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ABSTRACT. In this paper, we extend a system of coupled first order non-linear
system of delay differential equations (DDESs) arising in modeling of stoichiom-
etry of tumour dynamics, to a system of diffusion-reaction system of partial
delay differential equations (PDDEs). Since tumor cells is further modified by
blood supply through the vascularization process, thus we determine the local
uniform steady states of the homogeneous tumour growth model with respect
to the vascularization process. We show that the steady states are globally sta-
ble, determine the existence of Hopf bifurcation of the homogeneous tumour
growth model with respect to the vascularization process. We derive, analyse
and implement a fitted operator finite difference method (FOFDM) to solve
the extended model. This FOFDM is analyzed for convergence and it is seen
that it has second-order accuracy. Some numerical results confirming theoret-
ical observations are also presented. These results are comparable with those
obtained in the literature.

1. Introduction. When a body develops a disease, the situation can be thought
similar to that of predator and prey in ecology. However some diseases are very
much complex in their formation and the manner they reinforce their presence in
a body as compare to a situation in a physical environment. Such diseases are for
example HIV and cancer. In this paper we focus on a tumour. Therefore when a
host is affected by a tumour, the system requires interaction with its environment.
Therefore, it is not strange for the ecological system of cancer cells to interacts with
surrounding cells, both healthy and malignant. This means cancer and healthy cells
should compete for resources, and these are oxygen, nutrient and space. Thus cancer
cells compete against each others and against the healthy cells throughout the body
for the same resources. It is this competition that necessitates the consideration of
the effects of biological stoichiometry to supplement the first principles of malignant
tumours’ cells [7]. Similar considerations of of biological stoichiometry can be found
in [4, 5, 23]. In this paper, we consider the biological stoichiometry derived in [7].
In [7], it is established that the qualitative dynamics of the models are essentially
unchanged whether phosphorus limits blood vessel construction or not. Thus, Elser
et al. [7] claimed that varying the supply of phosphorus continuously seems to
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create no new dynamical behavior. Therefore, this motivated us to investigate the
extended homogeneous tumour growth model directly.

This implies that, our first aim in this paper is to investigate the qualitative
features of the model with regard to blood vessel construction and determine the
possibility of the time delay 7 on the dynamics of the homogeneous tumour growth
model. By applying the Poincaré normal form and center manifold theorem [8, 24],
we determine conditions on the functions and derive formulas which determine
the properties of Hopf bifurcation [19] such as the direction of bifurcation, the
period of periodic solutions and the stability of solutions. More specifically, we
show that the positive equilibrium point losses its stability and the system exhibits
Hopf bifurcation under certain conditions.

Our second aim is to solve the extended model. Thus, we develop an efficient
numerical method for solving the extended model with respect to the qualitative
features of the extended model. To this end we highlight our motivation for our
numerical method. The deficiencies of the standard finite difference methods in
solving the problems like the one in equation (2) are well-known. While explicit
methods can solve such differential equations with low computational cost, they
have the drawback that their stability regions are very small. This implies severe
restrictions on the time and space step-sizes will be required in order to achieve
satisfactorily converging results. On the other hand, an implicit schemes do have
wider stability regions but the associated computational complexity is very high
and they cannot achieve more than one order as compared to explicit methods that
use the same number of stages [3].

When a single solid tumour is growing within an organ Elser et al. [7] mentioned
that the initial mass starts near some genetically determined carrying capacity
(kp) and its vascularization process takes place at approximately 0.01kg. Since the
parenchyma cells may contain distinct cell types that differ in their nutrient use
and growth rates, then Elser et al. [7] developed the heterogeneous tumor model
with dietary regulation as

= (amin (1, ff;h> —dy — (a—dy) W) ,
=y (b1 min (1,5%) min (1, L) — dy — (by — dy) %) :
22—y (bymin (1, 678 ) min (1,1) — dy — (b — dy) 24222
% = cmin (17 ffT,) (y1(t —7) +y2(t — 7)) — d. 2, i
& —r—y (n(dmx +d.z)+ (a — dw)nwﬂylkitwﬂ')

- (Z?:l mdiy; + YHEEE S m (b — dz)) )

t

_ z—o(y1+y2)
L= 9 y1t+y2 ’

P, = P(t) — nz — miy1 — mays — nz,

where z, y; (i = 1,2 in this case), z, f, 8, P., P, L, n and m; denote mass
of healthy cells, tumour mass contributed by the i** parenchyma cell type, mass
of tumour micro-vessels, fraction of the total fluid within an organ, therapeutic
intervention, extracellular phosphorus within the organ, the homeostatic regulation
of the total amount of phosphorus, maximum proliferation rate of tumour cells, the
mean amount of phosphorus in healthy cells and mean amount of phosphorus in
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parenchyma cells in that order. The cells proliferation and death at maximum per
capita rates are denoted by a, b; and d,, d;, respectively, whereas a and g denote
mass of cancer cells of which one unit of blood vessels can barely maintain and
measurements of sensitivity of tumour tissue due to lack blood.

The model in equation (1) is a system of first order delay differential equations
(DDEs), therefore initial values are required by the system. Elser et al. [7] provided
the initial conditions as (x(0),y1(0),y2(0), 2(0)) = (9.00,0.01,0.01,0.001), and did
not give the initial condition for P(0).

When a tumour has only one parenchyma cell type then the system of first
order delay differential equations in equations (DDEs) (1) is known as homogeneous
tumour growth model and heterogeneous tumour growth model when a tumour has
more than one parenchyma cell type.

As we see, all of the above models did not take spatial effects into account.
In fact, cells can move around subject to many factors including diffusion. Thus,
instead of depicting the models with purely time dependent ordinary differential
equations (ODEs) with delay, it is more realistic to introduce the diffusion of the
cells into the system, and the simplest way to reach this goal is to use the concept
of reaction-diffusion equations [10, 11]. Elser et al., [7] showed that at a steady
state, tumor growth is no longer limited by its blood vessel infrastructure. For that
reason, they also found out that when the tumor is viewed as a single entity, the
homogeneous and heterogeneous models essentially generate the same dynamics.
Thus, in this paper we consider the homogeneous tumor growth model. Therefore,
incorporating spatial effects into equation (1), the homogeneous tumour growth
model in (1) becomes

2 D, AX = X (amin (1, 72 ) — do = (a - do) XEIEZ)

fmky Kt

B = DuAYi =1 (bl min (175 = )min(l,L) —dy — (b1 — dy) Y1+z) 7

%—f — D.AZ = cmin (1, f%h) Yit—7)—d.Z, L= 92%610’1,
P.=P—nX —mY:i —nZ, on (z,t) € Q x (0,00),
G (0,1) = FH(0,) = 32(0,) = 0, on (x,t) € 2 x (0,00),

%%(xﬂt) = %(mﬁt) = %(mfat) =0, on (mvt) €0 x (0700)7

X;(z,0) = n;(z), on (z,t) € QA x [-7,0], j =1,2,3.

where A denotes the Laplace operator, Xj(z,t) = [X,Y1,Z], Q € R3 denotes a
bounded domain with smooth boundary 02 and v denotes the outward unit normal
on 0. The initial function 7;(z, t) is Holder continuous on [—7, 0] [18]. We imposed
the no flux-boundary conditions in order to ensure that we exclude the external
effects.

The rest of the paper is as follows, Section 2 we analyse the steady state and
existence of Hopf bifurcation analysis for two possible blood limiting cases. We
derive, analyse our numerical method in Section 3 and present our numerical results
in Section 4 and conclude the paper with Section 5.

2. Mathematical analysis of the homogeneous tumour growth model. To
proceed, we recall from Elser et al. in [7], that in a phosphorus-rich environment,
healthy cells and tumor cells can proliferate, however, if the extracellular phosphorus
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concentration drops below a threshold value, then the growth rates of both healthy
and tumor cells are impaired. Therefore, in such case we let

P. . . Pe
= in(1, — = 1 = 1
e (1) o (125 ) i (12 )

to denote such possibilities of limitations. Since maximum proliferation rate of
tumour cells is dictated by the value of min (1 gZ=at O‘Yl) [7], then, at the steady

state, the homogeneous tumour growth model in equation (2) becomes

X(agapz —dy — (a—dy) %ﬁ) =0,

(b1<pp min (1 gZ=at aYl) —dy — (by — dy) YlT':Z) =0, (4)

cop. Y1 —d.Z =0,
which gives the trivial equilibrium point (0,0, 0), and the system
(‘l%}fl*’)(X +Y1+Z) = app, —dy,

L dl)(Y +2Z) =bipp,, —di, (5)

cop. Y1 —d.Z =0,

if min (1,gZ—Y?Y1) —1 and
) (X + Y1 + Z) = app, — da,

B dl)(Y +7) = bipp, g4 = —d,, (6)

cop,Y1 —d,Z =0,
if min (1 gZ=an “Yl) # 1. Thus, we consider both cases in the next two sections.
2.1. Local stability for min (1 gZ=en O‘Yl) = 1. When min (1 gE=2L ayl) =1 equa-

tion (5) is equivalent to
(a—dy) (a—dg) (a—dy)

kn (b k:hd ) (b khd ) X CLQOPT, - dz
0 lkifl thl Yl = blSOPyl - dl ) (7)
0 cop, —d, zZ 0
and the determinant of the matrix in equation (7) is
(CL _ dx) (bl dl) (blk—dl) (a _ dx) (bl _ dl)
—_— t = — d 8
kh CSDPZ 7dz kh kt ( z + C@Pz) ’ ( )

provided that a > d,, app, > d, and by # dy. Thus,
d (a—ds) (a—dy)
T

app, — kn kn
bipp, —di (blktdl) 7(b1];d1)
0 c —d,

(ak:l )M (d + cpp)
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where the determinant of the numerator in equation (9) is

aSDPw . dy_ (a;:lz) (a;ja:)
bipp, —d gt Qo)
0 C(ppz 7dz
(bi—dy)  (bi—d1)
= (app, —dz) b b
cop, _dz
(a—dy) | bipp, —du (blk_tdl)
kn 0 —d,
(a—d;) | bipp,, —di (bl,;dl)
L7 0 cop, ’
(b1 —dv)

=~ (g, — do)ld + cpp]
t

(a —dz)

+kh

(bipp, —di)[d. +cop.],

(a —dg)(bipp,, —di)
kn

= @ eon)

(b1 — di)(app, —d.)
N - ) ,

Therefore, equation (9) becomes

. (d, + cop,) <(a7dw)(b;fpyl —d) (blfdl)(gfoprdz))
X = _(a—dm) (bl—dl) (d +e )
kn Ey 2 PYP,

((a_dz)(b1WPy1 —dy) . (blfdl)(acppzfdg;))
kp, kt
. (a—dg) (b1—d1) ’
kn kit

)

kn(app, —dy)  ki(brpp, —di)
(a—dy) (by —dy) 7
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provided that ’““(?ff;;)d”) > kt(b(lbfiyjl;dl). For Y}*, we then have from equations in
(7-8) that
(a;jr) app, — dx (a;fx)
0 bipp, —d1 (b1 —d1)
ol Tt | e
1 = a— 1 = a— 1
Sl Dnd) (4, 4 cpp) gt Gt (4, 4 epp)

ktdz(bMOPyl —dy)
(b1 —di)(d> + cpp.)’

provided that b1 > d; and bipp, > di. Similarly for Z*, from equations in (7-8)
we have

Coed Ll app, —d,
0 (blk_tdl) blSDPyl —d
0 c 0 ck b —d
z7 = (a—dy) (b(PZ ) _ Spr: Uior,, — d) , (10)
_akihxlkitl(dzd‘_appz) (by —d1) (ds + cop,)

which requires by > dy and bipp, > di, as anticipated. Therefore, we have two
positive equilibrium points and they are

kn(agr, —ds) _ kilbipr, —d)

ki, s ~da (a=ds) =~ (bi=di)
(a—dy) kidz(bipp,, —d1)
& = 0 and & 1= =) (@ Fopr ) ' (1)
O thwpz(blwp?ll 7d1)

(by—d1)(d2+cop,)

This gives us the following results.

Theorem 2.1. When min (1 gZ=ah ayl) =1 and the following conditions

(i) a > d,
(ZZ) app, > dy,

K, ( atppzfd ) ke(bipp,, —di)
(iii) iy > CE

(iv) bipp, > di,

the homogeneous tumour growth model in equation (2) possess the unique semi-

trivial non-negative constant solution (X*,Y{*, Z*) = (ky, waPTd 755 0 ,0) and a unique
positive constant solution

kn(app, —ds)  ki(bipr,, —di)
e, 0
(X*, Y7, 27%) = Feds(bropy, —di) ' (12)

(b1—d1)(d=+cop,)
ckiop, (bipp, —di)

(b1—dy1)(dz~4cep,)

Therefore, when the maximum proliferation rate of tumor cells greater than unity,
then the steady states are positive as long as the genetically determined, carrying
capacity for healthy cells is bigger than that of the tumour cells.
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2.2. Local stability for min (1 gZ=n "Y1> # 1. From equation (6) we have a sys-

tem of non-linear equations as

de) (X + Y1 + Z) = app, — da,
2
bipp, 97 — (g — d1)Y1 — (by — di) }/1273/12 =0 (13)

cop. Y1 —d,Z =0.
From the last equation in (13), we have Z = “6=Y]. Substituting Z = “4=Y} into
the first and second equation in (13), we obtain
(a;:l:z)X + ((a;jz) + CZI:Z WY1 = app, — dg,
(14)

(b1s0pylg 0P _ (g — d1)> ~ (b —dy) Lﬂm’z)yl -0,

(11,058 ~(ga—a) *
Teer) . When Y* =0, we

(br—dr) —g7=
obtain a trivial steady state solution (X*,Yy*, Z*) = (0,0,0). However, for non-zero

Y*, we find

from which we obtain Y;* =0 and Y}" =

X* = knlaor, —ds) (g 4 cer. (brery, =g (9o~ d1)>7

L T (1)
7% = ey

Fatd

> (ga — dy) then Y7 is positive as by > d;. This
implies that Z* = c‘gin* is positive too. We also see that X* > 0 whenever

Thus, we see that if blappylgcﬁpz

kn(app, —ds) cop, | (b1op, 97 —(ga—d1)) : lte
W > 1+ =) (byll_d S Hence the following results.

dzkt

Theorem 2.2. When min (1 gZ=en O‘Yl) # 1 and the following conditions hold.

(i) a > dg,

(ZZ) by > dy,

(ii) bipp, g75= > (g — dv),

(Z’U) kn(app, —ds) > (1 + C@pz)(blcppylgcfi —(ga— dl))

(a—dg) d (b1 —dy )% ’

then the homogeneous tumor growth model has a unique positive constant solution

M_(H CS(’PZ)(bl%"Pulg = —(a—d1))

(a=dz) d= (b1— dl)(lzx?)
cep,
(X*, Y7, 2%) = (buapylg o —(a—d1)) ) (16)
(1+C<sz)
(bl_i;})j dzkt
'z *
Y

Similarly, when the maximum proliferation rate of tumor cells drops below unity,
then the steady states are positive as long as the genetically determined, carrying
capacity for healthy cells is bigger than that of the tumour cells.

2.3. Global stability of the uniform steady states. In this section we show
that the uniform positive steady states are globally uniform. Since the homogeneous
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tumour growth model is of quasi-Lotka-Vorterra type [6], we let V : R:, — R
defined by B

X Y,
o) = (xoxar ()] (5w ()
1

7z
77"~ 7" log | =
oo -oe(z))

then we see that V(X*,Y*,Z*) = 0 and V(X,Y1,Z) > 0 for all (X,Y1,2) #
(X*, Y, Z*). Moreover, on R%O, we have

av(X,Y1,Z)

dt
X* X+Yi+ 72
—(1-2)x dy—(a—dy) 2t EZ
( X) <asopz 4.~ (- d) TED )

Y . 7 — aY; Yi+Z2
+ (1 — Yll ) Y (blsﬁpyl i (1,9},11) —dy — (by —d1) 11%)

=V, X+V, VW +V.Z

Z*
+ (1 - > cminpp, Y1 —d,Z,

= (X _ X*) (GSDPI —d, — (a _ dm) W)
h

X . Z — aY; w+72
+(Y17Y1) (bl(ppm i (17g}/11> 7d17(blfd1) 1]€ )
t

+(Z2—-2") (cpp. Y1 —d- (2 - Z7)), (18)

upon multiplying the last equation with Z. When min <l,gZ_T°1‘Y1) = 1, then

equation in (17) becomes

WEYLD) o (g gy B XD+ 0G0 4 (22 2)
dt kp,
. Y- YP) 4+ (Z—2*
+(Y1—3/1)(—(b1—d1)(1 1)k( ))
t
+(Z=27) (cpp.(V1 = Y1) —d. (Z = Z7)). (19)
Let X =X — X*Y, =Y, - Y, Z = Z — Z*, then the equation in (19) becomes
AV (X, Y1, Z) e x (XN
dt kp,

Yi+ 7
7(b17d1)Y1 ( 1]:_ > +Z(CQOPZY7dZZ)§O, (20)
t

after dropping the bar signs. Similarly, min (17 gz%ol‘yl) # 1, then equation in (17)
becomes
AV (X, Y1, 2)

X+h+72
dt

= —(a—dx)(X—X*)< o

_% (V1 = Y7) (Vi = Y7) + (agr,, 9 — 1)(Z = Z7))

(7= 27) (epp.Yi — d. (Z - 27)) <0. (21)

Thus, we have the following results.
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Theorem 2.3. The postive steady states in equation (12) and (16) are globally
stable.

Thus, in this section we determine the positive solutions of both cases and found
out that similar conditions hold for the survival of tumour cells which play an
integral part in this stoichometric dynamics.

In the next sections we consider the existence of Hopf bifurcation.

2.4. Stability of uniform equilibrium points and the existence of Hopf

bifurcation for min (1,gz%ol“yl) =1 and min (1,gz%ol‘yl) # 1. In this section,

we concentrate on the dynamical behavior of equation (2). Our goal is to inves-
tigate the stability of the equilibrium points of (2) and also the existence of Hopf
bifurcation. This is achieved by taking the delay time 7 as a bifurcation parameter.
Thus, we study effects of the time delay on the dynamics of (2) as follows.

2.4.1. Stability of positive equilibrium points and the existence of Hopf bifurcation
for min (1, gZ*T?Yl) = 1. Let (X*,Y{", Z*) be an equilibrium point for the system
in equation (2) and
(X,V1,2)= (X - X" Y1 -Y{" Z - Z%).
Linearizing the system in equation (2) around (X* Y}*, Z*), and drop bars again,
we obtain
X; — D.AX = (app, = dy — (0 — dy) EHEE) X — (a - d,) 11

; k}h kh
—(a—dy) )k(—hZ,

(V1)1 = Dy, AY: = (o, —di = (b — dy) 25 ) y; = Y=l 7,

Zi —D.AZ = cop Yi(t —7) — d. 2, (22)
%:%:%:%:0, on (z,t) € 90 x (0, 00),

Xj(xat) = 77.7'(1"75) 2 O(x7t) € x (0700)7

Xj(‘rat) :nj(xat) 7‘)(;5 (‘T7t) € Q x [7770}7 ]: 17273~

Let 0 = po < p1 < --- be the eigenvalues of the operator A on Q with the
homogeneous Neumann boundary condition, then the characteristic equation for
equation in (22) is given by

A+ Do + app, —dy — 4T 2X* +V* + 27) =0, }

\ 23
A2k + KA + Y e (by — di) sp, exp(=AT) + K2 = 0, (23)

where
Ki = ki(D: + Dy, )k + (p,, — (di +d2))ky — (2Y7" + Z7)(d1 — b1),
Ky = Dy, D.kepr® + kie(@p,, Dz — Dy, d2) i + D= ((dy — b1)(2YY + Z%) — duke)) s
+d. (2Y]" + Z7)(by — d1) + ki(dy — ¢p,, )d..
Negative real parts for the first equation in (23) requires that

kndy > —(a — dy), (24)
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whereas in the second equation in (23), when 7 = 0, Routh-Hurwitz criteria requires
that

((ppyl - (dl + dz))kt > (2Y1* + Z*)(dl — bl), ©p,, D, > Dyldz, dy > PPy, - (25)
Therefore, we have the following result.

Lemma 2.4. Assume that the conditions in equation (24)-(25) holds. Then the
positive constant solution (X*,Y*,Z*) of system in (2) is locally asymptotically
stable when T = 0.

Next, we examine when equation in (23) has pure imaginary roots A = +iw with
w real number and w > 0. This is given by the following lemma.

Lemma 2.5. The characteristic equation associated to equation in (23) has pure
maginary roots.

Proof. If A = iw be a root of the characteristic equation (23) where w > 0, then we
have

—w?ky + Kyiw + Yy e (b1 — dy) sp, (cos(wT) + isin(wr)) + Ko = 0. (26)
Separating real and imaginary parts, we have the following two equations
—w?k; + Yi*e (by — dy) sp, cos(wT) 4+ Ko = 0,
Kiw+ Y e (by — dy) sp, sin(wT)) = 0. (27)
Equations in (27) give possible values of 7 and w for which the characteristic equa-

tion in (23) can have pure imaginary roots. To see it we square each equation and
we obtain

(Y e(by — dy)sp,)? cos? (wT) = (w?ky — K2)?,

(Y e (b1 — dy) sp, ) sin®(wT)) = (K1w)? (28)
Adding the two equations, we obtain
2(Y1*c(b1 — d1)§pz)2 = ((JJZkt — ,CQ)Z + (K1W)2, (29)

which implies that
Wt (K5 — 2ktl€2)w2 + K3 —2(Yy'e(by — di)sp.)?

=0. 30
T T (30)
Hence,
_ (KP—2k:Ks) + ((’C%—th’C2))2 _ 4’C§—2(Y1*C(bl—d1)<pz)2
5 Ee Ee ke (31)
YT 2

Thus, in view of the first equation in (27) and the first equation in (28), we obtain

1 1 (U.}th — ’Cg) ) . )
75 = — cos + 247 |, 32
7w ((ch(bl —di1)sp, ’ 32)
as the critical values of 7, for j = 0,1,2,..., and this complete the proves. This
gives us the following lemma. O

Lemma 2.6. Assume that the conditions in equation (24) and (25) hold. Then for
7 € Ng the following statements are true.

(i) Equation in (28) has a pair of purely imaginary roots *iw when T = 7} and
there are no other roots of equation in (28) with zero real parts.
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(ii) All the roots of equation in (28) have negative real parts when T € [0,7%),
where 7 = 17

We have verified the hypotheses for Hopf bifurcation to occur at 7* = 7§ except
for the transversality condition. Differentiate the second equation in (23) with
respect to 7, we have

Re <6>\22kt + Kido + Y (b1 — dy) sp, exp(—AaT) + /c2>
or

(33)

A=iw, =75
= Re (wY7" ¢ (by — di1) sp, sin(w7y)) > 0. (34)
Thus, the following results.

Lemma 2.7. The transversality condition

Re (3>\22kt + K1do + Yi'c (b1 — di) op, exp(—AaT) + ’C2>

>0,
or

i
A=iw, 7="7]

is satisfied.

2.4.2. Stability of positive equilibrium points and the existence of Hopf bifurcation

Z—OLYl
i

around (X*,Y7*, Z*), we obtain the characteristic equation as

for min (1, g # 1. Similarly, after linearizing the system in equation (2)

A+ Dy + app, —dg — UZ=L 2X* + Y + 27) =0, } (35)
A2k 4+ Ko\ + ¢D.(by — dy) Yy exp(—A7) + Ko = 0,
where
Ki = (pp,, —ds—di)ke + (dy = b1)(Z* +2Y) + ke(Dy, + D2 )pag,
Ky = d.((dy —p, ke + (b1 — di)(2Y)" + Z*)) + kDy, > D

+kt(<ppy1 D, — Dyldz — dlDz),uk) + Dz(dl — bl)(2Y1* + Z*),uk.
Negative real parts for the first equation in (35) requires that
kndy > —(a—dy), (36)

whereas in the second equation in (35), when 7 = 0, Routh-Hurwitz criteria requires
that

(ppy, — (di +d2))ks > YT + Z*)(d1 — b1), wp,, D> > Dy, d. +d1 D>, di > pp, . (37)

Therefore, we have the following result.

Lemma 2.8. Assume that the conditions in equation (36)-(37) holds. Then the
positive constant solution (X*,Y7*, Z*) of system (2) is locally asymptotically stable
when T = 0.

Next, we examine when equation in (35) has pure imaginary roots A = tiw with
w real number and w > 0. This is given by the following lemma.

Lemma 2.9. The characteristic equation associated to equation in (35) has pure

1maginary roots.

Proof. If A = iw be a root of the characteristic equation (35) where w > 0, then we
have

—w?ks 4+ Kyiw 4 Yi*e (by — dy) D (cos(wT) + isin(wr)) + Kz = 0. (38)
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Separating real and imaginary parts, we have the following two equations
—w?ky + Y e (by — dy) D, cos(wr) + Ko =0,
Kiw+ Y c(by — dy) D, sin(wt)) = 0. (39)
Equations in (39) give possible values of 7 and w for which the characteristic equa-

tion in (35) can have pure imaginary roots. To see it we square each equation and
we obtain

(Yi*e(by — d1)D,)? cos® (wr) = (w?ks — K2)?,

(Y ¢ (b1 — dy) D,)? sin®(wr)) = (K1w)2 (40)
Adding the two equations, we obtain
2(Y1*c(b1 — dl)DZ)2 = (kat — ICQ)Q + (IClw)Q, (41)
which implies that
iy KE=20Ks) o K5 —2(¥re(b —d)D.)* (42)
kt kt
Hence,
_(KE2kiky) ((zc’;‘—%t/cg))? _ 4 KE2(¥7c(bi—d)D.)”
- 2 2 ke (43)
YT 2
Thus, in view of the first equation in (40) and equation in (43), we obtain
]. 1 (w2kt — ,CQ) .
= _ = 2 44
Ty = cos ((Yl*c(bl—d1)Dz +27 |, (44)
are the critical values of 7, for j = 0,1,2,..., and this complete the proves. This
gives us the following lemma. O

Lemma 2.10. Assume that the conditions in equation (36) and (37) hold. Then
for j € Ny the following statements are true.
(i) Equation in (35) has a pair of purely imaginary roots iw when T = 77 and
there are no other roots of equation in (35) with zero real parts.
(i1) All the roots of equation in (35) have negative real parts when 7 € [0,7*),
where T = 7.

We have verified the hypotheses for Hopf bifurcation to occur at 7* = 7§ except
for the transversality condition. Differentiate the second equation in (35) with
respect to 7, we have

Re (8)\22kt + K1) + Yl*C (bl — d1> D, eXp(—)\QT) + ICQ)

or

A=iw,7=T
= Re (wY7*c (by — d1) D, sin(wTg)) > 0. (46)
Thus, the following results.

Lemma 2.11. The transversality condition

e <8)\22kt + Kido + Yie(by — di) sp. exp(—XoT) + /c2>

0
or =5

i =
A=iw, T=T(

is satisfied.

In the next section we derive our efficient numerical method.
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3. Derivation of the numerical method. In this section, we describe the deriva-
tion of the fitted numerical method for solving the system in equation (2). We
determine an approximation to the derivatives of the functions X (¢, ), Y1 (z,t) and
Z(t,x) with respect to the spatial variable x.

Let N, be a positive integer. Discretize the interval [0, z ;] through the points

O:xo<x1<:r2<---<xNI:xf,

where the step-size Az = xj41 —x; =x;/Ny, 5 =0,1,..., N,. Let X;(t), Qh),(t),
Z;(t) denote the numerical approximations of X (¢, 5),Y1(¢, ), Z(t, j), then we ap-
proximate the second order spatial derivatives by

X1 — 22X+ X V1)j+1 = 2N); + (V1)1

AX(t,x;) =~ ML , AY(t,z;) ~ o ,
N o Zi1 225+ 25
AZ(t,CL'J) (02)? , (47)
where
2 _ _4 sin2 (ox);Ax s _ (1 —exp((oy,)Az)
(¢x)” = (ox) ( 4 ) , (1) o) :
(¢Z)2 _ (1- eXp((UZ)Aﬂl?)7

(02)

00 = | ) oy = [ () = [ (19)

It is obvious that all the ¢ — Ax as Az — 0.
Let N; be a positive integer and At = T/Nt where 0 < t < T. Discretizing the
time interval [0, 7] through the points

and

0:t0<t1<"'<t]\7t:T,
where
tn+1—tn:At, TLZO,].,...7(Nt—].).

We approximate the time derivatives at t,, by

dX(ta) _ X=X A (k) 07T = O] dzt)  ET - 2

dt vx dt = Yy, P T vz (49)
where
vx = (exp((dy —app,)At) —1)/(dz — app,), Yy, = (1 —exp(—di1At))/dy,
vz = (1—exp(—d.At))/d,, (50)

where we see that all the ¢ — At as At — 0.

The denominator functions in (47) and (49) are used explicitly to remove the
inherent stiffness in the central finite derivatives parts and are derived by using the
theory of nonstandard finite difference methods, see, e.g., [9, 16, 17] and references
therein.
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Combining the equation (47) for the spatial derivatives with equation (49) for
time derivatives, we obtain

nt1 n nt1 nt1 nt1
A N o
Ux (45}()2 AP L) 4D
n : 2T
+Xj (agopw —dy — (a—dy) ]kihgj)

)

V) =7 _ D D)7 2007 ()
¢y Y1

(éy )
i S YOI+ED
+1)1 (blgz)py min (1 gﬁyl)i) —dy— (b — ) (1)]2%) |

(51)
Zn+l_gn Zrfl o2zt zntl
Z 57 i =D, (d>z)2 + cop, ('HYI)? — dZZ;-Z7

Xln:)(fl, (y1)1 = (yl) 1 Zl *Zn

XZ@I = XJ\LIIfl’ (yl)rlifr = (y1)7;(/x,1, er\LII = 217\1/1717

0 _ 0 _ 0 _
X9 =9.00, (V)9 =0.01, 29 =0.001,

where, the no-flux boundary conditions are discretised by means of the central finite
difference [2], j =1,2,...,N, —1,n=0,1,...,N; — 1 and

(HY1 );l ~ Y1 (tn -7, xj)a (52)

is denoting the history functions corresponding to the equation in Y7.
The system in equation (51) can further be simplified as

Dy pn+l 1 2D, n+l D, n+1
“xrEio T (wx + <¢x)2) x; Gx)? 1
=Xy (ﬁ+asopz —dx—<a—d1

J

Dy n n
7(¢Y1)2 o ) +1 + (wy + (¢y ) (yl) - (¢Y )2 (yl)?_tll

) X+ +Z2]
kn

)

" (53)
n (Y1) V)4 ZT
= (V)7 (wy + bipp,, min (1 g%) di — (br —dv) (1)2%) ;
2 n+1 2D, n+l D, n+1
~wr i *( 6277 )Zy G217 Zit
= cpr. ()} + (75 - d:) 27,
which can be written as a tridiagonal system given by
n n X7+ (V)42
Pt = a7 (G +app, —do — (a— dy) BESEED),
73"4'1 = ()7 (w}, + bipp,, min (1 9704)(]3)1) ) dy
(54)
Y0} 427
— (b1 —dy) T) ;

Pl = cop, (Hy, )" + (w% - dz) zr,
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where j=1,...,N, —1,n=0,...,N; — 1 and

n+l 3 Dy 1 2Dg  — DPa

Pt =Tri (—W7E+W’ (¢X)2)’
el s Dy, 1 2D, _ Dy

PYl = Trl (_ (¢Y/11)2 ) le + (¢y1/§2 ’ (¢Y/11)2) ’
n+l _ s D. 1 2D, D,

Py =Tri (fW,@JFW’*W)'

On the interval [0, 7] the delayed arguments ¢, —7 belong to [—, 0], and therefore the
delayed variables in equation (51) are evaluated directly from the history functions
YO(t, 7) as

(Hy,)} = YL (tn = 725), (55)
and equation (54) becomes

n n XJTLJF y ;l +Z7"
Pt = & ( +app, —dy — (a—dy) TEGUEEL)

”H = ()7 ( +bipp,, mm(l gw) dq

V)i +Z27
— (b - dy) A,

Py = cpp Rt — m5) + (7 - d-) 27

Let s be the largest integer such that 75 < 7. By using the system equation (56)
we can compute X', (yl);?, Z} for 1 <n <s. Up to this stage, we interpolate the
data

(tOv (yl)(]))’ (tla (yl)]l)’ T (ts, (yl)j)a

using an interpolating cubic Hermite spline ¢;(¢). Then

(yl)? =y (tna xj)a

foralln=0,1,...,sand j=1,2,..., N, — 1.

Forn=s4+1,s+2,...,N; — 1, when we move from level n to level n + 1 we
extend the definitions of the cubic Hermite spline ¢;(¢) to the point (¢, + k, (D1)7.
Then the history term (Hy, )} can be approximated by the functions ¢;(t, — 7) for
n > s. This implies that,

(Hy,)} = (13);(tn = 7); (57)

and equation (56) becomes

J kn

Pt =an (wix +app, —d, — (a —d,) 7X;+(yl)y+z;) ;

73"+1 = ()Y (wy +b1<pp min (1 g%) dq
(58)
V)T +Z2T
— (b —dy) %%) 7

Pyt = cop. (in)lta —7) + (75 — d:) 27,
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where

Ly, (tn - T) = [(HY1)§L7 (Hyl);l ERRE) (,Hyl)?]’(fmfl]/'

Our FOFDM is then consists of equations (51)-(58). This method is analyzed for
convergence in next section and the corresponding numerical results are presented
in Section 4.

3.1. Analysis of convergence. The convergence for the proposed FOFDM is
proved via consistency and stability.

3.1.1. Consistency of the numerical method. We assume that the functions X (¢, z),
Yi(t,z), Z(t, z) and their partial derivatives with respect to both ¢ and x are smooth
and satisfy

9'IY (t, )
Otixd

9HIZ(t,x) o
—| < >
Otiz > CZv VZ,j = 0> (59)

>~ LX,

’&HX@@
Y = Y17

Otixd

where C'x, Cy,,Cz are constant that are independent of the time and space step-
sizes.

The local truncation error (LTE) for the discrete equations in X,Y7,Z in the
FOFDM (56) and (58) is given by

xnt+l_xn X7l+172X7’/+1+X7”+1
(LTE)X — (Xt _ J J ) _ <Xx;c _ jt+1 J j—1

Px (6x)F

+(f1(taana}/a.7 Z) - fl(taan;L7 (Ya.);L7Z_;l))7

()it -n)y

(LTE),, = (m)t w)
) ((mm _ o 20 e ) 7 (60)

(¢Y1)§
+(folt 2, X, Y1, Z) — fo(t,x, XI', (V1)2, Z7)),

J

Z;"'HfZJ’-‘ Z;"+172Z;"+1+Z;'j'1
(LTE)Z = <Zt T > — <chx — =i (d’z)? : 1)

+(f3(taanaY17 Z) - f3(taanj7'L7 (Yi);L7Z_;l))7

filtw, X,1,2) = X (app, — dy — (0 — dy) X052 )

n n 7 n Xi+0n)j+27
falt e, X3, (V)3 7) = X7 (app, = du — (a - dy) SLHGIEL,

(
(
(
(

f2 t71’7X7 Y17Z) = (Yl (bl(ppyl min (1794Z*}9Y1) — d1 — (bl - dl) YlthrZ> )

fo(t,z, X7, (Y1)}, 27) =

Y)p ([9190Py1 min (1,972;(_;;%1)?) —dy — (b1 — dy) (H)Z:—Z;) )
fa(t,z, X,Y1,2) = cpp, (ty,)j(tn, —T) — d.Z,
fS(t7x7X]T‘L7 (Y1>;L7Z_7) = PP, (Lyl)j(tn —7) - dZZJn‘
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The first terms on the right hand side of equations in (60) satisfies

xntl_xn xntl_xn  xntl_xn  xntl_xn
Xi(tn, 2;) — =2 2| = | Xi(tn, z;) — =2 "N i % 5|,
VX t At PVx
xntl_xn anrtl_xn  xntl_xn
) i J J i g J
< Xi(tTHx]) At + At Dx )

IN

2
S X (&, x5)| + ’Xt(ﬁij) + At Xy (€, 25) + B Xttt(&ﬂfj)‘

2
N Xt(g»xj)+%xtt(5793j)+(A6t) Xt (§,w5)
(z—oep At (s=app,) 50>

2 6

)

1+

IN

2
SCx + ‘Xt(&xj) + A X0 (&, 15) + B Xy (€, 25)

2
Xt(f7zj)+%Xtt(5zzj)+%xttt(fvlj)
(z—opp) At (r—app,)an?
p) 3

— 0 as At — 0,

1+

o)ty

(e - L

O =)y
by

< \(Ynt(tn,xj) -

ooty )t -7
At Yy,

_l’_

I

< B I(V2)uu (€ 2) | + | (Y)el6, ) + B ()6, )|

(V1) (6,2)+ AL (V)0 (€2 + B (V1) e (6,25)

diAt | (d1At)2
I-=*+—5

2
+ ’%(Yl)ttt(f,ﬂﬁj)

I

< 50y + ’(Yl)t(fyflfj) + 5t (Y1) w (€, x5) + <A§>2 (Y1)eee (€, 25)

2
(Yl)t(g,zj)+%(yl)tt(£vfj)+%(Yl)ttt<£793j)
1 diAt (d1At)2

2 3

— 0 as At — 0,

zntl_zn Zntl_gn  grtl_gn o gntl_gn
Zy(tn,zj) — L—— s L= \Z(tn,x;) — =2 Aot - Jdﬂz =,
zntl_gn zntl_gn  gntl_gn

S Zt(tn,ﬂfj)_ J 7 J J 7 J sz J ,

A A Ap)?
< S Zu(&, )| + |7l w) + 3 Zu(E 7)) + B ZunlE, )

2

Zt(&vzj)‘F%Ztt({’zj)‘f’(Aé) Zt(E,x5)

- 17d22At+(dz§t)2 )
A 2

< S0z + ‘Zt(ﬁ,wj) + &L Zu (€, x;) + B Zttt(f;“,mj)‘

2
Zy(€,m5)+ 5 Zor (6,25)+ (A{;) Zet (62 5)

d At | (dzAt)2
==+

— 0 as At =0,

where t,-1 < £ < t,41 in of each inequality in (61). The second term on the
right-hand side of equations in (60) satisfies
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xnHl _oxntly xntl
‘Xzz(tn,xj) Jjt+1 J j=1

(9x)3
2X7+X
. j+1 1
< ’Xm tn,2j) — (TQ?
n XMy —2XP XD Bl 2B T R
(AI)2 (¢E)2 ’

x 2 x
< B | X (tn, O + 55 | X (80, )|
+AL | Xaat(€,25)| — 0 as (At Az) — (0,0),

N (Y1>;If—2<yl>"+1+<yl)"“
) tn2) U

(Y1)711—200) 7 +(Y)j—
ot (25
(Yl)?+172(Y1)3.‘+(Y1)3.‘71

+ By

n O —20) T )T
(0v1)?2 ’

<

2 x
10z (b O + o2 (V) (0, )
+At |( 1)11t(§7x])‘ —0as (At,AI) - (07 0)7

Zn:»l 2Z7L+1+Zn+1
Zga(tn,x; .
ety 5) — SR

20 —220 47!
) +1 1
< | Zaa(tn, 25) = (W)’
+ (ZJT‘L+1*2Z?+Z_77‘I'—1) - z7h —2z7 2]
(Ax)? (62)3 ’

2
< B | Ze (tn, O + 1527 | Zua (£, Q)|

FAL | Zpzt (&, z5)| — 0 as (At, Az) — (0,0),

where z;_1 < ¢ < zj41 in the third line of each inequality in (62), whereas by

Lipschitz condition [2], we have the third terms in equation (60) satisfying

|fi(t, 2, X, Y1, Z) — fi(t, =, X}, (Y1)}, Z])]
< Kymax{|X — X7'|+ Y1 — (Y1) + |2 — Z}'[},
|fot, 2, X, Y1, Z) — fo(t,z, XT, (1)}, Z7)|
< Kpmax{|X — XP| + |V — (V)}] +1Z - 22|},
|fs(t, 2, X, Y1,2) — fs(t,z, X}, (Y1)}, Z}')]
< Komax{|X — X7'|+[Y1 — (Y1) + 12 — Z}'[},

where K7, K5, K3 denote the Lipschitz constants.
Let

(63)

(ex) = |1X§ = X(tn, z5)|, (evy) = (V)] = Yaltn, 25)l, (e2)f = |Z] = Z(tn, ;)]

then the inequalities in equation (63) becomes

|fi(t, 2, X, Y1, Z) = fa(t, =, X, (Y1)}, Z])| < Kimax{(ex)] + (ev;)] + (ez)}
|f2(t7x7X7Y17 ) f2(t Z, XJ >(Y1 Z;L | < KQma‘X{( €x ;L+ (eyl)? +(ez)?
|fa(t,, X, Y1, Z) — fa(t, =, X}, (Y1)}, Z])| < Ksmax{(ex)] + (ev;)] + (e2)]},

But we see that (At, Az) — (0,0) in equation (61) to (62), this implies that

(ex)} = (ex)1 =0, (ev,)} = (ev,)1 =0, (ez)} — (ez)1 = 0.

(64)

(65)
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The results that we obtained in equations (61), (62) to (65) prove that (LTE)x — 0,
(LTE)y, — 0 and (LTE)z — 0 as At — 0 and Az — 0 and this proves the
consistency of our FOFDM.

3.1.2. Stability of the numerical method. Substituting the exact solutions X (t,,, z;),

Yi(tn,zj), Z(tn, ;) instead of the approximations X7, (V1)}, Z7" in equation (58),

we obtain

X§L+(Y1)?+Z?>
)

PR = X7 (G +app, — do — (0 — dy) ZECE

n , . 2" —a(Y1)"
Pyt = ()t (ﬁ + bipp,, min (LQW) —dx

Y1)+ ZT
—(by —dy) S l)ij J*>7

Py = cpp iy, )s(tn — 1) + (& — d2) 22,

Subtracting equation (66) from (58), taking the absolute values on both two sides
and using equation in (65), we have

lepr 'l <0, [epfl <0, [eprt[ <0, (67)

where e?;il = Px(tn+1, ) — Px(tnt1,-),and Similar notations are used in the second
and third equation in (67).
This proves that the method is unconditionally stable.

Remark 1. For the model (49), we see that (LTE)x — 0, (LTE)y, — 0 and
(LTE)z — 0 as At — 0 and Az — 0. Moreover, the method is unconditionally
stable.

4. Numerical results and discussions. In this section, we present our numerical
results with respect to the maximum proliferation rate of tumor cells and blood
supply limitation indicator to help visualize when there are indeed limiting healthy
and tumour cells growth. In order to investigate it, we implement our numerical
method such that the stability conditions given in Theorems 2.1-2.2 are satisfied.
Due to the unavailability of diffusion values, we set the diffusion constants D, =
10*3,Dy1 =20"%,D, = 3075, Following Elser et al. [7], we present our numerical
results as follows.

TABLE 1. Parameter values[7]

m =20.00 | n=10.00 | k, = 10.00
k. =3.00 | f=0.6667 | P =150

my = 20.00 | 81 =1.00 | ¢=0.005
dz=0.20 | ¢g=100.00 | a=0.05

In Figure 1, we present the case when the birth rate of healthy cell are decreased
than that of parenchyma cell (¢ < b; and dearth rate of healthy cell is increased
than that of parenchyma cell (d, > d;) for (a) no treatment blocking phosphorus
uptake by tumor cells, (b) lowered phosphorus P by 20%, (c) increased the time
delay 7 from 7 to 11 days and in (d) blocked tumor cell uptake of phosphorus by
half.
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FIGURE 1. Numerical solution for the dynamics of homogeneous
tumour growth model, when a = 3,d, = 2,b; = 6,d; = 0.5.
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FIGURE 2. Numerical solution for the dynamics of homogeneous
tumour growth model, when a = 6,d, =1,b; =6,d; = 1.
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(a) (b)

N X()-healthy cells N X()-healthy cells
§ 2.5 H ——— Y(t)-tumour cells 4 ; 2.5 H =——— Y(t)-tumour cells
% Z()-microvessels| 5 Z()-microvessels

0 20

40 60 40 60
Length x (days) Length x (days)

© (d)

3 X(0-healthy cells 3 X()-healthy cells
;- 2.5H = Y(O)-tumour cells 4 % 25 = Y()-tumour cells
% 2()-microvessels| 5 Z()-microvessels

0 20 40 60 80 100 0 20 40 60 80 100
Length x (days) Length x (days)

FIGURE 3. Numerical solution for the dynamics of homogeneous
tumour growth model, when a = 6,d, = 0.5,b; = 3,d; = 2.

In Figure 2, we present the case when the birth and dearth rates of healthy and
parenchyma cells are equal (@ = by and d,, = dy) for (a) no treatment blocking phos-
phorus uptake by tumor cells, (b) lowered phosphorus P by 20%, (c¢) increased the
time delay 7 from 7 to 11 days and in (d) blocked tumor cell uptake of phosphorus
by half.

In Figure 3, we present the case when the birth of healthy cells are increased
than that of a parenchyma cell (a > b;) and increased death rate of healthy cells
than that of a parencyma cell(d, < dj) for (a) no treatment blocking phosphorus
uptake by tumor cells, (b) lowered phosphorus P by 20%, (c) increased the time
delay 7 from 7 to 11 days and in (d) blocked tumor cells uptake of phosphorus by
half.

The numerical solutions in Figure 1 present a slight growth of healthy cells and
fast growth of tumour cell during the first 40 days from the infection date. We also
see that after 40 days of infection, both cells converges to their steady states, with a
slight decrease in their growth. This is due to the competition for resources among
cells, presented by this case. After 40 days the process of vascularization starts to
grow because the tumour cell has reached some genetically size. We also see that
lowered phosphorus and blocked tumor cell uptake of phosphorus do not differ from
the no treatment blocking phosphorus uptake by tumor cells, whereas the above
features are postponed when we increased the time delay 7 from 7 to 11 days.

The numerical solutions in Figure 2 present an increase growth of healthy cells
and tumour cell during the first 40 days from the infection date. We also see that
after 40 days of infection, both cells converges to their steady states, with a slight
increase for healthy cells and a decrease growth of tumour cells. This is due to the
competition for resources among cells presented by this case. After 40 days the
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process of vascularization starts to grow because the tumour cell has reached some
genetically size. We note that lowered phosphorus and blocked tumor cell uptake
of phosphorus do not differ from the no treatment blocking phosphorus uptake by
tumor cells, whereas the above features are postponed when we increased the time
delay 7 from 7 to 11 days.

The numerical solutions in Figure 3 present an increase growth of healthy cells as
compare to the previous cases and a drastic decrease for tumour cell during the first
40 days from the infection date. After 40 days of infection, both cells converges to
their respective steady states, with an increase of healthy cells and a decrease growth
of tumour cell. This is due to the competition for resources among cells presented by
this case. After 40 days the process of vascularization starts to grow, thus causing
tumour cell to grow gradually. We note that lowered phosphorus and blocked tumor
cell uptake of phosphorus do not differ from the no treatment blocking phosphorus
uptake by tumor cell, whereas the above features are postponed when we increased
the time delay 7 from 7 to 11 days.

5. Conclusion. In this paper, we have considered the biological stoichiometry of
tumour dynamics, vascularized by a single solid tumor growing within the confine-
ment of an organ and the environment provided by an organ. We examined the
presence of positive steady state solutions for all the possible limiting cases with
respect to proliferation rate of tumour cell and determine the existence of Hopf bi-
furcation. Thus, our numerical solutions clearly present the fact that the biological
stoichiometry of tumour dynamics is real and can contribute quite a great deal to-
ward the development of therapeutically drugs which can contribute toward healing
tumour and tumour related diseases. Thus, our approach in this work should serve
as a first numerical attempt to incorporate the detailed effects of healthy and tumor
cells competing for both space and essentials, but limiting nutrients within a host.
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