. 63
(2001) 731-768.

J.T. Wu, D.H. Kirn, L.M. Wein, Analysis of a three-way race between
tumor growth, a replication-competent virus and an immune response,
Bull. Math. Biol. 66 (2004) 605-625.

R. Zurakowskia, D. Wodarz, Model-driven approaches for in vitro com-
bination therapy using ONYX-015 replicating oncolytic adenovirus, J.
Theor. Biol. 245 (2007) 1-8.

16



