ON THE ROLE OF CANCER CELLS’ DIFFUSION IN THE
TUMOR GROWTH PARADOX
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ABSTRACT. In this contribution, the non-local, integro-partial differential
system of equations proposed by Hillen et al. [16] to account for the the tumor
growth paradozx (or the observation that some incomplete cancer treatments
may enhance tumor growth) is reviewed. It is shown that when cancer cells’
diffusion effects and Neumann boundary conditions are taken into consider-
ation, the same paradoxical tumor growth emerges.

1. INTRODUCTION

Cancer stem cells (CSCs) have been identified in many types of cancer such as
leukaemia [6] 21], and carcinomas of breast [I], colon [24], brain [27] and pancreas
[22], among others. The clinical observation that some incomplete cancer treat-
ments may enhance tumor growth is known in the literature as the tumor growth
paradox. Tt has been suggested (see, e.g., Enderling et al. [9]) that the presence
of CSCs may explain the tumor growth paradox thanks to their pluripotency and
their resistance to treatment. Therefore, some CSCs-based mathematical models
have been proposed in recent years to account for the tumor growth paradox. In
this paper, we review the non-local, integro-partial differential system of equa-
tions proposed by Hillen, Enderling and Hahnfeldt [I6], a model which considers
an heterogeneous population of CSCs and standard, non-stem, cancer cells (CCs).
The model system is endowed with initial conditions for both cell populations
and boundary conditions of Dirichlet or Neumann type. The authors in [16] show
that, when diffusion effects are neglected, the resulting purely dynamical system
underlies a sort of tumor growth paradoxical behaviour as a result of the immune
response from cytotoxic treatments. Their analysis is based on a direct applica-
tion of geometrical singular perturbation theory for ordinary differential equations
(ODEs) [12, 13, [15,[1§]. In particular, they find that, among the equilibrium states
of the reduced ODE system, the only global attractor is the pure CSC state, so
that after a sufficiently long time the tumor will consist of CSCs only. In later
contribution, Maddalena [23] showed that when diffusion is present and under Neu-
mann boundary conditions, stationary solutions may change. Notably, Maddalena
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proved that the equilibrium states of the associated ODE are the only stationary
solutions to the PDE system under Neumann conditions, but they change their
stability due to diffusion effects. If diffusion is present and Dirichlet boundary
conditions are considered, Delgado et al. [§] recently proved that there exist non-
trivial stationary states that include coexistence states of CSCs and CCs with
positive values for both populations. These works [23] [§], however, do not discuss
the emergence of paradoxical growth behavior.

The motivation of the present review is to analyze the possible effects of cancer
cells’ diffusion on the tumor growth paradox. If diffusion effects are taken into
consideration, does a paradoxical tumor growth emerge? We discuss the possible
effects of diffusion by applying the invariant foliation theory of Bates, Lu and
Zeng [3, 4], which can be seen as the geometric singular perturbation counterpart
theory for PDEs with a fast/slow structure (with some limitations). We consider
the simplest case of Neumann boundary conditions: since the equilibria for the
ODE coincide with stationary solutions to the PDE, the “slow manifold” on which
the long time dynamics takes place is essentially the same as the one described by
Hillen et al. [16] for the ODE system. We show that the very same conditions for
the emergence of the tumor growth paradox can be retrieved for the semiflow of the
diffusive system under Neumann conditions. The description of the paradoxical
tumor growth under the flow of the full PDE system compensates, we hope, for
the lack of novelty of the results.

2. THE TUMOR GROWTH PARADOX

2.1. The non-local model of Hillen, Enderling and Hahnfeldt. Hillen et al.
[16] proposed the following coupled integro-differential, no-local system of partial
differential equations (PDEs) to describe the CSC and CC dynamics:

u = Dy Au + 57/ k(z,y,p(z,t))u(y, t) dy,
Q
(2.1) o= Dyt (L= 8)y [ Koy pla ) uly.0)dy — avt
Q

+ p/Q k(z,y,p(x,t))v(y,t) dy,

forx € Q CR"and t > 0.  is a open, bounded set with smooth boundary
0. Here u = u(z,t) denotes the density of CSCs and v = v(x,t) denotes the
density of non-stem cancer cells (CCs), at each point €  and at time ¢ > 0.
p(z,t) = u(z,t) + v(x,t) is the total tumor cell density and § € [0,1], v > 0 and
p > 0 are constant parameters. The coefficient § is the fraction of symmetric
divisions of a CSC: if § = 0 it divides into one CSC and one normal CC, whereas
if § = 1 the CSC divides into two CSCs; both divisions take place at mitosis rate
~ (number of cell cycles per unit time). p > 0 is the number of cycles per unit
time for the normal CCs. The function k& = k(z,y,p) is an integral kernel that
describes the rate of cell divisions contributing to the point in space x from a cell
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at location y per cell cycle time. D, > 0 and D,, > 0 are the diffusion coeflicients
of CCs and CSCs, respectively. The parameter & > 0 denotes the death rate of
normal CCs. Notice that in model the CSCs are considered to be inmortal.
(See [16] for further information about this hypothesis.)

Model equations can be derived from a stochastic process known as a
birth-jump process as introduced in [I7] in the context of forest fire spotting.
Although the authors in [I6] do not discuss this derivation, the reader is referred
to [25] (in the CSC and CC dynamics setting) for a complete derivation departing
from a single-cell agent-based model in the spirit of Enderling et al. [9].

System is also endowed with boundary conditions of Neumann or Dirichlet
type. Homogeneous Neumann boundary conditions read
ou 0 ov
ov 7 ov
where I is the normal exterior unit normal at 0€2. They represent no biological flux
of cancer cells due to impenetrable physical constraints such as tissue surrounded
by bone or membranes. In this case the kernel k£ must satisfy the condition

k(xz,y,p) =0, forall x¢ Q,

inasmuch as there cannot be progeny contribution from cells located outside of the
domain. On the other hand, homogeneous Dirichlet boundary conditions have the
form

(2.3) u=0, v=0, on 012,

and they model tissues where cells can leave but not re-enter again, for example, in
the case of vascularized carcinomas; thus, the transport of cells out of the domain
but without allowing re-entering require the kernel k to satisfy

k(xz,y,p) =0, forall y¢ Q.
Finally, one should impose initial conditions of the form
(2.4) u(z,0) =up(x), v(x,0)=uv(x), x € .
First reduction. Hillen et al. [I6] consider a first simplification of model (2.1)),

which consists of assuming that the progeny placement depends only on the total
density at the destination, namely, that

k = k(p(z,1)).

The result is the following non-local integro-differential system,

(2.2) 0, on 09,

up = DyAu+ 0vk(u +v) / u(y,t) dy,

(2.5) @

vy = DyAv + (1 = §)vk(u + v) / u(y,t) dy — av + pk(u + v) / v(y,t) dy,
Q Q

subject to boundary conditions of Neumann (2.2]) or Dirichlet type (2.3)) and to
appropriate intitial conditions (2.4)). This is the system of equations we are con-
cerned with.
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For both analytical and numerical studies one must write the system in non-
dimensional form. In this fashion, one is able to isolate the relevant parameters.
Since the parameter @ > 0 will be a key to differentiate CCs from CSCs, we shall
scale time with the mitosis rate. For simplicity and following [16] we shall assume
that both CCs and CSCs have the same proliferation rate (there is evidence that
this is not the case [28], though), that is,

v =p.

Notice that + has physical units of frequency. Thus, making the substitutions
a=a/y,d=D,/D, and
~ )1/2 U v (DU )n/ 2
r— = r, t—=~t, u—>—, v——=, k—o>|— k,
(DU K U U v
where U is a characteristic tumor cell density, we arrive at the non-dimensional
system

uy = dAu + 0k(u + v) / u(y,t) dy,
(2.6) @

ve=Av+ (1 = 9)k(u+v) /Q u(y,t)dy — av + k(u + v) /Q v(y, t) dy.

Notice that @ = @/7 is now the ratio between the CCs death rate and the
tumor cell proliferation rate. If 0 < o < 1 tumor cells are born at a higher rate
than the rate in which the cytotoxic therapy kills them. If a@ > 1 the treatment
kills more cells than those that are born per cycle time. Thus, « is a measure of
the effectiveness of the treatment.

Finally, it is assumed that the function k = k(p) satisfies

k(p) is piecewise differentiable,
k(p) >0, for pe[0,1),

k(p) =0, for p>1,

k(p) is decreasing for p € [0,1).

(2.7)

The typical form of k considered in [I6] reads,
(2.8) k(p) = max{1 —p°,0}, o >1.

2.2. Tumor growth paradox. Hillen et al. [16] define paradoxical tumor growth
as follows.

Definition 2.1. Let p,(t) be the tumor population with spontaneous death rate
a for CCs at time ¢t > 0. The population exhibits a tumor growth paradox if there
exist death rates a; < ag and positive times t1,ty and Ty such that

Pa, (tl) = Do (tQ) and Pa, (tl + T) < Pay (tQ + T)a for each T € (07 TO)'
In other words, there is paradoxical tumor growth whenever, for tumors ini-

tially of the same size at some point of their evolution, the overall tumor size
increases despite a higher CCs death rate.
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Second reduction. The authors in [I6] perform a further simplification by assuming
that tumor growth is uniform across the domain, that is, that v and v do not
depend on the spatial variable z € ). Thus, diffusion effects are neglected. By
defining mean densities as @(t) = |Qu(t), 0(t) = |Qv(¢) and p(t) = |Q|p(t), model
reduces to the ODE system

du

— = 6k(p)a,
9 jé (?)
o (1 =90)k(p)u — av + k(p)v.

Initial conditions are substituted by constant initial conditions for the ODE
of the form (@, 7)(0) = (ug,vo).

Upon inspection of the associated ODE system one finds that its equilib-
rium points are

Py =(0,0), (cancer dissapears),
(2.10) Py =0,k (a)) = (0,v.(a)), (pure CCs state),
P, = (k71(0),0) = (1,0), (pure CSCs state),

where v, is the solution to a = k(v.). Notice, however, that this may not be well
defined in the case where a > 1 because, for example, under hypotheses the
range of k = k(p) is contained in [0, 1]. Via linearization of the system of equations
around equilibrium points, the authors find that

e P is a saddle if a > k(0) = 1 and an unstable node if 0 < o < 1.
e P is a saddle whenever v, («) exists, and,
e P, the pure stem cell state, is a stable node or stable spiral.

Whence, the authors focus on the role of P, as the only globally asymptotic equi-
librium point in the positively invariant triangular region

R={(a,0) : ael0,1],5>0,a+v <1}

That is, P» = (1,0) is the only global attractor and after a sufficiently long time
the tumor will consist of CSCs only.

By considering a small parameter regime, namely, for 0 < § < 1, sufficiently
small, which is tantamount to consider very few symmetric divisions and mostly
asymmetric ones (CSCs splitting into one CSC and one CC), the authors in [16]
analyze the fast/slow structure associated to system by means of a geometric
singular perturbation analysis [I5] [I8]. The result is the identification of a slow
manifold, given by

Mo ={(@,0) € R : k(p)p = av, p=1u+7},
which is normally hyperbolic under the flow of the fast system (which is retrieved
from setting 6 = 0 in (2.9)). By Fenichel’s theorems [I5, [I8], there exists an
invariant manifold M, for the full system, close to My, that can be written as

a graph on Mj. In this fashion, the long time dynamics is determined by the
solution to the “outer” system on the slow manifold. Once the solution has settled
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onto the slow manifold, the paradoxical tumor growth emerges. More precisely,
the authors prove the following

Theorem 2.2 (tumor growth paradox; Hillen et al. [I6]). Let (41,71) and (ts, T2)
be the corresponding solutions to system for values of a1 and as, respectively,
such that aq > a > 0. Assume that the tumor dynamics has settled into the slow
manifold Mgy and that for a certain time to > 0 the tumors have the same size,
D1 (to) = D2 (to) € (O, 1) Then (d/dt)ﬁl (to) > (d/dt)ﬁg (to) and D1 (t) > Do (t) fOT all
t > tg. Moreover, if the tumors have the same initial conditions, then there exist
times tq,tp such that py(te) = pa2(ty) and p1(te +6) > Pa(ty + 6) for each 6 > 0.

For details, see Theorems 3.3 and Corollary 3.4 in [I6]. In this fashion, para-
doxical tumor growth establishes itself as a robust and typical property of the
ODE model .

Other authors have studied model . For instance, Borsi et al. [5] estab-
lished the existence of spatially dependent solutions, (u,v)(z,t) to the non-local
model without diffusion (D, = D, = 0), and Fasano et al. [1I] proved the well-
posedness of system under Dirichlet boundary conditions. However, we re-
view (and focus on) the results by Maddalena [23] and Delgado et al. [8] pertaining
to the existence of stationary states under the influence of diffusion.

2.3. Stationary states and Neumann boundary conditions. In a later con-
tribution, Maddalena [23] considered the complete model with diffusion under
Neumann boundary conditions and initial conditions . First, the author
establishes the existence of solutions applying classical arguments (cf. [2]).

Theorem 2.3 (Maddalena [23]). For any (ug,vo) € H*(Q) x H?(Q) there exists
T > 0 and a solution (u,v) € C([0,T); H*(Q)x H2(2))NCL((0,T); H2(Q)x H*(Q))
to the Cauchy prpblem for (3.1) under Neumann boundary conditions (2.2).

Actually, by standard semigroup theory [I0] [T9] [26], it is possible to show that
the solution operator to with Neumann conditions constitute a semiflow on
L2(Q) x L*(Q), that is, a Cp-semigroup S;(t) (indexed by § € [0,1]). For the proof,
one applies a general result by Kato [19] (see also Section below). Details are
omitted.

Theorem 2.4. For each initial condition (ug,vg) € L%(Q) x L%(Q), there exists
T > 0 such that the Cauchy problem for system , subject to Neumann bound-
ary conditions has a unique solution (u,v) € C((0,T); DxD)NC*([0,T); L*(Q)x
L?(Q)) (with D = {u € C®(Q) : trd,u = 00on 9N} dense in L*(Q)) which we
denote as

(u,v) = S5(t)(uo, vo).
Moreover, the family of operators Ss(t) : L?(Q)x L2(Q) — L?(Q)x L2(2) constitute
a Cy-semigroup for each 6 € [0, 1].

It is also shown in [23] that the region R = [0,1] x [0, k~1(«)] is invariant under
the flow Ss(t) (provided that k~!(a) exists: that is, for & < 1 under hypotheses
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(2.7)). One of the main observations in [23] is the non-existence of spatially inho-
mogeneous steady states.

Lemma 2.5 (Maddalena [23]). All stationary solutions (u,v)(zx) to system (2.6)
with Neumann boundary conditions (2.2)) are constant states.

Remark 2.6. The strategy to prove this result relies on functional inequalities or
so called “entropy methods”. Indeed, by considering an energy functional of the
form

E(t) = / (Vuy - Vu+ Vg - Vo) do
Q

for solutions (u, v) to under Neumann conditions, Maddalena [23] shows that
lim; o E(t) = 0, precluding the existence of spatially inhomogeneous attractors
for the Neumann semiflow associated to . This implies, in turn, that the
only equilibrium solutions to the PDE system are constant steady states of the
associated ODE system.

Consequently, upon inspection of , one finds that the only stationary
solutions to under Neumann conditions are the states . By performing
a linearized stability analysis of the steady states as solutions to system
under Neumann conditions, Maddalena establishes that: P; = (1,0) and
P, = (0,v.()) are asymptotically stable (stable nodes), whereas Py = (0,0) is
a stable node provided that —p1d + k(0) < 0 and —p; + k(0) — o < 0, where
1 = p1(Q2) > 0 is the first non-zero eigenvalue of the Neumann Laplacian, —Ay
in Q. Otherwise P, is a saddle. This is the main result of the analysis in [23]: the
action of diffusion changes the stability properties of the very same equilibrium
states as in the ODE reduction. The author, however, does not examine the rise
of paradoxical tumor growth near P, for instance.

2.4. Coexistence states under Dirichlet boundary conditions. Delgado et
al. [8] recently studied the stationary version of model (2.5)), which is the non-local
elliptic PDE system

0= DyAu + 6vk(u +v) / u(y,t) dy,

(2.11) @

0=D,Av+ (1—0)vk(u+v) / u(y,t) dy — av + pk(u + v) / v(y, t) dy,
Q Q

for x € Q, under Dirichlet boundary conditions (2.3). The authors in [8] show
that there are non-trivial stationary solutions with positive components v and v
for the non-local elliptic system . These solutions correspond to coexistence
states for the evolutionary system of equations (and of the normalized system
(2.6]), of course). Unlike systems with Neumann boundary conditions and
the reduced ODE system of Hillen and co-authors, under Dirichlet boundary
conditions there exist steady states for which both populations of CCs and CSCs
may coexist. For instance, if § < 1 is fixed and « is increased, these non-trivial
equilibria arise. Their analysis is based on bifurcation theory in the spirit of
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Crandall and Rabinowitz [7] and fixed point index theory in conic domains. It
is to be observed, however, that the authors do not analyze the stability of such
states under the flow of the parabolic system of equations of evolution .

Under the light of these results, we turn our attention to the question whether
there is paradoxical tumor growth when diffusion is switched on. The answer must
take into account the choice of boundary conditions and must certainly relate to
the extension of geometrical singular perturbation theory to semiflows (i.e. to
PDEs), known as invariant foliation theory. In the sequel we analyze the easiest
case where, under Neumann conditions, the only stationary solutions are constant
equilibria of the associated ODE.

3. APPLICATION OF INVARIANT FOLIATION THEORY

3.1. The invariant manifold theorems. The extension of geometrical singular
perturbation theory to infinite dimensional spaces (e.g., to PDEs) is quite difficult.
There are, however, some extensions of Fenichel theorems to semiflows which can
be interpreted as the first step for a geometrical singular perturbation theory for
infinite-dimensional systems with a fast/slow structure.

Consider a Banach space X and a (fast) semiflow Sy(t) on X. It is assumed
the existence of a C! compact connected manifold My C X, invariant under the
fast semiflow Sy(t), which is normally hyperbolic with respect to the fast semiflow
(see Remark . For any mapping F on a bounded subset B C X we define
|Flo := sup{||F(z)||x : z € B} and |F|y := |[Fllo + |[DF|lo. The following
theorem, due to Bates, Lu and Zeng [3| 4], establishes the conditions for the
existence of an invariant manifold M, invariant under the flow of the full system,
that remains close to My (the shortened version of the result presented here is
that of Kuehn [20]; see Theorem 18.2.1).

Theorem 3.1 (Bates, Lu, Zeng [3]). Suppose Sy(t) is a semiflow on X and M is
a Ct compact connected manifold, invariant under So(t) and normally hyperbolic.
Fiz t1 > tg for some ty > 0 and let Ny be a sufficiently small tubular neighborhood
of Mg. For § > 0 sufficiently small there exists 6 = 0(8) > 0 such that, if Ss(t) is
a C'-semiflow satisfying

ISs(t1) — So(t1)|1 < 6(5), and, |S5(t) — So(t)llo <8(5), forall te0,t1],

with norms taken with respect to a small neighborhood B of My such that Ng C B,
then the semiflow Ss(t) has a C1, compact, connected, normally hyperbolic invari-
ant manifold Ms near My, such that Ms converges to Mg in the C* topology as
[195(t1) = So(ta)[ = 0.

Remark 3.2. In the present setting, normal hyperbolicity refers intuitively to
the property that the flow in directions that are normal to M dominate the flow
in the tangent directions (just like normal hyperbolicity for ODEs [I5] I8]). The
term flow now refers to the semiflow generated by the PDE. See conditions (i)-(iii)
in [20], section 18.2, for the precise statement and definitions.
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In the next section, we shall verify that there exists a fast/slow structure
associated to system for which essentially the same slow manifold studied
by Hillen et al. [16] is invariant under the fast semiflow associated to the PDE.
The key feature is that, under Neumann boundary conditions, the only stationary
solutions to the PDE are the equilibrium constant states of the ODE. We gloss over
some of the technical details and concentrate on the main properties: existence of
the semiflow, invariance of the slow manifold under the fast semiflow, and normal
hyperbolicity.

3.2. Approximation with Neumann boundary conditions. Consider the
non-local, non-dimensional system subject to Neumann boundary conditions
and initial conditions of the form (u,v)(z,0) = (ug,vo) € L*(Q) x L*(). We
then define the “fast” system by setting 6 = 0. The result is

up = dAu,

vy = Av — av + k(p) / p(y,t) dy,
Q

where p = u + v and subject to boundary conditions of Neumann type d,u =
d,v =0 on 99.

The first observation is that the non existence of inhomogeneous steady states
for system , thanks to the boundary conditions of Neumann type. This is a
straightforward consequence of the analysis in [23].

(3.1) zeQ, t>0,

Lemma 3.3. The only stationary solutions (u,v)(x) to the fast system (3.1) under
Neumann boundary conditions (2.2]) are constant states.

Proof. Follows directly from the analysis of Maddalena [23] (section 4). (In fact,
(3.1) is a particular case of the system considered in [23] with 6 = 0; the proof
goes verbatim; see also Remark ) ]

Consequently, the only equilibrium solutions to (3.1)) in L? are equilibrium
constant states of the associated ODE system. Hence, the slow invariant manifold
M under the semiflow of the PDE system (3.1]) is essentially the same as in [16]:

Mo = {(u,v) €[0,1] x [0,v«(a)] : M(u,v)=0}.
M (u,v) := k(p)|Qp — av, p=u-+v.
It is well-known that solutions to the Neumann problem,
wy = Aw, in €, O,w =0, on 01,

define an analytic semigroup in L?(2). In fact, one may consider the Neumann
Laplacian —Ay with dense domain D(—Ay) = H?*(Q)" = {w € H?*(Q)
tr 9,w = 0} acting on L?(Q) as an infinitesimal generator (cf. [14]). Hence,
let us consider the operator

An : D(Ay) = H?(Q)” x H*(Q)” — L*(Q) x L*(Q),

(0= 52 ()
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The fast system (3.1)) is then recast as
o, (g) =—Apn (Z) + G(u,v),

Glu,v) = (G(O ) Gu,v) :—cw-i—k(p)/p(y,t) dy.

U’a U) (9]
To define the fast semiflow associated to solutions to (3.1) we just need to
make an observation and to apply standard semigroup theory.

where

Lemma 3.4. G = G(u,v) is continuously Fréchet differentiable in L?(2) x L?(€2).

Proof. Tt follows from the fact that, for each h = (hy,hy) € L*(Q) x L*(Q) and
each fixed w = (u,v) € L?(Q) x L?(2), there holds G(w + h) = G(w) + DG (w)h +
O(||h]lL2), where

DG(w)h = —ahs + (K (p) /Q pdz)(hy + ha) + k(p) /Q (hn + ho) da,

defines a bounded operator in L? in view that
| = ahallL> < Callhllz2x L2,

1K (0) / pda)(h + ha)llzz < Crp

FENTES

k() / (hs + ha) dal| 2 < Cpallhllz2x e,
Q
for each fixed (u,v) € L3(Q2) x L*(Q). O

As a result, we may apply standard semigroup theory [10, 26] to conclude
that for each initial condition (ug,vg) € L?(2) x L?(f2), the Cauchy problem for
system subject to Neumann boundary conditions has a unique solution
(u,v) € C((0,T); D(An)) N CH[0,T); L?(Q) x L3(£2)) for some T' > 0, which we
denote as

(u,v) = So(t)(uo, vo)-
(See, e.g., [19].) The solution operator Sy(t) is a Cp-semigroup (or semiflow) acting
on L?(Q) x L2(2). It is the fast semiflow associated to under Neumann
boundary conditions.

Thanks to the fact that the only equilibrium states for the fast system
are constant states we have the following straightforward

Lemma 3.5. My is invariant under the fast semiflow Sy(t).

Proof. Take a constant state (unr,var) € Mo C D(An) (for which k(par)|Qpa =
avyr). Then the results follows immediately from uniqueness of the solution
(u,v) = So(t)(unrr,var) to with initial condition (uaz, var), and from observ-
ing that (u,v) = (upr,var) is also a trivial solution to (3.1)). Thus, So(t)Mo = M,
for all ¢t € [0, 7). O
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Lemma 3.6. M, is normally hyperbolic with respect to the semiflow Sy(t).

Proof. We need to show that the manifold is attractive for the fast dynamics or
solutions to the fast system (3.1]). For that purpose consider (ups,var) € Mo and
perturbations (u + uaz, v + vpr) as solutions to the fast system (3.1). Linearizing
around (upz, vpr) one obtains

uy = dAu,

(3.2) zef, t>0,

v = Av — aw + k(pr) / p(y, ) dy + ¥ (par) s,
Q

subject to Neumann boundary conditions d,u = 0,v = 0 on 9. Let ¢; and u; be
the eigenfunctions and eigenvalues, respectively, of the Neumann Laplacian on €2;
that is, —Ap; = pjp;, with 0 = po < p1 < ... <py <oy gy — +00, Oy =0
on 02 as j — 400 and g is the constant solution. Therefore, p; > 0 is the first
positive eigenvalue, the eigenfunctions are an orthonormal basis of L?(€) and we
can consider expansions of the form

u—up =y wit)ps(x),  v—va =Y yi(t)e;(x).
j=1 Jj=1

Upon substitution into ([3.2) one finds that for each j,

i () =mp e ()

D (d 0) T = < 0 0 )
0 1) M NIQUK (pa)par + k(o)) QUK (pan)py + k(par)) — )
The eigenvalues of —pu; D + Jps are
A = —pjd, A = QUK (par)par — wj + [Qk(par) — a.
Clearly )\gj) < 0 for all j > 1. Substituting k(par)|Q2pa = avp we notice that
A = QUK (par)par — 5 — 1Qk(Par)uns <0,

inasmuch as k is decreasing. Thus, solutions to the linearized fast system around
a point in Mg decay and time and we conclude that the slow manifold is normally
hyperbolic. [

with

By Theorem [3:1] for 0 < § < 1 sufficiently small there exists an invariant
manifold M under the semiflow Ss(t) associated to system (2.6, which is close
to Mg. The long time dynamics of solutions to (2.6)) are therefore settled onto the
slow manifold My, which can be expressed as a graph (see Lemma 3.2 in [I6]).
Indeed, by the implicit function theorem, for every (ups,vpr) € My satisfying
M (upr, vpr) = 0, and since

oM (unr,var) = k' (par)|Qpar — k(par) |Qfuar <0,
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then the slow manifold can be recast as Mg = {(u, U (u) : u € [0, 1]}, where

dva QUK (p)p + k(p))

du o — QK (p)p + k(p))’
Moreover, it can be shown that for a; > as, one has Uq, (1) < Ua,(u)(see [16],
Lemma 3.2).

As a result, the tumor growth paradox arises due to the properties of the slow
manifold analyzed by Hillen et al. [16]. (Actually, the analysis can be quoted word
by word.) We omit the details and simply state the emergence of the paradox in
the current PDE setting. Notice that we need to assume that the initial condi-
tions are near the attracting slow manifold Mg to guarantee the emergence of the
paradoxical tumor growth.

Theorem 3.7. Under the assumptions on the progeny kernel k = k(p) and
for 0 < § <« 1 sufficiently small, let (ui,v1) and (u2,v2) be the corresponding
solutions to the PDE system (2.6 for values of an and aa, respectively, under
Neumann boundary conditions (2.2) with the same initial condition (u,v)(z,0)
(same initial tumor size) near the slow manifold M. Assume that oy > ag > 0.
Then there exists times tq,t, such that

/pl(x,ta)dx:/pg(%tb)dx, and /pl(x,ta+0)dx:/pg(m,tb+9)dx,
Q Q Q Q

for each 6 > 0.

P =u+Uq(u).

ACKNOWLEDGEMENTS

The authors are grateful to Thomas Hillen, for calling their attention to the
work by Delgado et al. [§] and for enlightening conversations, as well as to Alessio
Franci, for pointing out reference [20]. This work is an extension of the M. Sc.
Thesis of the first author [25], written under the supervision of the second, and
was partially supported by DGAPA-UNAM, program PAPIIT, grant IN-100318.

REFERENCES

[1] M. AL-HayJ, M. S. WICHA, A. BENITO-HERNANDEZ, S. J. MORRISON, AND M. F. CLARKE,
Prospective identification of tumorigenic breast cancer cells, Proc. Natl. Academy Sci. 100
(2003), no. 7, pp. 3983-3988.

[2] H. AMANN, Fized point equations and monlinear eigenvalue problems in ordered Banach
spaces, STAM Rev. 18 (1976), no. 4, pp. 620-709.

[3] P. W. Bates, K. Lu, AND C. ZENG, Existence and persistence of invariant manifolds for
semiflows in Banach space, Mem. Amer. Math. Soc. 135 (1998), no. 645, pp. viii+129.

[4] P. W. Batgs, K. Lu, AND C. ZENG, Invariant foliations near normally hyperbolic invariant
manifolds for semiflows, Trans. Amer. Math. Soc. 352 (2000), no. 10, pp. 4641-4676.

[5] I. Borsi, A. FAsaANO, M. PRIMICERIO, AND T. HILLEN, A non-local model for cancer stem
cells and the tumour growth paradoz, Math. Med. Biol. 34 (2017), no. 1, pp. 59-75.

[6] C. CoBALEDA, N. GUTIERREZ-CIANCA, J. PEREZ-LOSADA, T. FLORES, R. GARCIA-SANZ,
M. GONZzALEZ, AND I. SANCHEZ-GARCIA, A primitive hematopoietic cell is the target for
the leukemic transformation in human Philadelphia-positive acute lymphoblastic leukemia,
Blood 95 (2000), no. 3, pp. 1007-1014.



(7]
(8]

(9]

[10]
(11]
(12]
(13]
(14]
[15]

[16]

(17)

(18]

(19]

[20]

(21]

22]

23]

24]

[25]
[26]

27)

ON THE ROLE OF DIFFUSION IN THE TUMOR GROWTH PARADOX 13

M. G. CRANDALL AND P. H. RABINOWITZ, Bifurcation from simple eigenvalues, J. Funct.
Anal. 8 (1971), no. 2, pp. 321-340.

M. DELGADO, 1. B. M. DUARTE, AND A. SUAREZ, Nonlocal elliptic system arising from the
growth of cancer stem cells, Discrete Contin. Dyn. Syst. Ser. B 23 (2018), no. 4, pp. 1767—
1795.

H. ENDERLING, A. R. A. ANDERSON, M. A. J. CHAPLAIN, A. BEHESHTI, L. HLATKY, AND
P. HAHNFELDT, Paradozxical dependencies of tumor dormancy and progression on basic cell
kinetics, Cancer Res. 69 (2009), no. 22, pp. 8814-8821.

K.-J. ENGEL AND R. NAGEL, A short course on operator semigroups, Universitext, Springer-
Verlag, New York, 2006.

A. FASANO, A. MANCINI, AND M. PRIMICERIO, Tumours with cancer stem cells: a PDE
model, Math. Biosci. 272 (2016), pp. 76-80.

N. FENICHEL, Persistence and smoothness of invariant manifolds for flows, Indiana Univ.
Math. J. 21 (1971/1972), pp. 193-226.

N. FENICHEL, Geometric singular perturbation theory for ordinary differential equations, J.
Differential Equations 31 (1979), no. 1, pp. 53-98.

D. HAROSKE AND H. TRIEBEL, Distributions, Sobolev Spaces, Elliptic Equations, vol. 4 of
EMS Textbooks in Mathematics, European Mathematical Society, 2008.

G. HEk, Geometric singular perturbation theory in biological practice, J. Math. Biol. 60
(2010), no. 3, pp. 347-386.

T. HIiLLEN, H. ENDERLING, AND P. HAHNFELDT, The tumor growth paradox and immune
system-mediated selection for cancer stem cells, Bull. Math. Biol. 75 (2013), no. 1, pp. 161—
184.

T. HILLEN, B. GREESE, J. MARTIN, AND G. DE VRIES, Birth-jump processes and application
to forest fire spotting, J. Biol. Dyn. 9 (2015), no. suppl. 1, pp. 104-127.

C. K. R. T. JoNES, Geometric singular perturbation theory, in Dynamical systems (Monte-
catini Terme, 1994), R. Johnson, ed., vol. 1609 of Lecture Notes in Math., Springer, Berlin,
1995, pp. 44-118.

T. KATO, Quasi-linear equations of evolution, with applications to partial differential equa-
tions, in Spectral theory and differential equations (Proc. Sympos., Dundee, 1974), W. N.
Everitt, ed., no. 448 in Lecture Notes in Mathematics, Springer, Berlin, 1975, pp. 25-70.
C. KUEHN, Multiple time scale dynamics, vol. 191 of Applied Mathematical Sciences,
Springer, Cham, 2015.

T. Lapmbor, C. SIRARD, J. VORMOOR, B. MurDOCH, T. HOANG, J. CACERES-CORTES,
M. MINDEN, B. PATERSON, M. A. CALIGIURI, AND J. E. DICK, A cell initiating human acute
myeloid leukaemia after transplantation into SCID mice, Nature 367 (1994), pp. 645-648.
C. L1, D. G. HEpT, P. DALERBA, C. F. BURANT, L. ZHANG, V. ADsAy, M. WicHA, M. F.
CLARKE, AND D. M. SIMEONE, Identification of pancreatic cancer stem cells, Cancer Res.
67 (2007), no. 3, pp. 1030-1037.

L. MADDALENA, Analysis of an integro-differential system modeling tumor growth, Appl.
Math. Comput. 245 (2014), pp. 152-157.

C. A. O’BrIEN, A. POLLETT, S. GALLINGER, AND J. E. Dick, A human colon cancer cell
capable of initiating tumour growth in immunodeficient mice, Nature 445 (2007), pp. 106—
110.

I. PADILLA, Mathematical modeling of tumor growth with cancer stem cells. (In Spanish.)
M.Sc. Thesis, Universidad Nacional Auténoma de México, 2019.

A. Pazy, Semigroups of linear operators and applications to partial differential equations,
vol. 44 of Applied Mathematical Sciences, Springer-Verlag, New York, 1983.

S. K. SINGH, I. D. CLARKE, M. TERASAKI, V. E. BoNN, C. HAWKINS, J. SQUIRE, AND P. B.
DIrkS, Identification of a cancer stem cell in human brain tumors, Cancer Res. 63 (2003),
no. 18, pp. 5821-5828.



14 I. PADILLA AND R.G. PLAZA

[28] M. ToLoubpi, E. IoANNOU, M. CHATZIIOANNOU, P. AposToLou, C. KIRITSIS, S. MANTA,
D. KoMmioTis, AND P. PAPASOTIRIOU, Comparison of the growth curves of cancer cells and
cancer stem cells, Curr. Stem Cell Res. Ther. 9 (2014), no. 2, pp. 112-116.

(I. Padilla) POSGRADO EN CIENCIAS MATEMATICAS, UNIVERSIDAD NACIONAL AUTONOMA DE
MEgxico, CIRCUITO EXTERIOR s/N, C1uDpAD DE MExico C.P. 04510 (MEXICO)
E-mail address: ipbepsilon@gmail.com

(R. G. Plaza) INSTITUTO DE INVESTIGACIONES EN MATEMATICAS APLICADAS Y EN SISTEMAS,
UNIVERSIDAD NACIONAL AUTONOMA DE MEXIcO, CIRCUITO ESCOLAR S/N, CIUDAD DE MEXICO
C.P. 04510 (MEXICO)

E-mail address: plaza@mym.iimas.unam.mx



	1. Introduction
	2. The tumor growth paradox
	3. Application of invariant foliation theory
	Acknowledgements
	References

