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Abstract. We study a delay mathematical model for the dynamics of AIDS-related
cancer. Cancer is a major burden in HIV infected patients, and as such, is extremely
important to understand the epidemiology and the mechanisms behind it. Our model
consists of four classes, the cancer cells, the healthy cells, the infected cells and the
virus. We show numerically the existence of periodic orbits arising from a Hopf
bifurcation from an endemic state. Moreover, we observe the appearance of chaos,
due to a cascade of period doubling bifurcations.

1 Introduction

In the last few decades, several mathematical models have been proposed to
describe the interaction of the immune system with the human immunodefi-
ciency virus (HIV) [6,4]. HIV deteriorates the immune system, attacking, in
particular, the CD4™ T cells. When the immune system’s level of defence
decreases below a given threshold, the individual enters an immunodeficiency
state. Individuals with acquired immune deficiency syndrome (AIDS) are more
vulnerable to the emergence of various types of cancer, such as Kaposi sarcoma,
non-Hodgkin lymphoma (NHL) of high-grade pathologic type and of B cell or
unknown immunologic phenotype, and invasive cervical carcinoma. These are
known as AIDS-related malignancies, which means that an HIV infected per-
son with one of these cancers has officially AIDS. Death attributed to these
cancers in HIV infected patients is high. The non-Hodgkin lymphoma (NHL)
has been associated with an immunocompromised status, with individuals in-
fected with HIV being >76 times more likely to develop NHL, than non-infected
individuals. Current findings suggest that viral supression is extremely impor-
tant to prevent AIDS-related lymphomas, independently of CD4 cell count.
Sustained periods of HIV replication can induce irreversible damage in the im-
mune system, namely lymphoid fibrosis, thymic destruction, etc [2,9]. Thus, it

Received: 22 March 2017 / Accepted: 14 March 2018
© 2018 CMSIM ISSN 2241-0503



238 Pinto et al.

is epidemiological defiant and valuable to better understand the mechanisms
behind the development of neoplasia in HIV infected patients.

In 1993, Lund et al [7] developed a model for the interaction of HIV with
the immune system. The authors find that oscillations are seen in both CD4*
T cells and the virus particles. This type of solutions interfere negatively in
the prediction of the spread of HIV. Moreover, the study shows that the model
can present chaotic behaviour. The later could explain the distinct dynamics
of HIV in different individuals. Later on, in 2007, Lou et al [4] investigate how
the ‘incubation’ periods of CD4% T cells and quiescent memory T cells, after
being infected by HIV, affect cancer development. Memory T cells have higher
incubation periods. The authors find that the longer the ‘incubation’ period,
the smaller is the needed reproducing capacity of cancer cells to evolve to
AIDS. Thus, increased numbers of infected quiescent memory T cells promote
worse scenarios for HIV infected patients. Lou et al [5] propose a model for
the dynamics of HIV in the presence of cancer. The authors show that HIV
boosts the growth of cancer. Moreover, the authors find Hopf bifurcations
leading to periodic solutions, sequences of period doubling bifurcations and
the appearance of chaos. In 2014, Starkov et al [8] study further the model
created by Lou et al [5]. The authors derive sufficient conditions for cancer free
behaviour in the model.

Following the aforementioned ideas, in this paper, we propose a model for
AIDS-related cancer dynamics. In Section 2, we introduce the model. In
Section 3, we compte the equilibria of the model and the corresponding stability.
In Section 4, we show and discuss the results of the simulations of the model.
In Section 5 we conclude our work and shed light on future research.

2 The Model

The model is composed by the concentrations of cancer cells, C(t), of healthy
cells, T'(¢), of infected cells, I(t) and of virus, V(¢).

In the model, we assume that the cancer is caused by one single cell, due to
gene mutation, being 71 their uncontrolled proliferation rate. Cancer cells are
killed by the immune system at rate ki. The healthy T cells grow at a rate rs.
The maximum carrying capacity is m. The healthy cells die, due to the effect
of the cancer cells at rate p, and are infected by HIV at rate ky. There exists
an ‘incubation’ period after healthy cells infection and the production of virus,
it is denoted by 7. The infected cells die at a rate py. The virus are produced
by the infected CD41 T cells, with bursting size N, and die at a rate c¢. The
nonlinear system of delay differential equations, describing the dynamics of the
model, is given by:
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C@t) = O ) [rl (1 - M) - /ﬁT(t)}

T(t) = T(t) [rz (1 - W) — pk1C(t) — kzv(t)]

I(t) = kTt —7T)V(t—7) — prI(t)

V() = NopurI(t) — cV (2)

We assume constant initial conditions: C(0) = Cy, T(0) = Ty, 1(0) = Io,
V(0) = Vo, VO € [1,0].

3 Equilibria and stability analysis

Model (1) has several equilibria:

The trivial equilibrium: Py = (0,0,0,0)
The cancer equilibrium: P; = (m,0,0,0)
The healthy equilibrium: P, = (0,m,0,0)
The cancer-healthy equilibrium:

Py = (C,T,0,0) = ( 2 P : )

ro 4+ p(r1 + kym)’ ro 4+ p(r1 + kam)’
e The HIV-healthy equilibrium:

P, = <O,T, i, V) _ <0 c cra(Ngkom — ¢) ropr(Nokam — c) )

" Ngko' Ngko(rac+ kaNgpurm)’ ko(rac + ko Ngpurm)
e The cancer-HIV-healthy equilibrium:

kyry + Nokopy(ric+ kyem — rymNgks) ¢ kie[pmNgkory — c(ra 4 pry + pkym)] kipg [pmNgkory — c(rs + pry + pkym)]

Py = (C*,T*, 1", V*) = (

We first discuss the stability of the cancer equilibrium, Fy. The matrix of
the linearization of model (1) around the trivial equilibrium, Py, is:

rn0 0 0

| 0rp 0 O
M= 00 —ur O
0 0 Nguy —c

The eigenvalues are easily obtained: 71, ro, —p; and —c. Since the eigenvalues
r1 and ro are positive, this equilibrium is unstable.

Following, we compute the stability of the cancer equilibrium, P;. The
matrix of the linearization of model (1) around the cancer equilibrium, P, is
written as:

—r1—r1—km —r1 0
0 —pkim 0 0
0 0 —ur 0
0 0 Nspr —c

M, =

NoFar1(pkre — kaNajir) " Noks' N.kary(pkre — kaNojur) kary(pkie — kaNypr)

)
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The eigenvalues are easily obtained: —ry, —pkim, —u; and —c. Since they are
all negative, this equilibrium is locally stable.

We proceed with the discussion of the stability of the healthy equilibrium,
P5. The corresponding characteristic equation is given by:

—kim—XA 0 0 0

—ry —pkim —rg — A —T3 —kom |
0 0 —pr — X kome AT | T 0 (2)
0 0 Ngpury —c—A

The following eigenvalues are easily obtained: —kym and —ry. The remaining
eigenvalues are the roots of the following characteristic equation:
—pr — A kome AT

Nowr  —c—x |0 )

which is equivalent to:

N+ (¢ + pr) + pre — Noprkome ™ =0 (4)

When 7 = 0, the characteristic equation reduces to A + (¢ + pur)\ + prc —
Ngurkom = 0. By the Routh-Hurwitz criteria, the two roots of the character-
istic equation A% + a1\ 4+ as = 0 have negative real parts if and only if a; > 0
and as > 0. It is easy to show that a; = ¢+ uy > 0. We prove below that
az > 0if Ry < 1.

Nskgm

as = prc — Ngpurkom > 0 & <1l& Ry<1 (5)
Consider now the case 7 > 0. In order to show that the eigenvalues have also
negative real parts, we prove that the characteristic equation does not have a
purely imaginary root. This means, that the real parts don’t change signs. By
a way of contradiction, we consider that there is some w > 0 such that A = iw
is an eigenvalue of the characteristic equation, that is:

—w? + (c+ pr)wi + pre — Noprkame ™7 =0 (6)

Thus

w4 (¢ + pr)w? + (ure)® = (Neprkam)?|e™ 7> < (Noprkam)®  (7)

therefore, if Ry = Nk%m < 1, the characteristic equation has no purely imag-
inary roots. We conclude that the healthy equilibrium is locally stable for
Ry < 1, when 7 > 0.

The study of the local stability of the cancer-healthy equilibrium, Ps, is
as follows. The characteristic equation of system (1) for the cancer-healthy
equilibrium Ps, is given by:
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_ T17T2 -\ — ra(rytkim) — 7172 0
ro+p(ri+kim) ro+p(r1+kim) ro+p(ri+kim)
_ rmip(ratpkim) riTap N rirap __ kommip
ro+p(ri+kim) ro+p(ri+kim) ro+p(ri+kim) ro+p(ri+kim) 0
PP kamrip —AT
0 0 fr = A ro+p(ri+kim)
0 0 Ny —c— A

(8)

The last equation is equivalent to:

[(_@ B )\) (_ rrap /\) _ rrep(re + phim) (1 + kl’”)] [(W et — Nsuzkzmmpf,—xf] —0

A2 A
(9)
where A = ry + p(r1 + kim). The first term of the last equation is equivalent
to:

A2 4+ T1T2-&1-4T1r2p/\ + TZZSP B T1T2p(T2+P’2§“L)(7’1+k1m) -0
By the Routh-Hurwitz criteria, the two roots of the last equation A2+a; A\ +ay =
0 have negative real parts if and only if a; > 0 and as > 0. It is easily verified
that a; = 7250722 > (0. The proof of az > 0 leads to an impossibility.

_ rir3p  rirep(ratpkim)(ri+kim)
a2 = — 12 A2

_ rfrgp—rlrgp(rlrz-l—erlm+r1pk1m+pkfm,2) 10
= 12

<0

__ rirap(rakim+ripk: m4pkim?)
A2

Since as < 0, the Routh-Hurwitz criteria is not verified, thus we conclude that
the cancer-healthy equilibrium is unstable.

The local stability of the HIV-healthy equilibrium, Py, follows. The char-
acteristic equation of system (1) for the HIV-healthy equilibrium Py, is given
by:

ri (1= ) T — 0 0 0
—% —pij T2 (1 — %) — ]412‘7 — % — )\ _1?;2 _kQT
0 k‘gf/e_’\T —lr — A kQTG_)\T
0 0 Ngpy  —c—2A

(11)
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The following eigenvalue is easily obtained: 7, (1 - %) — kT = —]\]?1;:2 +
nur(Nekam=c) = phiq eigenvalue is negative if Ry = Sekzri(Bo=l) 1 e

roc+Ngkaprm ki(roc+Ngkoprm)
remaining eigenvalues are the roots of the following characteristic equation:

7‘2(1—%)—]@‘7—%—)\ —% —kQT
koVe >T —pr — A koTe 7| = 0 (12)
0 Nguy —c— A
which may be written in the form:

PO\ +QN\)e ™ =0 (13)
where P(\) = A% + b1 A2 + bo A + b3 and Q(\) = byA + bs and

2
_ T2C _ T2C __ TrecTpur
b1—0+,u1+mNsk27 bz—ﬁblc'i‘mNSkQ(C‘f'MI)» bs = MmNk
by — crgluI(Nskgmfc) . e b — T%CQ,U,INSk)QM72’I"§C:3/,L[7’I‘QC}L?N§kE§m2
4 Ngkom(roct+koNgprm) HIc, 05 mNgka(roctkaNspurm)

(14)
When 7 = 0, the characteristic equation reduces to A3 + B1 A2 4+ BoA + B3 = 0,
where

2.3
By = by >0, By = by + by = 12e tracheNoprm(ctintra) o

mN ka(roc+kaNsprm) (15)
rac’ug [MImNskz(l— k2cm )+T20(R0—1)]
B3 = b3 + b5 = mNgska(roctkaNspurm) (16)

By the Routh-Hurwitz criteria, the three roots of the characteristic equation
A3+ B1 A2+ Bo)+ B3 = 0 have negative real parts if and only if B; > 0, B3 > 0
and B; By > Bs. We have shown that B; > 0. We proceed with the proof of
B3 > 0.

rac?pr[prmNoks (1- kam )+rac(Ro—1)]

c

mNgka(roc+koNgpurm)

B3 = >0 < pymNgks (1 — E22) 4 rye(Ry — 1) =

c

= purmks (NS — Ro) +’I"QC(R0 - 1) >0 1< Ry < Ng

(17)
By some algebraic manipulation we also prove that By By > Bs. Thus, if 7 = 0,
the HIV-healthy equilibrium, Py is locally stable if Ry < 1 and 1 < Ry < Nj.
Let now 7 > 0. The equilibrium Py is unstable if there is at least one root
A; with Re(\;) > 0 and is stable if Re(\;) < 0 for all A;. That is to say,
the stability of solutions depends on the location of the zeros of the associated
characteristic equation. By Theorem 1 [3], we obtain the following lemma.
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Lemma 1. Consider the transcendental equation (13), where P and Q are
analytic functions in a right half-plane Re(\) > —o, o > 0, which satisfy the
following conditions:

P(A) and Q(X) have no common imaginary zero.

P(—iw) = P(iw), Q(—iw) = Q(iw) for real w.

P(0) +Q(0) #0.

when T = 0 there are at most a finite number of roots of (13) in the right
half-plane.

F(w) = |P(iw)|* — |Q(iw)|? for real w, has at most a finite number of real
zeroes.

Under these conditions, the following statements are true:

e Suppose that the equation F(w) = 0 has no positive roots. Then if (13)
is stable T = 0 it remains stable for all T > 0, whereas if it is unstable
at T = 0 it remains unstable for all T > 0.

o Suppose that the equation F(w) =0 has the least one positive root and
that each positive root is simple. As T increases, stability switches may
occur. There exists a positive number 7 such that (13) is unstable for
all > 7. As T varies from 0 to 7*, at most a finite number of stability
switches may occur.

™ Lo e~

&

Lemma 2. If the conditions of the Lemma 1 are verified for system (1), then:

o if T € [0,7*[, then the HIV-healthy equilibrium Py is locally asymptotically
stable;

e if T > 7%, then the HIV-healthy equilibrium Py is unstable and system (1)
undergoes a Hopf bifurcation at Py when 7 = 7*.

where T = wio arccos (

b4w§+(b1b57b2b4)wgfb3b5
b3wi +b2

Finally, we study the stability of the cancer-HIV-healthy equilibrium, Ps.

This equilibrium exists only if Ry = % < 1. The characteristic equation

of system (1) for the cancer-HIV-healthy equilibrium Ps, is given by:

(1= ) g e e
—L:;* — pkT* T (1 — 7C*+3:+I*) — pk1C* — kV* — 77‘27:* - A —Lnj;* —koT™
0 k‘QV*E_/\T —pr — A kQT*E_/\T
0 0 Ngpr —c—A
(18)

Lemma 3. If the conditions of the Lemma 1 are verified for system (1), then:

e if 7 €[0,7[, then the cancer-HIV-healthy equilibrium Ps is locally asymp-
totically stable;

o if T > 7, then the cancer-HIV-healthy equilibrium Ps is unstable and sys-
tem (1) undergoes a Hopf bifurcation at Ps when 7 = 7.




244 Pinto et al.

A1 bsw§ +(b1bg —babs —br)wq +(babr +babs —bsbs)ws —babr
where T = g Arccos (

b§w§+(bg —2bs b7)w(2] er%

_ Nikam _ Ngkoripr(Ro—1) _ mp(Ro—1)
Lemma 4. Let Ry = ===, R = Fr(ract NoFarm)? and Ry = ot For

system (1), we have:

1. Py and Ps are unstable for all 7 > 0;
2. The cancer equilibrium Py is locally stable for all T > 0;
3. When Ry < 1, the healthy equilibrium Py is locally stable for all 7 > 0.
4. When Ry > 1, the healthy equilibrium Py is unstable for all 7 > 0 and Py
exists.
o When Ry <1 and 1 < Ry < Ny then Py is asymptotically stable for
T < 1%, and unstable when T > T*, where

* 1 (b4w§ + (b1b5 — b2b4)w§ — b3b5)

TF = — arccos
wo biwd + b2

(19)

When T = 7, a Hopf bifurcation occurs; that is, a family of periodic
solutions bifurcates from Py as T passes through the critical value 7*.

o When Ry > 1, Py is unstable for all T > 0. When Ry < 1, Ps exists.
Suppose that the Routh-Hurwitz criteria is verified, then the cancer-
HIV-healthy equilibrium, Ps, is asymptotically stable when 7 < 7 and
unstable when T > 7, where

b5w06 —+ (b]_b6 — bgbs — b7)wé —+ (b2b7 + b4b5 — bgbﬁ)wg — b4b7
bgwé + (bg - 2b5b7)w(2) + b%

L1 (
7 = — arccos
wo
(20)
When T = 7, a Hopf bifurcation occurs; that is, a family of periodic
solutions bifurcates from Ps as T passes through the criticial value 7.

4 Numerical Results

In this section, we simulate the model (1). The parameters used in the sim-
ulations are r; = 0.11 day™!, m = 1500 mm™2, k; = 1 x 10* mm™3 day~!,
ro = 0.03day !, p=10.1, ks = 2.5 x 107° mm~—2 day !, 7 = 9.75 day, pu;r = 0.3
day~!, Ny = 200, ¢ = 3 day~!. The initial conditions are set to C'(0) = 1
mm 3, T(0) = 800 mm~—3, and all other variables are set to 10 mm~3.
We consider rq, the uncontrolled proliferation rate of the cancer cells, a bifur-
cation parameter. We start from the cancer-HIV-healthy (CHH) equilibrium
of model (1), for » = 0.11, in Figure 1. As r is increased, a Hopf bifurcation
takes place and a periodic solution appears (see Fig. 2). Further bifurcations
occur in which this periodic orbit doubles its period repeatedly. Thus, we can
observe period 4, period 8, and period 16 orbits. This numerically observed
period-doubling bifurcation leads to the appearance of chaotic behaviour in
Figure 7.

Biologically, these results may be explained as follows. We know that if the
proliferation rate of cancer cells, r1, increases then cancer and HIV coexist in
the organism. After a given threshold thus, the cancer structure will evolve and
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this could mean the beginning of the AIDS stage in the HIV infected patient.
This phase is characterized by a deterioration of the health status of the HIV
infected patient which leads to death.
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Fig. 1. Cancer-HIV-healthy equilibrium of the model (1), for parameter values and
initial conditions given in the text.

5 Conclusions

We propose a delay mathematical model for the dynamics of AIDS-related
cancer. The model exhibits equilibria, periodic solutions and chaos, for some
regions of the parameter values. Chaos has been found in biological models,
namely in the throbs of the ventricular cells of a chicken heart, or in the human
brain activity. Biologically, the appearance of chaos in our model means that
the HIV infected patient has developed neoplasia, and is ‘officially’ at the AIDS-
stage, which means he will die. Thus, understanding the mechanisms behind
the development of neoplasia in HIV infected patients is a defiant challenge.
Future work will consider the effect of cell-to-cell transmission in the severity
of AIDS-related cancers.
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Fig. 2. Periodic solution of the model (1) of period 1, for parameter values (except
r1 = 0.13) and initial conditions given in the text.

It

1000 400
T 1500 600 c)

Fig. 3. Periodic solution of the model (1) of period 2, for parameter values (except
r1 = 0.0.14) and initial conditions given in the text.
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Fig. 4. Periodic solution of the model (1) of period 4, for parameter values (except
r1 = 0.141) and initial conditions given in the text.
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Fig. 5. Periodic solution of the model (1) of period 8, for parameter values (except
r1 = 0.1416) and initial conditions given in the text.
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