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Abstract

Domain growth plays an important role in many biological systems, and so the inclusion
of domain growth in models of these biological systems is important to understanding how
these biological systems function. In this work we present methods to include the effects of
domain growth on the evolution of spatial correlations in a continuum approximation of a
lattice-based model of cell motility and proliferation. We show that, depending on the way
in which domain growth is implemented, different steady-state densities are predicted for
an agent population. Furthermore, we demonstrate that the way in which domain growth
is implemented can result in the evolution of the agent density depending on the size of the
domain. Continuum approximations that ignore spatial correlations cannot capture these
behaviours, while those that account for spatial correlations do. These results will be of
interest to researchers in developmental biology, as they suggest that the nature of domain

growth can determine the characteristics of cell populations.
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1 Introduction

Growth is of fundamental importance in biological systems [1, 2]. From embryonic development
to tissue renewal, growth plays a central role in the development, maintenance and repair of
biological systems throughout their lifetime [3]. Types of isotropic growth that have been ob-
served in biological systems include exponential, linear and logistic [4-11]. Anisotropic growth
also plays an important role in biological systems. For instance apical growth, whereby the tip
region of a domain grows, is observed in plant root extension and chick limb outgrowth [12, 13].
Importantly, growth has also been shown to contribute in the development of biological systems
in different ways. Experiments have shown that the advective component of domain growth is
important in enabling migrating cells to reach their target site [6-9]. Meanwhile, theoretical
studies have suggested that differential growth rates in developing tissue allow the generation of
diverse biological forms and structures [10, 14]. Consequently, it is important to include domain

growth in many models of biological systems [1, 2, 6-9, 14-18|.

Spatial correlations are often observed in biological systems [19-24]. For instance, in cell pop-
ulations spatial correlations can be established by cell proliferation, as a new cell is naturally
close to its parent cell following division. Individual-based models (IBMs) are able to recapitu-
late these spatial correlations, whereas models that employ certain mean-field approximations
(MFAs), such as the logistic model [25], and, in a spatially-extended context, the diffusion
equation, cannot [26-30]. Accurate continuum models are important tools for understanding
the behaviour of biological systems as, in contrast to IBMs, they generally allow for greater
mathematical analysis. This analysis can be crucial in forming a mechanistic understanding
of biological systems, which is not always apparent from simply studying the results of a large
number of repeats of an IBM. Therefore, in order to derive accurate continuum approximations
of IBMs that include cell proliferation it is often necessary to account for the effects of spatial

correlations [25, 31-39].

In this work we examine how domain growth affects the evolution of spatial correlations be-
tween agents in IBMs, and importantly, how the way in which domain growth is implemented

affects spatial correlations differently. To do so we use an agent-based (our agents represent



cells), discrete random-walk model on a two-dimensional square lattice with volume-exclusion.
We had reasoned that a standard MFA would not be able to capture the behaviours exhibited
by the IBM, and that this standard MFA would require correction by the inclusion of spatial
correlations in the form of a correlation ordinary differential equation (ODE) to accurately ap-
proximate the IBM results. This last point has been shown previously in scenarios without

growth [25].

The outline of this work is as follows: to begin with we introduce the IBM and growth mecha-
nisms in Section 2.1. We then define our individual and pairwise density functions, and derive a
system of ODEs describing the evolution of the individual and pairwise density functions with
respect to time on a growing domain in Sections 2.2-2.3. To test the accuracy of these ODE
models we compare them with ensemble averages for the evolution of the macroscopic density
from the IBM in Section 3. We demonstrate that the standard MFA is not able to accurately
capture the effects of domain growth in the IBM, whereas the ODE models that include the

effect of spatial correlations do.

2 Model

In this section we introduce the IBM and the domain growth mechanisms we employ throughout
this work. We then derive equations describing the evolution of the individual and pairwise

density functions in the IBM for both growth mechanisms.

2.1 IBM and domain growth mechanisms

The IBM is simulated on a two-dimensional square lattice with lattice spacing A [40] and size
N.(t) by Ny(t), where N,(t) is the number of lattice sites in a row and N,(¢) is the number
of sites in a column. All simulations are performed with periodic boundary conditions, and
throughout this work the lattice spacing, A, is equal to one. For notational convenience we

shall now write N, (t) as N, and Ny (t) as Ny,.

In the IBM each agent is initially assigned to a lattice site, from which it can move or pro-

liferate into an adjacent site. If an agent attempts to move into a site that is already occupied,



the movement event is aborted. Similarly, if an agent attempts to proliferate into a site that
is already occupied, the proliferation event is aborted. This process, whereby only one agent is
allowed per site, is generally referred to as an exclusion process [40]. Time is evolved contin-
uously, in accordance with the Gillespie algorithm [41], such that movement, proliferation and
growth events are modelled as exponentially distributed ‘reaction events’ in a Markov chain.
Attempted agent movement or proliferation events occur with rates P, or P, per unit time,
respectively. For example, P,,0t is the probability of an agent attempting to move in the next
infinitesimally small time interval §t. Throughout this work the initial agent distribution for
all simulations of the IBM is achieved by populating lattice sites uniformly at random until the

required density is achieved.

Both growth mechanisms we employ are stochastic growth mechanisms [10]: the insertion of
new lattice sites into the domain occurs with positive rate constants P, and P, per unit time,
for growth in the x (horizontal) and y (vertical) directions, respectively. That is, each lattice
site undergoes a growth event in the = direction with rate P, . This means the total rate of
domain growth in the x direction is P, N;. In growth mechanism 1 (GM1) when a ‘growth
event’ occurs along the z axis (horizontal axis in Fig. 1), one new column of sites is added at a
position selected uniformly at random. In growth mechanism 2 (GM2) when a ‘growth event’
occurs along the z axis (horizontal axis in Fig. 1), for each row, one new site is added in a
column which is selected uniformly at random. Importantly, when a growth event occurs, the
site selected for division is moved one spacing in the positive horizontal/vertical direction along
with its contents (i.e. an agent or no agent, an agent is symbolised by a black circle in Fig.
1). The new lattice site is empty, and the contents of all other lattice sites remain unaffected.
Growth in the y direction is implemented in an analogous manner to the x direction for both
growth mechanisms. We chose these growth mechanisms as they are significantly different to
each other, and both may have biological relevance [42-44]. For example, biological growth
similar to GM1 can occur when adjacent cells become synchronous in their cell cycles (that is,
the underlying cells that form the domain). Furthermore, both of these growth mechanisms
can be used to implement any form of isotropic growth in our IBM, and are adaptable to three

spatial dimensions [10]. Finally, it is important to stress that both growth mechanisms give rise



to the same overall growth rate when implemented with the same growth rate parameters.
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Figure 1: (Colour online). Before and after the growth events for both (a) GM1 and (b) GM2,
in which growth is along the z-axis (horizontal direction) for a two-dimensional lattice. In
each row the yellow (light grey) site has been chosen to undergo a growth event. Following
this the yellow (light grey) site is moved to the right with its contents, for instance an agent
(represented by a black cell). The blue (dark grey) sites are the new lattice sites and are always
initially empty. The contents of all the other sites remain unaffected, although in some cases
their neighbouring sites will change.

2.2 Individual density functions

iVZXNy(m; t), as the probability that site m is oc-

We define the individual density functions, p
cupied by an agent at time ¢ on a domain of size N, x N, where m is the vector (i, j), with ¢
indexing the row number of a lattice site, and j indexing the column number of a lattice site.

For instance, (2,3) would be the lattice site situated in the second row and the third column of

the lattice.

The following derivation for the individual density functions is the same for GM1 and GM2.

The sum of the individual density functions on a domain of size N, x N, at [t + 0t) can be



written in terms of the individual density functions at time ¢:

Ny Ny Nz Ny
SON T M st 6t) = (1 - 6tPy, Ny — 6tPy, Ny) Y > oy (miy )
=1 j=1 =1 j=1
Ny—1 Ny
+6tPy, > Y (Np — 1) N ()
i=1 j=1
N, Ny—1
+0tPy, > > (Ny = Doy M i) + 0012, (1)
i=1 j=1

The terms on the RHS of Eq. (1) correspond to the following events: i) no growth event occurs
in [t,t + 6t); ii) a growth event occurs in the horizontal (z) direction in [t,t + 6t); and iii) a
growth event occurs in the vertical (y) direction in [¢,t + dt). Due to our initial conditions in
the IBM we can assume translational invariance for the probability of an agent occupying a site

in this derivation, by this we mean

PN (ms ) = p M (n;t),  Vm,n, 2)

where n indexes any other site on the domain.! Therefore we can rewrite Eq. (1) as

(No)(Ny)p M (my t + 6t) = (1 — 8tPy, Ny — 6tP,, Ny ) (N, ) (Ny)pr =™ (m; )
+ 8t Py, (Ny — 1)(Ny) (N — 1) (s )

+ 6Py, (Na) (Ny — DN, — Doy D (mst) + 0(617). (3)

We can simplify Eq. (3) in the following manner

pr M mst 4 6t) = (1= 5tPy, Ny — 6tPy, Ny)py =™ (mit)

+5tP,, (Ng;\f— 1) (N, — 1)pgszl)xNy(m;t)

T

Ny

5tP _
+ 9y ( Ny

1) (N, = DDy L O6R). (@)

We can assume translational invariance throughout this work because the initial agent density for all sim-
ulations in the IBM are achieved by populating lattice sites uniformly at random until the required density is
achieved.



If we now rearrange Eq. (4) and take the limit as 6t — 0 we obtain

2 XN
dp; *" ™ (m;t) NoxN,

= *(szNx+ngNy)P1 (m;t)

# 2 () (%= 0

N, —1 _
Py (T4 ) (0 = 0 i, )

dt

If we make the approximation inzXNy (m;t) = (N, —1)/Ny) in”X(Nyfl)(m; t) and

inIXNy(m; t) ~ ((Ny —1)/Ny) pgNz_l)XNy(m; t), Eq. (5) can be written as
dpy"" ™ (ms 1)

Nz XN,
dt :*(szNIWLngNy)Pl . Y(m;t)

+ Py (N — 1)pr= ™ (m; 1)

Nz XN,
+ng(Ny_1)P1 - y<m§t)- (6)

This approximation has been previously published [17], and reasonably implies that domain

growth ‘dilutes’ the agent density. Finally, we simplify Eq. (6) to obtain

I><Ny(

dt

Eq. (7) describes how exponential domain growth affects agent density. It is important to
note that Eq. (7) describes how exponential domain growth affects the evolution of individual
density functions because we have defined Py, and P, as constants. In the course of the
following derivation it will be useful to write the pairwise density functions in terms of the

distances between sites, therefore we shall rewrite the individual density functions as

PN (mst) = oft). (8)

If we substitute Eq. (8) into Eq. (7) we obtain

de(t)
dt

= _(sz + ng)c(t). (9)

Eq. (9) is a MFA describing the effect of domain growth on the evolution agent density [32].



2.3 Pairwise density functions

We now derive the terms necessary to include the effect of two-dimensional exponential domain
growth in the evolution of the pairwise density functions. Importantly, GM1 and GM2 affect
the evolution of the pairwise density functions differently. Figure 2 displays two configurations
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Figure 2: The two types of configuration of lattice sites: (a) colinear and (b) diagonal. The
lattice sites in question are labelled m and n and bordered by blue (thick border). In (a), two
colinear lattice sites share the same row but not the same column (or vice versa). In (b), two
lattice sites are diagonal, meaning they do not share the same row or column. In both (a) and
(b) r is the distance between two lattice sites in the horizontal direction, and r, is the distance
between two lattice sites in the vertical direction. In (b) this means 7, = 3 and r, = 1.

The horizontal and vertical distances between sites is measured from their centres as displayed
in Fig. 2 (b), and r, is the distance between two lattice sites in the horizontal direction, and

ry is the distance between two lattice sites in the vertical direction.

2.3.1 Growth mechanism 1

We now derive equations for the evolution of the pairwise density functions for GM1 domain
growth. We define the pairwise density functions, péV”XNy (m, n;t), as the probability sites m
and n are occupied at time ¢ on a domain of size N, x N, (where m # n). We now rewrite

péV“XNy(m, n;t) in terms of a displacement vector between lattice sites, that is

Ny XNy NxxNy(

p2 (I’Il, n; t) = Pz m7m+ (Tx,ry)Qt)a (10)

where m is (7, j), with 7 indexing the row number of a lattice site, j indexing the column number

of a lattice site, and (r,7,) is a vector that represents a fixed displacement as defined in Fig.



As the initial conditions in the IBM are, on average, spatially uniform we are able to assume
translational invariance for the probability of two sites a given displacement being occupied.
This means the pairwise density function can be written as a function of the displacement

between two lattice sites, (s, ry). Therefore, we will further simplify our notation to obtain

Nz x N, Nz XN,
Py, m (1, )5 ) = oy (1, Ty ). (11)
This ‘abuse’ of notation, whereby pév =*Ny i¢ rewritten as a function of the displacement between
two lattice sites as opposed to the lattice sites themselves, will prove useful in the following

derivation.

Colinear component

We begin with the colinear component of the equations for the evolution of the pairwise density
functions, that is, the scenario in which the lattice sites in question share the same column or
row, as depicted in Fig. 2 (a). For agents colinear in the horizontal direction, that is, r, = 0,

the evolution of the pairwise density functions for GM1 is

Ny Ny Ny Ny
SN TN (e, 05t + 6t) = (1= 6Py, Ny — 5tPy, Ny ) S > py (10, 031)
i=1 j=1 i=1 j=1
Ny—1 Ny
+0tPy, Y Z PN Ny (1 0st)
=1 j=1
N,—1 Ny
+ 6P, Z Z — l—rx)pgszl)XNy(m,O;t)
=1 j=1
N, Ny—1
+6tP, S ST (W, XN 0:8) + O0G12). (12)
i=1 j=1

The terms on the RHS represent: i) no growth event occurs in [t,¢ + 0t); ii) a growth event
occurs in the horizontal direction between agents (r; — 1,0) apart, moving them (r,,0) apart
on a domain of size N, x Ny, at [t + dt); iii) a growth event occurs in the horizontal direction

at a site that is not in between agents (7, 0) apart, meaning that they remain (r,,0) apart but



now on a domain of size N, x NN, at time [t + 6t); and iv) a growth event occurs in the vertical
direction (as the sites are horizontally colinear in this a GM1 growth event cannot change the

distance between them).

Similarly, the evolution of the colinear component for GM1 for agents colinear in the verti-

cal direction, that is, r, = 0, is

N Ny Ny Ny
Z ZpéVZXNy(O, ry;t +6t) = (1 = 6tPy, Ny — 0tPy, Ny) Z Zp2 =2 Ny (0,7y3t)
i1 j—1 i=1j=1
N, Ny—1
+ 0tP,, Z Z (ry — l)péV”X(Nyfl)(O, ry — 15t)
i=1 j=1
N, Ny—1
+ &ng Z Z (Ny —1- ry)PéVZX(Nyil)(Ov Ty t)
i=1 j=1
Nz—1 Ny
+0tPy, Y Y (Ne = 1) N (0,7y:1) + O(17). (13)
i=1 j=1

As in the case of the individual density functions, we can simplify Eq. (12) to obtain

p;VIXNy(Txv 07t + 5t> = (1 — (5tngNac - 6tngNy)péVI><Ny(7,$, 07t)

N, -1 _
+ 0tPy, (N) (rg — l)pgNz l)XNy(rx —1,0;¢t)

N, —1 _
+5tP,, < e ) (Np — 1= rg)pSV= N 0:)
N, -1 N x(Ny—1) 2
+6tP,, (45— ) (N, — D)py (rp, 0;1) + O(6t2). (14)
)

Nz—1)x N, Nz XN,
(Nz—1) y%pr Y and

If we apply the approximations? ((N; — 1)/Ny)ps

2This approximation sensibly implies that domain growth ‘dilutes’ pairwise agent densities.

10



((Ny — 1)/Ny)péVIX(Ny71) ~ pév””XNy, Eq. (14) can be rewritten as

+6tP,, (re — 1)pa N (ry — 1,05%)
+ 6tPg, (Ny — 1 — Tw)péVIXNy (ra, 0;)

+ 6t Py, (Ny — 1)pp = N (ry,0:1) + O(6t2).

Rearranging Eq. (15) and taking the limit as ¢ — 0 we finish with

dpy M (g, 051)
dt

=P, (ry — l)péVzXNy(rx —1,0;¢)

— Py, (12 + 1)PgIXNy (72, 0;1)

Ny xN,
— Py, py x Y(ry, 0;51).

The equivalent equation for sites colinear in the vertical direction (see Eq. (13)) is

dpy™ (0,7 1)

NoxN
dt = Py, (ry = 1)py " (0,1 — 15t)

Ny xN,
_ng(""y"‘l)PQ ) y(oﬂ"y;t)

- szpéVIXNy (07 Tys t)‘

11



Diagonal component

For the diagonal component for GM1, that is, neither r,, r, = 0, we have, by similar reasoning

NI Ny Nz Ny

= XN, = XN,
ZZPQ X Y(rg, Tyst + 6t) = (1 — 6t Py, Ny — 6tPy, Ny) ZZp2 X Y(rg, Ty t)
=17=1 i=1 j=1
Nt N. N
+ 0ty Z Z(Tx - 1)Pg X !(ra — 1y t)
i=1 j=1
Nr_l NU
Ny—1)xN,
+ 0tPy, Z Z(Nx —1- 7‘:,3)p(2 )x (1T, Ty t)
i=1 j—1
N, Ny—1
Nz X(Ny—1
+ 0tP,, Z Z (ry —1)py XNy )(rx,ry —1;t)
i=1 j=1

N, Ny—1

+ 0tP,, Z Z (Ny —1-— ry)péVzX(Ny_l)(rx,ry;t).

i=1 j=1

If we follow the same procedure as for the colinear component we obtain

Nz XN,
dpy™ N (g, s Nox
) d§£$ ) ):sz(Tx_l)Pz e =1yt
Nz xN,
— Py, (rz + 1)py - Y(re,Tyit)
Ny xNy—
+ng("”y_1)f’2 o (Tmﬂ"y_l;t)

Nz XN,
_ng(ry+1)p2 - y(Ta:aTy§t)'

2.3.2 Growth mechanism 2

(18)

For the derivation of the evolution of the pairwise density functions with GM2 we refer the

reader to Appendix A and simply state the results here. The evolution equation for the colinear

component (horizontally colinear) for GM2 is

dp(Nz+1)><(Ny+1) (Tza 0; t)

2 (Nz+1)x (Ny+1)
dt

= —Fy, (2 + 1)P2 (72, 0;1)

+ Py (rp — 1)pSN Ny 054)

N, 1

Ny
N, 2 Na+1)x (Ny+1
+ P, (1+3y+3Ny> p NN ),

12



An analogous equation exists for the vertically colinear component for GM2. The diagonal

component for GM2 is

dp;NIH)X(Ny“)(Txﬂ”y;t‘i‘5t) _p 4 & . Te 1 1 ( IH)X(NyH)(r ryit)
dt Je 3 "\ N, 3N, )2 wew
1

+ p
r 1 o+ 1) x (Ny+1
i (1\2_ >+3Ny>pé O )

*Fo. <_; + % a % (r‘i - 1> - 3]1\7m> Pg JCH)X(N'UH)(TI —Lry;t)
(21)

If we compare Egs. (16) and (19)-(21) it is apparent that the length of the domain influences
the evolution of the pairwise density functions in the case of GM2, but not in GM1. Therefore,
we expect the evolution of the pairwise density functions to be affected by the initial domain

size in the case of GM2, but not GM1.

3 Results

We initially present results for immotile, non-proliferative agents on a growing domain, in which
domain growth is exponential. We simulate the scenario in which all lattice sites are occupied
by an agent in the IBM on a lattice of size 100 by 100 sites. This means the initial conditions
for Egs. (16) and (19)-(21) are

c(0) =1, (22)

and

pévaNy(Tx,Tmo) =1, Vr,< Nmry < Ny' (23)

13



As previously stated, N, and N, describe the number of lattice sites in the horizontal and vertical
directions, respectively. However, as results from the IBM are ensemble averages we substitute
N, and Ny, for their continuum analogues L,(t) and L,(t), respectively. For exponential domain

growth L,(t) evolves according to

S = By, La(1). (24)

The evolution of L, (t) is equivalent. This substitution of N, (t) and Ny (t) with L, (t) and L,(t)
avoids jump discontinuities in the numerical solutions of Eqgs. (16) and (19)-(21), which are not
present in the averaged IBM results. To solve our equations numerically we use MATLAB’s

odel5s.

3.1 Agents on a growing domain

In Fig. 3 the numerical solutions of Eqgs. (16) and (19)-(21) are shown for the evolution of
the pairwise density functions on a growing domain. In Fig. 3 (a) we see the evolution of
the pairwise density functions for GM1, and the difference in the evolution of the colinear and
diagonal components, as we would expect. In the absence of agent motility and proliferation
the evolution of the pairwise density functions for all colinear distances (i.e. A, 2A, 3A, ...) is
the same for GM1, this is also the case for the diagonal component. Conversely, In Fig. 3 (b)
we see the evolution of the pairwise density functions for GM2, and in this case in the evolution

of all the colinear and diagonal components is the same.

1.0 ‘ ‘ 1.0
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Time Time
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Figure 3: (Colour online): The evolution of the colinear and diagonal components of the pairwise
density functions for (a) GM1 and (b) GM2. P, = P, =0.1.

14



3.2 Agent motility, proliferation and death

It has previously been shown how to include the effect of agent motility and proliferation in Egs.
(9), (16), and (19)-(21) and so we simply state the result for the individual density function
[25, 38, 39]. The evolution of the individual density function for motile and proliferating agents
on a growing domain is

de(t)
dt

= By(c(t) = 3" M (1,00)) = (P, + Py, )e(t). (25)

As can be seen from Eq. (25) the inclusion of agent proliferation means that pairwise density
functions are now present in the equations for the evolution of the individual density functions,

which is not the case without agent proliferation (Eq. (9)).

Correlation functions

To make our results comparable with the large amount of research already completed in this
area we display the results in terms of the correlation function [25, 31-39]. The correlation

function [34, 35] is simply defined as

Ny x N,
t) = P2 - Y (rasTyit)

c(t)?

F(ray; (26)

The correlation function is a useful variable to work with as F' = 1 means that the occupancy
of two lattice sites a given distance apart is independent. If we substitute Eq. (26) into Eq.
(25) we obtain

de(t)
dt

= Pye(t) (1 — F(1,0; t)c(t)) — (P, + Py)e(t). (27)

The standard MFA assumes F'(1,0;¢) = 1, that is, the effect of spatial correlations is ignored,

and so Eq. (27) becomes

= Poe(t) (1 - c(t)) — (P, + Py )c(t). (28)

For the IBM in all simulations we have an initial uniform random seeding of density 0.05. The

lattice state of site ¢ of the two-dimensional IBM is described by variable o; (i.e. occupied by an

15



agent or unoccupied). This means the normalised average agent density for the two-dimensional

domalin is

Nz (t)Ny(t)

c(t)zm > da{oi}. (29)

Here 14 is the indicator function for species A (i.e. 1 if species A occupies site i, and 0 if it
does not). As previously discussed, the initial condition in the IBM is achieved by populating
a certain number of sites uniformly at random until the initial density is achieved, the initial

condition for the correlation function is therefore
F(ry,ry;0) =1, V i1y < Ng,ry < Ny (30)

That is, at all distances there are initially no spatial correlations between agents. We also

rescale time to allow for ease of comparison between simulations with different parameters:
t = (P, — Py — (P, + Py,))t. (31)

The rescaling of time is necessary to allow the easy comparison of simulations with different

parameters. As before we solve our equations numerically with MATLAB’s odel5s.

3.3 Agent motility and proliferation

In Fig. 4 the effects of domain growth via GM1 on the evolution of the macroscopic agent
density can be seen. We see that the inclusion of GM1 causes the steady-state density pre-
dicted by the standard MFA, Eq. (28), to be incorrect. The steady-state density calculated
from an ensemble average from the IBM is lower than the MFA predicts, which the correlation
ODE model (Eq. (27)) is able to capture. The rate at which the agent density increases is
also reduced in the IBM due to spatial correlations, and the correlations ODE model better ap-
proximates this than the MFA. One may expect domain growth to decrease spatial correlations
by ‘breaking-up’ existing agent clusters which, in turn, would allow greater agent movement
and cause the MFA to be more accurate. However, the nature of GM1 means that it does
not break up agents effectively, only potentially ‘freeing-up’ one lattice site for two agents in

each row/column every growth event (see Fig. 1). GM1 also does not cause agents to make

16



new neighbouring agents, with agents and their neighbours moving synchronously in a growth
event (except at the position of growth where two columns/rows will be separated). Therefore,
the spatial correlations associated with agent proliferation (in conjunction with the dilution of
agent density due to domain growth) lower the steady-state density of the agents more than
the displacement of agents by domain growth counteracts the spatial correlations established

by agent proliferation.

1.0 1.0
RPPTTII T
T 08|
“‘--l;llwlwl_l_l_l
206 Bid
» o/
S
— MFA Qo 0.4
«nnns ODE
— .IBM 0.2
‘ 0.0 : : : ‘
10 15 (] 5 10 15 20 25
Rescaled time Rescaled time
(a) (b)

Figure 4: (Colour online): For GM1 including pairwise correlations in a correlation ODE model
provides a more accurate approximation of the evolution of the macroscopic density in the IBM
than the MFA. (a) P, = 1, P, = 1, P, = 0.05, P,, = 0.05, (b) P, =1, P, =1, P;, = 0.1,
Py, =0.1.

In Fig. 5 the effect of GM1 on spatial correlations in both the correlation ODE model and the
IBM can be seen. Importantly, we see that as the growth rate is increased the spatial correla-
tions augment. From Fig. 4 this result is to be expected, as domain growth lowers the agent
steady-state density but is not effective at reducing spatial correlations. A similar result has
previously been observed in the case of agent death [25]. In addition, at the agent steady-state
density the spatial correlations do not return to F = 1. This explains why the MFA incorrectly
predicts the agent steady-state density, and shows why the correlation ODE model is able to
correctly approximate the steady-state density of the IBM. This is because the MFA is only

correct when F' = 1, which is not the case in the IBM in this scenario with GM1.
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Figure 5: (Colour online): Increasing the growth rates, Py, and P, , causes the pairwise cor-
relations to augment for GM1 in the correlation ODE model (compare (a) with (b)), and in
the IBM (compare (c) and (d)). In the case of GM1 the pairwise correlations do not return to
F =1. In (a)-(d) the distance increases from A to 6A in steps of A. Increasing distance is from
top to bottom as indicated by the arrows. The parameters for (a) and (c) are P, =1, P, =1,
P,, = 0.05, P,, = 0.05, and for (b) and (d) are P,, = 1, P, = 1, P,, = 0.1, P,, = 0.1.
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In Fig. 6 the effect of domain growth via GM2 on agent density can be seen. In this case we see
that GM2 causes the steady-state density predicted by the MFA to be correct. This is because
GM2 is more effective at breaking up agent clusters than GM1, potentially ‘freeing-up’ one
lattice site for four agents in each row/column every growth event. This counteracts the effect
of the spatial correlations created by agent proliferation. GMZ2 also causes agents to change
neighbouring agents in the IBM, and so further reduces the spatial correlations associated with
agent proliferation. Despite this we see that the correlations ODE model still more accurately
predicts the rate at which the agent density evolves, while also accurately approximating the

steady-state density in the IBM.

1.0 ‘ ‘ 1.0
0.8}
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o
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0.2 I
0.0 ‘ ‘ 0.0 ‘ ‘
5 10 15 (] 5 10 15
Rescaled time Rescaled time
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Figure 6: (Colour online): For GM2 including pairwise correlations in a correlation ODE model
provides a more accurate approximation of the results of the evolution of the macroscopic
density in the IBM. (a) P, =1, P, =1, P, = 0.05, P,, = 0.05, (b) P, =1, P, =1, Py, = 0.1,
P, =0.1.

In Fig. 7 the effect of GM2 on spatial correlations can be seen in both the correlations ODE
model and calculated directly from the IBM. In contrast to GM1 we see that as the growth
rate is increased the spatial correlations decrease. We also see that at the steady-state density
F = 1, this provides the reason as to why the agent steady-state predicted by the MFA is

correct.
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Figure 7: (Colour online): For GM2 increasing the growth rate, Py, and Py, , causes the pairwise
correlations to shrink in the correlation ODE model (compare (a) with (b)), and in the IBM
(compare (c¢) and (d)). In the case of GM2 the pairwise correlations return to F' = 1. The
distance increases from A to 6A in steps of A. Increasing distance is from top to bottom as
indicated by the arrows. The parameters for (a) and (c) are P, = 1, P, = 1, P,, = 0.05,
Py, =0.05, and in (b) and (d) are P, = 1, P, =1, P;,, = 0.1, P, = 0.1.
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In Fig. 8 we can see that the size of the domain influences the evolution of the agent density
in the case of GM2, but not in the case of GM1. In the case of GM2, as the initial domain
size is increased the evolution of the macroscopic agent density is accelerated. This is because
colinear spatial correlations, established by agent proliferation, are broken down proportional

to the domain size in GM2 (Eq. (20)).

Finally, in Fig. 9 we see the initial domain size also impacts the evolution of the spatial
correlations for GM2, but not for GM1 (the figure displaying this is in Appendix B). In the
case of GM2 as the initial domain size is increased the spatial correlations between agents are

reduced.
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Figure 8: (Colour online): Altering the initial size of the domain does not cause the evolution
of the agent density to change for GM1, but does for GM2. As the initial size of the domain
is increased, from 50 by 50 to 200 by 200 lattice sites, the evolution of the agent density to
steady-state remains the same in GM1 as can be seen in (a) IBM and (b) correlation ODE
model. In the case of GM2 altering the initial domain size does cause the evolution of the agent
density to change. As the initial size of the domain is increased, from 50 by 50 to 200 by 200
lattice sites, the evolution of the agent density accelerates in GM2 as can be seen in (c¢) IBM
and (d) correlation ODE model. P, =1, P, =1, P;, =0.1, P, = 0.1 for all.
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4 Discussion and conclusion

The importance of accurately including the effect of domain growth in models of biological
phenomena is becoming increasingly apparent [1, 2, 6, 14-17]. Many of the fundamental devel-
opmental processes that determine mammalian morphology are either characterised by growth,
or occur during it, and so it is possible that growth may play an important role in determining

and coordinating cell population behaviour [3, 9].

In this work we have studied two different implementations of domain growth. We chose two
different, yet potentially biologically relevant growth mechanisms [42—44], to highlight how un-
derstanding the form of domain growth is crucial. These growth mechanisms originated from
thinking about the different ways in which new sites could be added to the IBM domain, and
the consequences this may have on agent density. As has been shown in this work, GM1 is an
implementation of domain growth that conserves colinear correlations in comparison to diag-
onal correlations, and GM2 is one that reduces colinear correlations as a rate proportional to
the size of the domain. This difference between GM1 and GM2 is why GM2 exhibits a length
dependency and GM1 does not. It is important to stress we have used GM1 as an extreme
example of growth in which the cell cycles of adjacent cells that are causing the domain to grow
are synchronous (i.e. the cells in the underlying tissue), and GM2 as an example of when they
are not. In reality, it is unlikely that domain growth in biological systems can be captured
by algorithms as simple as GM1 and GM2. However, they represent the simplest and most

tractable domain growth mechanisms for this initial study.

It is important to acknowledge that we have only looked at scenarios where P, = P,,. This
case represents a very high rate of cell proliferation relative to motility in a biological context.
However, we chose these parameters to highlight the accuracy of our approximate correlation
ODE model. In situations where P, < P, the correlation ODE model approximates the IBM
results even better, as has been shown previously [25, 39]. We have also only looked at the case
when Py, = P, in order to reduce the computational complexity of solving the model equations,

however, the results presented here can be trivially extended to cases where Py, # P, .
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We wish to stress that the work presented in this manuscript is an initial study on the ef-
fect of domain growth on spatial correlations between agents and, as such, we have chosen the
simplest modelling framework for this. Therefore, an important consideration is whether the
work presented here could be extended to other, perhaps more realistic models, such as an

off-lattice IBM.
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We rewrite Eq. (33) using ng, m, and mgn,, which are constants defined as

N, Ny+1

- 1
Ny = MW; ]; Lz (34)
and
1 Ny Ny+1
S W, D 2 2 ™ (33)
and
1 Ny Ny+1
Mgy (Nz)(Ny +1) ZZ; jz; min; =
1 Ny+1 [Ny—rs N,
NN, 1 1) Z; _ ; (mi)(m; + 72) +ZN;$+1(mZ)(ml — (N, —rm))]
1 Ny+1 [Ny N,
(Nm)(Ny + 1) = _;(mz)(ml + T‘x) - ZN;JJ—H Nxmz]
1 Ny+1 [ Ny Nz—ry Ny
RAFAESY Z<mi><mi+’"m>+Nw< 2 w—Zw)] (36)
A j=1 Li=1 i=1 i=1

Egs. (34)-(36) can be evaluated directly. If we do so we obtain:

(Ny +1)

Ny = —a (37)
N, +1
= Pt l), (38)
2
and
~ Ny 1 Ty

We substitute Egs. (34)-(36) into Eq. (33) to obtain
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If we now apply the approximation,

N, N N, N N,
P i) & <N | 1>ﬂ§ N (g, 1y38), (1)
y T

to Eq. (40) we obtain

pANe ANyt D) ry;t 4 0t) =

(L= 6tPy, (N, +1) = 6tPy, (N, + D)oy 1 i)

- . 2myn ,
+ 5tng <Ny — Ny — My + yy) pgNl+1)x(Ny+1)(rx’ ry: t)

Ny
_ Myny M (No+1) X (Ny+1)
+6tP, (A, —1— —2 y—l—y) 5 VI gy my — 151)
Gy Y Ny Ny 'y
. myn n .
+ 0tPy, | my — 1 — 7]% CA Ny> pgN +1)X(Ny+1)(rm,7‘y +1;¢)
Y Y

9m.
- m:p”x) png-i-l)X(Ny"'l)(Tz’ry;t)

xT

male m) p;Nz+1)x(Ny+1)(rx Lyt

mgn n
L z ) gNIH)X(NyH)(m + 1,7y t).

(42)
If we rearrange Eq. (42) and take the limit as 6t — 0 we obtain

dpéNZH)X(NyH)(Tz, Tyt + 6t)
dt

= —(Py (N + 1) + Py, (N + 1))p5 =MD )

_ N 2myn Nap4+1)x (Ny+1
+ng<Ny_ny_my+ ]\ZZJ y>pg o y+)( 2y Ty5 t)
y
_ myn m (Np+1)x (Ny+1)
+ P, (n _1_”+y>P2 T (rg,ry = 15t)
Gy Y Ny Ny 'y
- myn n (Np+1)x (Ny+1)
+ P, (m —1—yy+y> 5 VT (g, ry + 15 1)
gy Yy Ny Ny T 'y
2mgn
+ Py, <Nx e e 7 m> péNmH)X(NyH)(Tm yit)
X
- mqyn, m (Ng+1)x (Ny+1)
—i—Px(n -1- xx—i-x) YU (e — Lyt
g x ]\7$ N$ 2 ( x Yy )
+ P, <mz —p o Ml "I> NP XONED (1 i),
N, N,

(43)
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which we can simplify further to obtain

dp(NxH)X(NyH)(T ,Tys b+ Ot) 2man . . Nop+1)x (Ny+1
2 5 r Y =P, -1+ ]\ZZ — Ny — My pg )x (Ny )(rx,ry;t)
2m,n 5 -
+ Py, <_1 - ( ]\17/ y> Ny~ my> pgNerl)x(NyH)(% Ty;t)
y
. MyNy M (Np+1)x (Ny+1) .
+ Py, <ny—1 j\’[yy +Nz> Py YT (g, ry — 13t)
- myn n
+ Py, <my —1- ]37 ’ Ny> péNerl)X(NyH)(rcca Ty +1;t)
y y
P, <ﬁx 1 m]ffng; n 7;\?) pgNz+1)><(Ny+1)(rx —Lryit)
X X
7y, (1 = 1= T 2 ) O ., (4
xT X
If we now evaluate Eqgs. (34)-(36) with Eqgs. (37)-(39) we obtain
dpgNzH)X(NyH) (rg, ry; t + 0t)
dt - (45)
N, r 1
o <_1 3 <z\: - 1) T3N > py T i)
X X
N, T 1 . N,
+ Py, <—1 ?y + 7y (]\;j - 1) 3N pg F1)x( y—H)(m,Ty;t)
y y
1 N, T T 1 2+ 1) X (N +1
“h (g 3 (R 1) - ) A -
y y
I Ny ry(r 1 o 1) X (Ny+1
“h (g R (R 1) - ) e i
y y
1 N, r T 1 - N
o (5 () b
X xT
1 Ny rgfr 1 (No+1)x (Ny+1)
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=\"27 6 2 \N, 3N, ) 2 (rs vit)
(46)

This is Eq. (21) of the main text.
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We now make the approximation Eq. (41) to obtain

pngH)X(NyH)(rz, 0;t + ot)

which we can simplify to obtain

dpgNz-l-l)x(Ny-i-l)(rm, 0; 1)
dt

+ Py, (12

+ P,

= (1—6tP, (N, +1)

_sz (T-T + 1)p2

2
—(Ny+1)+ ( myny>+Ny—ﬁy—my>p
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N e P
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myny my
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_ myny
Ny
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p

+ (575ng Ny — My
myn

1-— 7‘:];’ (re, —15t)

(Ny“’l)(

+0tP, +

(Nz+1)x
2

my
(2
y (ﬁy
+ 6tP,, (my—1— —1;t)

T

+ 6tP,, (14

(NaF1)x (Ny+1)

- Ta:)pz (49)

+ 6t Py, (N, (72, 0;t),

(Nx""l)x(Ny'f‘l)(,r.x 0: t)

1) (NT+1)X(Ny+1)( —1,0; t)

(Na1)x (Ny+1)
2

> (Na+1)x Ny+1)(rx7_1;t)

)o

(ramo; t)

J

(Vo) (Ny+1)
Ny

2 .1'7_1;t)'

If we evaluate Eqgs. (34)-(36) with (37)-(39) we obtain

dp§N$+1)x(Ny+1) (12, 0: )
dt

—P, (ry + l)p(N“”H) x(Ny+1) (rg,0;1)

+ P, (ry XN 10 ¢)

+7, (-1

N,
P (—1+3y+

— )5
Ny | 1\ (Nt )x(Ny+1) .
3 +3Ny)p2 (ra, 0;1)
9
) pgNz—i-l)x(Ny-l—l)(rx’ 1),

* 3N,

Gy

This is Eq. (20) in the main text.
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Appendix B: The evolution of the spatial correlations for GM1

In Fig. 10 the evolution of the spatial correlations for GM1 can be seen.
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