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Abstract

We analyse a multiphase, moving boundary model that describes solid tumour growth. We consider the
evolution of a motile, viscous cell phase and an inviscid extracellular liquid phase. The model comprises
two partial differential equations that govern the cell volume fraction and the cell velocity, together with a
moving boundary condition for the tumour edge. Numerical simulations of the model indicate that patterned
solutions can be obtained, which correspond to multiple regions of high cell density separated by regions of
low cell density. In other parameter regimes, solutions of the model can develop into a forward- or backward-
moving travelling wave, corresponding to tumour growth or extinction, respectively. A travelling-wave
analysis allows us to find the corresponding wave speed, as well as criteria for the growth or extinction of the
tumour. Furthermore, a stability analysis of these travelling-wave solutions provides us with criteria for the
occurrence of patterned solutions. Finally, we discuss how the initial cell distribution, as well as parameters

related to cellular motion and cell-liquid drag, control the qualitative features of patterned solutions.
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1 Introduction

A tumour is characterised by an abnormal mass of tissue that develops when cells divide more frequently
or die less frequently than they should. Benign tumours are non-invasive and remain local to the site at which
they first developed, whilst malignant (cancerous) tumours possess uncontrollably dividing cells that can spread
through the body (Patel, [2020). In the initial stages of growth, the tumour is sufficiently small that cells are
adequately nourished by nutrient obtained from the surrounding tissue by diffusion. As the tumour grows, a
limited amount of nutrient enters the core due to its consumption by cells in the tumour rim, and malnourished
cells can release agents that stimulate angiogensis (Fam et al., 2003). Consequently, the new blood vessels
formed by angiogensis provide a means for metastasis, whereby tumour cells enter the blood stream and spread
through the body to form secondary tumours (Zetter, |1998). The effect that cancer has on the global population
encourages vigorous scientific research into its treatment and prevention.

Extensive mathematical research has been undertaken to better understand tumour growth. Some of the

earliest mathematical models of tumour growth examine the diffusive nature of substances moving through
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cells in order to investigate how physiological processes such as oxygen transport and waste disposal affect
tumour growth (Hill, |1928; Thomlinson and Gray, |1955]; Burton, [1966)). For example, the study |Greenspan
(1972) captures the principal structure of an avascular tumour by incorporating the effects of a diffusive nutrient
and a growth inhibitor. More recent studies analyse how cells migrate within a tumour in response to various
stimuli (McElwain and Pettet, |1993; [Thompson and Byrne, [1999). For example, Pettet et al.| (2001) determines
how the concentration of nutrient present at the tumour edge affects the migration of cancer cells in different
regions of the tumour. In contrast to these earlier models of tumour growth, [Ward and King| (1997)) derives
a system of partial differential equations to track the behaviour of living and dead cells, whereby the volume
exchange between the two cell species drives the velocity field within the tumour. Some authors adopt a
microscale approach, which seeks to model interactions between a large number of individual cells. Whilst such
approaches can formalise single-cell dynamics observed experimentally, they can can become computationally
infeasible for tissue-scale simulations (Poleszczuk and Enderling, [2014). Reviews of microscale approaches to
model tumour growth via cellular automaton and agent-based systems is provided in Boonderick et al.| (2010)
and Macnamara (2021)), respectively.

Conversely, and of greater relevance to this study, some authors adopt a multiphase approach to model the
growth of a solid tumour or a tissue construct (Jepson et al.,[2022; /O’ Dea et al.,|2010; |Tosin and Preziosi,[2010;
Sciume et al., 2013). In contrast to continuum approaches which model tissue as a homogeneous mass, such
as (Greenspan| (1972), multiphase models allow the interaction of different tissue constituents, and have been
proposed to be a more natural modelling framework for studying solid tumour growth than existing theories.
For example, Byrne et al.| (2003) develops a multiphase model which describes the interaction between a cell
and a liquid phase in an avascular tumour; a detailed analysis of this model is provided in [Breward et al.
(2002), and the cell phase in this model exhibits either travelling waves which propagate with constant speed
or a steady state, both of which are in agreement with experimental observations. InLemon and King| (2007),
a multiphase, moving boundary model of tissue growth is analysed to determine how mechanical pressures
influence the attractive or dispersive nature of cells. In certain parameter regimes, the tissue evolves at a
constant speed as either a forward or backward travelling wave. Alternatively, solutions can exhibit patterned
solutions, whereby cells form distinct regions of high-cell density that are separated by regions of low cell
density. Another multiphase description of tissue growth which admits patterned solutions is presented in
Green et al.| (2018)), where cells can migrate toward a concentration of nutrient and form regions of high cell
density. To identify parameter regimes for which pattern formation is expected, Green et al.| (2018)) employs a
Turing-type stability analysis (Turing| [1952) and determines when a spatially-uniform steady state is unstable
to small-amplitude perturbations.

In a similar fashion to|Green et al.| (2018)), many other mathematical models employ well-established tech-
niques to analyse the existence of patterned solutions on a fixed spatial domain; see Murray|(2002) for a review.
In contrast, mathematical models have been proposed to examine how patterned solutions are affected by an
evolving spatial domain (Crampin et al., 2002; Krause et al., [2018}; [Toole and Hurdal, |2014). While moving
boundary models can provide a more realistic description of some biological phenomena than fixed domain
models, the stability analysis exploited to obtain criteria for patterned solutions is generally more complex due

to the dependence of any spatially homogeneous base states on time (Gorder et al, 2021). To overcome this
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difficulty, Gorder et al.|(2021) uses a comparison principle to provide criteria for spatial patterning in terms of
differential inequalities, for a class of spatially evolving reaction-diffusion systems.

In this work, we analyse patterned and travelling-wave solutions of the multiphase, moving boundary model
developed in Byrne et al.| (2003). This model describes solid tumour growth, and considers the evolution
of a motile, viscous cell phase and an inviscid extra-cellular liquid phase, both of which are modelled as
incompressible fluids and nutrient-rich. Tissue mechanics, cellular growth and a mechanism to represent cell-
liquid drag are accounted for by considering relevant constitutive assumptions in a similar fashion to those in
Byrne et al.| (2003)) and Breward et al.| (2002). Following King and Franks| (2004), we assume that nutrient
is abundantly distributed throughout the tumour. In the context of in vivo tumour growth, this assumption is
physically relevant where the tumour is in the initial stage of growth and all cells are adequately nourished
(Franks and King}, 2003). This nutrient-rich assumption is also appropriate when considering the initial growth
of a suspension of in vitro tumour cells (Byrne et al.,|2003)). Whilst the model developed in|[Byrne et al.| (2003
pertains to both in vivo and in vitro tumour growth, we emphasise that the mathematical results obtained in its
analysis can be applied to a wider class of multiphase tissue growth models, such as that in Lemon and King
(2007).

The paper is constructed as follows. In Section [2] the model from Byrne et al.| (2003) is summarised and
dimensionless equations of mass transfer and momentum balance are stated. Following this, some exemplar
numerical solutions of the model are presented in Section [3] which exhibit patterned solutions and forward-
and backward-moving travelling waves. In Section ] a travelling-wave analysis is presented. This allows us
to find the speed of travelling waves, as well as criteria for the growth or extinction of the tumour. We also
present a stability analysis of these travelling-wave solutions and obtain criteria for when patterned solutions
can occur. In Section [5] we neglect the effect of the moving tumour edge and determine the stability of a
spatially-uniform steady state. A comparison between the results of the travelling-wave and spatially-uniform
stability analysis allows us to suggest that the moving boundary does not contribute toward the formation of
spatial patterns. In Section[6] we examine the qualitative features of patterned solutions. We find that the initial
cell distribution and the value of the cell-liquid drag have a significant effect on the features of patterns, in
comparison to the strength of forces generated by cellular motion. In Section [/} we discuss the behaviour of

the model and highlight the mathematical and biological results obtained in its analysis.

2 Model development

In this section, we present a summary of the two-phase model developed in Byrne et al.| (2003) which de-
scribes the growth of a solid tumour. Following King and Franks|(2004), we assume that nutrient is abundantly
distributed throughout the tumour; see Section (1| for a discussion regarding the biological relevance of this
assumption. For simplicity, we formulate the model in a one-dimensional Cartesian geometry and present the
model in dimensionless form for brevity.

The tumour model of Byrne et al.| (2003) consists of two phases, denoted by n(z, t) and w(z, t), that
represent the volume fraction of cells and extracellular liquid, respectively. These phases satisfy the no-voids
volume constraint n + w = 1. The velocity fields v, (z, t) and v, (z, t), as well as the pressures p,(x, t) and

pw(x, t), are associated with the phases n and w, accordingly. We model the cell and liquid phases as viscous
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and inviscid fluids, respectively. The spatial domain of the tumour evolves over time due to cellular motion, so
the volume fractions n and w evolve on the moving domain 0 < z < L(t), where = 0 and = = L(t) denote
the tumour core and tumour edge, respectively. The model is developed by considering mass and momentum
balances for each phase, assuming that the phases are incompressible with equal density, and by neglecting
inertial effects.
The mass transfer equation for the cell phase is represented by the partial differential equation (PDE)
on 0

5T %(nvn) =T(n), where T'(n)=r,n(l—n)—ryn. )

Here, w has been replaced with 1 — n, and r,,, and r, are positive constant dimensionless rates of cell mitosis
and apoptosis, respectively. Equation (I states that the rate of change of the cell volume fraction n is due to
advection, as well as the production and death of cells. Since daughter cells are constructed via mitosis using
the available liquid, the first term on the right hand side of I'(n) is proportional to the liquid volume fraction.

The momentum balance equation for the cell phase is

0 ovy, on B
89&'[”(835_]9")} +pwa_’€n(1_n)(vn_vw)—0- (2)

The first term in describe stresses in the cell phase and consists of contributions from the cell viscosity
and pressure in the cell phase. The third term in (2) describes the forces exerted on the cells by the pressure
in the liquid. The fourth term represents the interphase drag between the cells and liquid, where & is the
dimensionless drag coefficient. Combining (2) with the momentum balance equation for the liquid phase and

the overall conservation of mass condition allows the elimination of v,,, p, and p,,, and provides

> (n5e) - ) - e o ®

Oz n% ox 1—n

Cell viscosity Cell-cell interactions  Cell-liquid drag

where X(n) = p,, — p,, represents the additional pressures that arise due to cell-cell interactions.
Following Byrne et al.|(2003) and |Green et al. (2009), an appropriate expression for ¥(n) is

S(n) ”((1"_‘73), )

where 0 < ¢ < 1 is the natural packing density of the cells. When n > ¢, the cells membranes experience
stress, and the cells will repel each other to relieve it. This repulsion becomes large as the available space for
the cells decreases, which is reflected in the singularity at n = 1. When n < ¢, the cells will attract one another,

due to their filopodia coming into contact (Breward et al., 2002). Necessarily, we have ¥(0) = 0.
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Equations (1)) and (3)) are coupled to the boundary conditions

v, =0 at x =0, )
ovn B
B ¥(n) at z = L(t), (6)

which arise from the assumptions that the tumour is symmetric about its centre (z = 0), and that the tumour

edge is stress-free and p,, (L, t) = 0. The moving boundary at x = L(t) moves with the cell velocity, so that

dL(t)

T = vn(L(2), ). (N

The initial distribution of n and position of the tumour boundary are
n(x, 0) = n;(z) and L(0) =1. (8)

Various choices for n;(x) are made throughout the paper.

For clarity, the model consisting of equations (I)), (3), (5)—(8) will be henceforth referred to as the moving
boundary model (MBM). Throughout this paper, we assume that r, < r,, so that there is net cell growth. As
shown in Byrne et al.[(2003)) and Breward et al.[ (2002)), combining , (@ and at © = L(t) provides the
autonomous ordinary differential equation (ODE)

d
d{: =T'(n) — nS(n), )
so that if r,,, > rg, then n(L, t) ~ ne for sufficiently large time, where I'(ns) — nooX(Neo) = 0. In

subsequent large-time analysis, we may therefore replace the boundary condition from (@ with n(L, t) = ne.

3 Numerical results

To illustrate the behaviour of the MBM, we present and discuss some numerical solutions on the moving
domain 0 < z < L(t). In this section we fix r,, = 0.3, 7, = 0.2 and x = 100, and pay particular attention
to three exemplar values of ¢ that generate patterned and forward- and backward-moving travelling-wave so-
lutions. Since the tumour is nutrient-rich and all cells are adequately nourished, we take n to be near-uniform
when ¢ = 0, and adopt the initial conditions n;(z) = £ 4 0.05sin(157z). This also accounts for small fluctua-
tions in the cell density across the tumour. We note that the choice of n;(0) = % arises from the far-field value

of n in travelling-wave coordinates as considered in Sectiond} and is chosen here for convenience.
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To obtain numerical solutions of the MBM, we fix the moving boundary by scaling x with L(t) as £ =
x/L(t), so that £ € [0, 1], and the model becomes

‘Z‘:é?g(g(ﬁ— n) —Z%QZL—I—F(TL), (10)
dﬁit) = v, (1, ). (12)
2‘95?(1, D=Sw| . wO.0=0 &0 =, LO)=1 (13)

We spatially discretise (T0) and (TT)) using first-order finite differences. Upwind or downwind finite differences
are used for the first term on the right-hand side of (I0), the direction of which is determined by the sign of the
quantity in the brackets. The equations from (I0) and (T2) are then numerically integrated in time using the
function ode23s in MATLAB, which uses a third order Runge-Kutta method.

In Fig. [I[a, b), we present n and v, when ¢ = 0.2, where we observe forward-moving travelling waves
and linear growth in L, after an initial period of transient growth from the initial cell distribution. In contrast,
Fig. [[{c, d) illustrate n and v,, when ¢ = 0.5, where we observe backward-moving travelling waves and linear
recession in L. As the tumour vanishes, the tumour edge decays exponentially towards zero, as shown in Fig.
[[[d). Clearly, the case in which ¢ = 0.2 corresponds to tumour growth, whereas ¢ = 0.5 corresponds to the
retreat and eventual extinction of the tumour. This motivates a travelling-wave analysis of the MBM which is
provided in Section ] where we express the speed of the tumour edge in terms of the model parameters and
obtain explicit criteria for whether the wave grows or retreats.

In Fig. [Ie, f), we present n and v,, when ¢ = 0.85. After a period of transient growth from the initial data,
n(x, t) exhibits a patterned solution comprising multiple regions of high density (shown in yellow), which we
term cell peaks. These peaks are sharply separated by regions of low cell density (shown in blue). The maximal
volume fraction of all cell peaks is approximately equal to n(L, t), where from (9) we have n(L, t) ~ nuo
for ¢ > 1. As highlighted by the velocity profiles, cells in low density regions migrate up gradients of n
toward regions of high cell density, due to attractive forces experienced between them when ¥(n) < 0. This
attraction results in the contraction of the tumour, and consequently the eventual extinction of the tumour.
Nevertheless, the patterned solutions observed prior to extinction retain a degree of biological relevance. For
example, and as described in a similar multiphase model of tissue growth (Green et al., 2009), the inherent
structural instability of a suspension of in vitro tumour cells with a spatially-patterned structure could lead to
its break-up, and consequently the formation of separate tumour spheroids. Parameter regimes in which we
expect pattern formation, that could be indicative of break-up, are presented in Section ] by determining the

instability of travelling-wave solutions.
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Figure 1: Numerical solutions of the MBM for three values of ¢. The black lines in (a, c, e) represent n(z, t) at indicated fixed times,
while the colour maps in (b, d, ) represent n(x, t) across a temporal interval. The pink arrows point in the direction of increasing time.
Parameter values: 7, = 0.3, r, = 0.2, K = 100 and ¢ = 0.2 (a,b), ¢ = 0.5 (c,d) and ¢ = 0.85 (e, 1).
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4 Travelling-wave solutions and stability analysis

In this section, we use travelling-wave analysis to obtain the speed at which the tumour either advances or
retreats in terms of the model parameters. We also present regions of parameter space in which travelling-wave

solutions are linearly unstable in ¢, which indicate when patterned solutions are expected.

4.1 Formulation

We write the MBM in terms of the coordinates L(t) = L(t)/+/r and z = \/kx — L(t), where L ~ ct and
z € (—o0, 0]. Here, c is the scaled wave speed, i.e. the speed of travelling waves observed in a simulation of
the MBM is ¢/+/k. Setting n = n(z, t) and v,, = v(z, t)/\/k, we obtain

on  OndL 0

— — = - <

o oz ar Ton") =T co<zsl, (14)
o ( 0 0

a( av>_az["2(n”_1n—vn:0 —0<2<0, (15)

dz dL(t) ) v(0, t), n(0,t) =n lim wv(z,t)=0 lim n(z t) =« (16)
dt b (oo} 50 ) ) 25— 00 ) )

where a = (ry, — rq)/rm. We note that since x does not appear in (14)-(16)), the value of the cell-liquid drag
does not determine the stability or direction of travelling waves.

To determine the stability of travelling waves, we introduce the perturbations
n(z, t) ~ N(2) +n1(z, t), wvn(z, t) ~V(2) +v1(z, t), L(t) ~ ct+ Li(t), (17)

where |n1], [v1], |L1] < 1, so that to leading order, (14)—(16) provide the system of travelling-wave ODEs

e+ (NV) = T(V), (18)
d dVv d NV
V(0) =c, N(0) = neo, Er_n V(z) =0, Er_n N(z) = a. (20)

To obtain numerical approximations of N(z), V(z) and ¢, we write and as system of three first-order
ODEs and use the function bvp5c in MATLAB to solve the resulting system. Details of the numerical methods
used are presented in Appendix [A] In view of the perturbations from (I7), the system (I4)—(16) provides the
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linearised problem

8n1 8n1 dN dL1 0 o
B Cor  dz @t T pr T Vm) =G, .
0 dv 81}1 dN 8721 n1V Nv1
— — N— ) —-—H(N)—n; — F(N - - = 22
6z<dzn1 0 ) ( )dzn1 ( )82 (1-N)2 1-N 0 @2)
dLq(t . .

0, mO=0,  lmowE=0  mwmE=0 @

Here, G(n) = £1(n), F(n) = & [nX(n)] and H(n) = L F(n), where T'(n) and £(n) are stated in (1) and

n

(), respectively.
To determine whether the perturbations n1, v; and Ly grow or decay with ¢, we set

ni(z, t) =n(z)eM, iz, t) = B()eM,  Li(t) = te, (24)

where /¢ is a constant and \ is the growth rate. If £(\) > 0 or R(\) < 0, then the solution triple (N, V, ¢)
is unstable or stable in ¢, respectively. Substituting (24) into (ZI)~(23)), we obtain the autonomous system of
ODEs

A —AAN" — e’ + NB'+ N'B+V'n+Vn' = G(N)n, (25)
\% N

VI Vi + N N~ HN)N' = PN = sz = 1 o=, (26)

B(0) =X, n(0) =0, lim f(z) =0, lim 7n(z) =0, 27)

Z—r—00 Z—r—00

where ' = %. To obtain A, we discretise — using finite differences and assemble the resulting linear
system into an eigenvalue problem for \. Using the function eig in MATLAB, we obtain the corresponding
set of eigenvalues and isolate the pair with the largest real part, A = max [§R(/\)] If A > 0, travelling-wave
solutions are unstable in ¢, and the MBM may exhibit patterned solutions. If A < 0, we expect the MBM to

exhibit stable travelling-wave solutions.

4.2 Results

In this subsection, we present and discuss the criteria for pattern formation obtained from (23)—(27)), as well
as the travelling-wave speed obtained from (I8)-(20). We first describe the results presented in Fig. [2(a). The
solid black line represents the neutral stability curve A = 0 obtained numerically from 25)—([27) as described
above, for a fixed value of r,. Regions in which travelling-wave solutions are unstable (A > 0) or stable
(A < 0) are indicated. In Fig. a), we also present the scaled wave speed ¢ when travelling-wave solutions
are stable, obtained numerically from (I8)—(20), via the methods presented in Appendix [A] The dashed black
line represents the curve ¢ = 0, and regions in which the tumour advances (¢ > 0) or retreats (¢ < 0) are
indicated. We recall that when travelling-wave solutions are stable, the wave speed, ¢/ /k, is the speed at

which the tumour either advances or retreats.
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Figure 2: An analysis of travelling-wave solutions and their stability. In (a), the black solid line is the curve A = 0 obtained
numerically from @3)—(27). The black dashed line is the curve ¢ = 0. The colour map shows c, obtained numerically from (I8)—(20).
Parameter values for (a) are 0 < ¢ < 1, 0.2 < rp, < 1 and 7, = 0.2. In (b), we plot n(z, t) from the MBM for ¢ = 0.87 (top panel,
pink dot) and ¢ = 0.91 (bottom panel, green dot) when ¢ = 0, 3, 6, 9. Parameter values for (b) are r,,, = 0.6, 7, = 0.2, x = 50. For
both panels in (b), we use n;(x) = N(x) + 0.05sin(157z), where N (z) is the travelling-wave solution when ¢ = 0.

To illustrate the accuracy of the stability regions shown in Fig. [2(a), we compare two numerical solutions of
n(zx, t) from the MBM that are marginally stable or unstable. In Fig. a), the green and pink dots indicate two
parameter regimes in which travelling-wave solutions are marginally unstable and stable, respectively. In Fig.
b), we present n(x, t) from the MBM corresponding to these two parameter regimes at exemplar early time-
points. For each parameter regime, we take the initial conditions to be a perturbation of the travelling-wave
solution NV obtained from (I8)-(20), i.e.

ni(z) = N(z) + 0.05sin(157x). (28)

When the marginally stable parameter regime (pink dot) is used, solutions decay from the initial perturbation
toward a backward-moving travelling wave, similar to that shown in Fig. [I{c). As expected, solutions grow
toward a pattern-forming solution from the initial perturbation when the marginally unstable parameter regime
(green dot) is used. Hence, the results presented in Fig. [2b) are consistent with the unstable and stable regions
shown in Fig. 2(a), and illustrate a good level of accuracy of the neutral stability curve, A = 0.

As seen from the neutral stability curve A = 0 in Fig. 2Ja), the value of ¢ required to destabilise travelling-
wave solutions decreases with r,,. This suggests that patterns will form if there is insufficient cell growth
to support the uniform migration of cells towards their natural packing density. Numerical solutions of the
travelling-wave ODEs from (I8)-(20) indicate that the sign of ¢ corresponds to the sign of o — ¢. This is
consistent with the results in Fig. b), as well as the slow-wave (|c| < 1) asymptotic analysis of —
given in Appendix When ¢ > 0 (corresponding to when o > ¢), we have n > ¢ behind the wave-front
and cells are in a constant state of repulsion. Consequently, the tumour edge expands to provide space to which
the cells can migrate. Conversely, when ¢ < 0 (corresponding to when o < ¢), we have n < ¢ behind the

wave-front and cells are in a constant state of attraction which results in the contraction of the tumour edge.
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Fig. [2(a) indicates that c is greatest when r,,, = 1 and ¢ — 0. This suggests that the tumour grows quickest
when the rate of cell production is large, but the cells’ natural packing density is small (thereby increasing the

strength of repulsive forces experienced between cells when n > ¢).

5 The stability of a spatially-uniform steady state

In contrast to the travelling-wave stability analysis presented in the previous section, we now determine
the stability of the spatially-uniform steady state satisfying equations (I)) and (3)) on an infinite spatial domain.
This stability analysis neglects the effects of the boundary conditions at the tumour edge, and has been used
informally in similar moving boundary models of tissue growth, e.gLemon and King| (2007) and Byrne et al.
(2003). A comparison between this stability analysis and that from Section 4], where the effects of the moving
boundary are incorporated, allows us to identify whether the moving boundary at the tumour edge affects the
onset of pattern formation.

The non-trivial, spatially-uniform steady state of (1)) and (3] is given by

(TL, Un) = (Oé, 0)’ (29)
where o« = (7, — 74)/7m. We introduce the linearisation n ~ « + n,(x, t) and v, ~ vy(z, t), where
Inp|, |vp| < 1 satisfy the linearised problem

on ov.
8—;’ - aa—; —n,G(a) =0, (30)
O*v,  Ony KQw
_ P () — P _ 31
Y022 " O () l—a 7 G

where G(n) = %F(n) and F(n) = % [nX(n)]. To determine whether the perturbations n,, and v, grow
or decay in ¢, we set (ny, vy) oc €1 TP! where v is the perturbation wave number and p is the growth rate.

Substituting this ansatz into (30) and (31)), we obtain the dispersion relation

(1 - a)F(a)

p(7) =Gla) = ;—— e (32)

If p > 0or p < 0, then the steady state from (29) is unstable or stable, respectively. As such, it is useful to
consider the quantity
Poo = lim p=G(a) — F(a). (33)

Y—00

If poo > 0, then p(+y) is monotonically increasing and since p(0) < 0, we have p(vy) > 0 for a sufficiently large
value of 7. If ps < 0, then p(7y) is monotonically decreasing so that p(y) < 0. Therefore, the steady state from
(29) is unstable or stable when po, > 0 or ps < 0, respectively. In Fig. a), we illustrate the function p(7y)
for two different parameter regimes which are provided in the caption, which give rise to the cases p, > 0 and
Poo < 0.

We now compare the stability analysis presented in this section with that from Section[d In Fig. [3(b), we
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Figure 3: A stability analysis of the spatially-uniform steady state (n, v,) = (a, 0). In (a), the solid black line is the function p(~y)
from for r, = 0.3, r = 0.2 and ¢ = 0.7, whilst the dashed black line is p(v) for 7, = 0.5, 7, = 0.2 and ¢ = 0.7. In (b), the
solid black line is the curve A = 0 obtained numerically from (25)-(27), whilst the dashed pink line in is the curve po = 0, both with
rq = 0.2.

compare the neutral travelling-wave stability curve A = 0 obtained numerically from (23))—(27) with the neutral
stability curve of the spatially-uniform steady-state po, = 0 obtained in this section. As seen in Fig. 3[b), these
two approaches to computing the respective neutral stability curves are in good agreement. This suggests that
the values of cell production, cell death and the natural packing density largely determine the emergence of
patterned solutions, in contrast to the inclusion or exclusion of the moving boundary. We therefore expect
the destabilising mechanism giving rise to patterned solutions to be the attractive forces experienced by cells
occurring when n < ¢. The good agreement between the curves presented in Fig. [3(b) justifies using the
simpler analysis described in this section to determine criteria for spatial patterning, rather than the more
computationally exhaustive analysis described in Section 4]

The close agreement between the neutral stability curves presented in Fig. [3(b) allows us to exploit the
relation from (29) to deduce how the model parameters affect the onset of pattern formation. The parameter
regime in which is unstable, and hence patterned solutions are expected, can be found explicitly from

Poo > 0, i.e.
(34)

Since 0 < ¢ < 1, indicates that solutions will not exhibit pattern formation when r,,, > 2. This indicates
that a high cell proliferation rate alone can curtail the formation of patterned solutions, regardless of the strength
of attractive forces experienced between cells. Furthermore, (34) suggests that no patterns will form if there is
a negligible rate of cell death. We also note that (34) is independent of «, this being consistent with the analysis
from Section[d] which indicated that the value of the cell-liquid drag does not determine whether solutions will

exhibit pattern formation.
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Figure 4: A quantification of patterned solution features. In (a), we present a numerical solution n(z, t) from the MBM, equations
(1. @). 5)~(8). at t = 40 for ry, = 0.4, ro = 0.2, ¢ = 0.75, k = 25 and n;(z) = a + 0.05sin(157x). The green line segments
between the green crosses indicate the elements in X (t) from (35). In (b), we present the metrics 3(¢) and w(t) for ¢ = 0.03 and
¢ =0.09. We use 7, = 0.3, 7o = 0.2, ¢ = 0.85, k = 100 and n;(x) defined as in (a)

6 Qualitative analysis of pattern formation

In this section, we examine the qualitative features of patterned solutions like those shown in Fig. [I[f),
which are formed by multiple regions of high cell density (termed cell peaks), separated by regions of low
cell density. As discussed in Section [3] the inherent structural instability of a suspension of in vitro tumour
cells with a patterned structure could lead to its break-up, and consequently the formation of separate tumour
spheroids. Whilst tumour break-up is not explicitly modelled here, a qualitative analysis of patterned solutions

nonetheless provides insight into how the value of model parameters could affect the onset of such a process.

6.1 Mathematical formulation

In this subsection, we define the metrics used to quantify the number and width of cell peaks. We define
the number of cell peaks 3(t), to be the number of intervals within @ € [0, L(t)] such that n(z, t) is greater
than a threshold V. The set containing these intervals, X (¢), is defined as

X(t) = { e [0, L(t)] ] n(z, t) >V } - { [29i, w2i41] for i =0, ..., B(t) —1 } (35)

so that 5(t) is the number of intervals at time ¢. Fig a) shows an example patterned solution illustrating these
intervals for a fixed value of ¢ and 1V, where we observe four cell peaks. We define the width of a cell peak
occupying [x2;, T2i+1] to be x9;+1 — x2;. Since there are often multiple cell peaks, it is informative to obtain
the average width of all cell peaks at any ¢t. We define this average to be

-1

8)

1

=3 2 (@ —wz). (36)
=0
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Figure 5: The variation of B, M and W from 1| with x, computed from numerical solutions of the MBM, together with exemplar
numerical solutions of n(x, t) at x = 5 (orange dot), x = 200 (pink dot) and x = 500 (green dot). Remaining parameter values:
rm = 0.3, 7¢ = 0.2,  =0.65, v = 15.

Furthermore, we restrict the ¢-dependent metrics 5(¢) and w(t) to t € [T7, T»], where T} and T5 are the times
at which the first and last single cell peak are observed, respectively.

Naturally, the choice of the threshold V can influence the metrics §(¢) and w(t). As discussed in Section
[3] the maximal volume fraction of cell peaks, such as those shown in yellow in Fig. [T(f), is approximately (but
never exceeds) the value of n.. To capture the features of fully formed cell peaks, we therefore set V = no, —(,
where ¢ > 0 is small. In Fig. f{b), we present 3(t) and w(t) on ¢ € [T}, T5], computed from the numerical
solution of n(z, t) presented in Fig. f), for two different values of (. The negligible difference between the
metrics for the two values of ¢ suggests that 3(¢) and w(t) are not sensitive to the value of { selected.

In order to examine how the model parameters affect the qualitative features of patterned solutions, it is

instructive to associate the metrics 3(t) and w(t) with scalar quantities. We define

1 T2 1 T2

M= max f((t), B:/ t) dt, W:/ w(t) dt. (37)
te[T1, Ty] ) (T = Th) Jzy A) (T = Th) Jzy )

Here, M describes the maximum number of cell peaks, whilst the time-averages B and W describe the average

number and average width of cell peaks, in a given simulation of the MBM for ¢ € [T}, T»]. Additionally, we

take n;(x) = a + 0.05sin(v7zx) where v is a positive integer. By varying v, we can investigate how the initial

cell distribution affects the qualitative features of patterned solutions.
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Figure 6: The variation of B, M and W from with ¢, computed from numerical solutions of the MBM, together with exemplar
numerical solutions of n(x, t) at ¢ = 0.6 (orange dot), ¢ = 0.75 (pink dot) and ¢ = 0.9 (green dot). Remaining parameter values:
rm = 0.3, rq = 0.2, Kk =25, v = 15.

6.2 Results

We now use the quantities described in to investigate how the model parameters affect the qualitative
features of patterned solutions. In Figs. |§| and (7} we present the three quantities (B, M, W) as functions
of k, ¢ and v, respectively. In each of these figures, we also include numerical solutions of n(z, t) from the
MBM for three exemplar values of the respective parameter, as indicated by the coloured dots.

The numerical solutions of n(z,t) presented in Figs. [5| and [7| suggest that the values of x and v have
a significant effect on the number of cell peaks, and this observation is substantiated by the observed range
over which the quantities B(k) & M (k) and B(v) & M (v) increase. Furthermore, the numerical solutions of
n(z, t) and the quantities B(¢) and M (¢) presented in Fig. [f]indicate that ¢ does not greatly influence the
number of cell peaks. Interestingly, this observation indicates that the strength of attractive forces experienced
by cells when n < ¢ is not indicative of the number of separate spheroids that result from the break-up of a
suspension of in vitro tumour cells.

As highlighted by the metric W (¢) and the numerical solutions of n(z, t) presented in Fig. [6] the width
of the cell peaks decreases as ¢ increases, as a result of the available cells migrating toward a larger natural
packing density. In contrast to this, the quantities W (k) and W (v) presented in Figs. |5 and [7| decrease due
to the available cells being distributed over a larger number of cell peaks. In particular, the value of v has the
most significant effect on the cell peak width when compared with the effects of varying x and ¢. Whilst the
number of cell peaks increase with x and v (as discussed above), the resulting decrease of cell peak width may

have implications on the viability of new tumour spheroids that result from in vitro break-up.
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Figure 7: The variation of B, M and W from with v, computed from numerical solutions of the MBM, together with exemplar
numerical solutions of n(z, t) at v = 15 (orange dot), ¥ = 30 (pink dot) and v = 60 (green dot). Remaining parameter values:
rm = 0.3, 74 = 0.2, ¢ = 0.65, kK = 25.

Whilst the quantities B(x) and B(v) provide insight into the average number of cell peaks, they do not
capture the differences in the qualitative features of patterns seen in Figs. [5] and [7] at different points in time.
For example, the patterned solutions in Fig. [7)illustrate that the number of cell peaks observed at early times
are determined by the value of v; however, these peaks are not sustained and merge together at a later time.
Additionally, the patterned solutions in Fig. [5]indicate that the value of x controls the number of peaks at
later times. In particular, the pink-dot panel in Fig. [5] indicates that there exists a relationship between the
values of x and v such that the cell peaks generated by the initial cell distribution are sustained throughout the
tumour. However, for a sufficiently larger value of x, spontaneous pattern emergence is observed in the regions
of low cell density, as illustrated in the green-dot panel in Fig. [5| In the context of in vitro tumour growth,
these observations suggests that the initial cell distribution may have a limited effect on the number of cell
peaks that can break away from a primary suspension of tumour cells to generate tumour spheroids, if there is
insufficient drag between the cells and liquid. This observation is in agreement with the qualitative analysis of
the multiphase description of in vitro liver cell aggregation presented in [Green et al.| (2009).

7 Conclusion

In this work, we analyse spatially-patterned and travelling-wave solutions of the two-phase, moving bound-
ary model of tumour growth developed in|Byrne et al.|(2003)). The model consists of two equations governing

a cell volume fraction denoted by n and its associated velocity, as well as a moving boundary condition for the
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tumour edge. Mechanisms to represent forces generated by cell-cell interactions are accounted for by consid-
ering relevant constitutive assumptions in a similar fashion to those in [Byrne et al.| (2003) and Breward et al.
(2002). One important parameter related to cell-cell interactions is ¢, which represents the cells’ natural pack-
ing density. If n > ¢, then cells repel each other to relieve membrane stress, and if n < ¢, then cells will
attract one another due to their filopodia coming into contact. In keeping with [King and Franks| (2004), we
assume that nutrient is abundantly distributed throughout the tumour. Whilst this assumption omits important
elements such as nutrient limited induced cell death, it is physically relevant in the context of an in vivo tumour
in the initial stage of development where all cells are adequately nourished. Additionally, this nutrient rich
assumption is appropriate when considering the initial growth of a suspension of in vitro tumour cells (Byrne
et al.l 2003). Whilst the model developed in |Byrne et al.| (2003) pertains to both in vivo and in vitro tumour
growth, the techniques developed in its analysis regarding pattern formation can be applied to a wider class of
multiphase tissue growth models, such as that described in|Lemon and King| (2007).

Solutions of the tumour model analysed herein can develop into a forward- or backward-moving travelling
wave, which correspond to the growth or retreat of the tumour edge, the latter resulting in tumour extinction. A
travelling-wave analysis is used to obtain criteria for the growth or extinction of the tumour via stable travelling
waves, in terms of model parameters. We determine that forward-moving travelling-wave solutions have n. > ¢
behind the wave-front, and cells are in a constant state of repulsion. Consequently, the tumour edge expands to
provide space in which the cells can migrate. Conversely, if n < ¢, cells behind the wave-front are in a constant
state of attraction, which results in the contraction of the tumour edge and a backward-moving travelling wave.
We find that the tumour grows the fastest when the rate of cell production is large, but the cells’ natural packing
density is small (thereby increasing the strength of repulsive forces experienced between cells when n > ¢).
We also find that the value of the cell-liquid drag does not determine the direction of travelling waves, but does
significantly control the wave speed.

We also observe patterned solutions that are associated with multiple regions of high cell density (termed
cell peaks) separated by regions of low cell density. From an initial cell distribution, cells migrate up gradients
of n from regions of low to high density to form distinct cell peaks, due to attractive forces experienced between
them when n < ¢. This attraction results in the contraction of the tumour, and consequently the eventual
extinction of the tumour. Nevertheless, patterned solutions observed prior to extinction retain a degree of
biological relevance. For example, and as described in|Green et al.|(2009)), the inherent structural instability of a
suspension of in vitro tumour with patterned structures could lead to break-up, and consequently the formation
of separate spheroids. Whilst the aspect of tumour break-up is not explicitly modelled here, a qualitative
analysis of patterned solutions nonetheless provides insight into how model parameters could affect the onset
of such a process. Notably, we find that the initial cell distribution only determines the number of cell peaks
within the tumour at early times, whereas the value of the cell-liquid drag determines the number of cell peaks
at later times. This suggests that the initial cell distribution could have a limited effect on the number of new
spheroids that result from in vitro tumour break-up, which is in agreement with the qualitative analysis of the
multiphase description of in vitro liver cell aggregation presented in |Green et al.| (2009)).

We determine the instability of travelling-wave solutions in time to obtain regions of parameter space in

which patterned solutions are observed. This stability analysis incorporates the effects of the boundary condi-
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tions imposed at the tumour edge and tumour core, as well as the moving tumour edge. The accuracy of the sta-
bility regions generated by this linear stability analysis are verified by comparing them with numerical solutions
of the cell volume fraction in suitable parameter regimes. The biological implications of the travelling-wave
stability analysis suggest that pattern solutions will emerge if there is insufficient net cell growth to support the
attraction of cells uniformly toward their natural packing density.

In addition to the travelling-wave stability analysis described above, we determine the stability of a spatially-
uniform steady state. In contrast to the travelling-wave stability analysis, this spatially-uniform steady state
does not satisfy the moving boundary condition at the tumour edge. Interestingly, however, the regions of in-
stability obtained via the travelling-wave and spatially-uniform stability analyses are in very good agreement,
suggesting that the inclusion or exclusion of the moving boundary does not determine when patterned solutions
will form. We therefore expect the destabilising mechanism giving rise to pattern formation to be the attractive
forces experienced by cells occurring when n < ¢. A similar multiphase moving boundary model to that de-
scribed in this paper is presented inLemon and King|(2007), and the stability of a spatially-uniform steady state
(which does not satisfy the moving boundary condition) is analysed to obtain criteria in which pattern-forming
solutions are expected. The good agreement between the two types of stability analyses presented in this paper
provides a justification for exploiting the simpler spatially-uniform analysis, such as for the class of multiphase
models in|Lemon and King| (2007).

A possible extension of the work presented in this paper is to investigate how additional constitutive as-
sumptions describing cell-cell interactions affect the onset of pattern formation. For example, in|Breward et al.
(2002), a mechanism is employed in the constitutive assumptions that ensures attractive forces experienced
between cells are short-range, so that cells do not attempt to cluster if they are too far apart. Another natural
extension of this work is to examine the influence that nutrient limitation has on the onset of pattern formation
within a tumour. In contrast to the model presented in this paper, preliminary numerical simulations of the

nutrient-limited extension indicate that pattern-forming solutions can exist on a growing spatial domain.
Acknowledgements Jacob M. Jepson acknowledges funding provided by the Engineering and Physical Sci-

ences Research Council (Grant Number EP/R513283/1). We are grateful to Dr Andrew Krause and Professor
John King for helpful discussions.
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A Numerical methods for travelling-wave solutions

In this section, we present the numerical methods used to determine N (z), V(z) and ¢ from (18)-(20).

A.1 Formulation of travelling-wave ODEs

For numerical purposes, we express (I8)-(20) as a system of three, first order ODEs by introducing the
variables U(z) = V'/(z) where ' = d/dz. We obtain

,, . T(N)-NU
V'(z) =U, (39)
oy Vo (FWV)-U)T(N)-NU)
Ve =1—x+ NV —¢) ’ “0)
V(0) = ¢, N(0) = neo, ZE{HOOV(Z) =0, ZEIPOON(Z) = a, 41)

where & = 1—r4/rp,. The system from (38)-(41) is computationally singular at z = 0 because of the boundary
condition V' (0) = ¢ and the right-hand side of and . In view of this, we consider the leading edge

of the wavefront to be z = —¢§ where § is sufficiently small such that the solution converges. We numerically
integrate —@ on z € [—Z, —¢] in MATLAB using the function bvp5c which uses a fifth-order, implicit
Runge-Kutta method. We impose the boundary conditions from @I as z — —oo at z = —Z, where Z is

sufficiently large such that the solution converges. The Taylor expansions of N(z) and V' (z) around z = 0,
N(2) ~ noo + N'(0)z and V(2) ~ ¢ + X(ne)z, are used as boundary conditions at z = —4§. The value
of N’(0) is found by combining and at z = 0 and employing L”Hopital’s rule. We use the built-in
parameter estimation feature in bvp5c to obtain the value of c.

A.2 Slow wave speed (|c| < 1) asymptotic analysis

The function bvp5c requires an initial approximation of the solutions NV, V' and c satisfying (38)-#1) in
order to converge. For this, we use asymptotic solutions valid when | — ne| < 1. When |a — neo| < 1,
then |c| < 1, and we linearise NV and V" around their far-field values, ZEIElOO N(z) = a and ZEIPOO V(z) = 0.
Following Lemon and King|(2007), we introduce the perturbations N ~ aa+¢eNy, V ~ €Vjy and ¢ ~ ecy where

€ = a — N and |e| < 1. The perturbations N and V) satisfy

dVp

— =G(a)N 42
ag () Ny, (42)

d?Vy  dMNV; alh

S0 T pa) — — 4
Y22 dz () l—a 0 “3)

EIEI Vo(z) =0, EEH Ni(z) =0, Ni(0) = -1, Vo(0) = co. (44)
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where G(n) = %F(n) and F'(n) = % [n¥(n)]. Combining and provides

A2V, 11—«

B—— -V =0 h B =
1.2 0 ,  Wwhere Gl

[G(a) - F(oz)], (45)

so that N1 = —e?/ \/E, Vo = k:m\/Eez/ VB and co = k:m\/E These asymptotic solutions are used as initial
guesses of N, V and ¢ from (38)-@1I). For more general parameter values, such as those presented in Fig. [2(a),

the method of parameter continuation is used.
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