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Abstract. In this paper, we consider a quasi non-linear reaction-diffusion model designed to mimic tumor cells’
proliferation and migration under the influence of their micro-environment in vitro. Since the model can be used
to generate hypotheses regarding the development of drugs which confine tumor growth, then considering the
composition of the model, we modify the model by incorporating realistic effects which we believe can shed more
light into the original model. We do this by extending the quasi non-linear reaction-diffusion model to a system
of discrete delay quasi non-linear reaction-diffusion model. Thus, we determine the steady states, provide the
conditions for global stability of the steady states by using the method of upper and lower solutions and analyze
the extended model for the existence of Hopf bifurcation and present the conditions for Hopf bifurcation to occur.
Since it is not possible to solve the models analytically, we derive, analyze, implement a fitted operator method
and present our results for the extended model. Our numerical method is analyzed for convergence and we find

that is of second order accuracy. We present our numerical results for both of the models for comparison purposes.
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1. Introduction

The study of cancer disease has led to the development of many cancer models see for in-
stance [14]. Most of the models are developed with one common goals, that is to understand
how cancer cells functions. Since a cure to cancerous diseases is still not found, this makes the
study of cancer disease an ongoing process. As a result of that, in this paper we are interested in
the the study of an interaction of tumor cells, within its own micro-environment. We note that
such studies has led to the development of many research work such as optimal control for math-
ematical models of cancer therapies in [40], computational modeling of interactions between
multiple myeloma and the bone micro-environment in [45], the role of the micro-environment
in tumor growth and invasion in [24] and current trends in mathematical modeling of tumor-
micro-environment interactions: a survey of tools and applications in [34] in the past few recent
years. Thus, before highlighting the system of non linear reaction-diffusion models modeling
an in-vitro situation of tumor cells and their micro-environment with regard to its growth and
metastasis derived and experimented in [23] and simulated in [12], we would like to mention
that Friedman and Kim in [12] mentioned that tumor cells proliferate at different rates and mi-
grate in different patterns depending on the micro-environment in which they are embedded.
Thus, further work done in the direction of tumor cells embedded in their micro-environments,
are for instance the establishment in [6] that as a tumor invades an unsuspecting host, an ac-
cumulation of evidence points to an alternative paradigm, where the tumor micro-environment
is not an idle bystander, but actively participates in tumor progression and metastasis. In fact,
stromal cells and their cytokines coordinate critical pathways that exert important roles in the
ability of tumors to invade and metastasize. More information regarding the actively partici-
pation of tumor micro-environment in tumor progression and metastasis can also be traced in
[4, 26]. Thus understanding the relationship between tumor and its micro-environment may
lead to important new therapeutic approaches in controlling the growth and metastasis of can-
cer. However, tumor micro-environment includes various cell types such as epithelial cells,
fibroblasts, myofibroblasts, endothelial cells, and inflammatory cells. These cells communi-

cate with one another and influence each other behavior by means of the cytokines and growth
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factors they secrete. Thus, in an effort to understand the interaction between tumor cells, fibrob-

lasts and/or myofibroblasts at an early stage of cancer, Friedman and Kim in [12] simulated the

model derived in [23] an in-vitro model as
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where transformed epithelial cells (TECs) and fibroblasts, myfibroblasts are denoted by n and
f,m respectively, in equation (1), are placed in a trans-well, separated by a semi-permeable
membrane. The membrane has small micro-holes (~ 0.4um diameter) to allow the epidermal

growth factor (EGF) and transformed growth factor (TGF-f3)) to pass through the membrane
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from one compartment to another. These molelcules are denoted by E and G, respectively, and
the length of the compartment is denoted by L in equation (1). Friedman and Kim [12] main

conclusions’ are

(i) fibroblasts enhance proliferation of breast cancer cell lines,
(ii) transformed epithelial cells (TECs) population is sensitive to membrane permeability
and to the transformation rate from fibroblasts to myofibroblasts,
(iii) interaction between transformed epithelial cells (TECs) and fibroblasts promotes not
only transformed epithelial cells (TECs) proliferation but also the proliferation of fi-
broblasts and/or myofibroblasts and the transformation from fibroblasts into myofibrob-

lasts.

Eventhough Friedman and Kim [12], did not present their simulation results explicitly, we re-
alised that thier findings are in agreement with assertion in [7, 22], that when epithelial cells
are in the breast duct, they are transformed by genetic mutations, from which they begin to
form aggregates that secrete higher concentrations of transformed growth factor (TGF-f3) and
this results into transformation of fibroblasts into myofibroblasts. Consequently, the increased
concentration of transformed growth factor (TGF-f3) also triggers the fibroblasts and myofi-
broblasts to secrete higher concentrations of epidermal growth factor (EGF) than in a healthy
tissue.

Thus, to capture the higher concentrations of epidermal growth factor (EGF), we believe one
has to consider the time required for a complete aggregation of the epithelial cells through the
secretion of higher concentrations of epidermal growth factor (EGF) than in a healthy tissue.
Denoting the required time by 7, this implies that we extend the quasi non-linear reaction-
diffusion model simulated in [12] to mimic tumor cells’ proliferation and migration under the
influence the micro-environment in vitro in equation (1), to a discrete delay quasi non-linear

reaction-diffusion model
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with uniform delay 7. We do not include a delay term 7, in the first equation in equation (2)
because we believe the attraction of transformed epithelial cells (TECs) in the direction of the
concentration gradient of the epidermal growth factor (EGF) can be observed from the adjusted
terms. Thus, the time 7 is required for the proliferation of fibroblast into myfibroblasts, which
in turn requires some time 7 for an increased concentration of transformed growth factor (TGF-
B) to triggers the fibroblasts and myofibroblasts to secrete higher concentrations of epidermal
growth factor (EGF) should reflects its effects in the growth of the transformed epithelial cells,
than in a healthy tissue.

Delay differential equations (DDEs) are widely used for analysis and predictions in various
areas of life sciences, see for instance [1], epidemiology see for instance [15], immunology
see for instance [35], physiology see for instance [38], and neural networks see for instance
[10, 18]. Since time-delays and/or time-lags, can be related to the duration of certain hidden
processes like the stages of the life cycle, the time between infection of a cell and the production
of new viruses, the duration of the infectious period, the immune period, then introduction of

such time-delays in a differential model significantly increases the complexity of the model.
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Therefore, our first aim in this paper is to investigate how the uniform time delay 7 affects the
dynamics of the models in equation (4). By applying the Poincaré normal form and the center
manifold theorem as in [16] we find conditions on the functions and derive formulas which
determine the properties of Hopf bifurcation. More specifically, we show that the semi-positive
equilibrium point losses its stability and the system exhibits Hopf bifurcation under certain
conditions. Considering the stiffness of system of equations in equation (4), our second aim
is therefore, to develop a fitted operator numerical method based on the qualitative features of
the models in equation (4), in such a way that the numerical method has wider stability region
despite the computational complexities associated with it.

Therefore, the boundary conditions for the original model remain unchanged as provided in
[12]. That is the fact that the semi-permeable membrane allows concentrations of epidermal
growth factor (EGF) and transformed growth factor (TGF-f3) to cross over, is represented by
the following boundary conditions at the membrane x = 0 as
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where

ET(x) if x>0, G*t(x) if x>0,

E~(x) if x<O0, G (x) if x<O,
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L is the outward normal, and ¥ is a positive parameter which is determined by the size and

density of the holes in the membrane. The initial conditions [23] become
.
n(x,0) = 1.0exp(—40(x —1.0)?), on [0,L/2] x [-7,0],
f(x,0) = 1.0exp(—40x?)rs, on [—L/2,0]] x [—1,0],

) m(x,0) = 0.00, on [~L/2,0] x [-7,0],

E(x,0) = 1.0, on [~L/2,L/2] x [~7,0],

G(x,0)=1.0, on [-L/2,L/2] x [—1,0]. )
The rest of the paper is organized as follow. Mathematical analysis of the main model is pre-
sented in Section 2. A robust numerical scheme based on the fitted finite difference technique
is formulated in Section 3, analysis of the basic properties of this scheme is also examined for

convergence. To justify the effectiveness of the proposed schemes, we present some numerical

results in Section 4. Section 5 concludes the paper.

2. Mathematical analysis of the model

In this section, we carry out the local stability and Hopf Bifurcation analysis and global

stability analysis of the steady states.

Local stability and Hopf Bifurcation analysis

At the steady states the in-vitro trans-well model in equation (2) becomes



8 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO
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asz

(7

ff=m"=0,on —L/2<x<0,E*=0,0on —L/2<x<L/2. )
Therefore, the transwell model in equation (2) has a trivial equilibrium (0,0,0,0,0) and a semi-

positive equilibrium (x,0,0,0, %K‘) To analyze the stability of the semi-positive equilibrium

(x,0,0,0, % K), the first step is to linearize the in-vitro trans-well model in equation (2) at the
steady states (n*, f*,m*,E*,G*) as follow:
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such that the given boundary conditions are satisfied in [-L/2,L/2] and L : C([-7,0],X) — X

is defined as

0¢1(0)
a2 $2(0) —a21G* 9o (—7) — az f* ¢s(—7)
©) L(¢) =] az1¢3(0)+anG ¢2(—7)+an f*¢s(—7) |

—a43¢3(0) +as1 ¢2(—7) + Bag1 ¢3(—7)
—asy¢5(0) +as1 ¢s(—7)

for ¢ = (91,2, 03,94, 05)7 € C([—7,0],X). The characteristic equation of equation in (8) is
(10) Ay —dA—L(exp(Ay) =0, where y € dom(dA),y # 0.

Since the boundary conditions in equation (3-4) are of Nuemann type, then the operator —A has
eigenvalues 0 =y <t < 3 < g ... Wi < tiy1 < ... and lim;_,. U; = oo, with the correspond-

ing eigenfunctions ®(x). Substituting

Y1i

- Y2i

(1 y=2 ) | yy

~ Yai

Ysi

into equation (10) we obtain

001(0) — Dup; Yii Yii
ay — Dyl — ar1G*exp(—AT) — a1 f*exp(—A71) V2i V2i
(12) | a31 — Dt +a21G* exp(—AT) + a1 f* exp(—AT) vii | =24 yai
—as3 — D + as; exp(—A 1) + Bayj exp(—A71) V4 Vai
—asy — Dg i +as  exp(—AT) Ysi Ysi

The stability of the positive equilibrium can be determined by the distribution of the roots of
(13). It is locally asymptotically stable if all the roots of equation (12) have negative real parts
foralli=0,1,2,3,.... Obviously, zero is not a root of (12) foralli =0,1,2,3,.... When 7 =0,
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we obtain the eigenvalues as
(13) A = —Dyui, —D¢ptj — a1 G* +axp, —Dipli +azi, —Deli, —Dg ;.

The eigenvalues in equation (13) are unconditionally asymptotic stable for the steady state

(0,0,0,0,0) and conditionally asymptotic stable for the steady state (k,0,0,0, ‘% K) when ap; <

a

sl 5“251 K. Thus, the following results.

Theorem 2.1.

(i) The trivial (0,0,0,0,0) steady state is unconditional asymptotic stable.

(ii) If arn < “2;5”;5‘ x holds, the interior equilibrium (k,0,0,0, %K’) of the transwell model
in equation (2) is asymptotically stable.

When 7 # 0, we assume that A = i@, (@ > 0). In view of equation (13), we have
(14) 0+ Dy + a1 G (cos(wT) +isin(@T)) —axn =0,
Separating the real and imaginary parts in equation (14), we have
(15) i0+ia G*sin(wt) =0, Dy + a1 G*cos(@0T) —ax =0,
which implies that

| (azz—Dj'le

(16) T,-:acos G +2i7r),Vi:0,1,2,3,...,

Re (3_1)1] .

®* +2may G* sin(@7) + (a21G*)*sin’(@7) =0,

and we can show that

17) Sign {Re (3—1)} = Sign

Squaring on both sides of equation (15), we have

(18) (Df[,(k — a22)2 + Z(Dfuk — 6122)(61216* COS(CO‘L')) + (aZlG*)ZCOSZ(a)‘L') =0,

Adding the two equations in (18) and simplify we obtain

(19) © = \/3(Dst — a)? + (an G*).

Let 79 = min{7;}, the we are able to state the following results.
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Lemma 2.1.

() If ax < %K hold for i = 0,1,2,..., then the equilibrium (k,0,0,0,%Lk) of the

asz
transwell model in equation (2) is asymptotically stable for all 7 > 0.
(i) If 0 < 19, then the equilibrium (x,0,0,0, %K’) of the transwell model in equation (2) is
asymptotically stable.
(iii) If T > 70, then the equilibrium (k,0,0,0, % k) of the transwell model in equation (2) is
unstable.
(iv) The transwell model in equation (2) undergoes a Hopf bifurcation at the equilibrium

(K,0,0,0,%K‘) for T=1;, where i =0,1,2,....

Global stability analysis

In this section we mainly prove that the equilibrium (k,0,0,0, %K) is globally asymptoti-

cally stable with the upper and lower solution method in [30, 31]. Let 9¢ = then denoting

E4
the reaction functions in equation (2) by &;(n, f,m,E,G) for j=1,2,3,4,5, then from equation
(6) we have

h :anﬁEn(l —I’l/K') =0,0<x <L/2,
hy = —a)Gf+axnf=0, —L/2 <x <0,
(20) hy =aGf+a3ym=0, —L/2 <x <0,

hy = aq1 f + Bagim —agzE =0, —L/2 <x< L/2,

hs = asin—asG =0, —L/2<)C<L/2,

/

and let S C Ri such that S = {u € Ri :u <0 <u}and K| be any positive constant satisfying

d
KZmaX{Kj}Zmax{ 5 / :u:(n,f,m,E,G)GS},jz1,2,3,4,5.
u

J

then we have the following results.
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Lemma 2.2. Let

QD am_ 9 (p am), d P
a—’;’—$<Dma—?>+$ Xmmm <Kz, —L/2<x<0,

%—f—%(&;%—f) <Ks, —L/2<x<L/2, )
then
tlg?on(x,t) = Kj, tlg{)lof(xﬁ) =K, tl;rgom(x,t) =Ks,
tlggE(x,t) = K4,tli>r£1°G(x,t):K5.

Theorem 2.2. If ay < % K for the transwell model in equation (2) implies that the equilib-
rium (x,0,0,0, %K) is globally asymptotically stable.

Proof: From the maximum principle of parabolic equations, it is known that for any initial
value (no(t,x), fo(t,x),my(t,x),Eo(t,x),Go(t,x)) > (0,0,0,0,0) the corresponding non-negative
solution (n(t,x), f(t,x),m(t,x),E(t,x),G(t,x)) is strictly positive for# > 0. Since ap; < % K,
then we choose & € (0,1). Then according to Lemma (2.2.) and the comparison principle of

parabolic equations, there exists #; > 0 such that, for any # > 1,
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n(x,t) <Kj;+¢&:=n(x,t), 0<x<L/2,

flx,t) <Ky+e:= f(x,1), —L/2<x<0,

(22) m(x,t) < Kz+¢€:=m(x,t), —L/2<x<0,

E(x,t) <Ks+€:=E(x,t), —L/2<x<L/2,

G(x,t) <Ks+¢€:=G(x,t), —L/2<x<L/2, )

and
3
n(x,t) > Ky —¢& :=n(x,t), 0<x<L/2,
fen) > Ka—e 1= f(x,1), —L/2<x<0,,
(23) m(x,t) > K3 —€:=m(x,t), —L/2 <x<0,

E(x,t) > Ky—€:=E(x,t), —L/2 <x<L/2,

G(x,t) > Ks—¢€:=G(x,1), —L/2<x<L/2. )
Thus, for ¢t > t, it is possible to obtain
n(x,t) < n(xt) <a(xr), 0<x<L/2, f(x,t) < f(x,1) < f(x,1), —L/2<x<0,
m(x,t) < m(x,t) <m(x,t), —L/2 <x <0, E(x,t) <E(x,t) <E(x,t), —L/2<x<L/2,
G(x,t) < G(x,t) <G(x,t), =L/2 <x < L/2.
Since hj(n, f,m,E,G) in equation (20) is a C' function of n, f,m,E,G, where h; is quasi-
monotone non-decreasing in f,m, E, G, hy is quasi-monotone non-increasing in n,m, E, G, h3 is

quasi-monotone non-increasing in n, f, E, G, hy 1s quasi-monotone non-decreasing in n, f,m,G

and hs is quasi-monotone non-decreasing in n, f,m, E, then by the method of upper and lower
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solutions we know that the system in (2) has a unique global non-negative solution n, f,m,E, G,

[30]. Thus,
(24) ﬂ7ﬁ7z7f7m7ﬁl7g7é7g7 G?

satisfy

WEhEA(1—7) <0< 9UEn(1—n), 0<x<L/2,

—a2Gf +anf <0< —anGf+anf, —L/2<x<0,

(25) a21Q]_‘+a31n‘1_0§a21Gf+a31m, —L/2<x<0,

ag1 f +Bagym —apE <0 < a1 f+Bayym—apE, —L<x<L,

asiin—as;G <0 <asin—as;G, —L<x<L.
/

Therefore, (71, f,m,E,G) and (n, f>m,E,G), are a pair of coupled upper and lower solutions of
system (2),[50], respectively. Thus, for any (n, f,m,E,G) < (n1, f1,m1,E1,G1) and
(n2, f2,m2, E2,Ga) < (7, f,, E, G) we have

SE (11— ) — (W2 (1 2))| <K () — Bal + mi —mal) 0 < x < L/2,
|—a21G1fi+anfi — (—a21Gafa +an )| < K(IGi — Gao| +|fi— f2]), —L/2 <x <0,
la21G1f1+azimy — (a1 Gofo +azimy)| < K(Gy— Ga|+ |mp —mp|) =0,—L/2 < x <0,

|ag1 f1 + Bagimy — as3Ey — (aa1 fo + Bagimy — agzEr)) < K(f1 — fo| +|m1 —ma|), —L<x <L,

]a51n1 —as5 G| — (a51n2 —a52G2)] < K(|n| —n2| + |G2 — Gz’),—L <x<L.
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Defining two iteration sequences (i, f,,E,G) and (n, f,m,E,G) fori > 1,

al) == 4 (W E=Dg0=D 1 —70=D)) /K, 0 < x < L/2,
GV iy Fi=D) /K,

-]
I
~h
_|_
|
Q

N
Q
=
+
Q
N
\

) = m= 4 (a1 GOV fU-1) 4 agmli=V) /K, —L/2 <x <0,
+(a41f(”*1>+3a41m<i D _auEYY /K, —L<x<L,
26) GO =gt ¢
11E(i’1)ﬂ§i_l)(1 - ))/K, 0<x< L/z,
“Dy/K, —L/2 <x <0,
+ (an GU= fli= )+a31m’ D)/K, —L/2<x <0,
ED =ECD 4 (ag f7V + Baym'Y —apEV) /K, ~L<x<L,
+

I~
I
I~

T
+

|
Q
S
Cl
I{
+
Q
N
\

(asin=Y —as,GUV) /K, —L <x <L,

-

(. f,m,E,G) < (0, f,m"D EV,GY) < (™), D, D, gD, GEHY

) — P

and there exist (ﬁ(o) f(o),m(o),E(o),G(o)) > (0,0,0,0,0) and

A0, O 70 £O) GO)) > (0,0,0,0,0) such that
limii=7,limf = f, limm=m, imE =E, limG = G,
[—oo [—yoo i—oo i—»oo [—00

and

hmn—nhmf f,hmm m, IimE=FE,limG =G,

[—oo [—oo [—o0



16 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

and

WERF(1—i) =0, WEA(1—R) =0, 0 <x < L/2,
—azléf—}-azzf =0, —agéf—i—dzzf =0, —L/2 <x<0,
27 a1 Gf+azm=0, ayGf+a3m=0, —L/2 <x <0,

a41f+Ba41n~1 —a43E =0, a41f—|—Ba41ﬁ1—a43E =0, -L<x<L,

a51ﬁ—a52G: 0a51ﬁ—a5zé: 0, -L<x<L.

Since, (k,0,0,0, %K’) is the unique positive constant equilibrium of system (2), it must hold

for

(28) @, f.m, E,G) = (4, f.m. E,G) = (x,0,0,0, 2L k).
asp

Thus, by [30, 31], the solution (n(x,t), f(x,t),m(x,t),E(x,t),G(x,t)) of system (2) satisfies

tliglon(xJ) = n 7tlggf(x7t)_f ,tlggm(x,t)—m a}i}noloE(xJ)_Ea

(29) limG(x,t) = G

f—>oo
Hence, the constant equilibrium (x,0,0,0, %K) is globally asymptotically stable.
3. Derivation and analysis of the numerical method

In this section, we describe the derivation of the fitted operator method for solving the
system in equation (2). We determine an approximation to the derivatives of the functions
n(t,x), f(x,t),m(x,t),E(x,t),G(x,t), with respect to the spatial variable x.

Let S, be a positive integer. Discretize the interval [—L/2,L/2] through the points
—L/2ZX() <X <xp <o <X < Xg < Xgp oo < Xg 2 < Xs—1 < Xs, :L/2,
where the step-size Ax = x| —x; = (L/2+L/2)/Sx, j=0,1,...,xs,. Let

(30) Ni(t), Fj(t), A;(t), (1), 9(1),
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denote the numerical approximations of n(t,x), f(x,t),m(x,t),E(x,t),G(x,t). Then we approx-

imate the spatial derivative in the system in (2) by

IE
p) p) 9 ~ N1 =2N 4N
E

(31) rl am ?97? ~ <//j+1—2¢//j+<//j71 >
dx Dy, dx — Xmim /AG)? ~ D 7

Q)lQJ

X

oE —~ & 1728»4»6’-71
(DEW> (I,Xj) NDE%a

|

G _ Yi11-29+9Y 1
(DGW> (t,x)) NDG”#, )

NS

X

where

and the denominator functions

D,Ax XnAx 2 4 . [(prAx 2 ax
97 = [exp( )—IM :=—sm(— Cpri= 92,
. D, Y 2 "\ by
DpAx [ xmAx 4 ([ peAr\? az3
2 _ 2._ o
o, = o [exp( D, ) 1] , O : o2 smh( 3 ) , Pe: D.’

4 P Ax 2 asn
2 . g —
oG = Pé% sinh ( > ) , Pgi= "
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Let S; be a positive integer and At = T'/S; where 0 <t < T. Discretizing the time interval [0, T]

through the points
O=to<t) <---<ts =T,
where
tiy1—ti=At, i=0,1,... (s, — 1).

We approximate the time derivative at ¢; by

i+1 i i+1 i i+1 i
@(x 1) ~ et =N 3_f(x 1) ~ Fin—7; 8_m(x 1) ~ M~
Jdr \"Wht) ™~ At s o \WWht) ™ v ' ot )~ Vin )
(32)
i+1 i i+1 i
oE ~ ¢n1=% 96 ~ i
L)~ B P~ I,
where

vy = (1 —exp(—axnAt))/ax, Y = (1 —exp(—as3At)) /a3,
VG = (1 —exp(—asxAt))/asz, Wi = (1 —exp(—az1At))/azy,

where we see that vy — Az, yg — A1, yg — At, W, — At as At — 0. The denominator functions
in equations (31) and (32) are used explicitly to remove the inherent stiffness in the central
finite derivatives parts and can be derived by using the theory of nonstandard finite difference
methods, see, e.g., [28, 32, 33] and references therein.

Combining the equation (31) for the spatial derivatives with equation (32) for time deriva-

tives, we obtain



(33)
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</‘/_I.+l z /1/1+1 2/Vl+l+/1/1+1 gy (D;g”)
bt p, AL gty 2
(% ’)
;DY (DY )
_XW/VI s
+(5))
a (EHi N N
+UCL (- ), v [x L/2)
gl}l_g( /othrl 25;2‘I+|+?2‘l+]
i _Df”]# = —ax(H6) ()]
+6122(%f)5~,x S [—%,xs],
/”IJrl_%z %1+] 2%t+1+%1+] X ( (g,)
! Vin ]_Dm = ¢2 _Xm(D;—///}) =i 2
()
e
; DI(D9))
_Xm ; D;cg’l 12 3/2
(%)
+a21(%) (<%ﬂf) +a31///},x6 [*% s)s
Ll _ el é)l+l_2(g>l+l+gl+l .
W —DE]HT —a41(%§~);+3a41(%);—a43é?,xE [ % %]
g{'+]7gg gHrl g{+l+g{tl . .
~“ve —Dc ’“*z;’l = as51 () — a9}, x € [-5,5],
ai _ gl i _ @i + _ -
Tl =T I = 2 () — (9 )y).
Gy =@, (128
£ —/// T 2AxKm L |
2Ax 1+( ZZIMG'>
i _ (poNi i pi +Y. _ (o—
Bl = (), (14280), 6] = +27ax ((84) = (67)y).
. . . L6, . .
Jl/%l‘f‘] - Jﬁ/%l—] +2Ax%n</1/%l 2+/°l' ) &t 2 ’y;s""l = y)és_l’
L, %L_,
2Ax, | 1+ <ZZAM.E2 )
o1 = Ay = 20X M +;i ll s |
2Ax 1+( N (ij‘>
. . &i
(/1./xi_1 x:+1 2Axxn(/1/l xs+1 xs—1 ,

N = exp(—40(x; — 1)), ), = exp(—40x3)ry, A, = 0.00, & =4 = 1.00,

19
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where,the no-flux boundary conditions are discretised by means of the central finite difference

[5],j=-L/2,2,...,L/2—1,i=0,1,...,T — 1 and

(%l)lj ~ N(ti_f7xj)? (‘%’?);%F(ti_ij) (%) G(1; Tvxj)7

(34) (Hm); ~ M(t;—1,x;),

are denoting the history functions corresponding to n, f,m,G. The system in equation (33) can

further be simplified as

¢z -1
_ (Dxé“) ;. DEDL &)
:_XH(DX nlj) _j ; 2_%’1(/’61 - ']2 32
ngj DxéD;
( 4\, ; e/V-i
tan g A0 = AR+
Dy git+1 1, 2Dy i+1 _ Dr gritl
o () -
ﬂl
:—021(%) (%’?) +0122(=%'})
m%l“rl ( 1 _|_2Dm)%l+1 %H’l
(35) 9 j J+; o
: D! . DI (D, %!
:—xmw;//zj) Ottt D)

Dy 4! :

B

1+< ’)
G

+a21(%) (jff) —|—a31///’+ TR

D pit+l 1 2Dp i+1 _ Dg pi+l
B &) (WE )é’ D&t

= 041(%‘)]' +Ba41(%n)3. - 61435’} + o=

l+1 2Dg i+1 i+1
g ( n %)g %JH

:a51(%”) —a52£¢‘

i

lI/G Y,
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which can be written as a tridiagonal system given by

J _

W <1+<A§) 7

(())J/l(l ,/V/)—l— jl,

+a11

. ?l
Afﬁ]H_l = —ayp (%) (<%ﬂf) +a22(jfjv)

Dy @i

+a21(%) (t%pf) +a31///’+ R

. . . . g
AEéa;_H = a4 (H})+ Bas (Am); — an3é + L,

i

e J

A = as\(A4,) — as i+

where

.
—Tri(_Dn L 2Dy Dy —Tyi( -2 L 2Pr Dy
Ay =T (=0 + 3 ¢,%>’Af_T“( AN ¢,%)’

O A =i (o g+ 2 ) Ae=Tri (- oV +%’_%§>’

AG_Tr1<—— 14 2Dg —’&).

906" Vo T 95" 4G )

On the interval [0, 7] the delayed arguments #, — T belong to [—7,0], and therefore the delayed

variables in equation (34) are evaluated directly from the history functions

nO(t,x), fO(t,x),m°(,x),GO(t,x),

as

(%’1); ~ l’lo(li—T,Xj), (%);%fo(ti_’r?xj)a (%)i~%mo<ti—7,)€j),

38) (),

Q

Go(ti - T,Xj),
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and equation (36) becomes

i+1 (D &, i DI (D; &) )
Ap N = = (D j — XnH; — e
o )
+aig ()),/1/’(1 N/ )+Az

i

Afy;+1 — _aZIGO(ti — T;x)fo(li — T,X) +a22f0(li . T,X) + V;’

, , ~gi , Dy ¥
(39) A, %;+1 = —xm(D; //Jg) % — M Dy (DX?JZ) -
1+<D;jf) (1+<D;j}) )

. M
+a21GO(ti — T,X)fo(ti - T,X) +a31'//_; + A_t]’

; é"
AEéa;_H :a41f0(t,~ )+Ba41m ( -7 x)—a43c5‘”—|— —L

C l

l//G )

AG%I+1 = a51n0(t ) X) — a525§’

Let s be the largest integer such that 7, < 7. By using the system equation (39) we can compute

%i,?},///},é";,%; for 1 <i <s. Up to this stage, we interpolate the data

(t0>'/1§0)7 (tlw/V]l) (tS7'/VS) (t07 ) (tlagl),"'v(t37y;)7

(t07'%]0)7 (h?ﬂjl)?"'a(tsv'%;% ([O,@("JQ)’ (t17éajl)7 (tsvéaj) (t07g0) (tlagjl>7"'7(t57g;)7

using an interpolating cubic Hermite spline ¢;(¢). Then
N = Qultix)), T = @p(ti,x)), M} = Qu(ti X)), & = Qe(ti,x)) b} = Qg (ti,x}),

foralli=0,1,...,sand j=—L/2,2,...,L/2—1.
Fori=s+1,s+2,...,T — 1, when we move from level i to level i + 1 we extend the defini-

tions of the cubic Hermite spline ¢;(z) to the point

(ti+ At (S6), i+ At (H)] i+ At (H,) 1+ AL, ().



TUMOR CELLS DYNAMICS 23
Then the history terms (%);, (%’})’17 (%”M)j-, (%”G)’] can be approximated by the functions
(q)n)j(ti - T), ((Pm)j(ti — T), ((Pm)j(ti - 1)7 (QDG)]'(I,' - T) for i > 5. This implies that,

()5~ (@a)j(ti— 1), ()5~ (06) (6 = T), (Hn)j = (@) (i — T),

40) (A

Q

(0G);(ti— 1),

and equation (39) becomes

i _ (D; &) i D (D; &) )
Anf/%'H —Xn(Dyn ]) ji Z_an/% B ,2 373
1+(W/‘> (1 <Mj)>
e 7
. N
Yay (()1) Wl(l_%z/K)+A_j

Ar T = —a31(96) (15— ) (@) (= ) + @ (@) (11— 1)+ 3

41) Am%H—l i (Dy Y j i Dj(D;g;)

j Xm j 2\ 32
Dy 9!
NBES ) (1+< lcj) )

+az1(9c)(ti — 7)(@ )(fz—f)+a3l=///l+ A

&
Ap6" = an (@) (1= )+ Basi (gn) (i = 7) — s + .

' .
Ang+1 :aSl((pn)(tl—T)—aszg]l_}_w_jG’

where

oulti=7) = ()1, )y (), ) ot =) = ()0, (7)o (K|
on(ti=7) = () p (H) o (H) ]y @elti =) = 61,67,

(pG(ti_T) = [(%)%7(%(?)%4_1?(%)%_1]/
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Our FOFDM is then consists of equations (36)-(41). Rewriting the FOFDM as a system of

equations we have

Anc/V - Fna
Afﬁ = Ff,
(42) Am% = Fp,
A& = Fg,
AgY = Fg,
where
_ . + —@m 3
Fn D_ l x J 'l Dx (Dx j) 73
; LAY
s
</’/l

+an g =/Vl( JV/)"‘AN

( )
Fy = —azi(96) (6 = 7)(@5) (1 = ©) +ax (@) (6= 7) + 3,
. Dy ;. DH(D Y
— Dyt 2L i P

J D%’ 2
1+ 1
AG

o
+a21(9c)(ti — ©)(@f) (t: — T) + a4 + &,

. &
Fg = a41((pf) (l‘l' — ’C) + Bay ((Pm)(ti - T) - a43g; + W_i“’

i

g.
Fg = asi (@) (1 — 7) — a5} + Vo' )
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We see that the local truncation errors (gn);, (gf);, (gm);, (gE)i-, (g(;)j- are given by

)

(6n); = (Aun)} — (F); = (An(n— )",
(65 = (Arf) — (Fp): = Ap(f = F)S,
(43) (gm)lj = (Amm)j'_ (Fm)lj = (An(m—A))!

(s)’ = (AEE)'; — (Fg); = (AR (E — &)},

(s6)5 = (AGG); — (Fg)'; = (Ac(G—9))},

)
Therefore,

. A
maxi7]~|n’j—</1§-'| < ||A;1||max,}j |(§n)lj|a
max; ;| fi— Zi| < [|A;"||max; j|(gp)'],

(44) maxi7j|m§~—///}| < ||A;,1||maxi,j|(€m)§'|7

max; j |Ef — &}] < A" || max; ; [(ge)jl,

max; j| G~ 1] < [|Ag" | maxi  |(sa)il, |
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where
i| <~ (A1) (Ax)? )
max; j ’(gn>]’ < S (&) = Dn G- [ (§) ], x € [x5,L/2],
At
max; ;| (6)i| < S21A(E)] — Dy S fuoa (€], x € [~ L),
. 2
(45) max; ;| (gn)}| < 5211, ()] — Do G5~ e (O)], x € [ 5 x4),
. Ax 2
max;, j ’(QE);’ < (Az_t)‘Et(g)’ _DE%’Exxxx(C)’7x € [_Ifa %];
2
max; ;|(¢6)i] < F1Gi ()|~ D63 IO, € [ 5,51,
fort; 1 <& <tiy1andxj_; < § <xjy1. Moreover by [41] we have
@6) A< En, 1A <Ep 14, < B, AR | < Bk, [|AG!]] < Ze.

Using (45) and (46) in (44), we obtain the following results.

Theorem 3.1. Let
Fo(x,t),Fp(x,t), Fn(x,t),Fg(x,t), Fg(x,t),

be sufficiently smooth functions so that n(x,), f(x,t),m(x,t), E(x,t),G(x,t) € C"2([1,L] x [1,T)).
Let (JV’ ﬁ’ f///;,é”‘j,%') j=1,2,...L,i=1,2,...T be the approximate solutions to (3), ob-
tained using the FOFDM with 40 = n9,.7) = 9,40 = m},&) = E9,4) = GY. Then there

exists E,,Zr, &y, Eg, Eg independent of the step sizes Ar and Ax such that
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max; ; |n, — A| < En[@m,(éﬂ —Dn%mm(é)l],
max; ;| fi— Zi| < Z S 4E)] DY franl 1],
@7) max; ;| — 1] < Zou[ 1, (£)] = Do B e ()]

. . 2
max; ; |E% — &1 < Eg[ B2 ()| — De Y- | Exer ()],

. . 2
max; ;|G — %] < E6[52[Gi(&)| — D653~ e (§)]],

V

and this conclude the analysis of our FOFDM.
4. Numerical results and discussions

We set xg_ = t5, = 80 and time ¢ = 25 or ¢t = 30. Then using the parameter values in Table 1
([21]) we first take L =5 < T = 20 and we present our numerical results of the model without
delay (1) in Figure 1 and Figure 2, respectively.

For L =T =5 and time ¢t = 25,30, we present our numerical results in Figure 3 (7 = 0),
Figure 4 and for L =20 > T =5, our numerical results are presented in Figure 5 (7 = 0) at time
t =25.

Similarly, for L=35 < T = 20, time t = 25 and T = 5, we present our numerical results in
Figure 6 and for 7 = 20 we present our results in Figure 7.

For L=5=T, time t =25 and T = 5, we present our numerical results in Figure 8, for
L =20 =T we present our results in Figure 9, for# =25 and 7 = 15 and L =20 =T we present
our results in Figure 10.

Finally, we present our numerical results for L =20 > T =5 at time ¢ = 25 for T =5,25in
Figure 11 and Figure 12.

In the figures for the original model in equation (1), that is Figure 1 to Figure 5 we see that
the behaviour for the fibroblasts and myfibroblasts are zero almost for entire portion of their

compartment, but eventually rise sharply near the end of the compartment in which they are
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embedded. One notable fact is the fibroblast grows to a very high hieght than the myfibroblasts.
However, for the Transformed epithelial cells we see the oscilations type of behaviour near
the preamable membrane when the compartment is lesser than or equal to the time taken for
the experiment. However, the oscillation decreases to one sharp peak when the length of the
compartment is greater than the the time to be taken for this experiment. For the excreted
molecules, we also see a bigger peaks as compare to the restricted cells for the case when the
length of the compartment is lesser, equal to the time required by this experiment. However,
when we increase the length of the compartment to be bigger than the the time required then
we see the excreted molecules grow sharply with slight decrease and increase till their turning
point toward the end of the compartment.

For the modified model in equation (2), that is from Figure 6 to Figure 12 we see the following
notable feautures. That is the osculations behaviour of the Transformed Epithelial cells are
prominent for the case of the compartment being lesser than the time required by this experiment
as compare to the behaviour of the vice versa of the length of the compartment to time required
by this experiment. However, for the fibroblasts and myfibroblast cells their behaviours remains
similar to that of the original model in equation (1). For the excreted molecules we see that
their concentration are inverted in Figure 6, as compare to their corresponding behaviours in
Figure 1. However, when we increase the delay, we see that the concentration of the Epidermal
growth factor smoothes out better than its behaviour when there is no delay. Similarly for the
concentration of the Transformed growth factor. These behaviours becomes more prominent as
we increases the delay around the specified length of the compartment and time.

In these experiments we see that the interaction of the two concentrations enhances the growth
of the Epidermal growth factor molecules. However, such an essential growth is more explicit

when a delay term is inclusive in the modeling of these nature.

5. Conclusion

In this paper, we consider a less complicated model simulated in [12] with the aim of shedding
more light into the interaction between transformed epithelial cells, fibroblasts and myfibrob-

lasts cells at an early stage of cancer disease. We deemed it essential to incorporate some of



TUMOR CELLS DYNAMICS 29

the crucial transformations ought to take take place during the experiment carried out in [23].
Such incorporation of some crucial transformations, led the original model to be transformed
to a system of non-linear delay parabolic partial differential equations. We analysed the re-
sulting system of non-linear delay parabolic partial differential equations and determined the
global stability conditions for our resulting system. Consequently, we were able to derive the a
fitted operator finite difference method (FOFDM) for solving the modified system in equation
(2). Our main findings are more vivid, eventhough they are indeed in agreement with the pre-
sented experimental results found in [12] as well as in [7, 22]. More essentially, the indirect role
played by the incorporation of a delay term (7) in the extended model in equation (2) through
the behaviours of the molecules are more informative than what is presented in [12]. Thus, in
our views, this work should be seen as the first attempt to shed more light into the behavior
of the micro-environment of tumor cells, which in turn contributes toward understanding this
complicated infection.
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TABLE 1. Parameter values used for the transwell model

D,=3.6x10"*

Xn=3.6x1078

A =1.00

ajl = 0.69

Kk=12.88x10°

kp =3.32

Df=6.12x 1075

ay; =2.61 x 1072

ay = 1.58 x 1072

D, =6.12x10~*

Am = 3.96 x 1076

az; =4.53x 1073

Ag = 1.00

D,=598x 10!

aq) = 1.26

as; =2.89 x 1072

B=15.00

D =3.6x10""

as; =2.03x 107!

asy =2.89 x 1072




TUMOR CELLS DYNAMICS 33

<z

&
IS
&
&

x o
~
w

N
a

(a) Behaviour of Transformed Epithelial

cells (TECs)

70 10
1 9
60 1
H 8
H
50 H 7
i
6
40
- E 5
30 4 i
il
3 i
2 il
101 !
1 !
!
0 0 —
5 4 -3 2 1 1 2 3 4 5 -5 4 -3 2 1 o 1 2 3 4 5
X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
6 9 =
2
8 'I’ ‘\
5F ~, 7
/' \‘\. , / “
/ . ! 3
’ .. J \
4 s ., 6
J AN i/ %
;- N 5 K \,
w3 4 N, ) /I \‘
/ .
4 '\ 4 4 \,
2 ’ \\ 3 ’/ \\
# ~ d .
g | 2 yd .
1 '/ ’ 7’ N,
s 1 e
4 /"
/ -
0 ]
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 1. Numerical solution of the system in (2) without delay at time (t) =

25for L< T.



34 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

2500

2000
'
1500 1
H

1000

i
i
i
i
i
i
i
i
i
i
i
i

(a) Behaviour of Transformed Epithelial

cells (TECs)

40 30
35
25
30
20
25
- 20 E 15
i
15 i
10 i
i
10 i
i
H 5 ;
L [N H
5 ii !
ii i
0 0 L
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 o 1 2 3 4 5
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
7 50
l"\‘ \
N 45 Y
6 ! \ J Y
/ \ 40 l, \\
/ \
5 / AN 35 / \
s N, 7 \‘
4 s ™, 2 7 \
’ N ,' \‘
w s ™, 025 / \,
R Iy N / N
; ~ 20 Vi "\
g , /. N,
5 7 N, 15 ,' \,
< N, s \,
/ ! AN 10 ’ ~ ‘.\‘
; <
S 5 o R
/ .
0 ]
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 2. Numerical solution of the system in (2) without delay at time (t) =

30forL < T.



TUMOR CELLS DYNAMICS

(a) Behaviour of Transformed Epithelial

cells (TECs)

70 25
60
2
50
40 L8
- £
o i 1 i
i i
20F ! i
i i
i 05 il
10F 'g : “.
ii i
0 - 0 L
5 4 -3 2 1 0 1 2 3 4 5 5 4 -3 2 1 o 1 2 3 4 5
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
4 12
35F N, -
AN 1 J—
4 . 7’
3 / \ e
K N 08 s
25F V4 '\ e
J/ “\ 4 4
w2 /.’ N © 06 e
151 ,"' \\’\ ""
s . 0.4 s
7 . g
1 J a
J 4
ost 02 /
e 4
/ ;
0 ]
-5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 3. Numerical solution of the system in (2) without delay at time (t) =

25for L=T.



36 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

60

50

40

(a) Behaviour of Transformed Epithelial

cells (TECs)

70 3
60 25
50
2
40
- £15
30
i
1 1
20 1
1 1
i
0f il 05 i
il i
il i
0 — 0 L
5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 o 1 2 3 4 5
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
4 14
Il ."/ \.\‘\. " / /—\'\\
3 Vd N . A ]
251 i . '/
v N 08 7
w o2 ; “\ o pd
Vi RN 06 7
151 7 o 4
S . s
N /,. . 0.4 y /
05t ,'/ 02 /’/
0 ]
5 4 3 2 1 0 1 2 3 4 5 -5 4 3 2 1 0 1 2 3 4 5
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 4. Numerical solution of the system in (2) without delay at time (t) =

30forL=T.



TUMOR CELLS DYNAMICS

(a) Behaviour of Transformed Epithelial

cells (TECs)

04 0,035
035 003
03
0025
0.25
002
- 02 £
0015
0.15
0.01
oaf
H i
005 H 0005 i
! i
i
0 0
20 15 10 5 0 5 0 15 20 20 15 10 5 0 5 0 15 2
X X

L= L4
--------- J——
al .., PR ..,
a ., - .,
12 e N 12 7
# N s S
e N, d N,
e | e N
1 e i
I" ,r"‘
s *
08 /. 0.8 I
7 J
w / Y] 7
’ !
06 / 06 i
/ !
/ !
0ar oar i
3 !
; !
02/ ozr!
§ i
i i
0 0
-20 15 10 5 o 5 10 15 20 -20 -15 -10 5 0 5 10 15 20

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of

Epidermal
(EGF)

(TGF-pB)

Growth Factor molecules Transformed Growth Factor molecules

FIGURE 5. Numerical solution of the system in (2) without delay at time (t) =

25for L > T.

37



38 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

&
IS
b
&

25

i

2 i
i

i

i

15 i
i

- iy
i

i

! i
i

i

i

05 [
Roig

U
Ay \

0
X

(a) Behaviour of Transformed Epithelial

cells (TECs)
7 12
60t .
i
50 o i
40 :
- £06 i
30 i
0.4 i
20 i
i
100 'i : 02 ,:
i /
0 L 0 <
5 4 3 2 4 0 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
1 1
i 0.99 :'/
! \Y !
! 098, i
II 5\ !
0.995 i/ 0.97 ‘-\ i
! 5 /
v i 0.96 \ J
v N i/ © S 4
\ 7 0.95 \ 7
\ 4 N 7
099F Y S 094 AN Vd
" S N, s
\‘\ - - "' 093 A AN 4 !
N e . ‘
\~\ e 4 092 ‘.‘ o !
oopsl—— T Y S oo
-t 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
X X

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of

Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 6. Numerical solution of the system in (2) with delay=5 for L < T.



300

250

200

< 150

TUMOR CELLS DYNAMICS

(a) Behaviour of Transformed Epithelial

cells (TECs)

70 4
60 35
3
50
25 !
40 H
!
- E 2 i
i
30 i
15 i
i
2“ 1 i
!
H 1
L i !
10 H 05 i
i H
1 i
! /
0 L 0
s 4 3 2 1 0 1 2 3 4 5 5 <4 3 2 1 0 1 2
X X

19 116

L e 114 s
L . e

e . /s
l Vs S, 112 7
s ", {
/. \, 11 7
16 7 N, 4
/ \ s

L 7 Y 108 /

15 Y N, /
w / \ © 1.06 /
14 I.’ 3, !
. \ !
¥ \ 104 ;
131 7 \ /
/ \ 1.02 /

L 7

121§ \, 1 /7
s \ S

L/
1af % 0.98 \.\\ L /

A Q-

1 0.96
-5 4 3 -2 1 0 1 2 3 4 5 5 -4 3 2 1 0
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of

Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF)

FIGURE 7. Numerical solution of the system in (2) with delay=20 for L < T at

time = 25.

(TGF-pB)

39



40 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

(a) Behaviour of Transformed Epithelial

cells (TECs)

80 0.6

05

0.4

0.2

0.1

X O fmemmmememomo oo

116 e 1
e \\ /
114 ' ., 0.99 /
/ N, s
4 S 4
112 4 N, 0.98 q
/ S, /
/ N /
11 s \ 0.97 /
/ \, ’
s \ 4
1.08 7 \ 0.96 ,.'
w ! \ o s
/ \, N s
106 ; \ 095 % ,
/ \ hN e
104 / \ 094 S
! Ny N, /
i \ 1y 2
102f \ 093 \ e
! N ™, e
ipd 0.92 N e
.I' __________
/
098 091
-5 4 3 2 1 0 1 2 3 4 5 5 4 3 2 1 0 1 2 3 4 5
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 8. Numerical solution of the system in (2) with delay=5 for L =T at¢ = 25.



TUMOR CELLS DYNAMICS

12
1
08
<06
0.4 !
!
i
i
02 i
!
'
43
o
20 15 10 5 0 5 10 15 20

(a) Behaviour of Transformed Epithelial

cells (TECs)

41

04 0.08
0.35 007
0.3 0.06
0.25 0.05
- 02 £ 0.04
0.5 0.03
01 0.02

1 1

0.05 i 001 i

i i

0 ! 0 L

20 15 -0 ) 5 0 15 20 20 15 10 5 0 5 0 15
X X

1
J
- /

Py !

. 095

™,
N, ’
N, "
R e
~. L e
\ oo
\, -
" o e
\ .
*.\ ke
-~ 085 e
"
I\ ’
3, o'.
\ s
\ .
08\, A
N -
075

o 5 10 15 20 -20 15 10 5 0 5 10 15 20
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of

Epidermal

(EGF)

Growth Factor molecules Transformed Growth Factor molecules

(TGF-pB)

FIGURE 9. Numerical solution of the system in (2) with delay=5 for L =T at¢ = 25.



42 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

(a) Behaviour of Transformed Epithelial

cells (TECs)

0.4 0.1
035 0.09
0.08
0.3
0.07
0.25 0.06
- 02 £ 0.05
015 0.04
0.03
0.1
0.02
i i
0.05 1 0.01 !
1 1
0 L 0 s
-20 15 10 5 0 5 10 15 20 -20 15 10 5 o 5 10 15 20
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
115 1
"""""" |
’ ‘\. J
11 4 . 0.95 4
J ~, g
; N e R —
1.05 / N oo e
7 ., o
1 ! = 085 e
i y
w 7 o Ve
i n 5
0.95 ; 081y g
! . !
/ N 7
! \ /
0.9, / 075 7
\ i 3 /
M 7 \ /
085k % ,l 07F s
\, g \ S
c\_‘,’ ot /
0.8 0.65
20 15 10 5 0 5 10 15 20 20 15 10 5 0 5 10 15 20
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 10. Numerical solution of the system in (2) with delay=15 for L=T
att = 25.



TUMOR CELLS DYNAMICS

(a) Behaviour of Transformed Epithelial

cells (TECs)

0.4 0.02
035 0.018
0.016
0.3
0.014
0.25 0.012
- 02 £ 001
015 0.008
0.006
0.1
0.004
0.05 ! !
1 0.002 !
i i
0 L 0
-20 15 10 5 0 5 10 15 20 -20 15 10 5 o 5 10 15 20
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
12 105 - =
''''''' N
1151 o « L -
e S~ T
11 e N 095 =
J N !
1.05 S .. 0.9 K
7 .. /
[ /
1 Y 0.85 /
; ;
s I
W 0.95 K O o8 i
7 .l
09 v 0.75 1
g i
085 ,~' o7 !
Vi i
o8 o6st !
y i
/‘
0.75 7 0.6 i
0.7 0.55
20 15 10 5 0 5 10 15 20 20 15 10 5 0 5 10 15 20
x x

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of
Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 11. Numerical solution of the system in (2) with delay=5 for L > T att = 25.

43



44 K.M. OWOLABI, K.C. PATIDAR, A. SHIKONGO

°
N

(a) Behaviour of Transformed Epithelial

cells (TECs)
0.4 0.03
0.35
0.025
0.3
0.02
0.25
- 02 £ 0.015
0.15
0.01
0.1
i 0.005 i
0.05 i i
i i
0 L 0 L
-20 15 10 5 0 5 10 15 20 -20 15 10 5 o 5 10 15 20
X X
(b) Behaviour of Fibroblasts cells (c) Behaviour of Myfibroblasts cells
R I, 11
‘/" S -~ e
11 Ve S N ST
T e
1 /’ '''' ""
S 09 Vi
4 !
09 s 7
E 1
w 7 008 i
08 ," i
3 i
/ 0.7 "
o7 Vi i
i ! H
vod 06 :'
06 \\/.’ i
i
g
0.5 05
-20 15 10 5 0 5 10 15 20 -20 15 10 -5 0 5 10 15 20

(d) Behaviour of the concentration of (¢) Behaviour of the concentration of

Epidermal Growth Factor molecules Transformed Growth Factor molecules

(EGF) (TGF-B)

FIGURE 12. Numerical solution of the system in (2) with delay=20 for L > T

att = 25.



