WSEAS TRANSACTIONS on BIOLOGY and BIOMEDICINE Akisato Kubo, Katsutaka Kimura

Mathematical analysisof tumour invasion with proliferation model
and simulations

AKISATO KUBO KATSUTAKA KIMURA
Department of Mathematics Medical Radiation Sciences
School of Health Sciences Graduate School of Health Sciences
Fujita Health University Fujita Health University
1-98, Toyoake, Aichi 470-1192 1-98, Toyoake, Aichi 470-1192
JAPAN JAPAN
akikubo@fujita-hu.ac.jp 82013305@fujita-hu.ac.jp

Abstract: In this paper it is shown that the global existence in time and asymptotic profile of the solution of a
mathematical model of tumour invasion with proliferation proposed by Chaplain et al. For this purpose we consider
a related nonlinear evolution equation with strong dissipation and proliferation corresponding to our mathematical
model and the initial Neumann-boundary value problem for the evolution equation. We prove the global existence
in time of solutions to the problem for the nonlinear evolution equation in arbitrary space dimension by the method
of energy. In this paper our main mathematical approach is heavily based on energy estimates. Applying our
mathematical result of the problem to the tumour invasion model we will discuss the existence and property of
solutions to the model which gives us a rigorous mathematical understanding of the model. Finally we will show the
time depending relationship and interaction between tumour cells, the tissue and degradation enzymes by compute
simulations of the model. It is seen that our mathematical result of the existence and asymptotic behaviour of
solutions guarantees the validity of computer simulations and implies the pattern figure of each component of the
model respectively.
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1 Introduction vasion and the relationship to our mathematical result.
Identifying our rigorous result and computer simula-

In the last several decades, a number of mathe- tions we will arrive at a better understanding of the

matical models describing the procedure of tumouri- mechanism of tumour invasion.

genesis and tumour growth have been the remarkable

subject of research (cf. [1]-[5], [7]-[9], [20]-[25]). Now we consider a mathematical model based

Especially our main concern of this paper is specific on Chaplain and Lolas [4] described tumour invasion

mathematical models of avascular tumour growth pro- with tumour cell proliferation in the following form:

posed by Chaplain et al. ([3][4]). They are considered (CAL)

mainly by three variables in the process of tumour in-

vasion, tumour cells, ECM and MDEs without the ef- on 0’n 0 of
fect of proliferation. Anderson and Chaplain [3] has ot = Mo TV, (nax> +pn(l—n—f)
been developed by Chaplain and Lolas [4] addition- (1)
ally considering into chemotaxis, proliferation of tu-
mour cells and reestablishment of the ECM. of
Their mathematical approach to above models is ot —nmf +paf(1 —n—f) (2)
usually numerical analysis and computer simulations.
On the other hand, rigorous mathematical results have | om 9%m
been almost unknown for such models. o = Imgg tan—fm (3)
Our main goal is to give a rigorous mathemati- wheren := n(z,t) is the density of tumour cells,
cal understanding to tumour invasion models. While m := m(z,t) is degradation enzymes concentra-
by computer simulations of our model (the usage of tion (MDE concentration) andf := f(z,t) is

Mathematica 4 in section 5) we can easily observe the extra cellular matrix density (ECM density) and
morphologies of complicated procedure of tumour in-  d,,,y, u1,m, u2, dm, a and 5 are positive constants,
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(z,t) € Q x (0,00) and? is a bounded domain in
R™ with a smooth boundar§s2.

In the below we consider only the caseef= 0
for our convenience. (CAL) describes tumour inva-
sion phenomena with tumour cell proliferation. We
deal with a boundary value problem for (CAL) satis-
fying initial condition:
n(w,()) - no(a:),f(x,O) - fO(x)vm(x7O) - mO(x)
and zero-Neumann condition:

0

0 0
%n(xat) = af(xvt) = am(l‘,t) =0

on 9N x (0, co) wherev is a outer unit normal vector.

Chaplain and Anderson [3], corresponding to the
case ofu; = puo = 0in (CAL), base the mathemati-
cal model on generic solid tumour growth, which for
simplicity they assume at the avascular stage. While
most tumours are asymptomatic at this stage, it is still
possible for cells to escape and migrate to the lymph
nodes and for the more aggressive tumours to invade.
In the model the following key variables are consid-
ered: tumour cell density, MDE concentration, ECM
density.

MDEs are important at many stages of tumour
growth, invasion, and metastasis, and the manner
in which they interact with endogeneous inhibitors,
growth factor, and tumour cells is very complex. In
the model they assume that the tumour cells produce
MDEs which degrade the ECM locally and that the
ECM responds by producing endogeneous inhibitors
(e.g., TIMPs). The ECM degradation, as well as mak-
ing space into which tumour cells may move by sim-
ple diffusion, results in the production of molecules
which are actively attractive to tumour cells (e.qg., fi-
bronectin) and which then aid in tumour cell motility.
They refer to the movement of tumour cells up a gra-

dient of such molecules as haptotaxis and then choose

to consider tumour cell motion to be driven only by
random motility and haptotaxis in response to adhe-
sive or attractive gradients created by degradation of
the matrix.

Recently, there are many mathematical models
which can be found in the literature describing tumour
angiogenesis (cf.[2], [20], [24], [25]). In [20] Levine
and Sleeman apply the diffusion equation provided by
Othmer and Stevens [24] to obtain the understanding
of tumour angiogenesis, which arises in the theory of
reinforced random walk. Anderson and Chaplain [2]

proposed a model for angiogenesis considered into en-

dothelial tip-cell migration, i.e., the model considered
the motion of the cells located at the tips of the grow-
ing sprouts. The model has cell migration governed by
three factors: diffusion, chemotaxis and haptotaxis.
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On the other hand, mathematical approaches
for models of tumour growth have done (see [10]-
[20][25][26]). Levine and Sleeman [20] and Yang,
Chen and Liu [26] studied the existence of the time
global solution and blow up solutions to a simplified
case of Othmer and Stevens type of the model. Kubo
et al. [10]-[19] show the time global solvability and
asymptotic behaviour of the solution to the model pro-
posed in [2][3][20][24][25].

In this paper we deal with a reduced nonlinear
evolution equation from the model (CAL) and obtain
the existence and asymptotic behaviour of solutions.
Applying our mathematical results to the model we
gain a understanding of a mechanism of tumour in-
vasion. By computer simulations we see the effect
of proliferation in the tumour invasion model as
increases. Actually visualizing the asymptotic be-
haviour of solutions of the model, we can observe
clearly the time depending relationship and interac-
tion between tumour cells, ECM and MDE.

2 Reduced problem

2.1 Reduction process

Following to Levine and Sleeman [20] we reduce
our problem to more simplified one (see [10]-[19]).
It is easily seen in (2) thaf(z, t) is written by

—n tmds
f(z,t) = folz) - e /0 (4)

Substitutingf (x, t) by the right hand side of (4) and
putting

t t
U = / nds and® = / mds,
0 0

from (1) and (3) it following that

Wy = dnag‘l’t + 7778x(f0(55)‘1’tq)x6_n®)
Y0 (fou (@) Ve ) + 1 Ty (1 — Uy — fo(x)e "®)
(5)

and

(I)tt = dm(’?:%(I)t + Oé\Ift — B(I)t (6)

In the next subsection we propose a class of nonlin-
ear evolution equations covering (5) and (6) and show
global existence in time and asymptotic behaviour of
solutions of the initial boundary value problem for
such equations.
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2.2 Relatednonlinear evolution equations

In this subsection we consider the initial Neumann- Qv] = vy — DV,
boundary value problem of nonlinear evolution equa-

tions related to (CAL): (NE) ~V - (x(U(t) + v, 6—La(t)—v)6—La(t)—v - V)

e = DV 4V - ()= ) —u(t)(1 = 20(0) — v) =0,
. 0
+u(l —uw)uy  INnQx(0,7) (7) %U’ag =0,
Do = 0 ond x (0,7) (8) | v(.0) = vp(x), v(x,0) =vi(x).
u(z,0) = ug(z), u(z,0) = ui(z) inQ(9)
5 5 3 Existence theorem of (NE)
— =0, =— =0x;,i=1,-,n,Vu = (Op,u, Oy, 1)
ot O By deriving the energy estimate of (RP) (see [15])
) ) ) and considering the iteration scheme we obtain exis-
Viu=V-Vu=Au=0; u+ - +0; u tence of solutions to (RP) by the standard argument
whereD is a positive constanf) is a bounded domain ;%ﬁgr?]vg the convergence of the solution of iteration

in R™ andof2 is a smooth boundary ¢ andv is the
outer unit normal vector.

Let us introduce function spaces used in this pa-
per. First, H'(Q) denotes the usual Sobolev space
Wh2(Q) of orderl on Q. For functionsh(z,t) and Lemma 1 Assume thai(s1, s2) for (s1,s2) € R}
k(z,t) defined inQ x [0, 00), we put satisfies appropriate regularity condition. We have the

energy estimate of (RP) fae > [n/2] + 3
:/ h(z, )k(x, £)dz
Q

In the same way as used in [10]-[19] we have the
following estimate of (RP) (cf. Dionne [6]).

M+1 ) t ‘
BIEE) = 32 102h(0) ey () > (9 P + [ DIV ul A ()dr)
1BI<t Jj=1
and sometimes we writgh||o(t) by ||h||(t) for sim- < CEn[](0)
plicity where is a multi-index fors = (81, - - -, ). -
where we denote for any non-negative integer
Puttingu(z,t) = La(t) + v(z,t) we have in (7) M <m,
vy = DV, Ex[v](t) = E[V*], Elv] = [Je||* + ||Vl [*.
+V - (x(U(t) + v, e P70 EalD7 vy
v (8) (1 = 21(t) — vy) We consider the iteration scheme of (RP):
where .
= / l(T)dT + a, Qi[vit1] = Ofvip1 — 0 Avigy
0
a is a positive parameter ariff) satisfies the initial —V - (&7 Py (ugy, e %) e ViVy1) = 0,
problem for the logistic equation: (i+1)
0
() = pl(8)(1 = 1(8)), 1(0) =1p >0 ayVi+tloa =0,
then (NE) is rewritten by the following problem: (RP) vip1(x,0) = vo(z), vip1e(z,0) = vi(x),
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Theorem 3 For smooth initial data
{no(x), fo(z), mo(x)} there are classical solutions of

wherev; = > fij(t)p;(x),vo(x) = Z hjej(@),
= (CAL): {n(x,t), f(x,t),m(z,t)} such that they sat-

J=1

oo
vi(x) = Z h;@j(x)_ isfy the following asymptotic behaviour.
j=1
The energy estimate lemma 1 guarantees the uniform lim n(z,t) =1, lim f(x,t) =0.
estimate of eacli + 1) for: = 1,2,---. We deter- t—00 00

mine f;;(t) by the solution of the following system of
ordinary equations with initial data. Fgr=1,2, - - -

(Qi[vita], ¢5) =0, 5 Computer simulations

fi+15(0) = hiy1, fir15e(0) = hiyq. In Figures 1-5 illustrated below we show snapshots
in time of the computer simulations of the model tak-
ing p1 from O to 10 att = 0,2,4 and 6.5 by Math-
ematica 4. We use other parameter valdgs =
0.001,d,, = 0.001,v = 0.02, = 10, 41 = 0, i =
0, = 0.1, andg = 0, specified in the captions of
the figures.

It is not difficult to assure the local existence in time
of f;;(t) by the theory of ordinary differential equa-
tions. Therefore, deriving the energy estimates, the
global existence in time of the solutiofu;} satis-
fying the regularity required to derive the energy in-
equality in section 2 and justification of the limiting
process are assured in the usual way. The energy es-  We will see the time dependent relationship and
timate enables us to get the solution by considering interaction between tumour cells (solid), the tissue
Q;i[vi+1] — Qi—1|v;] and the standard argument of con-  (dashed) and degradation enzymes (dashdot). In the
vergence fow; 1 — v; = w;. following graph a coordinate axis of the horizontal di-
Then we obtain the following result of (NE) via _rec_tion indicates the position and the vertical direction
(RP). indicates the density of each component of the model.

Theorem 2 Assume thaty(s;, s2) satisfies appro-
priate smooth regularity condition with respect to
(s1,52) € R% and initial data (vo(x),v1(z)) are
sufficiently smooth fovy(x) = up(x) — a,vi(z) =
ui(x) — ly. For sufficiently largez, there is a solution
form > [n/2] +3

1
u(,t) = La(H)+o(a,1) € () C([0,00); H" ()
=0

to (NE) such that it satisfies the following asymptotic
behaviour

Jim [, £) — 1(t) 1 = 0.

4 Existence theorem of (CAL)

The equations (5) and (6) are essentially regarded
as the same type of equation as (9). The energy es-
timates ofU and® follow and combining these esti-
mates we obtain the desired estimate. Hence applying
the same argument as used for theorem 2 to our mathe-
matical model, in the same way as in [18][19] we have
existence and asymptotic behaviour of the solutions to
our mathematical model.

Our main result is as follows.
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Figure 1. Tumour cell proliferation, migration, ECM
re-establishment, and interactions between the tu-
mour and the surrounding tissue: tumour cell density
(solid), ECM density (dashed), and MDE concentra-
tion (dashdot). Solutions to (1)-(3) with the parame-
ter valuesd,, = 0.001,d,, = 0.001,y = 0.02,n =
10,41 = 0,42 = 0,0 = 0.1, ands = 0.
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Figure 2: Tumour cell proliferation, migration, ECM
re-establishment, and interactions between the tu-
mour and the surrounding tissue: tumour cell density
(solid), ECM density (dashed), and MDE concentra-
tion (dashdot). Solutions to (1)-(3) with the parame-
ter valuesd,, = 0.001,d,, = 0.001,v = 0.02,n =
10, 41 = 1.0, ug = 0, = 0.1, ands = 0.
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(solid), ECM density (dashed), and MDE concentra-
—_— —_ = = tion (dashdot). Solutions to (1)-(3) with the parame-
ter valuesd,, = 0.001,d,, = 0.001,y = 0.02,n =
10, 41 = 3.0, u2 = 0, = 0.1, ands = 0.

Figure 3: Tumour cell proliferation, migration, ECM
re-establishment, and interactions between the tu-
mour and the surrounding tissue: tumour cell density
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Figure 4: Tumour cell proliferation, migration, ECM
re-establishment, and interactions between the tu-
mour and the surrounding tissue: tumour cell density
(solid), ECM density (dashed), and MDE concentra-
tion (dashdot). Solutions to (1)-(3) with the parame-
ter valuesd,, = 0.001,d,, = 0.001,v = 0.02,n =
10, 41 = 5.0, u2 = 0, = 0.1, ands = 0.
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Figure 5: Tumour cell proliferation, migration, ECM
re-establishment, and interactions between the tu-
mour and the surrounding tissue: tumour cell density
(solid), ECM density (dashed), and MDE concentra-
tion (dashdot). Solutions to (1)-(3) with the parame-
ter valuesd,, = 0.001,d,, = 0.001,v = 0.02,n =
10, 41 =10, 2 = 0, = 0.1, andp = 0.

In Figures 1-5 it is shown that MDE degradates
ECM and tumour cells migrate to a degradated space
in the tissue, that is, tumour invades the nearby tissue.

In the case ofi; = 0 invasive tumour cells form a
peak in the nearby tissue and continues to invade (Fig-
ure 1). In Figure 2 fo; > 0 the front of invasive
tumour cells still form a peak and tumour cell den-
sity increases outside of ECM. When is taken large
enough (Figure 4-5), it is observed that tumour cells
proliferation and form the traveling wave and continue
to propagate forward.

6 Conclusions

The model shows that tumour invasion into healthy
tissue, as showed in computer simulations in section 5
followed in certain regions of parameter space. Con-
sidering into global existence in time and the asymp-
totic behaviour of solutions of the initial boundary
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value problem (NE) for the nonlinear evolution equa-

tion reduced from the model, we can show the rigor-
ous result of existence and asymptotic properties of
solutions of (CAL).

Our main purpose is focused on a rigorous math-
ematical understanding of the model rather than ap-
plication dominated and it guarantees the validity of
computer simulations that qualitatively replicate the
complicated morphologies invasive tumour. Actually,
the asymptotic behaviour of(z,¢) and f(x, t) stated
in theorem 3 imply the pattern figures of tumour cells
density and ECM density respectively ass large
enough in the computer simulations, in Figures 4-5.

Identifying our mathematical results and com-
puter simulations we seems to arrive at a better un-
derstanding of tumour invasion.
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