BIOMATHEMATICS

| ]

% &3 LETTERS IN BIOMATHEMATICS S

X3 An International Journal . Alliance
RESEARCH ARTICLE @ OPEN ACCESS

Stochastic Modeling of Dormant Cancer Tumors

Kouadio Jean Claude Kouaho? Yao Modeste N'Zi? Innocent AdoubiP

2Laboratory of Applied Mathematics and computer science, Université Felix Houphouet-Boigny, 22 BP 582 Abidjan 22,
Céte d’Ivoire; PDirector of the Department of Immuno hematocancerology, Université Felix Houphouet-Boigny, 22 BP
582 Abidjan 22, Céte d'lvoire

ABSTRACT ARTICLE HISTORY
During tumor progression, many interactions are established between cancer cells Received October 27, 2020
and their micro-environment. These interactions promote the survival of cancer Accepted July 6, 2021

cells and resistance to therapy. This ability of the tumor to develop resistance to
therapy resides in the mechanism of dissemination of cancer cells from the primary
tumor. Disseminated cancer cells may remain dormant for a certain period of time.
These dormant cells reactivate under the influence of an environment and cause
therapeutic failure. In this paper, we propose a stochastic computational model of
tumor dormancy and resistance. This mathematical model is based on the descrip-
tion of the tumor cell colony as a branching process. With this model, we identify
the patient's status at diagnosis, and optimized treatment strategies by investigat-
ing the therapeutic efficiency, resistance and tumor relapse.
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1 Introduction

Cancer represents one of the major menaces to human health. This disease refers to an uncontrolled growth of cells invad-
ing and asphyxiating neighbouring organs. Cancer therapy has long had as its sole objective the direct elimination of tumor
cells (Fridman and Sautes-Fridman, 2014). Targeted therapy, surgery, radiotherapy, chemotherapy, hormone therapy and im-
munotherapy want to remove, block proliferation or destroy cancer cells. Many cancers can be cured by treating them. But in
some cases resistance happens (Baar et al., 2016; Werner-Klein, 2019; Goss and Chambers, 2010). Tumor resistance has received
a much of attention in the medical and biological domain (Birbrair, 2020; Marx, 2018; Frangioni, 2008; Goss and Chambers,
2010; Werner-Klein, 2019; Gelao et al., 2013; Dagogo-Jack and Shaw, 2017; Klffel and Schatton, 2012; Almog, 2010; Aguirre-
Ghiso, 2011; Sosa et al., 2013; Robert, 2013; Borriello and DeClerck, 2014; Quesnel, 2008; Albrengues et al., 2014; Azzi and
Gavard, 2014; Hubert and Abastado, 2014; Bidard and Poupon, 2012; Fridman and Sautés-Fridman, 2014; Boisgerault and
Richard, 2014; Bensimon, 2012), as well as in mathematical modeling communities over the last decades (de Pillis and Radun-
skaya, 2003; Eftimie et al., 2011; d’Onofrioa et al., 2010; Baar et al., 2016; Haeno et al., 2012; Sun et al., 2016; Zapperi et al.,
2012; Iwasa et al., 2006; David, 2006; Goldstein, 1989).

The significant progress in the research of the cause of tumor therapeutic resistance was carried out. Evidence suggests that
cancer cells disseminated from the primary tumor may remain dormant (Almog, 2010; Aguirre-Ghiso, 2011; Sosa et al., 2013;
Goss and Chambers, 2010; Klffel and Schatton, 2012; Robert, 2013). Dormant cells define themselves as malignant tumor cells
that have escaped treatment of the primary tumor, remain at the tumor site in an asymptomatic, dormant stage for substantial
periods of time (Aguirre-Ghiso, 2011; Klffel and Schatton, 2012) without proliferation (Bensimon, 2012; Quesnel, 2008). Then,
in response to signals which have not been completely elucidated (Hubert and Abastado, 2014; Boisgerault and Richard, 2014),
some of these cells resume proliferation and develop into micro-metastases and then macro-metastases (Sosa et al., 2013; Bidard
and Poupon, 2012; Marx, 2018). This phenomenon may exist after a treatment in the form of a prolonged asymptomatic residual
disease (Almog, 2010; Goss and Chambers, 2010) and is objectified through relapses or recurrences sometimes occurring several
decades after the initial diagnosis (Robert, 2013; Quesnel, 2008). As science begins to learn more about cancer cell biology, it
therefore seems reasonable and desirable to model resistance to therapy taking into account asymptomatic residual disease.

Mathematical modeling is very useful in the study and understanding of resistance to cancer therapy. Extensive literature has
been devoted to the mathematical modeling of cancer tumors (de Pillis and Radunskaya, 2003; Eftimie et al., 2011; d’Onofrioa
etal., 2010; Baar et al., 2016; Haeno etal., 2012; Sun et al., 2016; Zapperi et al., 2012; Iwasa et al., 2006; Wodarz and Komarova,
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2014; Foo and Leder, 2013) and the references therein. Most of these models are constructed according to different types of
criteria such as the scale of the study (macroscopic or microscopic), the data used, or possible applications. Based on the results
of the Diefenbach experiments, de Pillis and Radunskaya (2003) have developed a mathematical model of tumor growth using
asystem of differential equations to address some of the questions that arise regarding the mechanisms involved in the immune
response to a tumor challenge. To model the metastatic invasion of pancreatic cancer, Haeno et al. (2012) developed a binary
branching model. Sun et al. (2016) developed a diffusion model to describe tumor resistance during treatment. To study the
evolution of cellular interactions during the immune response, Baar et al. (2016) used a logistic birth and death process model.
Despite that Mathematical models have significantly advanced understanding of tumor initiation and progression, this area
dormant tumors has, to date, been under-investigated.

In this paper, we design and analyze a stochastic mathematical model of tumor dormancy and resistance. This mathematical
model is based on the description of the tumor cell colony as a branching process. The construction of this model is motivated
by the experimental model of tumor dormancy proposed by Quesnel (2008) and the work of Hubert and Abastado (2014).
In Quesnel’s model, certain induced tumors remain dormant until the patient’s adaptive immunity is altered, which promotes
tumor development. However, dormant cells can come out of their dormancy at any moment and start proliferating again
(Hubert and Abastado, 2014). We will answer the following questions by constructing a mathematical model that takes into
account the awakening of dormant cells that takes place at any time during and after treatment: What is the patient’s status at
diagnosis? What treatment strategy permits to avoid tumor resistance during treatment? When does the reappearance of cancer
after remission occur?

2 Tumor Growth Model

2.1 Biological Description

Consider the expansion of cancer cells starting from a single cell that has not developed the ability to resist a therapy. These
cells are called type-0 cells. Type-0 cells divide and give rise to two types-0 cells. Type-0 cells die under the effect of treatment or
natural death, depending on environmental conditions. Type-0 cells can also enter dormancy and give rive to type-1 cells. Type-1
cells remain at the latent tumor site, without tumor growth. Some of these cells resume proliferation and give rise to type-0 cells
or to cells that resist the therapy previously used. Cells that resist this therapy are called type-2 cells. The type-2 cells divide and
give rise to two types-2 cells. Type-2 cells die from natural death, depending on environmental conditions, or from a treatment
other than that previously used against cells of type-0. We have illustrated all these phenomena in Figure 1.

Figure 1: Mechanisms for proliferation of dormant tumors. Type-0 cells (green) divide at rate 7 and die at rate 4 per unit
time. Type-0 cells give rise to type-1 (grey) at rate 8. Type-1 cells remain at the tumor site in a non-proliferate state and with
probability g, one of these cells (orange) enters tumor proliferation and give rise to type-0 cells with a probability 1 — # or to
type-2 cells (red) with a probability . Type-2 cells divide at rate 2 and die at rate & per unit time.

2.2 Stochastic Description

We now provide a more detailed mathematical description of the model we propose. We look at a random process that describes

the population size dynamics. Every time of birth, the process increases by 1 and every time of death it decreases by 1. The

times at which births and deaths occur are random. These processes are continuous-time Markov chains. There is a extensive

literature on these processes and we will not be exhaustive on biography. For example, we will refer to the books of Norris (1997),

Anderson (1991), Allen (2003), Durrett (1999), Karlin and Taylor (1995), Pardoux (2009) or Bhattacharya and Waymire (1990).
We adopt the following notations, which will be used in all of this manuscript

* K € R, the tumor load capacity. That is, the largest number of tumor cells that the body can support.
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* Ag = {n=(no,n,n2) € N3 | no +ny+ny € {0,...,K}} state space;
* t,,t € R, the times and ¢ time index;

* 7=0,1,2 cell type index;

* X ch (#) number of individuals of type 7 at time #;

* Xk () = {Xé(t)}z'=o,1,2 the population size at time # > 0;

* At sufficiently small period of time;

* o(Ar) (“little oh” Az) the Landau order symbol.

Let {Xg (), > 0} a process defined on a probability space (R, F, P), with values in a set Ag, such that, for all finite set
0 <t <t <--- <t <ty of “times,” and corresponding set 71, 72,. .. , 4,1, 7, k of states in Ag with

P[Xk (%) = n, Xk (1) = tie1,... . Xk (1) =11] > 0,
we have
P [XK(tzH) =k | Xk (8) = n, Xg (t-1) = i1, , Xk (1) = l'l] =P [XK(tHl) =k |XK(tz) = }’l] .
We assume each of the following:
(i) Forz =0, Xx(0) = (1,0,0).

(ii) Forall7 = 0,1,2and all# > 0, X" }((t) = j[il %(typej(t)) where d; denotes the Dirac measure at 7 and typej(t) denotes
the type of jth—individual in the tumor population at the time #. The process {X ;((t), t> 0} (7 = 0,1, 2) takes values in
{0,..., K} and, indicates the number of individuals of type 7 at time .

(ili) {Xx(2),z > 0} is a continuous-time Markov chain, homogeneous, with values in a set Ag. So, for all 5,z > 0 such that
de
0 <s<randallnk € Ag, P [Xx(¢) = k | Xk (s) = n| = P [Xg (£ —5) = k | Xk (0) = 2] and the function p,,(¢) g
P [XK(I) =k | Xk (0) = n] is called the transition function of the process (Anderson, 1991, Chapter 1, Section 1.1).

(iv) Inasufficiently small period of time Az between £ and ¢ + At, the evolution of this population is described by eight events.
If at time ¢ > 0, the size of the population is 7z = (79, 71, 72) € A, then, between the times # and ¢ + Az,

the probability that a type-0 cell gives birth to a type-0 cell is 772 A £ + 0 (A2);

the probability that a type-0 cell gives birth to a type-1 cell is Brg A ¢ + 0 (Az);

the probability that a type-1 cell gives birth to a type-0 cell is (1 - ‘u) gni At +o(At);
the probability that a type-1 cell gives birth to a type-2 cell is ugn; A ¢ + o (At);

the probability that a type-2 cell gives birth to a type-0 cell is any A £ + o (At);

the probability that type-0 cells decrease by one is dng A £ + 0 (Az)
the probability that type-2 cells decrease by one is bny A £ + 0 (At);

PN AWV D

the probability that tumor population continues to live without a change of state est
1-[(r+d+8)no+qm+(a+b)ny| at+o(ar).

(v) The probability of more than one birth in time A# in negligible. The assumption that the probability is negligible means
itis of order Az or o (At). Thatis lima,—0 At/o (Af) = 0 or o (Ar) approaches zero faster than Ar.

Definition 2.1. Theprocess{Xx (¢),t > 0} is called a birth and death process with mutation, with values in Ag. For At sufficiently
small, the transition probabilities satisfy

rnoAt + o (AL) if k= (no+1,n,n),
dnoAt + o (AL) if k= (np—1,n,n),
Bront +o (a1 if k=(no—1n +1n),
(1—p)gmot+o(ar) if k= (ny+1n —1n),
g (AF) = S ugmi At + o (At) if k=(no,m—1Lny+1), (1)
any At + o (At) if k= (no,ni,ny+1),
bny At + 0 (AL) if k= (no,ni,ny—1),
1-A(n)at+o(at) i k= (no,m,na),
o (Ar) otherwise,

foralln = (no,n1,n2) € A where A(n) = (}’ +d +/3) no +qni + (a + b) na, ¥Yn = (no, n1,n2) € Ax.
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3 Model Properties

Let’s present some results on the continuous-time Markov chain, useful for the rest of this work. We consider the instant 5 > 0
and the notations introduced in Section 2 with the process {Xx (¢),# > #)} having state space Ag.

3.1 Q-matrix

The process {Xx (¢), > to} is a continuous-time Markov chain. It is known that continuous-times Markov chain is character-
ized by its infinitesimal generator, that is its Q-matrix (Norris, 1997; Allen, 2003; Anderson, 1991). Let Q = {q”’k}n reAx the
Q-matrix of the process {Xx (¢),¢ > fo}. The g, are called transition rates. The transition probabilities p,, ; are used to derive

transition rates ¢, ; (Allen, 2003, page 175 and page 180). By Allen (2003), we have the following:
Definition 3.1. The clements q,, 1, of the matrix Q are defined by

rng if k= (no+1,m,n),
dn if k= (no—1,n1,n),
Bno if k= (no—1,m +1,n),
(1-w)gm if k= (no+1Lm—1Lny),
Inj = Hgm if k= (no,nm—1n+1), (2)
any if k= (no,n,ny+1),
bny if k= (no,n,ny—1),
-A(n) if k= (no,n,n),
0 otherwise,

forallk,n € Ag.

Let P(2) = {Pnk(f)}n e forall # > #. Matrix P(¢) is called the transition function of the random variable X (¢). This
matrix satisfies the following result, which can be found in, for example, Norris (1997, Theorem 2.1.1, page 62).

Theorem 3.2. The transition function satisfies the following properties:

1. {P(t),t > to} is the unique solution to the backward equation

dpa
PO _ 0p(s) with Plao) = 1, charis LY " Guipra(0), Y k € Ag. (3)
dt dt e
leAg
2. {P(2),t > to} is the unique solution to the forward equation
P dp,(t
PO _ b0 with Plao) = I, thatis L2 > puiOaqi ¥k € Ax. (4)
dr dr v ’
K

3.2 Long-Time Behavior

An important feature of stochastic models opposed to deterministic models is that populations can become extinct (Baar et al.,
2016). Since extinction appears to be assured, let’s look- at the stationary probability distribution and the explosion of the
continuous time Markov {Xx (¢), ¢ > #y}. For precise mathematical description of these results, see, for example, Reuter (1961),
Iglehart (1964) and Anderson (1991).

Proposition 3.3. The continnous-time Markov chain {Xx (¢),t > to} satisfying (1) is non-explosive, and admits a unique positive
stationary probability distribution if min {d, b} < max {r +5,9, a}.

Proof. Matrix Q is irreducible and regular. So we show that Q is positive recurrent. We use Proposition 3.2 from Anderson
(1991, page 310) to show that Q is positive recurrent. Forall £ = 0,1,... we pose the following:

Er = {n = (ng,n1,n2) € Ag \ {(0,0,0)} | no +n1 + 1o =/e}.

We define g = min,eg, {dno + bny} and ;= max,eg, {(r +B)no + qm + zmz}, and we pose 7}, = % Then, Q

is positive recurrent if }};° 7 < +00. It can be verified easily that the Markov chain {Xy (¢),7 > #o} satisfies the preceding
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condition. There exists constants ¢ = min {d, 4} and 1 = max {r + 5,9, a} such that 4, < Akand y; > wk. Using these
inequalities, the preceding summation becomes

+Zoo‘u/¢...‘u1<+oo(/f)k: +00, ifl</z,
o -4\ T <o, i

Thus Q is positive recurrent iff 1 > w. From where, the continuous-time Markov chain {Xx (¢),# > #y} satistying (1) is non-
explosive, and admits a unique positive stationary probability distribution if # = min {d, 6} < A = max {r +5,9, a}. O

Note: Later, we assume that condition min {d, b} < max {r +5.9, ﬂ} is verified.

3.3 Expected Number of Each Type

We study the expected number of each cell type. The direct Kolmogorov equation gives a calculation method from the proba-
bility generating function. For all # > #y, the probability generating function of X (¢) given Xx (#9) = n* € Ag, denoted as
G; (. | n*),is defined as

0 1 2
G (s 1n) = B [t V5 OS5 | de(to) = |, Vs = () € 10512 2 10 5)

By using Kolmogorov forward equation (4), we have:

Proposition 3.4. Foralls = (so,51,52) € [05 1]3, alln* € Ag and allt > t,

oG * oG *
—t§t|n):{VS%—(}"+d+ﬂ)50+d+[gﬂ} t(gioln)
0G; (s | n*) 0G; (s | n*)
+q{(1—;¢)xo + sy —51} 0y {mg— (d+b)52+b} - (6)
051 05,
with G, (s | n*) = jgéj;lszz when n* = (nz;, ni,ns) € Ag.
Proof. Lets = (s9,51,52) € [05, 1]3 and »* € Ag. Equation (5) leads to
K
G (s|n") = Z 500511557 Py (1), forall £ > 1.
no+ni+ny=0
By equation (4), the function ¢ = G, (s | ") is derived on [#o; +00[ and its derivative is given by:
IGG17) X mema
— = Do S P () Qe )
ng+}11+7l2:0 /eEA](
By equation (2), we obtain: forall # > #y and all ¥, n € A
Z Pn*,/e(t)Q/e,n = (”0 + 1) [BP}'Z*,(%[)+1,VL1—1,722) (t) + (”1 + 1) (1 - /") qpn*,(no—l,nl-f—l,nz) (t)
kehx + (”0 - 1) VPn*,(ng—l,nl,nz) (t) +d (”0 + 1) Pn*,(no+l,n1,n2) (t)
+ (7’11 + 1) #qpn*,(no,nﬁl,nz—l) (t)
+ (7[2 - 1) dpn*,(no,m,nzfl) (t) + (}’lz + 1) dPn*,(ng,nl,nzﬂ) (t)
- {(r +d+pB)no +fn + (a+ b)nz} Py (nomima) ().
Substituting this last equation into the equation (7) and we obtain (6). O
Let
m;(t) =E [X}((t) | Xx (%) = n*] Jforallz > tg,all »* € Axandorall7 = 0,1, 2. (8)

The equation (6) is used to obtain the following lemma:
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Lemma 3.5. The function t — (mq(t), mo(t), mo(2)) is the solution of the system of equations:

nio(2) = (r—d = Bymo(2) + (1 — u) gmy (),
myi(2) = Bmo(t) — gm(2),
ma(t) = (a = bymy(t) + pugmy(2),

Sforall t > ty with initial conditions m;(ty) = n; forall i = 0,1, 2 with fixed (n’(;, nj, n;) € Ag.
Proof. Forallt > tgand alls = (50,51,52) € [0; 113, the equation (8) leads to

, aG,
mi(t) = B[ Xy (2) | Xk (t0) = n*] = —’ ( | n ,Vi=0,1,2et Vn' € Ag. 9)

50 =51 :.fz:l

Since the function (s, ¢) ¥ G, (s | %) is at least of class 2(Theorem 3.2), we obtain the system of differential equation which
(mo(2), m1(2), ma(2)) is solution, by deriving successively (6) by so, s1, 52: forall # > 2o, alls = (s0,51,52) € [05 1]? and all
n* e AK

& |29 ] = (20 = (4 d+ )} 2D 4 (1 - ) g 20

dso Os)
2 *
+{r2 = (r+d+p)so+d+ps} HG’—(M)
0
8%G, (s|n") 3G, (s|n")
+q{(1—[1)50+#x2—51}T5: {452 (a+b)sy+b Tg;,
9 | 9G:(s|n") 2 G (s|n*) 5Gz(1|n 9G, (s|n")
ot [ Os1 { So (}"+d +ﬁ) 50 +d+[@_€ 051050 Os1 18 dso (10)
+q{ (1= )0 +us2 —51} > G’(jln + {m —(a+b)s; + b} 6;‘13':*),

G |20 ] = (2~ (o d e p)so+d+ ) TG0 5’;;5;1: )
4G, 8%G, (s|n*
+ g 1 g {(1— ) so + sz — 51} T

+ {zﬂsz —(a+0)} 2 4 {02 — (a + b)sy + b} TG,

By passing to the limit when (so, 51, 52) tends to (1,1,1) in(10) and using (9), we obtain the system of differential equations
in Lemma 3.5. a

The system of equation’s the Lemma 3.5 can be resolved analytically. We have

Theorem 3.6. The expected number of each cell type is given by: for all n* = (”3: ny, n’g) € Ay

nt—n*{d _ ni-nt{2 _
mo(t) = %ﬁ}q} {2 + g} ehl=) —% {22 + g} 2070

m1(t) — /;n() ”1{/‘12"'4} lz(l‘ L‘()) /;n() ”1{21*’4} /—11(t t())

A1—22 =22

a— - A
ma(e) = n % ) Ll Logl) oo _ o))

_ wq{Bni—ni(2tq) } {0 _ hnrah (-)}
{a=b-21 H{h 22}

forallt > ty where A; =

r—d—/i—q—\/(q—r+2d+ﬁ)2—4q(‘uﬂ+d—r) and 2y = r—d—ﬁ—q+\/(4—V+;1+ﬁ)2_4q(‘uﬂ+d—r)'

Proof. Letm(t) = (mo(t), mi(2), ma(2)) € R3. The system of equation in Lemma 3.5 can be written in the form: forall 7 > #

r—d-f (1-pg 0
d;Z(t) = Am(t) where 4 = B —-q 0
g 0 u©q a—-1b

This equation has a unique solution given by m(z) = =04 y(2y) for all £ > #5. The matrix 4 is, of eigenvalues A, =
r—d—[@—q+\/(q—r+d+/5)2—4q([zﬂ+d—r) A = r—d—ﬂ—q—\/(q—r+d+ﬁ)2—4q([4ﬁ+d—r)

and lg = 4 — b, and of eigenvectors respective: v; =

7 ’

2 2
(0,0,1), oy = (% L @=b-2),1) and vy = (M = (a= b= 1),1). Then this solution is
given in the form of the system of the Theorem 3.6. |
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3.4 Probability of Extinction in Time

We wish to calculate the following probabilities: for all z* € Ag and allz > #,
P [ Xk (1) = 0 | Xg(10) = 7],
P [Xg () = 0,XZ(2) = 0 | Xk (20) = "],
P [Xp(2) = 0, X5 (2) = 0 | X (%) = n*].
These probabilities can be obtained from the analytical resolution of (6) (first method) or by another method(second method)
suggested, for example, by Goldstein (1989) and Athreya and Ney (1972, page 201). The resolution of the equation (6) is difficult,

then we use the second method. This second method is based on the use of the Kolmogorov retrograde equation. By the second
method, we have

Theorem 3.7. Foralls = (so,51,52) € [0; 1]3 and all n* = (ngy, nj,n5) € Ag

2 *
Gisn)=]] [Gy) (;)]"" , Ve 1 (11)
=0

where, with Gt((f) (s) =s;foralli =0,1,2, forall r > ty

(0)

W) 66| - e d+ GO0 + 661 6) 4 d,
1)

aGﬁa—t@ = (1-)9G” () = 4G (9) + 124G (s), (12)
(2

aGﬁa—f@ =a [Gf”(s)]z —(a+ )G (5) +b.

Proof. Let Xk (to) = (ny, ny, n;). Using the branching process definition, when the initial population consists 7;-individuals
of type-7 (¢ = 0, 1, 2), the sub-processes, resulting these 7 -ancestors are independent. For all 7 = 0, 1, 2, we can write X }((t) as

Xiee) = X X2 e+ 0

where forany 7 = 0,1,2, {‘X}"’k(t), t> z‘o}, k =1,2,...,n; are independent processes and the same law, that of a branching
process from- a single individual (Harris, 1963, page 119). Then we can write:

Xie(£) = X 4+ X0+ XM e X X X
Since, the sub-processes from he 7 ancestors are also independent from each other, in particular, for all # > #y, the generating

function for he random variable Xy (#) equals the product of generating functions the random variables %k(t) forall s =
(50,51,52) € [0;1]° and all £ > #,

G (5] n") = ﬁE (5% 5 O5E D Xietao) = mienn) = ﬁ 6]

=0 =0
where e; = (1,0,0),¢, = (0,1,0),¢e; = (0,0,2) and forall7 = 0,1,2

i X2( ) X} (1) Xz( .
()( ) = ( ‘ 5 0k | Xk (20) = 6’1‘+1) with th (s) = 5.

Using Kolmogorov backward equation (3): for all s = (s0,51,52) € [0; 1]
aG(Z) (j) s ny m n ap@z‘s” S no n n
# = Z 5005115227(1‘) = Z 550811857 Z Qe i Lry (1)
no+n1+n2=0 notnyi+ny= =0 /eEAK

where, Q, 4 is defined in (2). We obtain (12), by writing

G\ (s K
WS 0 D PO = Y Qs b

kEAK no+n1+ny=0 kEAK

=Y w6 el [¢Pw]" .

k=(ko,k1,k2) €Ak
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Note: We can obtain these probabilities by using equation (11) by a numerical resolution of equation (12). In fact, all for z > 0,
P [Xi(8) = 0,X(1) = 0| Xk () = 2"] = G, ((1,0,0) | n%),
P [Xi(8) = 0| Xk(t0) = "] = G, ((0,0,0) | "),
P [XR(5) = 0, Xy (1) = 0| Xk () = 2"| = G, ((0,1,0) | n).

4 Cancer Treatment Applications

It is important to know the chances of a patient surviving after being diagnosed with cancer. The diagnosis refers to the initial
detection of the tumor during the patient’s first hospital visit. We present some analytical results that can help develop a better
treatment plan. It is a direct application of the stochastic model developed in the Section 2 to the cancer treatment regime.
This involves identifying the patient’s condition at diagnosis and optimizing treatment strategies by examining the therapeutic
effectiveness, resistance and tumor relapse.

4.1 Patient Status at Diagnosis

The effectiveness of the therapy is often limited by the phenomena of resistance existing at the start of treatment. Random mu-
tations occurring in the pool of tumor cells during their progression make the tumor heterogeneous. This tumor heterogeneity
consists of the various types of cells. Each type of cell has a variable sensitivity to chemical or physical agents. This explains
some of the therapeutic failures. It is therefore necessary to know the patient’s condition at the start of treatment. Here, tumor
heterogeneity is made up of cells of the type-0, type-1 and type-2.

Let M the number of cells clinically observed during diagnosis. The number A consists of cells of type-0 and type-2 because
type-1 cells are not clinically observable. Once the tumor is diagnosed, we look for the different types of tumor cells that exist
at diagnosis. To do this, we determine the time the tumor reaches 4. This time is random and difficult to obtain, but some
approximations exist (Wodarz and Komarova, 2014; Haeno and Michor, 2011; Yamamoto and Haeno, 2015; Iwasa et al., 2006).
We use an approximation that is the solution to the equation (14) below. We note this deterministic time 737 and determine the
probability that resistant and dormant cells do not exist at the time of diagnosis.

Theorem 4.1. If the tumor population increases from a type-0 cell and a cancer diagnosed with M cells, then the probability that
no type-1 and type-2 at diagnosis is given by

P [Xk (ma0) = 0, X% (zar) = 0] X (0) = (1,0,0)] = G (1)
where, with G((,O) (1) = L, forall t € [0; 7], G,(o) (1) is the solution of the equation:

(0)
aGﬂa—t(D = [G§°>(1>]2 ~(r+d+HG" (1) +d

; -1
+[ge—l1t/ (1-p)gel™ G,go)(l) +ug e” {e_(“_k)" —1} {C_(d_b)x —6—;} dx. (13)
0

r=d=B-g—|(g-r+d+8) —4q(ub+d—r) r=d=Bg+ (q=r+d+6) g (ub+d—r)
2 » A2 = 2 a

with A1 = nd

eler _ e(afb)z'M ellfM _ e(ﬂ*]ﬂ)TM }

(A1 +q) 7 — (U +g) 2 #48 { h | abh
+
B{h - A2} M= A2
Proof. If cancer is diagnosed with a M size at time 734, we get: XIO( (zar) + X12< (zar) = M. By the Theorem 3.7 with n* =
(1,0,0), we obtain equation (14) where E [X> (73) | X (0) = (1,0,0)] + E [X2 (7a1) | Xk (0) = (1,0,0)] = M. To derive
equation (13), we use equation (11) to obtain P [X}( (zar) = O,XIZ( (zar) =0 iXK(O) = (1,0, O)] =G, ((1,0,0) | (1,0,0)) =

Ggi[) (1). However, using equation (12), we obtain

M= (14)

(0)
2D [0 -+ d+ G0 + 60 0) 44
1)
6G,at(0) _a —#)th(())(l) 469 (0) +1qut(2)(0): as)
6G(2) 0 2
’6—;) =[] - @+HG7 () + b,
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forallz € [0; 7] with Géo) (1) =1and G(gl) (0) = G(()z) (0) = 0. So, we determine G,(O) (1) by solving the system (15). We solve
this system as follows:

o We begin by solving the third equation of the system (15). With G(()Z) (0) = 0, its solution is given by

-1
G2 (0) = {e_(“_b)’ —1} {e-@-bﬁ—%} , forallz € [05 7]

o Using this expression of G,(Z) (0), by using the method of variation of the constant and G(()l) (0) = 0, we obtain the
solution of the second equation of the system (15) which is

' -1
G,f(l) (0) = e_ql«"/o (1—p)get” G}Eo) (1) + pg 7 {e—(a—b)rc _1} {e_(ﬂ_b)K _g} s

We introduce this new expression of Gt(l) (0) in the first equation of the system (15) and obtain (13). ]

We derive analytical approximation for the previous result. Also, since many cells of type-1 and type-2 eventually disappear,
but may not have disappeared by the time tumor is detected, we derive the deterministic approximation of the following amounts
atdiagnosis: (i) The probability that of type-1 cells exist at diagnosis and the expected number of type-1 cells at diagnosis; (i) The
probability that the type-2 cells exist at diagnosis and the number of such cells at diagnosis. In the following, we outline the
derivations of these quantities.

Proposition 4.2. If the tumor population increases from a cell of type-0, and the cancer diagnosed with a M size, then

1) the probability that at least one cell of type-1 exists at diagnosis is given by

-7 {2atg} M (g} MM B 4 {JZTM MM }
Poan=141- et L{u-2} a{u-2} 1—ehb Al A 1

and the expected number of type-1 cells at diagnosis is given by

_ Mty _ et
m1 (7a1) pRN {e e }

i1) the probability that at least one cell of type-2 exists at diagnosis is given by

-4 +{izﬂi}elzr"”_{l1+q}<‘-’11’/"1 wp  ugh {sz JNM}
1=l 15\ % N

Pp = [1 —eh n{un} a{n-22} Zria -

and the expected number of type-2 cells at diagnosis is given by

IS S} Sl N 'R S I
1 -t {u-n} a{u-22} |e MT 0%

mo (Tar) =

_ A0 _q AT
“r IR IS B o Gt Lt SO
[ -] SRRy,
0

717) the probability that cells of type-1 and cells type-2 do not exist at the time of diagnosis is

g _ugh {sz MM

Ady A

2 g } Pcelll-

Pno(clll&ccllZ =1- P[cllZ —¢

Proof. Lett € [0;7a7] and the expected numbers 729 () of type-0 cells and 721 (¢) of type-1 cells obtained by the Theorem 3.6.

With »* = (1,0, 0), forall £ € [0; 75/]

{21 + q} ht — {22 + q} et
B{A — 22}

Forallz € [0; 7ps], we assume that Sm(2) type-0 cells are dormant and g (¢) type-1 cells get out of their dormancy, of which
ugm; () will be of type-2 cells. Once a type-2 cells appears at time ¢, its lineage will increase exponentially. In interval [z, 2 + A¢]

mg (¢) = and my (¢) = L {e’m —el”‘} .

=22
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its expected number is give by ela=b)ar,

Proof of i: We assume that the number of type-1 cells created when there are x type-0 cells follows a Poisson distribution with
mean gm; (¢). So the probability that at least one type-1 cell exists at the time of diagnosis is given by

Pcelll = {1 - e_/OTM ‘EmO(t)dt} {1 —e foTM qml(f)df}

g, (o} FTM (g} fm @ {JZTM _ezlw}
={1—-ech22 L{u-n} {22} 1—ehh 12| X P .

where e Jo ™ o ()dt is the probability that no type-0 have emerged until time 734, while the probability that the successful type-
0 arises at time 77 is given by 1 — e I ami e
Proof of i1 The branching processes initiated by the various types-2 cells obtained by waking the type-1 cells are independent of

each other. Atz € [0; 77], we assume that the number of type-2 cells created from type-0 cells follows a Poisson distribution
with mean ugm; (¢). Hence we have

P = [1 e ™ /3”‘0(‘)"1’] [1 —e #qml(t)dr]

— i’ {n-2} a{u-22} LA

e {arg}e2™ (g} MM ugh _ ugp {sz CMTM}
1 1-e

where 1 — ¢ b " Bmo®de i¢ e probability that the successful type-2 arises at time 7;7. To determine the expected number
of cells of type-2, we consider & € [0; 73] and note L(¢) the probability of having at least one cell of type-2 at the time o

4B (o e gf _ wgf [ 27 M7
L(r) = {1 —e 4R {27 }} etz AR { 24 } However, the expected number of cells of type-2 at the instant 757 is

given by
™M g, Porg}2M (g} MM
/A 50 _
my (tpr) = / 1—eh2 2{u-n} {22}
0

X M7
—q  {larq} M {24q} M ugh
[1 et L mY  atamy | @ty

L(o) @) (=) g4

Aao 3 Mo
i M (e gury| AR}
X/ [1—@ 11-32{e2 17} e An{un} (a b)gdg-_ O
0

We graphically compare the results of the Proposition 4.2 and Theorem 4.1; Proposition 4.2 and Theorem 3.6. These
comparisons are made in Figure 2.

Note: The probability that no cell of type-1 and type-2 exists at the diagnosis obtained by the Theorem 4.1 and its approxima-
tion obtained by Proposition 4.2 are plotted in Figure 2(a). A dependence of the curves obtained is observed. Next, we compare
the expected number of types-2 cells obtained by Theorem 3.6 and its approximation obtained by Proposition 4.2 (Figure 2(b)).
Also, we note the dependence of this results.

4.2 Therapeutic Strategy

We consider a tumor diagnosed with 7;-cells of type-7 (# = 1,2). A therapy can only be called successful if the whole tumor is
eradicated or kept small for a long time. A natural idea is thus to use two treatment protocols as proposed by Landsberg et al.
(2012). To model this scenario, we just need a drug 4 that will be sensitive to cells of type 0 and a drug B that will attack resistant
cells 4. Drug 4 will increase the mortality rate of type-0 cells by a factor 7 and reduce the birth rates of these cells and their
dormant entry rate by a factor y and » respectively. During treatment, these rates become (1 + 7)d, (1 - ) », and (1 —»)j
respectively. Type-2 cells are sensitive to drug B which required for destroying the cancerous cells that escape drug 4. Drug B
will increase the death rate of type-2 cells by a factor 7; and reduce their birth rate by a factor y;. During treatment, these rates
become (1 + ;71) band (1 - ;/1) a. Type-1 cells exit dormancy according to rate g where one of these cells becomes to type-0 with
a probability 1 — g or to type-2 with a probability x. In the simplest case, the treatment starts at 737 and can continue until to
any time ¢ > 7.
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Figure 2: Comparison of the results of Theorem 4.1 and Proposition 4.2; Proposition 4.2 and Theorem 3.6. Blue curves
indicate the predictions proposed by Proposition 4.2. Red curves indicate the results obtained by Theorem 4.1 and Theorem 3.6.
Parameter values are chosen as in Haeno et al. (2012): » = 0.9,d = 0.001 X », g = 6.311 X 10_7,ﬂ = 0.04, 2 = 631 x 107,
a4 = 0.4and b = 0.001 X « and varied the detection size M from 0 to 2.10'3 cells. This varies the detection time from 0 to
40 months (Figure 3 and Table 1).

4.2.1 Treatment Efficiency

Let’s look at the lifetime of the tumor under treatment. During treatment, it is necessary to know whether the patient will be
cured or not. For example, if all cancer cells are susceptible to treatment, tumor progression can stop immediately. For the same
reason, tumor progression may stop at all time during treatment. The question is when and with probability tumor cells will be
totally eradicated. We give a result of the probability of tumor extinction under treatment. Let 7%, the tumor lifetime modeled

Il
by the process {Xx (¢),# > 74¢}. With the convention, if {# > 753 Xg (¢) = (0,0,0)} = 0 then [75";2 = +00, we define

T7y, = inf {r > 7343 Xk (¢) = (0,0,0)}.
Proposition 4.3. If the tumor population increases from a type-0 cell and a cancer diagnosed with M cells, of which n;-cells of
type-i (i = 0,1). Then, forallt > 7

A . nt
275> | Xic(a0) = (ot~ )] = 1= [62 )" ] [e 0",
=0

where, G (0) = G (0) = G2 (0) = 0 and forall t > 7

(0)

W ~{=-262 - (1+7) 4} {6 -1} + 1= 567 (0),
ey

—acgt(o) = (1-)9G{”(0) = 4G." (0) + 4G, (0), 16)
(2)

260 1) a6 () - (145 5} {62 (@ 1)

Proof. Using (11), we can write

P [Tcte;l >t iXK(TM) = (no, n1, M — 710)] =1-P [T;;;l <t | Xi(zar) = (no, n1, M — ”O)]
=1-P [Xx () = 0| Xk (za1) = (no, m1, M = no)]

-1 [G}Z)(O)]M_”I’ ﬁ [G,(")(O)]n; .
i=0

To conclude, we replace 7, 8,d,aand bby (1 - 7) r, (1 = ») 3, (L + ) d, (1 — y1) aand (1 + 71) & in (12) and we obtain (16). O
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4.2.2 Therapeutic Resistance

Tumor escape may be characterized by the phenomenon of tumor resistance or the failure to treat. Many tumors escape treat-
ment: this is the case for melanoma, colon cancer, kidney cancer, numerous sarcomas and brain tumors in particular. So we’re
going to look at the probability of the tumor escaping treatment. This probability is the same as the probability that the tumor
colony will not die despite treatment. We calculate this probability using the methodology developed by Katouli and Komarova
(2011). Let Prscape (., 2) the probability that the cancer cells will escape treatment at # > 737 knowing that the condition of the
patient at diagnosis is known.

Theorem 4.4. Let i = 1,2. If the tumor population increases from a type-0 cell and a cancer diagnosed with M cells, of which
ni-cells of type-i, then, for all t > 7pr

T N

where the functions t — Gt(lv) (0) (7 = 0,1, 2) are solutions of (16).

M-n n
Proof. Cancer cells that exist at time t are those that have escaped natural death with a probability of 1 — (d%’g) ’ (f) ’ and
death due to treatment with a probability of Pep (122, 2). So, forall £ > 7

. d+B\" (b\"
1= G, (0| (M = na,n1,m)) =P [T >t | Xec(zag) = (M = na,my,m0)| = 41— - - Peape (n2,2) . O

a

4.2.3 Tumor Relapse

Relapses are a clinical-pathological reappearance of the cancer process after a loco-regional treatment resulting in a clinical erad-
ication of the cancer disease. This is not a second cancer, but a resurgence of a cancer that has already been treated. This does
not mean that the initial treatment was unnecessary but insufficient. These relapses may be local in the primitive tumor, re-
gional with the appearance of metastatic. Relapses have meanings that difficult to specify. For example, for some authors, the
phenomenon of relapse would result in the emergence of “dormant” metastatic cells (Almog, 2010). Here, Relapse is the reap-
pearance of type-0 cells or type-2 cells. We give a result to quantify the relapse caused by the dormant cells. Let 77} the extinction

time of the type-0 and type-2 cells. With the convention, if {t > TM;XI(é(t) + Xlz{(t) = 0} = () then TZC = +00, we define
T4 =inf {t > 73, X0 (1) + Xz (¢) = 0}

Conditionally at the time T, we observe persistence of type-1 cells that are not clinically observable, with an expected number
given by Theorem 3.6, that is

(1-9)B(M —np) —m {25 +q} A (Tmn) _ (1-9)8(M - n2) —nm {2} + ¢} A (T5-m0)
=2 -2

m (1) = (17)

(1)~ (147)d=(1=9)=g) (4- (1- 7)V+(1+f7)d+<1 9)8)"~4q(2(1=9)B+ (1+7)d—(1-y) )

where 15,17 = . Tumor dormancy is an important
cause of cancer recurrence (Sosa et al., 2013; Almog, 2010) During dormancy periods, cancer cells reshape their genetic makeup
and prepare for the next stage of progression. Then, without dormancy, cancer cells would not be able to survive in a new
environment or become resistant to attacks from the immune system and therapy. In this result below, we assume that the
patient has had his cancer resolved and we give the probability of a recurrence at time z.

Theorem 4.5. Leti = 1,2. Assume the tumor population increases from a type-0 cell and a cancer diagnosed with M cells, of
which ny-cells of type-i (i = 0,1). If conditionally ar {t > T } the type-1 cells appear, followed a Poisson distribution with mean

gmy (T"x ) then
| a1y ()
a0 [ePw]" |¢? o]

where the functions t G(O)(O) t - G(l)(l) and t — G(Z)(O) are solutions of (16) with G(O)(O) = G;if) (0) = 0and
G(l) (1) =1, and m (fo) given by equation (17).

P [Xp(2) + Xp(2) > 0 | > T, X (7ar) = (M = na,mi, m2) | =
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Proof. We have

P [X0(6) + X2(2) > 0,6 > T | Xic(zar)]
P75 <t | Xic(zar) = (M = noym,n2)]

P [XQ(2) + Xp(2) > 0| £ > T%, X (7ag) = (M — na,my,m)| =

If forall £ > T, the appearance of the type-0 and type-2 cells, after type-1 cells wake up, follows a Poisson distribution with

mean gm; (Tfj), we obtain:

P[Xp(2) + Xz(2) > 0,6 > TS | X (7ar)] = 1 =P [XR(2) + Xg(¢) = 0,6 > T | Xx(za1) = (M = 2, m1, 1) |

=1 t(=T)m(T3)
where m1; (77; ) given by equation (17). Also, if cancer is diagnosed with 7;-cells of type-7, using by Theorem 3.7 we have

Plt>T% | Xk (zar) = (M = na,mi,ma)| = P [X2(2) = 0,X7(2) = 0 | Xx(zpr) = (M = na, n1,m2) |
-|e0o) " ¢ w]" |6 @]
where the functions ¢ +— Gt(o) (0), ¢t — Gt(l) (1) and # Gt(z) (0) are solutions of (16) with G’Z(’/(l)/f) (0) = G%) (0) = 0and
Gg;(l) = 1. Then, we obtain
1 — e~ 1(=T5)m(T)

P [XR(2) + Xz (£) > 0 | > T, Xg(zar) = (M =y, my,m)| = — -
A 0] ¢l ¢ o)

G

5 Numerical Simulations and Discussions

Branching models are introduced to study population development, in which individuals reproduce independently from each
other. These models are particularly used in many different biological contexts. In ecology, for example, branching processes
have been developed to calculate the success of a species invasion into a new habitat, but without taking evolutionary changes
into account. Branching models were also used to explain the temporal evolution of cancer. Here, we used a branching process
with mutations to study the dynamics of a tumor population that is not completely exponential. Because part some of the tumor
cells are continually lost from the tumor proliferates pool due to cell dormancy. The tumor population considered in this study
is composed of three types of cells: cells that are sensitive to the treatment being administered, cells that escape treatment and
enter a dormant phase, and cells that resist this treatment.

In the rest of this section, we produce the curves of the results of the previous section. For numerical simulation, we chose
parameter values as suggested by Haeno et al. (2012), i.e,, 7 = 0.9,d = 0.001 X , 4 = 6.31 X 107, 4 =631 %x107°, 2 = 0.4,
b = 0.001 X 2 and, when /4 is not varied, 8 = 0.04. For the number of cancer cells at diagnosis, we used the work of Frangioni
(2008). We chose the number of cells at diagnosis M = 10° when A is not varied. All this show that our model is capable
of replicating patient survival if we have this experimental data. Experimental data of patients will be needed in the future
to fit crucial model parameters. To better understand the importance of our results and what can reasonably be expected, it is
important to note that cancer treatment s tailored to each situation. Each cancer patientis a special case and requires appropriate
care. The choice of treatment depends on several factors: type of cancer, the extent of cancer, presence of other diseases, age of the
patient, general condition of the patient, etc. However, with our mathematical model, we can better measure cancer evolution
and study or predict some of these properties. We have proposed a stochastic mathematical model that allows to identify the
patient’s status at the time of diagnosis, and optimizing treatment strategies by studying therapeutic effectiveness, resistance and
tumor relapse. Again, our mathematical approach could represent a valuable tool to support this research on tumor dormancy.

The goals of a cancer diagnosis and treatment program are to cure patients or significantly extend their lives and ensure the
best possible quality of life for those who survive. These programs require knowledge of the patient’s condition at diagnosis.
Through the Theorem 4.1 and the Proposition 4.2, we gave analytical results to describe the different cells at diagnosis. The
curves of these results are given by Figure 3 and some values are given by Table 1. For the realization of its various curves, we have
varied the detection size M from 0 to 10™-cells. This causes the detection time to vary from 0 to S0 per month (Figure 3(a)). The
probability curve for the prediction of dormant cells and diagnostic-resistant cells is shown in Figure 3(b). From this figure we
deduce Figure 3(b) that resistant cells may appear and disappear at any time before diagnosis. However, after their appearance,
resistant cells and dormant cells may develop rapidly (Figure 3(c) and Figure 3(d)). This explains why the tumor contains cells
that already have the ability to resist treatment, and that resistance depends on when the tumor is detected.
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Figure 3: Patient status at diagnosis (Theorem 4.1 and the Proposition 4.2).

Table 1: Quantities obtained from Figure 3.

Tumor size Times Probability of existence Number of Cells

M 737(Month) dormant resistant dormant resistant
0.74 x 10% 5 128 x107%  2.40x107%  213x10%% 4.19x107*
3.49 x 10%8 10 8.65%x1073 546x107  232x10% 116x1072
1.40 x 101 20 3.37x1072  216x107*  930x10% 5.71x10°
5.61 x 1013 30 9.99x 1071 8.67x107 373x10% 2.35x10%

We also looked at the effect of the dormancy rate on quantities that are available at diagnosis (Theorem 4.1). Our theoretical
results have shown that the patients who are more likely not to have dormant cells or Cancer cells that exist at time t are those
that have escaped natural death (Figure 4).

Thus, a better therapeutic strategy would be to prevent cancer cells from dormant during treatment. This therapeutic
strategy may consist in using one or more treatments, depending on the nature of the cancer. In this case, it is wise to use a4
protocol, where most cells will be sensitive, a C protocol to wake the dormant cells, and a B protocol that will attack the cells
that will be resistant to the 4 protocols. The effectiveness probability curve of such a protocol is given by Figure 5(a) and the
failure probability curve given by Figure S(b).

The goal of cancer treatment is to achieve remission. Remission corresponds to an undetectable level of tumor cells by the
different exploration methods used (imaging, blood samples, etc.), that is, between 0 and 109 malignant cells in the body of the
patient (Frangioni, 2008). It’s called residual disease. This disease, which is invisible and undetectable neither by the clinic nor
by additional examinations (at a level of PET Scan), can constitute a population of active residual cells. This is, why healing is
used when a remission is sufficiently longer, more than 10 years, depending on the type of cancer. However, the tumor may
reappear or begin to develop after a few weeks, months or years of treatment. This is called tumor relapse or tumor recurrence.
An analytical result of the probability of tumor relapse is given by the Theorem 4.5. This result is the detection probability of a
tumor relapse. A curve from this result is shown in Figure 6.

We note that the appearance of the relapse curve (Figure 6) may change depending on the cancer and the patient. Neverthe-
less, it provides some information on the general course of cancer disease and helps us understand tumor relapse. The relapse
curve (Figure 6) shows that the probability of relapse increases and then decreases over a period of time, which we can call it
“peak relapse”: this is the time during which the likelihood of relapse is greatest. After the peak, the risk of relapse gradually
decreases and we can conclude that the patient is heading towards complete remission. “Peak relapse” is different from patients
and cancer.

6 Conclusion

The clinically detected cancerous tumor is characterized by a degree of heterogeneity. We developed and studied a mathematical
model rich enough to accurately represent population dynamics of interacting heterogeneous tumor cells. This model studies
the evolution of solid tumors, taking into account sensitive cells, dormant cells and resistant cells for treatment. Our model is
exceptional, We analyzed it analytically and numerically using the values we selected in cancer research. Using approximation
methods, we estimated the amounts of tumor cells at diagnosis, during treatment and after treatment.
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Figure 4: Influence of dormancy on existing quantities in diagnosis (Theorem 4.1). Figure (a) gives relationship between diag-

nostic time and diagnostic size. Figure (b) gives predictions of the non-existence of dormant cells and resistant cells at diagnostic.
We took 8 = 1073 for the red curve and 8 = 6.31 X 1077 for the blue curve.
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n =3.73x10" and n; = 2.3 x 10'°.
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