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Chemotherapy is a widely accepted method for
tumour treatment. A medical doctor usually treats
the patients periodically with an amount of drug
according to empirical medicine guides. From the
point of view of cybernetics, this procedure is an
impulse control system, where the amount and
frequency of drug used can be determined analytically
using the impulse control theory. In this paper, the
stability of a chemotherapy treatment of a tumour
is analysed applying the impulse control theory. The
globally stable condition for prescription of a periodic
oscillatory chemotherapeutic agent is derived. The
permanence of the solution of the treatment process
is verified using the Lyapunov function and the
comparison theorem. Finally, we provide the values
for the strength and the time interval that the
chemotherapeutic agent needs to be applied such that
the proposed impulse chemotherapy can eliminate
the tumour cells and preserve the immune cells.
The results given in the paper provide an analytical
formula to guide medical doctors to choose the
theoretical minimum amount of drug to treat the
cancer and prevent harming the patients because of
over-treating.

1. Introduction

In a healthy individual, a new produced body cell
replaces a damaged or dead one in an orderly and
sustainable way. Cancer cells break this balanced order
by multiplying themselves in an uncontrolled way,
invading the space and demanding the nutrients of the
normal cells. The result is the death of the normal cells.

© The Authors. Published by the Royal Society under the terms of the NCY for Research on
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it is predicted that there will be 21.4 million cases of cancer and 13.5 million deaths by 2030 [1].
Cancer ranks the number one killer in the world, therefore, it is of great significance to explore
the effective mass of treatment techniques in order to reduce the rate of death due to cancer. It is
no surprise that cancer treatment receives great attention around the scientific world [2,3].

For most types of cancers, a wide range of chemotherapeutic drug treatments are available,
such as chorionic carcinoma and heterogeneous tumour [4]. Recently, there has been growing
interest to understand not only from the medical experimental point of view, but also from a
theoretical perspective the effects of the chemotherapy on the cells [5-7]. Fundamental issues
involve the amount of drug used and the periodical interval determination. From the view point
of cybernetics, the tumour-immune interaction system with the periodical impulse chemotherapy
can be considered as an impulse control procedure (or system), therefore, it should be studied
using impulse control theory and be treated using cybernetics strategy.

The immune system plays an important role to identify and eliminate tumours. This is called
immune surveillance. Our body defence against disease caused by a virus, bacteria or tumour
is the destruction of infected cells or tumours by actived cytotoxic T-lymphocytes cells (CTL),
also called hunter lymphocytes. CTL [8] can kill cells or make a programmed cell death. The
biological activation process occurs efficiently when the CTL receive impulses generated by T-
helper cells (TH). The stimuli occur through the release of cytokines. This process involves the
time delay for converting resting T-lymphocytes into CTL. The presence of time delay makes the
stability analysis to become complicate in the tumour-immune interaction model. Reference [9]
proposed a tumour growth model with time delay. The authors investigated the treatment of
cancer when impulse chemotherapy treatment was considered. This model is a time delay non-
autonomous system, the non-autonomous nature being provide by the impulse treatment. The
impulse control (treatment) of a dynamical system with delay introduces more difficulty for the
cybernetic strategy design and the stability analysis of the controlled system.

In this paper, the model of reference [9] is extended by treating the impulsive chemotherapy
as a dynamical variable. The extended system becomes a higher dimensional delay differential
system of equations concerning the tumour-immune interaction and the treatment of
chemotherapy. Firstly, after some basic notations are defined in section II and the impulse control
system model is formulated in section III, the stability of the steady state (a periodic solution) of
the extended system is studied in section IV, which shows conditions for when the chemotherapy
kills all cells. Secondly, the solution of the studied system is verified to be bounded using
Lyapunov function and comparison theorem in section V. And the periodic solution is verified
to be stable in the sense of the (definition of) permanence in section VI, which is guaranteed
by a derived theorem (formula). Finally, a chemotherapy strategy supported by our simulations
show the correctness of the formula in section VII. In conclusion, we provide a strategy to tell
what parameters of the impulsive chemotherapy can eliminate tumour cells and preserve the
permanence of the immune cells, i.e they are not completely destroyed. Therefore, this work
provides useful information for practical chemotherapy.

2. Notations and definitions

In this section we give some definitions.

Definition 1. r-order piecewise continuous function [10]: Let PC (D, F) represents a piecewise
continuous function mapping D onto F, where D C R, F C R. ¢ € PC (D, F), t € D, satisfies that ¢
is a continuous function for t # ty, and that ¢ is discontinuous and left continuous for t = ty, = kT, where
T is the impulse period, t;, — oo as k — oo. An r-order piecewise continuous function, PC" (D, F),
represents a differentiable function of ¢, which satisfies ¢ € PC (D, F') and ‘f;t,‘? € PC(D,F), TeN,
where R is real, N is integer.
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Definition 2. Upper right derivative: For a m-dimensional
system &= f(t,x) and a positive function V : Ry x R"' — R, where x = (x1,22,- - ,Tm). The upper
right derivative of V' (¢, x) with respect to the system is defined as

5 V(t+h,x(t)+hf(tx(t)) —V(tx())

1
DYV (t,x)= lim sup—
(%) h—0+ P
Definition 3. Boundedness: Suppose ¢ (t) =z (t,to ,x (to) ) is a solution of a dynamical system
with x (tg) = xo, if for any positive real B >0, and the initial time to, there exists v >0, such that
|z (¢, to, x (to))| < B for t > + to, then, the solution is ultimately bounded.

Definition 4. Positive solution: Assume wuy (t),u2 (t), ..., um (t) is a solution of an m-dimensional
systems U. If u; (t) >0, i=1,2,...,m, then (uy (t),u2 (t), ...um (t)) is defined as a positive solution
of system U.

Definition 5. Permanence [11]: If there exists constants ¢ and M, such that the solution of a system,
u; (t), satisfies ¢ < tlim inf u; (t) < tlim sup u; (t) < M, then the system is permanence, s is ultimately
—00 —00

lower bound and M is the ultimately upper bound.

3. Tumour growth model with impulse chemotherapy

A mathematical model describing tumour growth under a treatment of chemotherapy was
proposed recently [9]. The model is based on the predator-prey system [12]. The T-lymphocyte
is the predator, while the tumour cell is the prey that is being attacked. The predators can be in a
hunting or a resting state. The resting cells do not kill tumour cells, but they can become hunters
after activation. The chemotherapeutic agent is treated as activation. The chemotherapeutic agent
acts as a predator on both cancerous and lymphocytes cells. The model is described by

WG =qiow) (1- G2) - H) - 20 7(1)
Zgﬁ? = BLH(t)R(t —Rf(z)— diH (1) — 0aC(t) H (1) —;‘;ﬂ}())zm o)
W0 =aqaR(t) (1- 52) - pLHOR(E - 7) - 22RO 2(t)
dZ(t C(t H(t R(t
dw(f ! =A- <£ + agil—kc('(i) + ag;—‘rH((%) + agsi-l-%(i ) )

where C, H and R are the number of cancerous, hunting and resting cells, respectively, ¢ is the
time and Z is the concentration of the chemotherapeutic agent. g1, q2, a1, a2, K1, K2, p1, p1, p3,
a1, a1, a3, g1, g1, 93, d1, B1, £ where values can be seen in Table 1. A represents the infusion rate
of chemotherapy. 7 is the time delay of the conversion from resting cells to hunting cells. To make
a clear distinction between parameters and variable, we define C =xz1, H =29, R=23, Z = 24.
Then, the extended tumour growth model with impulsive chemotherapy as a dynamical variable
described by

30 — quaa () (1= H2) — arer Oz (t) — 21

d””;f” = Braa(t)as(t — T) diza(t) — agar (H)za(t) — azfgfz(g) z4(t)

dzs dost) _ goys (t) (1 xs(t ) Bras(t)zs3(t —7) — a’;if;;a)x (t) t#nT

dxjt(t) =—(¢+ aﬁ';f?w Tty + mnlh ) v (3.2)
Azx1=0

Azo =0

Ax3 =0 t=nT

Ary=A
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where Az;(t) = z;(nT") — z;(nT7)(i=1,2,3,4), T is the period of the impulse, n=1,2,3, ... is
a positive integer. This model means that at t = n7T’, an impulse drug treatment is applied with
amplitude A.

Using the techniques to calculate equilibrium in time delay systems [13], the first formula of
equation (3.2) has an equilibrium point given by (0,0,0,0) as ¢ # nT" . From the Jacobian matrix of
system (3.2) evaluated at the equilibrium point (0,0,0,0), i.e.

@ 0 0 0
7(0,0,0,0) = 8 _gl q°2 8 (3.3)
0 0 0 -¢

implying that two eigenvalues of the Jacobian matrix have positive real part. Therefore, the
equilibrium point (0,0,0,0) is unstable.

4. The stability of periodic solutions of the chemotherapeutic
agent

In this section, we study the stability of periodic solutions [14] of system (3.2), when z1 =0, 2 =0,
x3 = 0. Our interest is to demonstrate that the impulse perturbation creates a periodic solution in
the chemotherapeutic variable, x4 (¢). For such a case, system (3.2) is described by the following
equations

dlet(t) = —txy(t) t#£nT 4.1)
Azy =A t=nT

Lemma 1. [15] System (4.1) has a positive periodic solution Z4 (t), i.e., for any solution x4 (t) with initial

L. B / —Z(t—nT)
condition x4 (07) >0, z4 (t) — F4(t) as t — oo, where T4 (t) = A(iieiig,,-l, t=(nT,(n+1)T]

proof: Integrating the first formula of equation (4.1) on (nT, (n + 1) T yields

t d t
X
J ek J —edt
nT+ T4 nT+

24 (t)=z4 (nTT) e =) pT<t<(n+1)T.

and we get

From the second formula of equation (4.1),we obtain Stroboscopic Map:
24 ((n+1)T)=m4 (’ILT+> e T = (x4 (nT) + A)e °T.

This map has the only positive fixed points

- Ae—eT
24 (T) = e
or A
= (0F) =
w (0%) = =

The corresponding (4.1) has a periodic positive solution with period 7', namely,
~ . . Ae—s(t—nT)
Ty (t) =24 (0+> e—e(t=nT) _ T

End the proof.

Theorem 1. Let (zy (t),z2 (t), 23 (), x4 (t)) be any solution of (3.2), then (0,0,0, Z4 (t)) is globally
asymptotically stable provided T <T, T 2 min { piA psd }

gqiai’ qaa3
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proof: Firstly, we prove the local stability of a periodic solution (0,0, 0, Z4 (t)) by considering
the behavior of small-amplitude perturbations about the periodic solution.
Define

21 () =u (), () =v () 03 () =L () ;o0 (£) = w (£) + 4 (£)

where (u(t),v (t),l(t),w(t)) are small perturbations. We expand system (3.2) according to
Taylor’s formula, ignore higher-order terms, and obtain the linearized equation

B — (g1 — 2234 (t))u(t)

B — (—dy — B234(t))u(2) t#nT
%)<%ffummw~ )

dqgit) _ q1w4§t1)u(t g2w4(st2)v(t) B ggua(z)zu) ~ ew(t) @2
u (nT"') =u (nT_)

v (nT+) v (nT )

L(nT) =1 (nT™) t=nT

w (nT+) =w (nT )

Defined @ (t) is the fundamental solution matrix of system (4.2) (the first to fourth equations),
hence

u (t) u (0)
v(t) | _ v (0)
ww |7 o
w (1) w (0)
where @ (t) satisfy
do () _
T A(t)®(t) 4.3)
and
q1 — %z(f) 0 0 0
0 —dy — B25(t) 0 0
A= 0 0 - Bt 0
_912(t) _ ysz‘(f) J57‘<f) —¢

with @ (0) = I, where [ is the identity matrix. The impulsive conditions of (4.2) (the fifth to eighth
equations) becomes

u (nT) 1 00 0 u (nT™)
v(TT) | | 0 1 00 v (nT™)
I(nTt) [ ] 00 1 0 1 (nT™)
w(nT+) 0 0 0 1 w(an)

Hence, if the absolute values of all eigenvalues of

1 000
010 0

M= ®(T) = (T
00 1 o |2M=2()
000 1

are smaller than one, the periodic solution is locally stable (since [u (t),v (t), I (t),w ®)F =
[0,0,0, O]T for ¢ — o0). By calculating (4.3), we have

T —
D (T) =P (0)exp (J Al(s) ds> AP (0) exp (A)
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T
M =exp (A) =exp (J Al(s) ds) %
0 sl
)
then, ‘o
' 8
q1 — %2(5) 0 0 0 )
T 4 — P23 <
. 0 0 @-Bis) o [P 5
_g12(s) _g22(s) _g3z(s) e : 4
al as as : S
1@
we have e
cQ
[o(a=B2sNds 0 0 0 3
A 0 J‘O (—=dy — %5(5))&5 . 0 0 -
0 0 Jo (a2 — Z—ié(s))ds 0 %
T Z(s T 22 ( T Z(s T . 6
[0 (=25)ds 7 (—=hds [T(-2)ds [ (—e)ds o
assume that A1, A2, A3 and A4 are the eigenvalues of A, then we have g
r P1 m (T P1 A AeT qga1T fplAé :;
A :J (1 — =—2(s))ds=q1 T — —J Z(s)ds=q T — — — — — | = S
0 a1 a1 Jo a; \ 1 —e¢1 1—e—¢1 a =)
S
: 8
T T :
Ao :J (—dy — P25(s))ds = —di T — @J S(s)ds = —d, T — 222 <
0 az az Jo az

T
Ay = J (—e)ds=—eT <0

the absolute value of eigenvalues e)‘l, e)‘2, e>‘3, e of M are less than one provided that
T <T. Therefore, according to Floquet theory, the periodic solution (0,0,0,Z4 (t)) is locally
asymptotically stable.

In the following, we prove the global stability of (0,0,0 Z4 (t)). Choose an € > 0 such that

LA
c=qT+ 2 P12
a al

According to the fourth equation of system (3.2), we have d%t(t) < —€x4 (t), consider the
following impulsive differential equation

dy(t) _
7—*5@1(15) t#nT

Ay (t) =A t=nT

y (07) a4 (07) 20

Using comparison theory, we have that y(t) > x4 (t). Defining y(t)=7(t) +¢, then
7 (t) + > x4 () > Z4 (t) — € for large enough ¢.
Lete — 0, we get § (¢t) — Z4 (t), 4 (t) — Z4 (t) as t — oco.

http://mc.manuscriptcentral.com/issue-ptrsa
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From the first equation of (3.2) we get

dxq (t)
dt

<o (0 (-2 @) - ) (@4
integrating (4.4) on (nT, (n + 1) T] yields

21 (n+1)T)<Th =121 (nT)exp (o)

Tn =z1 (nT) exp <J(n+1)T (q1 _n (T4 (t) — E)))

nT ai

where

Thus z1 (nT) < 21 (01) exp(no) and @1 (nT') — 0 as n — occ. Therefore, z1 (t) — 0 as n — 0o
(since 0 <z (¢t) < x1 (nT) exp (1 7T), for nT <t < (n + 1) T). By the same method, we can prove
x9 (t) = 0,23 (t) > 0asn — oo.

Next, we prove that z4 (t) >Z4(t) as t—oo, if lim x;(t)=0, lim z2(t) =0 and

t—o00 t—o0

tlim x3(t)=0. For 0<e; <&, there exist T>0 such that 0 <z (t) <e1, 0 <zo(t) <ea,
— 00

0<z3(t)<esgfort> 7. From the fourth equation of system (3.2), we have

d. t
—(5+%+%+%)x4(t)s let()g—m(t)

Using comparison theory, we obtain y; (t) <z4 (t) <y (t), y1 (¢) =71 (¢), y(t) = §(t) as
n — 0o, where y; (¢) are solution of

dy (t) _ (§+91“ +@+@) yi(t) t#nT
dt ai a2 as

Ayy (t) =A t=nT
v (o*) —z4 (0*) >0

and
gi1€ g2¢€ 13
Aexp (f + oAt 79@331) (t —nT)

o1 (t) =

fornT <t<(n+1)T.

Therefore, there exists a 2 > 0 such that Z4 () — €2 < y1 (t) < x4 (t), for ¢ being large enough.
Lete; — 0, we get 91 (¢) — Z4 (t).

End the proof.

5. Boundedness

Now we show that all the solutions of system (3.2) are uniformly ultimately bounded.

Lemma 2. [16] Let the function W € PC* ([0, +00) , R) satisfies the following inequalities
W) <fOW @) +g(t) t#nT,t>0
W (nT+> <fnW (nT) + gn t=nT
w (o) <o
where f (t), g (t) € C (R4, R), fn >0, gn and Wy are constants. Then

W(t) SW (O+) ef(t)t +J‘ég(t)ef(t)(t_5)ds+ E gne_f(t)(t_”T) t>0
o<nT <t
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Theorem 2. There exists a constant M > 0, such that x; (t) < M, i=1,2, 3, 4, for each positive solution
U(t)= (1 (t),x2(t),z3 (t),za (t)) of system (3.2) with large enough t.

proof: Let W(t) = (x1 (), z2 (1), z3 (t), x4 (t)) be any positive solution of (3.2), and defined a

aoo-vi. Then W (t,z) € Vp.

3
function W (¢, ) = x4+ >
i=1
Because ¥ (t) is a positive solution of (3.2), from the third equation of system (3.2), we
have &3 (t) < gax3 (). Integrating @3 (t) < gax3 (t) on (¢t — 7,t), yields x3 (t) <3 (t— 7)e®7, we
obtain z3 (t — 7) > x3 (t) e~ 927, Then the upper right derivative of W (¢, z) along the solution of
(3.2) is described as

DW=y + P2 4o 4 B3 5oy
atgr ' azg2 | asgs

For any A > 0, ignoring the third and fourth terms of the first equation, the first, the third and
the fourth terms of the second equation, the third and the fourth items of the third equation, and
the second, the third and the fourth terms of the fourth equation of (3.2), for t # nT', we get

2
11);71961*%'@?}71361 +(=di +A) P2-zo + (g2 + ) L2z

a a2g2 a3gs3

DTW (t) + AW (t) = (q1 + A)
— % aas® + (A - €)

2 2 ,
-1 (m12*&(m+>\)x1+<7Kl(ql+)‘)> - (fadpi) )+<—d1+A> P2y

a1 g1 q1 2q1 2q1 a292

2 2
Y . : K- A K. A
——3{2 . ai’;j (x32 - % (g2 + N)xs + < 2(2(1;; )) - < 2<2q(122+ )) ) +A=& x4

__L.L<I1_ K1(<11+/\)>2+P1K1(<11+)\)2 + (—dy + ) 22

- K1 aign 2q1 4a191q1 292 €2
. 9 5
_q2 . ps (... _ Ka(g2+)) p3Ka(g2+A) e\
K>  asgs <‘L5 2q2 + daszgsqz + ()‘ f) T4

in the above equation, the second and fifth terms are positive constants. Define the sum of them
as K, because q1, q2, p1, p2, p3, K1, K2, a1, a2, a3, g1, g2, g3 are all positive (as shown in Table 1,
which is determined by their biological meaning), at the same time, the first and fourth terms are
negative, we have then

DYW () + AW (£) < K + (—dy + \) ni%mz + (A= &) 2. G.1)

If A < min (dy, ), for any positive solution ¥ (¢) (that means that zo >0 and x4 > 0),

DTW (t) + AW (t) < K.
For t =nT, we obtain
w (nT"’) =W (nT_> + A
where

w (nT_) = %ml (nT_) + %;xg (nT_) + a];%xg (nT_) + x4 (nT_) + A

we have

(5.2)

DYW () <-AW (1) + K t#nT
WEt)y=w@®)+4A  t=nT

According to Lemma 2, we have
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¢
W (t) <W (0+) e M —i—J Ke Mt=94s 4 Z Ae~AE=nT)
0 0<nT<t
and
AT (1 - e’\t) Ne—2(t=T) AT

1
T

—A(t—nT) -t _
ZAe =Ae 1 — o T T T A _ 1

n=0

then we have

W) <w (0+) e My § (1 _ e*)\t) n Ae~2t=T) AT

1—erT +e>‘T—1

The right-hand side of the inequality is % + ﬁ;% as t — oo.
Hence, W (¢) is ultimately bounded for any positive solution of system (3.2).
End the proof.

6. Permanence of the solution

Pl

Theorem 3. System (3.2) is permanent ifﬂlng(_qﬂ) >agKy and T > max § -7 58 —5—
I 2y

A 3

P2
ag (81K~ qu)—a2K1) azag 2 2
A T, where K1, Ko are parameters of (3.2).
£+a3+K2+02 +a1+K1 5 §+93+Q2+a1+K1 132, 1 2 p f( )

proof: Suppose that z (t) is a solution of (3.2) with z (0) > 0. From Theorem 2, we can assume

x4 (t) < M. According to the first equation of (3.2), we get dwl(t) <qz1(t) (1 - $}<(lt)) for any
positive solution of the system.

Considering the following comparison equation

20 o) (- w0

w (0) =21 (0)

we have 21 (t) <w (t) and w (t) — K7 as t — oco. Similarly, we can get the comparison equation
for the second equation of (3.2)

dn(t)
dt

n (0) =z (0)

=—din(t)

and the comparison equation for the third equation of (3.2)

W) () (12— 1))

m (0) =3 (0)

Thus, there exists an 1 > 0, such that 1 (t) < K1 4+ ¢1 for large enough ¢. Without loss of
generality, we assume x5 (t) < e2, 3 (t) < K2 + €3 (t > 0).

Letmy = ff;f:T — €4 >0, e4 > 0. According to the comparison theorem, we have 4 (t) > m4
for large enough t. In the following, we want to find mq >0, m2 >0, m3 >0, such that
x1 (t) > my, z2 (t) > ma, x3 (t) > mg3 for large enough t. We will do it in the following two steps.

Step I: Let m1 > 0, mg > 0, m3 > 0, we will prove that there exist ¢, t2, t3 € (0, 00), such that
x1 (t1) > mq, z2 (t2) > ma, x3 (t3) > m3.
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Firstly, we prove there exist ¢; € (0, 00), such that z1 (¢1) > m1. We use proof by contradiction
and suppose that for any ¢; € (0,00), 21 (t1) < mj.
proof: Let ¢1 > 0 small enough so that

q p1 o4

— a1

01=(Q1—*m1—0¢252_*51)T_ g1 g2 g3 >0
Ky ai £+ artm: T aates T az+(Ka+e2)

According to the above assumption, we get

dzy4 (t) 91 g2 93
<ay(t) [—¢— - -
dt <z (1) ¢ a1 +m1  az+ex  az+ (K2 +e3)

According to the comparison theorem, we have x4 (t) < ys (¢). By Lemma 1, we get y3 (t) — 93 (¢)
as t — oo, where y3 (t) is the solution of

dys (t) ( g1 2 e )

=y3 (t) | =€ — - - t#nT
a0~ o - e e Ty
Ays (t) =A t=nT ey

ys (0F) =24(0) > 0

Similarly to the periodic solution Z4 (t) of equation (4.1), we have

Aexp (_£ % _ 92 T)

_ gs _
- ar+mi ~ azxtes a3+(K2+53)) (t—m
Y3 t)= g1 g2 gs

1 —exp (<—£ T a14mi  asztes a3+(K2+53)> T)

fort e (nT, (n+1)T).
Thus, there exists T} > 0 such that z4(t) <ys3 (t) < g3 (t) +e1. In the first equation of system
(3.2), replace x4 with g3 + €1, 2 with €9, and 1 with m;. For t > 71, we have

dxét(t) > (1) (91 - Q1I7(7111 — Qgeg — %(@3 )+ 51)) 6.2)

Let N1 € Z be positive integer, and N1T > T, integrating (6.2) on (nT', (n + 1) T (for n > Ny),
we get

21 (n+1)T)>Tz=x1 (nT)exp(71)

where

(n+1)T
T, =z1 (nT) exp (J (ql — I%ml — geg —p—lgjg (t) — p—151> dt)
nT 1 al al

similarly to the above case, for k — co
z1 (N1 +k)T) > 21 (N1T) exp (ko1) — 00 (6.3)

which is a contradiction to the boundedness of the solution. We conclude that there exists a ¢
(t1 > 0), such that 21 (t) > m1. By the same way, we can get similar conclusions for 3 (t), z3 (t).

From the above discussion, we get that there exists t1,t2,¢3 € (0, 00), such that z1 (t1) > m;,
xg (t2) > ma, x3 (t3) > m3.

Step II: If 1 (t) > my for all ¢t > ¢1, then our aim is obtained. Otherwise, 1 (t) < my, for some
t>1t1.

Setting ¢* :ti;ltfl {z1 (t) <m1}, we have =z (t) >my for t € [t1,t"). It is easy to see that

x1 (t*) =my, since 1 (t) is continuous at t* € (n17T, (n1 + 1) T] for n1 € Z4. Select na, ng € Z+
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1
2
3
4
5
6 h th.
g such that . 1 . e

2 T -
9 —£ - aliml - a2g-ﬁ62 - a3+(?é32+53) M+ A
10 and
11 exp (6 (nz + 1) T) exp (n361) > 1
12
13 where qmi1 p1
14 d=q — K —a2€2—aM<()
ig Setting 7" = noT + n3T, we claim that there must exist t' € ((n1 + 1) T, (n1 + 1) T+T"], such
17 that z1 (t') > m,. Otherwise, 1 (t) <my (fort € ((n1 + 1) T, (n1 + 1) T + T'] ), considering (6.1)
18 and y3 ((n1 +1) T1) =24 ((n1 +1)TT), we have

A

;g vs (8) =3 ((n1 +1) T+) B g1 g2 g3
21 1 —exp ((7f T aitmi  axtes a3+(K2+53)> T)
22 - g1 _ g2 _ g3 t— T ) 2 (1
23 eXp(( ¢ a1 +mi  az +ée2 a3+(K2+53)>( (i +DT) ) +95 (1)
24 forte (nT,(n+1)T],n1+1<n<ny1+1+n2+mns
25 According to y3 ((n1 + 1) TT) =y3 ((n1 + 1) T7) + Aand 24 (t) < M, we get
26
27 lys (t) — g3 (1) < (M + A) Te <&y
28 where
29
30 T, = -7 93 )t— 1T>
30 oxp((~6- = BB Yo+ )T)
32 and
33 w4 (t) <ys (t) <Fs () + 1, for (n1 +1+n2)T<t<(n1 +1)T +T’. which implies that (6.2)
34 holds for (ny + 1 +n2) T<t<(ny + )T +T. Similarly to (6.3), we have
35
36 x1 (n1+1—0—n2—|—n3)T21:1((n1—|—1—|—n2)T)exp(n361)
37 There are two possible cases for ¢t € (¢*, (n1 + 1) T):
38 Case(1) ( z1 has an upper bound for a finite time internal ((t*, (n1 + 1)] T) )
39 If z1(t)<mq for te (t*, (n1+1)T)], then z7 (t)<m; for all te (t*, (n1+14+ n2)T].
40 According to system (3.2), we have
41
42 dxclzt(t) >z (t) (fh - q1[;n1 — age2 — ﬁM) =z (1) (6.4)
43 1 al
44 Integrating (6.4) on (t*, (n1 + 1 + ng) T yields
45
46 Tl ((77,1 —|—1—|—n2)T)2m1 exp (5(77,2—|—1)T)
47 Then
48 1 ((n1+14+mn2+n3)T)>z1 ((n1+1+n2)T)exp (n351)
g(g) >myexp (6 (n2 +1)T)exp(nzd1) >m
51 which is a contradiction to the boundedness of =1 (¢). Therefore, assumption z1 (t) < m; for all
52 te (t*, (n1+1)T]isinvalid.
53 Set t = tl;ltf* {z1 (¢) > m1}, then z1 (!) =m; and (6.4) holds if only ¢ € [¢t*,?). Then integrating
54 (6.4) on t € [t*, 1) yields
55
56 * * A
57 z1 (t) > a1 (t )exp (6 (t —t )) >miexp (0 (L+mn2+n3)T)=m
58 for t > ¢, the similar argument can be done ( since 1 (¥) > mq ). Hence z; (¢) > mqforall ¢ > t;.
59 Case(2) (1 still has an upper bound when a finite time internal ((t*, (n1 +1)] ) is smaller than
60 Case (1))
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Figure 1. Relationship of minimum drug intensity, A, to suppress cancer and pulse interval T'. Solid line is the result
obtained from Theorem 4, dashed line is the result obtained in reference [11]

There exists a ¢ € (t*, (n1 + 1) T)] such that =1 (t”) > my. Let t=inf {z1 (t) >m1}, then
t>t*

z1 (t) <mq fort € [t*,{) and z; (£) =m,. By integrating (6.4) on [t*,{), we have
x1 (t) > a1 (t*) exp (6 (t — t*)) >my exp (6T) > mq

This process can be continued since z1 (£) >m1 and we have z1 (t) > m; forall t > ¢;.

For both cases, we conclude z1 (t) > my for all ¢t > ¢;. Similarly, we can prove z3 (t) > m2 for
all t >ty and z3 (t) > ms3 for all ¢ > t3.

End the proof.

Theorem 4. Let (x1(t),z2(t),z3(t), x4 (t)) be any solution of (3.2), then x3, x3 and
x4 are permanence, x1 (t)— 0 as t— oo provided that ﬂlng(_q’”)>a2K1 and  max

P2 A
— p3
{02(31152& quLnglﬁ) uSqQA ] }<T< P11 A
93 91 91 |

92 ) 93 | 92
§tagtrs Tay Tarrry  STayTap Tarrr RERE

proof: By the proving process of Theorem 1, when o = ¢, 7" + 257" — % <0, we have
p1A
ai <(Zl + %f)

integrating (4.4) onnT <t < (n +1)T, we get

T<

21 (n+1)T) <Tm=x1 (nT)exp (o)

where

nT al

Ty =21 (nT) exp (J(nH)T <q1 — PG, ) — s)>>

Then z1 (nT) <z1 (01) exp(no), and z1 (nT) — 0 as n — oo. Therefore, z1 (t) — 0 as n — oo (
since 0 < z1 (t) <1 (nT) exp(b1T)) (for nT <t < (n + 1)T'). By the proving process of Theorem
3, we get z1 (t) > my, and according to permanence condition, let n — 0o, m1 — 0,6 — 0,1 =0,
g2 — 0, we can verify the conclusion of Theorem 4.

End the proof.
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Figure 2. Impulse chemotherapy results using the parameters suggested by Theorem 4. Subplot (a) shows the infusion
rate of the impulse chemotherapy. Subplot (b) gives the concentration of cancer cells (solid line), the hunter cells (dashed
line), and resting cells (dash-dotted) plot, respectively.

7. Simulation

Considering the parameters in Table 1 for system (3.2), reference [11] gives the dashed line
in Fig.1 (numerically obtained) to show the relationship of the time interval 7" of the pulsed
chemotherapy, and the minimum value of A for which cancer can be suppressed. According to
Theorem 4, we know that the infusion rate A is linearly related to the period T' of the impulsive
chemotherapy to suppress the cancer. When T increases, it is necessary to increase the intensity
of the chemotherapy to obtain the cancer suppression. According to Theorem 4 and parameters
in Table 1, we obtain the solid line in Fig.1 by considering the upper bound of Theorem 4, i.e.
A= %T. The solid line is below the dashed line, which indicates that the infusion rate of
chemotherapy give by Theorem 4 is lower than that given in reference [11].

Using the parameters determined by the principle of Theorem 4, we obtain the simulation
results shown in Fig.2, where the parameters are A =0.23 and P = 12, marked by the point in
Fig.1.
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Table 1. Dimensionless parameters

Parameter Value Parameter Value
@ 0.18 K1 1/3
ai 1.6515 Qs 5.133 x 1073
dy 0.0412 0 0.0245
T 45.6 Ky 2/3
61 9.3 x 1072 p1 1x1073
P2 1x1073 P3 1x1073
ar 1x107% as 1x107%
as 1x107% g1 0.1

g2 0.1 g3 0.1

A 0~10* ¢ 0.2

8. Conclusion

Tumour chemotherapy procedure is a cybernetical system using impulse control in the field of
the cybernetic physics. In this paper, we investigate the stability of a tumour growth model with
time delay and impulse chemotherapy using impulse control theory. We show the stability of
the equilibrium point (chemotherapy kills all cells), the stability of the periodic oscillation of the
chemotherapeutic agent (so the impulse chemotherapy function has a well-defined shape), the
permanence of the immune cells (i.e., they are not completely destroyed by the chemotherapy),
and the condition under which the chemotherapy can eliminate the cancer cells and preserve
the immune cells. The theorem about the relationship between impulse treatment period and the
intensity of the drug can be used for a doctor to determine minimum drugs applied to the patient
to eliminate the cancer and minimize the harm to the immune cells and patient’s body.
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