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Abstract

This thesis presents the development and analysis of a mathematical model for avascular
tumor growth. The model considers the influence of externally supplied nutrients as growth-
promoting factors, growth-inhibiting factors produced by tumor cells during the cell cycle or
excreted by necrotic cells, and growth-inhibiting factors produced by the surrounding tissue as
a result of the immune system’s response to the tumor. The concentrations of these factors are
modeled using advection-diffusion partial differential equations. The mathematical model is
implemented using forward Euler, backward Euler, and Finite Element methods for discretiza-
tion. The FEniCS library has been used with respect to the Finite Element method during
the implementation. Furthermore, the implementation shows that the mathematical model
is in alignment with known tumor evolution. Examinations of various model parameters are
conducted, revealing their impact on avascular tumor growth. The examinations showed that
alterations in parameters related to nutrients and the internally produced/excreted growth-
inhibiting factors had the most significant impact on tumor development. Therefore, it is
crucial that these parameters are set to biologically accurate magnitudes to ensure that the
simulated tumor development and patterns are qualitatively correct. Additionally, the strong
dependency on these parameters suggests that drugs targeting and influencing these param-
eters have the potential to inhibit tumor growth. Additionally, it was observed that modifi-
cations of parameters related to the internally generated or the externally supplied growth-
inhibiting factors could significantly alter where quiescent regions formed, and thus result in
completely different growth patterns. Furthermore, altering the proportion constituted by the
extracellular matrix within the tumor was also observed to significantly influence tumor evo-
lution. Moreover, these findings highlight the potential benefits of developing more detailed
models that comprehensively analyze the influence of these parameters. Such models could
contribute to the development of experimental approaches and enhance our understanding of
tumor evolution.
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Symbol | Explanation

sc Length scaling parameter (e.g., from cm to mm).

T Time scaling parameter (e.g., from minutes to seconds).

h Element size.

k Time step.

o Initial number of cells.

Nioe Number of cells per unit volume.

T Radius of a single cell.

Uy Nutrient concentration.

UGt G1 concentration.

UG G2 concentration.

UN,0 Initial nutrient concentration.

UG1 0 Initial G1 concentration.

UG2,0 Initial G2 concentration.

Dy Nutrient diffusion coefficient.

Dgo G2 diffusion coefficient.

Dy G1 diffusion coefficient.

N Nutrient velocity field.

Cao G2 velocity field.

Qpro Rate of consumption of nutrients in proliferating regions.

Qqui Rate of consumption of nutrients in quiescent regions.

Opec Rate of consumption of nutrients in necrotic regions.

Vproqui Rate of consumption of G1 in proliferating and quiescent regions.
Ynec Rate of consumption of G1 in necrotic regions.

S Production/excretion of G1.

A Parameter scaling the production/excretion of G1.

Eproqui Rate of consumption of G2 in proliferating and quiescent regions.
Enec Rate of consumption of G2 in necrotic regions.

K Constant supply of nutrients at the boundary.

(0 Constant supply of G2 at the boundary.

Deatrm Percentage of the tumor volume the extracellular matrix constitute.
m Mitotic function.

i Parameter determining the contribution of nutrients to growth.
v Parameter determining the contribution of G1 to growth.

vy Parameter determining the contribution of G2 to growth.

p Parameter scaling the mitotic value.

On Nutrient threshold.

O Growth-inhibitor threshold.

Q Domain.

Qpro Part of the domain only consisting of proliferating cells.




Introduction

Cancer is a leading cause of death worldwide, with 19.3 million new cases and 9.9 million
deaths registered in 2020. It is estimated that by 2040, the number of new cases will increase
to approximately 28.9 million, with 16.2 million deaths [I]. Consequently, cancer research is of
great importance, as it has the potential to improve existing treatments and hopefully find a
cure. There are many types of cancer, and understanding the factors that affect their growth
and spreading is complex and comprehensive, making it challenging to gain full overview of
the disease.

How can mathematics help with understanding and treating tumors? Developing a math-
ematical model involves writing a system of equations that describes the dynamics of the
tumor and all the factors enabling and preventing its growth. By solving such a model, it is
possible to study in detail how a specific factor influences the spatial and temporal behavior
of tumor growth. In other words, mathematical models of tumor growth have the potential to
be highly useful in cancer research, providing qualitative answers that can be used as guide-
lines for new experiments, such as indicating what injection rates and injection locations to try.

There are several stages of tumor growth before a tumor becomes large enough to reduce
a patients quality of life or cause death. The two main stages are the avascular and vascular
phases [2]. An avascular tumor refers to a stage in tumor development where the tumor lacks
its own blood supply, particularly before the process of angiogenesis occurs. Angiogenesis is
the formation of new blood vessels that supply nutrients and oxygen to the growing tumor
[B]. In the early stages of tumor formation, i.e., the avascular phase, it relies on diffusion
of nutrients and oxygen from the surrounding tissues to sustain its growth [4]. On the other
hand, a vascular tumor is a tumor in which angiogenesis has occurred, meaning that the tumor
is connected to the vascular system and has its own blood supply. This allows the tumor to
metastasize, i.e., spread, to other parts of the body through the vascular system [2].

In a 1966 paper [5], Burton presented a mathematical model proposing that nutrient con-
sumption could limit tumor growth. The model had the ability to calculate the radius of the
tumor’s central zone, and the growth curve generated by the model exhibited a good fit with a
widely recognized mathematical function called the Gompertzian function [6]. Thereafter, in
1972, Greenspan [7], introduced the first tumor growth model that incorporated distinct layers
of proliferative, quiescent, and necrotic cells. The model accounted for the regulation of these
cells by mitotic inhibitors and necrotic decomposition. Additionally, the model considered
cell adhesion of living cells [6]. Subsequent models introduced various levels of complexity re-
garding cell movement. Some models assumed convective movement of cells [8, 9, [10] 11, 12],
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while others incorporated active diffusion [13, 14}, [15] [16] I7] or diffusive/chemotactic behav-
ior [18, [10, 13]. Earlier models primarily considered tumor cell proliferation and death to be
influenced by a single generic nutrient. However, more recent models have taken into account
additional factors such as growth-inhibiting factors and adhesion forces that can influence cell
proliferation and death [2, [19] 20, 21, 22].

This thesis aims to present a model that describes the growth of avascular tumors. The avas-
cular stage is crucial in tumor development as it sets the foundation for subsequent stages.
Therefore, studying avascular tumor growth is essential for understanding the early dynamics
of tumor formation and identifying factors that contribute to tumor progression. Moreover,
avascular tumor growth models offers a significant advantage in terms of mathematical mod-
eling simplicity when compared to vascular tumor growth models, while still encompassing
numerous phenomena that need to be addressed in a comprehensive model of vascular tumor
growth. Additionally, it is well known that the growth kinetics of spherical in vitro tumors
are very similar to those of avascular in vivo tumors [2]. Consequently, due to the ease and
reproducibility of avascular tumors in vitro, the quality and accuracy of experiments of avas-
cular tumors exceeds that of vascular tumors.

In the thesis we will explain the development of the mathematical avascular tumor growth
model and its assumptions in detail. In contrast to most avascular tumor growth models,
this model includes growth-inhibiting factors that are produced both within the tumor and
externally supplied through the tumor boundary. Moreover, we will implement the model
and perform a sensitivity analysis to ensure that it behaves in accordance with known tumor
growth patterns and to explore the impact of various factors on growth.

Outline

Chapter (1| provides the reader with an exposition of the background material upon which
the development and implementation of the mathematical model is built. Specifically, Sec-
tion provides information on what a tumor is and the factors that influence its growth.
Additionally, the concept of modeling tumor growth is explained in detail. Furthermore, in
Section [1.2] the numerical methods used in the implementation will be described, along with
derivations and results regarding the accuracy of the methods. Additionally, in Section [I.3]
a finite element library named FEniCS [23], which has been used in the implementation, will
be explained.

Chapter [2 is dedicated to the mathematical model. In Section [2.1} the mathematical model
will be derived, and all the underlying assumptions will be stated and explained. Addition-
ally, there will be a discussion about the expected behavior of the model from a mathematical
perspective. Furthermore, in Section the model will be discretized. Then, in Section [2.3]
the structure of the implementation will be explained, along with a flow chart depicting the
main steps of the implementation.

Chapter |3| presents the numerical results obtained from the implementation of the mathe-
matical model, which will be discussed in detail. In Section |3.1]a reference case will be stated,
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and numerical results with respect to that case will be displayed. Moreover, in Section (3.2} a
sensitivity analysis of the model will be conducted to ensure that it behaves as expected both
mathematically and in accordance with known tumor evolution patterns.

Chapter [ provides a summary of the results and a discussion on their implications for avascu-
lar tumor growth. It explores the findings in terms of their qualitative aspects and highlights
areas that would be intriguing for future research.

Chapter |5 introduces an extension model that builds upon the model presented and ana-
lyzed in the thesis. The chapter describes the development of the extension model, which
aims to further investigate and explore certain aspects related to the original model.
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Chapter 1

Basic theory & background material

1.1 Tumors

Cancer is a complex and devastating disease that affects millions of people worldwide. Under-
standing the dynamics of tumor growth is essential for the development of effective treatments.
Mathematical models have become an essential tool for studying tumor growth and have the
potential to provide valuable insights into the spatial and temporal behavior of cancer. By
developing mathematical models, it is possible to study how different factors, such as cell
proliferation rates and nutrient diffusion, affect tumor growth.

1.1.1 What is a tumor and what are the main factors of tumor
growth?

A tumor is an abnormal mass of tissue that develops due to a malfunction in the process of cell
division. In such instances, damaged or abnormal cells exhibit accelerated duplication com-
pared to normal cells, and may also evade programmed cell death. Tumors can be classified as
either malignant, commonly referred to as cancerous, or benign, non-cancerous [24][25]. The
determination of whether a tumor is cancerous or benign hinges on its potential to spread,
metastasize, to other regions of the body.

During the initial stages of tumor development, referred to as the avascular phase, there
is no connection between the tumor and the vascular system, specifically the blood vessels.
Tumors that remain in this avascular phase are typically benign. However, when tumors estab-
lish connections with the vascular system, transitioning into the vascular phase, they become
cancerous tumors [25]. This connection to the circulatory system enables the transportation
of cancer cells through the vessels to distant parts of the body, where they can give rise to
secondary tumors [25].

The following questions naturally arise: What factors contribute to tumor growth? How
can we determine if a tumor will be benign or cancerous? These questions are highly complex,
and even oncologists do not have definitive answers to them. However, extensive research
indicates that nutrient supply and the concentration of growth-inhibitor factors (GIFs) play
a crucial role [2, 4 26], 27, 28]. GIFs are produced by cells during the cell cycle, and the
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18 CHAPTER 1. BASIC THEORY & BACKGROUND MATERIAL

immune system also produces them in response to tumors [19, [7]. Furthermore, studies have
demonstrated that adhesive forces between cells and between cells and the extracellular ma-
trix (referring to all fluids, molecules, etc., surrounding the cells) significantly influence the
tumor’s ability to maintain its shape and promote growth [20], 21, 22].

1.1.2 Mathematical modeling of tumor growth

To model tumor growth mathematically means to develop a system of equations that de-
scribes the physical processes within the tumor, such as proliferation rate and nutrient supply.
However, tumor growth is an exceedingly complex phenomenon. It relies on a combination
of biological, chemical, and mechanical factors, all of which contribute to its evolving struc-
ture [29]. Describing this complexity with equations would result in a massive system, posing
significant mathematical challenges in terms of ensuring well-posedness (the existence of a
unique and stable solution) and in terms of solving the system effectively. Moreover, incor-
porating additional phenomena into the model, which requires introducing more equations,
also necessitates knowledge of a greater number of physical parameters [29]. Mathematicians
rely on the expertise of oncologists to ensure the reasonableness of the chosen parameters.
Consequently, the development of better tumor models necessitates enhanced collaboration
between mathematicians and oncologists, among other things.

Because of the aforementioned reasons, mathematical models of tumor growth are often much
simpler than the in vivo tumor growth they represent. Nevertheless, if the models are not
overly simplistic, they can still provide valuable qualitative insights. For instance, mathemat-
ical modeling can help streamline and optimize experiments [29].

Before constructing the mathematical model we have to decide what type of model it should
be. Should it be a continuous or discrete model? Maybe a combination? Moreover, are we
sure that the physical parameters are accurate, meaning we can represent them deterministi-
cally or should they be represented as stochastic variables, allowing some uncertainty?

Cells exist as discrete entities, suggesting the suitability of a discrete model. However, it
is important to note that all cells are immersed in liquids, indicating a continuum phase.
Does this imply the need for a continuous model? Furthermore, the cell cycle encompasses
stochastic components [29]. To what extent does this randomness impact the overall processes,
and would it no longer be sensible to formulate a deterministic model?

Determining a suitable model type is evidently a complex process that heavily relies on the
specific problem and desired objectives. For instance, when dealing with a tumor consisting
of relatively few cells, a discrete model would be the natural choice. On the other hand, a
continuous model with local average values would not be appropriate in this scenario, as the
averaged values are derived from data from a relatively small number of cells [29].

As mentioned, mathematical modeling of tumors is mainly divided into discrete and con-
tinuous models. Hence, let us take a closer look at what they entail. In the discrete case,
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one focuses on individual cells, meaning that one describes single-cell-scale phenomena. This
includes describing its position in the cell cycle, its interaction with neighbouring cells and
the local biochemical environment, etc. [4]. Then upscaling techniques such as cellular au-
tomata and lattice Boltzmann methods are used to obtain information about the large-scale
phenomena of tumor growth. In all of the main upscaling approaches, the state of a cell is
characterized by a vector w = [x, v, u], where x is the position of the cell, v is the velocity
and u is a vector describing its internal biological state [4].

In continuous models, often the initial shape of the tumor is assumed to be spherical or
disk-shaped. The cells are represented through cell densities, meaning that the cells are de-
scribed in an averaging sense. In most continuum models of avascular tumors, it is assumed
that tumor growth is affected by available nutrients and growth-inhibitor factors (GIFs). This
is modelled by conservation equations % +V-N; = P;, where C; denotes the concentration of
the i-th species, N; denotes the flux of the species inside the spherical tumor and P; denotes
the net rate of consumption/production of the species both by the tumor cells and due to
chemical reactions with other species [4]. In some papers with continuous models, the main
focus has been on how cell-cell and cell-matrix adhesion forces affect tumor growth [20, 21} 22].

1.2 Numerical methods for solving differential equations

Many differential equations cannot be solved analytically, meaning it is not possible (at least
not yet) to solve them using known mathematical rules such as addition, subtraction, associa-
tivity, commutativity, etc. Therefore, one has to approximate the solutions using numerical
methods. Since the mid-20th century, numerical analysis has been an active research field.
The field entails everything from creating methods, analyzing and understanding them, to
actually implementing them [30].

The numerical methods used in this thesis are Forward Euler to approximate ordinary dif-
ferential equations, Backward Euler to approximated time derivatives in partial differential
equations, and the Finite Element Method, abbreviated FEM, to discretize the resulting time
independent set of equations with respect to space.

1.2.1 Forward Euler

Forward Euler is one of the simplest numerical methods for solving initial value problems,
IVPs. Given the general IVP:

dy
o = Tty),  ylto) = o (1.1)
where f(t,y(t)) is a function depending on t and y, and yo denotes the known solution at
initial time ty, the forward Euler method is as follows:

Yn+1 = Yn + Tf(tnv yn) (12)

The time interval ¢ € [to,?fina] has been divided into m discrete times, m = M, where

7 denotes the distance between two adjacent times, and v, denotes the approximate solution
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at time t,. From equation (1.2)) it is evident that the method only uses known values when
computing the next approximation, hence forward Euler is termed an explicit method.

Given the initial value problem

d
d—i =ty+t*, y(0)=1, telo1]. (1.3)

The analytic solution and the forward Euler approximation are plotted in Figure [I.1]

-*- FE approximation, step size = 0.2
—@— Analytic solution

0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.1: Forward Euler approximation and analytic solution

One can think of the initial value problem as giving the slope of the tangent line at specific
time. The forward Euler method approximates the solution by moving a short distance along
the tangent line and re-evaluating the slope at the stopping point, continuing in this manner
until the final time is reached. How good the approximation is depends highly on how often
the slope is re-evaluated, and also on how much the slope changes [31].

The error produced in one step of the method is called a local truncation error, e,. The
local error is defined as the absolute value of the difference between the approximation in
this step and the analytic solution given the approximation in the previous step as the initial
value, that is, §(t,) = yn, 1.6, €41 = |Uns1 — Y(tni1)|- Yns1 denotes the approximate solution,
while 3 denotes the analytic solution. At a specific time, say ¢, 1, using Taylor expansion one
can rewrite the exact solution §(t,41) (assuming it is sufficiently smooth) as

~/
Y (3) 72

g(tn+1) = gj(tn + 7‘) = g(tn) + gl(tn)T + 5

(1.4)
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for some t,, < s < t,11. Substituting ¢'(¢,) with f(¢,,9(t,)) gives

5 5 N B g//(S
y(tn-l—l) = y(tn + T) = y(tn) + f(tnv y(tn»T + T)TQ‘ (15)
Using the expansion in calculating the local truncation error leads to
_ . _ . . y'(s)
nt1 = |Yns1 — Y1) = Yo + 7 (tn, yn) — (G(t0) + 7f (0, G(t0)) + 9 )| (1.6)
Remembering §(t,,) = y, results in the following expression,
~1
eret = THOI (1.7)
2
Assuming |§”(s)| has an upper bound M on the interval [t,,t,.1] we get that
M
ent1 < ?7'2. (1.8)

Hence, €,,1 = O(7?) and one can conclude that the local truncation error of the forward Euler
method is of second order.

The following definition and results are needed to deduce the order of the global error.

Definition 1 (Lipschitz continuous function [31]). A function f(t,y) is Lipschitz contin-
uous in the variable y on a convex set S if there exists a constant L satisfying

|f<t7y1) - f(t7y2)| < L’yl - y2‘
V(t,y1), (t,y2) € S.

Theorem 1.2.1 (Existence and uniqueness of solutions [31]). Assume that f(t,y) is Lipschitz
continuous in the variable y on a convexr set S and yqy is in the y domain of definition. Then
there exists a constant ¢ in the t domain of definition such that the initial value problem

y' = f(t,y)

y(to) = Yo

for t € [to,c| has exactly one solution. Moreover, if the y domain of definition is (—o0, 00),
then one knows that there exists exactly one solution given the entire t domain of definition.

Theorem 1.2.2 (Bound on difference between solutions defined on the same set with different
initial values [31]). Assume that f(t,y) is Lipschitz continuous in the variable y on a convex
set S. If Y(t) and Z(t) are solutions on S of the differential equation

y/ - f(t7y>

with initial conditions Yy and Zy respectively, then

Y(t) - Z(1)] < H0NY, - Zf
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Proof. It Yy = Zy then one knows by Theorem that there exists only one solution
and hence that Y (¢t) = Z(t). Thus the inequality is satisfied trivially. Now assume that
Yy # Zy. This implies that Y (t) # Z(t) Vt in the interval, if not the uniqueness statement is
contradicted. Define u(t) := Y (t) — Z(t), which is either strictly positive or strictly negative.
The inequality depends on |u| so the sign is not relevant, and one may therefore assume that
u(t) > 0. Taking the derivative of u results in

u'(t) =Y'(t) = Z'(t) = f(t,Y (1) — f(t, Z(t))
using the assumption that u is positive and the definition of Lipschitz continuity gives us
u'(t) = [f(tY () = f(t, Z(t)] < LIY(t) = Z(t)] = Llu(t)| = Lu(t) (1.9)

giving the relation

< L.

Using the Mean Value Theorem and the fact that In(u(t)) = % one gets

In(u(t)) — In(u(ty)) <
t—1to -

In (5(%) < L(t—to).

Adding the exponential function on both sides of the above equation gives the desired result

which simplifies to

u(t) < ety (ty).
[l

The global error at step n is g, = |y, — y(t,)|, which is the difference between the approximate
solution and analytic solution at time ¢,. In the following y denotes the analytic solution of
the initial value problem with initial condition y(¢;) = y(t;), while § denotes the analytic
solution of the same IVP, but with y(¢;) = y; as the initial condition. At n = 0 the global
error is go = |y(to) — y(to)| = 0. Thus at n = 1 the global error is g1 = e; = |y1 — y(t1)]. In
the next step one will divide the global error into local error and previous global error.

92 = |y2 — y(t2)| = |y2 — G(t2) + G(t2) — y(t2)| (1.10)

ly2 = y(t2) + 4(t2) — y(t2)] < ly2 — glt2)| + [§(t2) — y(ta)]. (1.11)
The first term is the local truncation error e,, the second term is the difference between to

solutions of the same IVP but with different initial values, hence we can estimate the difference
using theorem (1.2.2}

g2 < eg+ eL(t2_t1)|g(t1) —y(t)| = ea +eg1 = eg + ey (1.12)
Doing the same calculations for n = 3 results in

g3 <eg+ef(ey +elTer) = ez + e ey + ey (1.13)
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By using induction, one can show that the ¢ —th global error is bounded in the following way
g <e+ee, 1+ Te o4+ e=DLro, 4 =DLrg (1.14)

Due to the local truncation error being of second order, we have that e; < C7? Vj. Substituting
this relation into the global truncation error estimate results in

. . i eiLT -1
gi §072(1+€L ++€( DL ) :OTzeLT——l (115)
Liti—to) _ 1 (O
<ot T ET (k) ), (1.16)

Lt L

Therefore, we can conclude that the global truncation error is proportional to 7, implying that
the forward Euler method is a first order method.

The advantage of this method is that it is explicit, and thus very easy to implement. A
drawback is that the time step has to be sufficiently small, otherwise, the solution will di-
verge. What is "sufficiently small” depends on the specific problem at hand. The reason why
the method diverges for time steps that are not ”sufficiently small” is because, in those cases,
the method progresses along the tangent lines for too long. As a result, the method fails to
detect possible changes in the slope of the analytic solution.

Additionally, it should be mentioned that if forward Euler and a spatial discretization method
are used to discretize a PDE, then for the numerical solution to converge, the domain of de-
pendency of the method must include the mathematical domain of dependency [32]. This is
a necessary condition for stability of a numerical method and was first described in a 1928
paper by Richard Courant, Kurt Friedrichs, and Hans Lewy [32]. The condition is commonly
referred to as the CFL-condition, named after the pioneering work of Courant, Friedrichs, and
Lewy.

1.2.2 Backward Euler

Backward Euler is another numerical method for solving initial value problems. It is the sim-
plest implicit method, which means that the method depends on the unknown solution.

Given the general IVP:
dy

i fty®), y(to) =wo (1.17)

where f(¢,y(t)) is a function depending on ¢ and y, and y, denotes the known solution at
initial time ty, the backward Euler method is as follows:

Yn = Yn—1 + Tf<tn7yn) (118)

The time interval ¢ € [t, ¢ fina] has been divided into m discrete times, m = M, where T

denotes the distance between two adjacent times, and ¥, denotes the approximate solution at
t,.
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Given that the method is implicit, it does not provide a formula that can be directly solved for
the next approximation. Instead, the equation must be rewritten. If the resulting equation is
nonlinear with respect to the unknown, a nonlinear solver method must be used at each time
step, in addition to the backward Euler method, to solve the problem. This approach can
require a considerable amount of additional work. However, unlike the forward Euler method,
this method converges when dealing with stiff problems.

By Taylor expanding y about ¢ the local truncation error of the method can be studied.
As stated in the previous section, the local truncation error is the error accumulated by one
iteration of the method. That is, e, = |y, — §(t,)| where y,, denotes the approximate solu-
tion at time ¢,, and g(t,) denotes the analytic solution at time t,,, but with initial condition
§(tn—1) = yYn_1 such that the approximation and analytic solution is equal at the beginning of
the iteration. If that was not the case, it would not be possible to solely compute the difference
between the solutions at that particular time step, which is the local truncation error.

y"(s)
2

yt—7)=yt)+y' )t —7—1t) + (t—7—1)? (1.19)

for some s € (t — 7,t). Rewriting the equation yields the following
1
s
y(t) =yt —7)+ 9 ()T — yTUTQ. (1.20)

Substituting the above equation, (1.20]), for the analytic solution and the definition of the
numerical method yields the following local truncation estimate

en = g — G0)| = s+ 7F i) — @Fltur) + 75 (0) — L8002 (121)

Further using that §(t,—1) = yn—1 and ¢'(t,) = f(tn, y(t,)) results in

= s + () — s — 7t 00) + L (1.22)
e < 71 (tno) — Fltn )]+ 1L r2)

Assuming that f is Lipschitz continuous in the second variable, the first term on the left side
can be bounded, and as a result, a larger bound can be reached

~1
. s
e < Ly, — ()] + 11
where L is the Lipschits constant.
~1
en(1— L) < |15 2

2

7_2

m@”(s)\

Thus, as long as 7 < 7 and [§”(s)| is bounded, the local truncation error has an upper bound.
Due to 72 the local truncation error is said to be of second order.

= e, <
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There exists a theorem related to one-step ODE solvers that pertains to the order of the
global truncation error, which is equivalent to the order of the method. The theorem states
that if the local truncation error e, is proportional to O(7%*1), then the global truncation
error g, is proportional to O(7*) at time ¢,. For the Backward Euler Method, this means that
the global truncation error is of first order, indicating that the method itself is of first order.

1.2.3 The Finite Element Method (FEM)

The Finite Element Method, FEM, is a numerical method mainly used to discretize a par-
tial differential equation, PDE, with respect to space. The idea of the method is to divide
the spacial domain into a finite number of non-overlapping elements, and approximate the
solution at each element using local functions. To perform this approximation, one must first
rewrite the given problem in its weak form. Next, a finite dimensional space is selected in
which to search for solutions, and the weak form is approximated within this space [33]. The
finite dimensional problem can be expressed as a system of equations on the form Az = b.
Once solved, x represents the vector of solution values at the degrees of freedom of the mesh.
To obtain the approximate solution at an element, one interpolates between the computed
solution values at its nodes. Repeating this process for all elements while assuming continuity
between adjacent elements yields the approximate solution for the entire domain. It is im-
portant to note that the choice of a finite dimensional function space greatly influences the
accuracy of the method, as well as which known results are applicable. Furthermore, FEM
has the advantage that the numerical formulation closely resembles the mathematical weak
formulation of a PDE, which has been extensively studied by mathematicians. Consequently,
in many cases there are known error estimates available, both a priori and a posteriori [33].

The following will provide a detailed explanation of how to obtain the weak form of a PDE
and how the FEM discretization process operates. Furthermore, results pertaining to the
existence and uniqueness of solutions will be presented.

1.2.3.1 Hilbert Spaces

As previously mentioned, the choice of function spaces used in the weak formulation signifi-
cantly impacts the existence and uniqueness of solutions. Hilbert spaces are a specific class
of spaces, that possess several advantageous properties which enable qualitative analysis of
the approximate solution. As a result, the function spaces utilized in this thesis are Hilbert
spaces. This class of spaces will be examined in greater detail in the following.

Before proceeding with the definition of a Hilbert space, it is important to be acquainted
with some preliminary definitions. These will now be presented.

Definition 2 (Real vector space [34]). A real vector space is a triple (V, + , -), in which V
is a set, and + and - are binary operations satisfying the following azioms.

(i) If x and y belong to V then so does x + y

(i) x+y=y+x
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(iii) v+ (y+2)=(x+y)+ 2

(iv) V contains a unique element, 0, such that x +0 =z for all x in V.

(v) With each element x there is associated a unique element, —x, such that x + (—x) =0
(vi) Ifx €V and A € R, then A-xz €V

(vit) N (z+y)=A-x+Xy, IER

(viii) A+ p)-c=X-z4+p-z, IpeR

(i) A-(p-x) = (Ap) - @
(x) 1 -z ==

Note that the terms vector space and linear space are interchangeable.

Definition 3 (Norm [34]). Given a vector space V, a norm, |||, is a function on V with
values in the non-negative reals having the following properties:

(i) |lv]| >0 YveV
o =0 <= v=0

(i) ||c-v| =|e|-||lv|| Yee RoveV
(117) ||v+ w| < |jv|| + ||w|| Yv,w €V (the triangle inequality)

Definition 4 (Normed linear space [34]). A normed linear space is a linear space in which
a norm has been introduced.

Definition 5 (Metric [35]). A metric, d(-,-), is as a distance function on a set X satisfying
the following relations for all points p,q € X

(i) d(p.q) >0, ifp#q
(ii) d(p,p) =0
(iii) d(p,q) = d(q,p)
(iv) d(p,q) <

where d(p, q) is a real number called the distance from p to q.

d(p,7)+d(r,q), for anyr € X

Note that all norms are metrics. Thus all normed linear spaces can also be termed metric
spaces.

Definition 6 (Cauchy sequence [35]). A sequence {x;} in a metric space, (X,d(-,-)), is said
to be a Cauchy sequence if Ve > 0 3 an integer N such that

d(xp, xm) < €

for alln,m > N.
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Definition 7 (Convergence of a sequence [35]). A sequence {x;} in a metric space, (X,d(-,-)),
1s said to converge to a point x € X if Ve > 0 3 an integer N such that

d(zp,z) <e Yn>N

Definition 8 (Complete space [35]). A metric space (a space endowed with a distance function,
e.g., a norm) is termed complete if every Cauchy sequence converges to a point in the space.

Definition 9 (Inner-product space [30]). A (real or complex) inner-product space is a (real
or complex) vector space V with an inner product specified. An inner product is a rule which,
given any x,y € V, specifies a (real or complex) number (x,y), called the inner product of x
and y, such that

(i) (x,z) € RT VYx#0
(1) {0,0) =
(iii) (z,y) = (y,z)
(i) (Az,y) = Xx,y) for any XA € R (respctively C) and x,y € V

(v) (x,y+2) = (x,y) + (z,2), YV x,y,2zeV.
In an inner-product space, one defines the norm of an element x to be ||z|| := \/(x, x).
Definition 10 (Hilbert space [34]). A Hilbert space is a complete inner-product space.

In the setting of variational formulations, the most usefull Hilbert spaces are those where
differentiation can be preformed. These spaces are denoted H*(€) and are special cases of
Sobolov spaces Wlﬁ“, more precisely where p = 2.

In order to define H*(Q2) and ij , the concepts of LP-spaces and weak derivatives must be
introduced.

Definition 11 (Lebesgue norm [33]). For 1 < p < oo, let
1
o= ( [ rGaipas )

[ fll () = ess sup|f(z)] : = € Q}

and for the case p = oo set

Definition 12 (Lebesgue spaces [33]).

LP(Q) == A{f - [ f ooy < o0}

with two functions f, g identified as equal if || f — g||zr() = 0, implying that the functions only
differ on a set of measure zero. In this context one can consider LP()) as a set of equivalence
classes of functions with respect to the identification relation.
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The multi-index notation is a short-hand notation for calculus partial derivatives. Let o denote
a multi-index, which is an n-tuple of non-negative integers, c;. The length of « is given by

n
o] = > o
i=1

For ¢ € C* let D“¢ denote the usual (pointwise) derivatives

OO (0N o
0r; 0o oz, 02082 .. - Ogm

The order of the derivative above is given by |«|.

Definition 13 (Compact set [34]). A subset K in a normed linear space is said to be compact
if each sequence in K has a subsequence that converges to a point in K.

Definition 14 (Support and Compact Support of a function defined on a subdomian of R”"
[36]). Let u be a continuous function. Then the support of u is the closure of the (open) set
{z : u(x) # 0}. In other words, it is the closure of the set that does not map to zero. If this
set is compact (i.e., bounded) and a subset of the interior of a set ) then we say that u has
compact support with respect to ). Qutside the support it is natural to define the function
to be zero and thus extend the function to be defined on all of R™. Hence, if  C R" and u
s a continuous function compactly supported with respect to ) we say that u vanishes in a

neighborhood of 0f).

Definition 15 (C*(Q) [37]). C>°(2) is the space of functions that are infinitely many times
differentiable. C5°(Q2) denotes the set of C>°(Q2) with compact support in §2.

Definition 16 (Set of locally integrable functions [33]). Given a domain 2, the set of locally
integrable functions is denoted by

L, (Q):={f:fe€LYK) Vcompact K C Q}

Definition 17 (Generalized (weak) derivatives [33]). We say that a given function f € L.
has a weak derivative, D f, provided there exists a function g € L . such that

[ s@starts = <! [ f@poar o e Cre)
If such a g exists, we define Dy f = g.
Sobolev spaces are complete normed linear spaces of weakly differentiable functions. In other

words, Sobolev norms and spaces are generalizations of Lebesgue norms and spaces to include
derivatives.
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Definition 18 (Sobolov norm [33]). Let k be a non-negative integer, and let f € L}, .(2).
Suppose that the weak derivatives D f exist for all || < k. Define the Sobolev norm

g i= | S IDe My | = | X [ Dasas (1.23)
la|<k laj<k /¢
for 1 < p < 00, and in the case p = oo
1 llwe ) = max 1 D5 f |z (1.24)

Definition 19 (Sobolov spaces [33]). For 1 < p < oo we define the Sobolev space to be
Wy () = {f € Lpoo(Q) : | fllwpe) < oo} (1.25)

By setting p = 2 the resulting norm is induced by an inner-product, and is therefore a Hilbert
space. As mentioned earlier these spaces are often termed HF.

Definition 20 (H*(Q) [33]). H* := {f € L*(Q) : [ fllwz @) < oot
In the thesis, the function space used in variational formulations is the Hilbert space
1 — 1 ) _
H, () :=={f € H(Q) : trace(f) = g}.

This space requires a function to have existing weak first derivative.

1.2.3.2 Variational Formulation

The Finite Element Method is a numerical method used to approximate the weak solution of
a PDE. Therefore, to apply this method, the problem must first be formulated in weak form,
also known as variational form. The term "weak” refers to the fact that this formulation
relaxes some of the requirements that a solution must satisfy [3§]. It is important to note that
many PDEs only have weak solutions, not strong ones. Moreover, it is worth mentioning that
a strong solution is always a weak solution, but the converse is not necessarily true.

Given the following partial differential equation, the objective is to find its corresponding
variational formulation.

Find u satisfying
{V~(—DVu+8u)—F for x €0 (1.26)

u=0 for xe 0.

Note that requires the solution, u, to be satisfied at all points of the domain, i.e., in a
point-wise sense. Furthermore, in the cases where u = ¢g at 92 and g # 0, it is worth noting
that the problem can be reformulated to seek a solution w = u — g, subject to the boundary
condition w = 0. Here, g represents a continuous extension of g on the entire domain (2.

To obtain the variational form, one start by multiplying the equation by a so-called ”test
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function” v and integrating over the domain. Here, v is an arbitrary function in Hg (). It is
important to note that a test function is compactly supported on the parts of the boundary
where the solution is known, i.e., at these parts v = 0.

/QV - (=DVu + cu)v = /QFU (1.27)

By using the method of integration by parts, one can rewrite the integral on the left-hand side
in the following way,

/ V - (=DVu + cu)vdr =
“ (1.28)

/(DVu — cu) - Vodx + / 1 - (—DVu + cu)vds
Q B

where 7 denotes the normal outward pointing unit vector on the boundary. Due to the com-

pact support of the test function, i.e., v = 0, the boundary term vanishes, leaving us with the
following variational formulation,

Find v € H}(Q) that satisfies

/(DVU — cu) - Vodr = / Fudx (1.29)
Q

Q

for allv e H}(Q)

By comparing the strong formulation (1.26) with the variational formulation (L.29), it be-
comes clear that the former requires the solution to be twice continuously differentiable, while
the latter only requires it to be one time continuously differentiable. Moreover, in the strong
formulation, the solution must be twice continuously differentiable at every point in the do-
main, whereas in the variational formulation, the solution only needs to satisfy the equality
in an integral sense. This means that the variational solution can even be discontinuous, as
long as its integral satisfies the equation for all test functions.

Define a(u,v) := [,(DVu — éu) - Vudz and L(v) := [, Fvdr. Based on the following defini-
tions, it will be shown that a(u,v) and L(v) are bilinear and linear forms, respectively.

Definition 21 (Linear form [34]). A linear form on a vector space X is a linear mapping
f: X —=R. Le., the mapping satisfies

flou+ Bv) = af(u) + Bf(v)
for all a, B € R and for all u,v € X

Definition 22 (Bilinear form [33]). A bilinear form a(-,-) on a vector space X is a mapping
a: X x X — R such that each of the maps u — a(u,v) and v — a(u,v) is a linear form on
X. It is a symmetric bilinear form if a(u,v) = a(v,u).
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a(cu + B, v) = /Q (DY (au + Bw) — &lau + w)) - Voda
_ /Q (DVau — Zou+ DV fw — ZBw) - Voda
_ /Q (a[DVu — ] + B[DVw — éw)) - Vodz

—a /Q(DVU &) - Vodz + 8 /Q(DVw — &) - Voda

= aa(u,v) + fa(w,v).

(1.30)
a(u, av + pw) = /(DVu —cu) - V(av + pw)dx
Q
= /(DVU — cu) - [Vav + Vpw)]dz
Q
= /(DVU — cu) - Vow + (DVu — cu) - Vpwdzx
Q
=« /Q(DVU — cu) - Vodxr + 3 /Q(DVU — cu) - Vwdz
= aa(u,v) + fa(u, w).
(1.31)
L(av + fw) = /QF(cw + fw)dr = /ﬂFowdx + /Q Fawdx
= Fud Fwd
o . v ac+a/Q wdx
= alL(v) + SL(w).
(1.32)

The above calculations utilized the fact that integrals, dot products, and gradients are linear
operators to demonstrate that a(u,v) is a bilinear form and L(v) is a linear form.

1.2.3.3 Discretization

To discretize the variational formulation, the Galerkin method is used. This involves re-
placing the test and trial function spaces, i.e., the spaces to which v and v belong, with
finite-dimensional subspaces and seeking solutions within these spaces. Let Viy C H} () be a
finite N-dimensional subspace of H}(f2) with basis functions {¢;(x), ¢2(x),...,¢n(x)}. The
Galerkin method has several advantages, such as allowing for the use of standard linear alge-
bra techniques to solve the resulting system of equations, and providing a flexible framework
for adapting the discretization to the problem at hand. The finite dimensional variational
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problem is written in the following way.

Find uy, € Vi that satisfies

/Q(DVuh — Cuy) - Vopdx = /Qthdx (1.33)
for all vy, € Viy
Moreover, one defines
a(up,v) = /Q(DVuh — Cuyp,) - Vupdx (1.34)
L(v) := /Qthdx. (1.35)

By following the same steps presented in ((1.30))-(1.32)), one can demonstrate that a(uy,v) and
L(v) are bilinear and linear forms, respectively.

Since uy, and vy, belong to the finite-dimensional subspace Vi, they can be expressed as linear
combinations of the basis functions of V. Specifically, one can write u;, = Zfil w;¢;(x) and
vp = Z;V:l 0j¢;(x), where @; and v, are coefficients. Substituting these expressions for u; and

vy, into ([1.33)), one obtains

N N

[0 00— 3 w0 V(S viode = [ S aiopde (130

j=1 Qo

where ¢; and ¢, are the basis functions of Vy.

Since the coefficients are independent of space and the gradient is a linear operator, one can
apply the gradient directly to the basis functions inside the sum. Moreover, ; is a common
factor in the difference term of the first integral, allowing it to be factored out. Additionally,
constants can be taken outside of integrals. As noted, ((1.36)) must hold for all v, = Zjvzl 0j¢;,
and since all vy, are linear combinations of {gbj};y:l, it suffices to verify the equation for each

basis function. Thus, the problem can be expressed as follows.

N
Zﬂi/Q(DngSi—Egbi)-V((;ﬁj)d:c:/Qngjdx for je{l2,..N} (137
1=1

The above system of equations can be written in matrix vector form Au = b with

A= ( /Q (DV¢; — ;) - V(szsj)dx) RV
Jo(DVé1 —cy) - V(p1)dz  [(DVdy — Cpy) - V(pr)dr - [(DVon — Cpy) - V(p1)d
Jo(DV¢1 — 1) - V(do)dzr  [(DVdy — Cpy) - V(pa)dr -+ [(DVon — Epn) - V(p2)da
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?]1 fQF(bldilf

i N F¢ydx
T el IS S R I R

. Q j=1 .

lNLN fQFgZ5Ndl’

It has now been shown that solving ([1.33)) is equivalent to solving the linear system Au = b
with A, u and b as defined above.

Note that both A and b only contain known quantities. This means that they can be com-
puted and the system Au = b can be solved for u. The discrete solution provides the solution
values at the degrees of freedom of the mesh. Then, it only remains to interpolate over each
element and assemble the solutions to obtain the solution on the entire domain. Additionally,
it is worth noting that many finite element bases result in a significant number of elements
in matrix A being equal to zero, leading to a sparse matrix structure. This sparsity property
greatly simplifies the process of solving the system of equations, making it computationally
easier and more efficient.

1.2.3.4 Results regarding existence and uniqueness, and errors of solutions to
variational problems

When solving a mathematical problem, it is desirable to know whether or not the problem
has a solution, and if there is only one possible solution or if there are multiple solutions.
In the following, a theorem that provides conditions for a unique solution to exist will be
presented. Furthermore, a theorem that provides an upper bound on the error of the Galerkin
approximation will also be presented.

Theorem 1.2.3 (Lax Milgram [38]). Given a
o Hilbert space (V, (-, -))
e bilinear form a(-, ) satisfying

— Ja(v,w)| < M|v|jv|w|ly Yv,w eV with M > 0 a constant (continuity)
— a(v,v) > a|v||} Vv €V with o > 0 a constant (coercivity)

e linear functional L(-) satisfying
— |L(v)| < Cllvlly Yv eV with C> 0 a constant. (Continuity)

then there 3! v € V' such that
a(u,v) = F(v) YveV.

Proof. See for example [33]. O
Lemma 1.2.4 (Céa’s lemma [38]). Assume
1. Ja(u,0)| < Mlulllol, M >0, Vu,veV

2. a(u,u) > aflul]?, a>0, forueV
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with ||-|| denoting a norm on V. Then the following error estimate for the Galerkin solution
holds:

lu — up| < %mm{”u -l |ve V) (1.38)

Proof. If ||u—uy|| = 0, then the inequality will always hold because all the terms on the right

hand side are non-negative, and there is nothing to prove. Therefore, assume u # wuy. Further

assume that v € Vj,. One can then write the difference between the continuous variational

formulation, i.e., a(u,v) = b(v), and the discrete variational formulation, i.e., a(up,v) = b(v),
as follows:

a(u,v) — a(up,v) = bv) —b(v) =0 = a(u — up,v) =0. (1.39)

Note that v is an arbitrary element of V},, meaning that the relation hold for all elements of V},.

Due to the second assumption of the lemma one can write
allu —up||* < alu — up, u — up). (1.40)

Since u, and v are elements of V}, a linear space, one knows that u;, — v also is contained in
Vj,. Therefore, one have that a(u — up, up, —v) = 0, and one can rewrite as follows:

allu —upl|* < alu — up,u — up) + alu — up, up — v). (1.41)
Using the fact that a(-,-) is a bilinear form and the first assumption of the lemma one gets
the following
allu —upl|* < alu — up,u — up) + alu — up, up — v)
= a(u — up, u) — a(u — up, up) + alu — wp, up) — alu — up, v)
= a(u — up,u) — alu — up,v) = a(u — up, u — v)
< M[u — unl|[ju — o]

M
— Ju—wl < S fu—ol vevs
Since it holds for all v € V},, one gets that the smallest upper bound on the error is
M
|u — up|| < Emzn{Hu —o| | v eV} (1.42)

which is the desired result. O

1.3 FEniCS

FEniCS is a powerful open-source finite element library widely used for solving partial dif-
ferential equations (PDEs). It provides a user-friendly interface and efficient computational
capabilities for researchers and practitioners in various scientific and engineering fields [23].

With FEniCS, users can express their PDE problems using a high-level mathematical lan-
guage, making it easier to translate mathematical formulations into computationally efficient
code [23]. The library handles many aspects of finite element computations, such as mesh
generation, function space definitions, and variational problem formulations, allowing users to
focus on the mathematical and physical aspects of their problems [23].



Chapter 2

The mathematical model

2.1

Derivation of the mathematical model

In this chapter, we will develop a two-dimensional continuous model of avascular tumor growth
in vitro using deterministic parameters. Afterward, we will discuss the expected behavior of
the model before proceeding to discretize it. Finally, we will also discuss the structure of the
implementation.

The Mathematical Model
To enhance our understanding of the model and its development, we will begin by examining
the underlying assumptions on which it is based.

Assumptions and comments:

It is assumed that the tumor is comprised of three main components: viable cells (includ-
ing both proliferating and quiescent cells), dead cells, and the extracellular matrix. The
extracellular matrix encompasses all fluids, proteins, molecules, and other substances
that surround the cells.

One assumes that the tumor initially has a circular shape and grows in a radially sym-
metric manner, maintaining its circular shape over time. Furthermore, any constraints
imposed by the surrounding geometry is disregarded.

Moreover, it is assumed that the volume fraction of the extracellular matrix remains
constant throughout the growth process. In other words, the extracellular matrix always
constitutes a fixed percentage, denoted as p%, of the total volume. This assumption
implies that both living and dead cells, even considering volume loss, maintain a uniform
spatial arrangement within the tumor.

The influence of cell-cell adhesion forces and cell-matrix adhesion forces are neglected in
the model.

Advection-diffusion type of PDEs will be used to model the concentrations of nutrients
and growth-inhibitor factors (GIFs) in a tumor. The model will incorporate three growth
factors. Firstly, we will consider externally supplied nutrients as growth-promoting
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factors. Secondly, we will account for growth-inhibitor factors that are produced by
cells within the tumor during the cell cycle or excreted by necrotic cells. Lastly, we will
include externally supplied growth-inhibitor factors that represent the immune system’s
response to the tumor.

— An advection-diffusion equation will be formulated to represent the nutrient con-
centration within the tumor. The equation will not include a source term since
we assume that nutrients are only externally supplied and not produced within
the tumor. However, it will include a sink term to account for the consumption
of nutrients by the cells. Furthermore, we will assume that the nutrient level in
the surrounding area of the tumor remains fixed, indicating a constant supply of
nutrients. This condition will be expressed by a positive Dirichlet boundary data.

— A diffusion equation will be formulated to represent the growth-inhibitor factors,
G'1, produced or excreted internally by the cells. The PDE is in accordance with
the one presented in [2]. The equation incorporates both source and sink terms,
representing the production/excretion and consumption of G1 within the tumor,
respectively. Moreover, we assume that these GIF's do not exist outside the tumor,
which is reasonable considering they are a product of the cells specific to the tumor.
Hence, we assume no transport of G1 across the tumor boundary. This condition
will be represented by a homogeneous Neumann boundary condition.

— We will represent the growth-inhibitor factors, G2, produced by the immune sys-
tem in the surrounding tissue using an advection-diffusion equation. Since G2 is
not produced within the tumor, the equation will not contain a production term.
However, it will include a sink term to account for the cells consumption of G2.
Additionally, we will assume that the concentration of G2 in the tissue surround-
ing the tumor remains constant. Therefore, the boundary supply of G2 will be
represented by a positive Dirichlet boundary condition.

e The viable and dead cells will not be explicitly addressed or solved for; instead, they will

be implicitly represented by the nutrient and GIF concentrations within the tumor. A
GIF threshold will be introduced, denoted as 6, which serves as an upper limit for GIF
concentration allowing cells to proliferate. If the GIF concentration exceeds g, it will
inhibit mitosis, leading to cell quiescence or death, depending on the current nutrient
level. Additionally, a nutrient threshold will be defined, denoted as 0, as the minimum
nutrient concentration required for cell growth. In order for a cell to have the potential
to proliferate, the nutrient concentration must surpass 6. If the nutrient concentration
falls below this threshold, the cell will become quiescent or die. The tumor is divided
into proliferating, quiescent, and necrotic cells based on the following criteria

— Proliferating if

uy >0y and  wy(weug + wiugs) < Og (2.1)

— Quiescent if
uy >0y and  wy(weugr + wiugs) > O (2.2)
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or

uy <Oy and wi(wougr + wiuge) < Og, for less than a stated time period
(2.3)

— Necrotic if

uy <0y and wi(waugs + wsugs) < O for longer than the stated time period
(2.4)
or

UnN S 0]\[ and w1 <UJ2UG1 + w3UG2) Z QG (25)

with wq,we, w3 € R being weights, fy,0s the threshold values, and uy the nutrient
concentration, ug; the concentration of G1 growth-inhibitor factors and ugo the concen-
tration of G2 growth-inhibitor factors.

e All necrotic cells remain necrotic, even though nutrient diffusion might alter the nutrient
concentration such that necrotic cells later will satisfy either quiescent or proliferating
criteria.

e We will introduce a function to represent the mitotic rate, which denotes the rate at
which a cell divides into two daughter cells. This rate will depend on the nutrient and
GIF concentrations.

e The volume of the tumor is determined by the following factors

— the number of cells in the tumor, assuming that each cell has a constant volume
— the percentage of the total volume made up by the extracellular matrix (ECM)

— the assumption that the tumor has a perfectly circular shape, meaning that its vol-
ume, due to the model being two-dimensional, can be calculated using the formula
VT =T 7“%.

Let n. represent the total number of cells, r. the fixed radius of a single cell, Vi the total
volume of the tumor, V, the total volume of the cells, and p% the percentage of the total
tumor volume that the extracellular matrix constitute. Then the tumor volume can be
computed in the following way

V. = nerr? (2.6)

V.. (2.7)

This indicates that as long as we know the number of cells we can always compute the
tumor volume.

e Asshown in the bullet point above, this model represents tumor growth through changes
in the number of cells. The change in the number of cells is modeled by an ODE that
depends on the mitotic rate.
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The advection-diffusion equation for nutrient concentration, uy, is as follows
c%uN + V- (—DNVUN + 5NUN> = (b(nloc, uN) Vf S Q. (28)

In the equation above, uy represents the nutrient concentration. The equation describes how
the nutrient concentration changes over time, O,uy, within the tumor. This change is influ-
enced by both advective forces, cyuy, which represent the transport of nutrients throughout
the tumor, and diffusive forces, —DyxVuy, which account for the spreading of nutrients. Fur-
thermore, the sink term, ¢, represents the consumption of nutrients and contributes to the
temporal changes in concentration. The constant diffusion coefficient, Dy, determines the
rate at which nutrients diffuse in the direction opposite to the gradient of uy. The negative
gradient, —Vuy, always points towards regions of lower nutrient concentration, reflecting the
movement of nutrients driven by molecular processes. Lastly, ¢y denotes the velocity field re-
sulting from the extracellular matrix, indicating the speed and direction of nutrient transport
within the tumor facilitated by the ECM.

The sink-term is defined as follows

qb(nloc: uN) = —QNjocUN (29)

with o € RT representing the sink coefficient, ux denotes the nutrient concentration, and 7y,
represents the local number of cells, i.e. the number of cells at a given point. However, due
to the assumption that the cells are uniformly distributed and comprise a constant percent-
age of the tumor, the value of n;,. remains constant. It can be computed using the formula
Nioe = TI’N_T%7 where N is the initial number of cells and 7r corresponds to the initial tumor

volume.

The amount of nutrients consumed by a cell depends on its cell type. Proliferating cells,
which actively grow and divide, have high nutrient demands. Quiescent cells, while not ac-
tively proliferating, are still alive and therefore require nutrients, albeit at a lower rate com-
pared to proliferating cells. On the other hand, necrotic cells are already dead and no longer
consume any nutrients. These differences are accounted for in the model by representing the
sink coefficient a as a discontinuous function with different constant values for each cell type.

0 if ¥ € necrotic cell
a(Z) = § g I T € quiescent cell

Qyro if & € proliferating cell
with agui, pro € RT and oy << appro-
The Dirichlet boundary condition w.r.t uy is
uy =k VT e o (2.10)

where k > 0 represents the constant nutrient supply at the boundary.
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The diffusion equation for the concentration of growth-inhibitor factors produced/excreted

by the tumor cells, ugi, is as follows
Ougt + V- (=Dai(z,y)Vug)) = —yugr + AS(x,y) VI e Q. (2.11)

In the above equation, ug; represents the concentration of growth-inhibitor factors pro-
duced/excreted by the cells within the tumor. The equation describes how the concentration
changes over time, O;ug, taking into account the diffusion of the factors, which refers to
their spreading through molecular movements. The equation also considers a sink term that
represents the consumption of the factors and a production term that represents their gener-
ation/excretion within the tumor. The parameters v € R and A € R* are fixed constants.
The decay constant v determines the rate at which the concentration of G1 is consumed, while
the production constant A controls the rate at which the factors are produced/excreted within
the tumor.

In this PDE, the diffusion coefficient is not constant but rather a monotonically decreas-
ing function, denoted as Dgi(z,y) = 5 x 1077(1 — 0.2(2* 4+ y?)). By incorporating a space-
dependent nonlinear function for D¢y, the model takes into account the possibility of varying
or disrupted intercellular signals caused by the cellular heterogeneity within the tumor [2].
The diffusion coefficient is highest at the center of the tumor and decreases as one moves away
from the center, for tumors with radii less than /5. Figure @) illustrates this diffusion
pattern.

Furthermore, the source function S(x,y) =1 — %, with R being the radius of the tumor,
describes the distribution of G1 production/excretion within the tumor [2]. The function
is space-dependent and indicates that G1 production/excretion is highest at the center and
gradually decreases towards zero as one approaches the boundary of the tumor. S is chosen
to be space-dependent to account for cellular heterogeneity within the tumor [2]. Refer to
Figure (]ED for a visual representation of this source function.

G1 diffusion function, D¢ (z,y)

G1 source function, S(z,y)
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(a) The diffusion equation, D¢ (z,y). (b) The source function, S(z,y).

Figure 2.1: Displaying the diffusion and production/excretion functions in the G1 PDE.
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As mentioned, different types of cells consume factors at different rates. In the case of the
growth-inhibiting factors G1, they are consumed at an equal rate by proliferating and quiescent
cells, while necrotic cells do not consume them at all. Therefore, the decay constant v must
be represented as a discontinuous function that reflects these consumption rates. It can be
expressed in the following form

) = {0 if Z € necrotic cell

Yproqui  1f T € quiescent cell or proliferating cell

with Yprogui € RT.

The Neumann boundary condition w.r.t. ug; is
- (=Dei(x,y)Vug) =0 VI € 00 (2.12)

with 77 being the outward pointing unit normal vector at the boundary. This boundary con-
dition ensures that there is no diffusion of ug; across the boundary.

The advection-diffusion equation for the growth-inhibitor factor concentration pro-
duced by the immune system, ugs, is as follows

8tuGg + V- (_DGQVUGQ -+ 8GQUG2) = —£nlocuG2 \V/f € Q. (213)

In the equation above, uge denotes the concentration of growth-inhibitor factors produced by
the immune system in response to the presence of the tumor. The equation states that the
change of ugs with respect to time within the tumor, i.e., O;uge, is related to the diffusion,
—DoVugs, of uge due to molecular movements and to how the factors are being transported
by the velocity field ¢ge induced by the extracellular matrix. Moreover, the consumption of
G2 by the cells also contributes to altering ugs over time. Furthermore, £ € R* is the decay
constant of G2. As G2 is consumed at an equal rate by proliferating and quiescent cells, while
no factors are consumed by necrotic cells, € has to be represented as a constant discontinuous
function, as follows

§(7) =

0 if ¥ € necrotic cell
Eproqui 1 T € quiescent cell or proliferating cell

with gproqui € RT.

The Dirichlet boundary condition w.r.t. ugs is
Uge = P VT € 0f) (2.14)

with ¢ € RT denoting the constant non-negative ugs supply at the boundary.

The mitotic function states the rate at which mitosis occurs. Mitosis is the biological
process of a cell dividing into two identical daughter cells. The rate is dependent on the
concentrations of growth-promoting and growth-inhibiting factors.

0 if ¥ € necrotic cell
m(un, ug1, uge) = 4 0 if ¥ € quiescent cell (2.15)

pl—riugr — auge + nuy| if & € proliferating cell
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with p, vy, 19,1 € RT representing weights and ugi, uge, uy representing the growth-inhibiting
and growth-promoting factor concentrations.

The ODE governing the change of number of cells is as follows

dn.
CZ :nloc/gmdx. (2.16)

The equation above indicates that the rate of change in the number of cells is directly in-
fluenced by the mitotic function, which represents the rate at which cells are proliferating.
As mentioned previously, quiescent and necrotic cells do not undergo growth, resulting in a
mitotic function of zero in these regions. Therefore, when integrating over the entire tumor,
the integral simplifies to the integral over the proliferating cells only. Thus, the ordinary
differential equation (ODE) can be expressed as follows.

dn.
dt

= nloc/ mdxr = nloc/ pl—riugr — vauge + nuy|de (2.17)
Q 0

pro pro

n. represents the total number of cells in the tumor, and p, v, 5,7 € RT are mitotic weights.
ug1, Uge, Uy represent, as always, the growth factor concentrations. The term ng,. represents
the constant number of cells per unit volume of the tumor, and €,,, denotes the areas of the
tumor consisting exclusively of proliferating cells.

A summary of all the equations and cell type requirements
Find uy, ugi, uge and n. such that the following equations are satisfied

8tuN + V- (—DNVUN + 5NUN> = —ONjpcUN \V/Z)_f € Q (2.18)
0 if ¥ € necrotic cell
a(Z) = § g T € quiescent cell

0y it @ € proliferating cell

uy =k VT € 0N (2.19)
(‘9tuG1 + V . (—Dcl(l‘,y)VUGl) = —YUug1 + /\S(x,y) \V/Zf - Q (220)
- 22 4y
Degi(z,y) =5 x 1077(1 = 0.2(2* +¢%)), S(z,y) =1- (R—z)
() 0 if ¥ € necrotic cell
xT) =
K Vproqui £ T € quiescent cell or proliferating cell
- (—Dei(x,y)Vug) =0 V& € 0N (2.21)

Oruga + V - (—DgaVugs + Coatige) = —ENipcige VT € (2.22)
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£() 0 if ¥ € necrotic cell
€Tr) =
Eproqui  1E T € quiescent cell or proliferating cell
uge =1 Vi € 0N (2.23)
0 if ¥ € necrotic cell
m(un, uct, ugz) = {0 if ¥ € quiescent cell (2.24)

pl—riugr — auge + nuy| if & € proliferating cell

dn.
e nloc/ pl—riugr — vauge + nuy|de (2.25)
t Qp'ro
e Proliferating if
uy >0y and  wi(woug + wiugs) < Oa (2.26)
e Quiescent if
uy >0y and w1<w2UG1 + wguGz) > QG (227)

or

uy <Oy and wi(waug) + wsugs) < Og, for less than a stated time period (2.28)

e Necrotic if

uy <Oy and wi(woug) + wiuge) < O for longer than the stated time period
(2.29)
or
UnN S HN and wl(UJQuGl + UJ3UG2> Z QG (230)

with wy, ws, w3 € R being weights, 6y, 0 the threshold values, and uy the nutrient concen-
tration, ug; the concentration of G1 growth-inhibitor factors and ugs the concentration of G2
growth-inhibitor factors.

Furthermore, note that all necrotic cells remain necrotic, even though nutrient diffusion might
alter the nutrient concentration such that the necrotic cells later will satisfy either quiescent
or proliferating criteria.

2.1.1 What type of behavior to expect from the model

Initially, the entire tumor is composed of proliferating cells. However, as the tumor grows,
there will be a point /region inside the tumor where one or both of the thresholds € and 0 are
reached. The specific location within the tumor where this occurs, as well as which threshold
is reached first, or if they are reached simultaneously, is influenced by various parameters.

For instance, the difference between the initial concentrations and threshold values plays
a significant role in determining the duration of tumor growth. If an initial condition is close
to its respective threshold value, it will not take long before the threshold is reached, leading
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to the formation of quiescent and necrotic regions within the tumor. Conversely, if there is a
substantial difference between the initial concentrations and their respective threshold values,
the tumor will continue proliferating for a longer period of time before reaching the thresholds.

Additionally, the diffusion coefficients have a substantial impact on tumor growth dynamics.
A high nutrient diffusion coefficient facilitates faster transport of nutrients from the boundary
towards the center of the tumor. As a result, the tumor would need to grow larger before the
nutrient supply at the center falls below the nutrient threshold. Conversely, a low nutrient
diffusion coefficient leads to a slower distribution of nutrients from the boundary throughout
the tumor domain. With a growing tumor, it becomes increasingly challenging for nutrients
to reach the center, and as a consequence, the nutrient threshold is reached sooner. Thus, the
diffusion coefficients directly affect the nutrient availability and can influence the tumor’s size
and nutrient supply dynamics.

In the model, the presence of both internally generated and externally supplied growth-
inhibitor factors introduces additional complexity to the formation of GIF quiescent regions
within the tumor. The locations within the tumor where the weighted sum of these two
concentrations reaches the GIF-threshold can vary significantly based on changes in the dis-
tribution of either type of growth-inhibitor factors. Consequently, the initial time of formation
of GIF quiescent regions and the locations are highly dependent on the diffusion coefficients
and decay constants of G1 and G2, and also on the production/excretion constant of G1.
These parameters directly influence the distribution of the growth-inhibiting concentrations
within the tumor. Moreover, it’s important to note that the comparison to the GIF-threshold
is done using a weighted sum of the concentrations. Therefore, the weights assigned to each
concentration also play a crucial role. By adjusting the weights, one can control the relative
importance of each growth-inhibitor factor concentration in determining the location and ex-
tent of the quiescent regions.

In the equation for G1, the difference between the sink and production/excretion coefficients
has a significant impact on whether the concentration of G1 will increase or decrease over
time. In [2], the production/excretion coefficient is much larger than the sink coefficient,
therefore in the reference problem used in the sensitivity analysis in the next chapter this
relation will be maintained. Furthermore, suppose that ug; > uge. If ug; is so large that ugs
becomes negligible in the weighted sum, the GIF quiescent region will be a disk in the center.
If the concentrations are of the same order and both contribute to the weighted sum, then
the threshold will be reached in an annulus shape somewhere inside the tumor. The location
highly depends on both diffusion coefficients. On the contrary, if ug: < uge and ugs is the
only significant contributor in the weighted sum, it will take a significant amount of time
before the GIF-threshold is reached because ugs is only being consumed within the tumor.
Therefore, one would have to wait until ug; becomes so large that the threshold is reached.

In addition to all the aforementioned factors, the variation in decay constants across dif-
ferent regions also affects tumor evolution. These decay constants are zero in necrotic regions,
small in quiescent regions, and larger in proliferating regions. The diffusion coefficients, how-
ever, remain constant. This means that in necrotic regions, nutrients are still diffused into
the regions even though there is no consumption. Similarly, in quiescent regions, some nutri-
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ents are consumed, but not to the same extent as in proliferating regions. As a result, the
concentration of nutrients increases in quiescent and necrotic regions. Consequently, after a
certain period of time, the nutrient concentration may actually exceed the nutrient threshold.
Therefore, it is possible for quiescent cells due to nutrient deficiency to become proliferating
again. On the other hand, the necrotic cells remain necrotic, as this is explicitly stated as a
part of the model. Hence, modifying the nutrient diffusion coefficient and decay constant will
affect the extent to which nutrient-deficient cells can regain their proliferative capacity.

Some possible combinations of regions are shown below. Blue regions represent proliferat-
ing areas, red regions represent quiescent areas (both types), and black regions represent
necrotic areas.

(a) (b) ()

Figure 2.2: Possible quiescent regions

Figure [2.2] shows three possible combinations of proliferating and quiescent regions. In Fig-
ure [2.2|(a)), there is an outer annulus-shaped proliferating region, while the center consists of
quiescent cells. The entire quiescent region may be composed of either only GIF quiescent
cells or only nutrient-deprived quiescent cells. There is also a third option where the quiescent
annulus outside the white stapled circle is composed of GIF quiescent cells, while the inner
disk is composed of nutrient-deprived cells. This third option is related to the distribution in
Figure (E[), where the annulus-shaped quiescent region consists of GIF quiescent cells and
the inner quiescent disk of nutrient-deprived cells. However, note that the quiescent regions
are smaller in this case, and there is a proliferating region in between them. In Figure ,
there are no nutrient-deprived regions, only an annulus-shaped region where the GIF concen-
trations have surpassed 6.

Figure displays two possible combinations of all three types of regions. The distribu-
tion in Figure @) can occur if the previous combination of just proliferating and quiescent
regions were distributed as in Figure @, when both quiescent cell types were present, or
equivalently as in Figure . The distribution in Figure occurs if either the nutrient-
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deprived area and/or the GIF quiescent area has grown such that these two regions overlap.
When this happens, the cells in the overlapping area will have GIF concentrations above 0
and nutrient levels below 6y, and therefore become necrotic. Another possibility is that the
previous quiescent region consisted entirely of nutrient-deprived cells, and then a GIF quies-
cent annulus-shaped region formed within this disk. This would cause the cells in the annulus
to become necrotic.

The distribution in Figure (]ED can result from several different cell type combinations.
One possibility is that the entire center was previously quiescent due to high GIF levels, and
when an inner part of the center was deprived of nutrients, the necrotic region formed. An-
other possibility is that the quiescent region initially was a disk-shaped region consisting solely
of nutrient-deprived cells, and when the GIF concentrations became too high it happened in
the center, and therefore the necrotic region formed in the center. Or the cells in the center
had been deprived of nutrients for too long, that would also lead to a necrotic center. A third
possibility is that the quiescent region consisted of an annulus-shaped region of GIF cells with
an inner disk of nutrient-deprived cells. If the cells closest to the center were deprived of
nutrients for too long, a necrotic disk would form, with an adjacent annulus-shaped region
of quiescent nutrient-deprived cells, which, in turn, is adjacent to a GIF quiescent region
displayed by the white stapled line in Figure (]ED

(a) (b)

Figure 2.3: Possible necrotic regions
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2.2 Discretization of the mathematical model

In this section, we will discretize the model with respect to time and obtain the variational
formulations.

The ODE representing the change in number of cells in the tumor is discretized using
the forward Euler method. The ODE is as follows

dn.
dt

= nloc/ pl—riugr — vauge + nuy|de (2.31)
Q

pro

and the resulting discretized equation is

nlew = ppreviously 4 Tnloc/ pl—riugr — vauge + nuy|de (2.32)
Qp'ro

where 7 represents the time step and n@”ev"ouszy denotes the number of cells the tumor was

comprised of at the previous time.

The PDE representing the evolution of nutrient concentration is given by
8tuN + V- (—DNVUN + ENUN) = —QANjpcUN - (233)

To discretize the PDE, we start by approximating the time derivative using the backward
Euler method, resulting in the following equation

uy + 7V - (=DNVuly + Eyuly) = —Tanuy +uh t (2.34)

Proceeding to discretize with respect to space, we will use the Finite Element method with P1
elements. To obtain the finite dimensional variational formulation, we multiply the equation
by a test function, v}, and integrate over the domain. Moreover, gathering all terms containing
the unknown u%; on the left side results in

TV - (=DyVuly + eyuy)vy do = / uy ol dr. (2.35)

/ UNVN + Tanunvy de + /
Q Q

Q
Furthermore, by applying integration by parts to the second term on the left-hand side, we

can rewrite the term as follows

/ TV - (=DyVuly + enuly)vy de = (2.36)
0

—T / (—=DnyVuly + énuly) - Vu§ dx + 7'/ v (=DnVuRy + eyui)vy ds (2.37)
Q o9

where v denotes the outward pointing unit normal vector at the boundary. Due to v}, having
compact support on the boundary, v} is equal to zero at the boundary. Thus, we are left with
the following equality.

/ TV - (=DyVuly + cyuy)vy de =7 / (DyVuly — eyuly) - Vuy da. (2.38)
0 Q
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The resulting finite dimensional variational formulation is

/ UNVN + TN UNUN dT + 7/
Q

(DnVuly — eyuly) - Voy do = / uh toy dr. (2.39)
e

Q

The bilinear form is

an (i, 03) = /

UNVN + TN uN Uy dT + T / (DN VuR — eyuly) - Vo, da (2.40)
0

Q

and the linear form is
Ly(vy) = / oy d. (2.41)
Q

The PDE representing the evolution of G2 concentration is as follows
drugz + V- (=DgaVues + Caatga) = —ENiactica. (2.42)

By following the exact same steps as when discretizing the nutrient PDE, we obtain the finite
dimensional variation formulation for G2, which is as follows

/ Ui Usg + TENoclfagUfin AT + T / (DgaVugy — Caatitsg) - VUi do = / Uy Uiy dx. (2.43)
Q Q Q
With the bilinear form

aGo(Ugsg, Ugsy) 1= / UginUisg + TENoclfagUfin AT + T / (DgaVugs — Caauts) - Vgy dr (2.44)
Q Q

and linear form

Lo (vis) == / Uy Uy da. (2.45)
Q

Regarding the discretization of the G1 PDE;, it should be noted that the boundary con-
dition is of Neumann type. This implies that the value of ug; is not known on the boundary.
Consequently, a test function vg; will not have compact support at the boundary.

The G1 PDE is as follows
Owugt + V- (—Dei(x,y)Vue) = —yug1 + AS(z, y). (2.46)

Following the same approach as used for the other two PDEs, we will discretize the time
derivative using the backward Euler method for this PDE as well. This leads to the following
time-discrete, space-continuous equation,

uy + 7V - (=D Vug,) = —1yuly + 7AS + ug . (2.47)

To discretize the equation with respect to space, we multiply the preceding equation by a test
function v, and integrate it over the domain.

/ U Uy dx + / TYUG Ve dx + / TV - (=D Vugy )vsy de = /
Q Q Q

TAS dx + / uly Mgy da.
Q Q

(2.48)
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Applying integration by parts to the third term on the left-hand side results in the following
equality.

/TV-(—DmVu’él)vglda: = —T/(—DGIVugl)-valdquT/ 1i-(— D1 Vug, )i ds (2.49)
Q Q a0

where 77 denotes the outward pointing unit normal vector at the boundary. The Neumann
boundary condition states that 7 - (—Dg1Vug,) = 0. Therefore, the preceding equality sim-
plifies to

/ TV - (=D Vug, vy de =1 / (De1Vugy) - Vg, dz. (2.50)
Q Q

The resulting finite dimensional variational problem is

/nglvgl dx—l—/Q TYUG Ve AT 4T /Q(DG1Vugl) Vg, de = /QT)\deJr/Q uly 'y dr (2.51)
where the bilinear from is
ag1(Uugsy, V) = /nglvgl dx + /QTVU&UZ& dx + T[)(DGIVugl) - Vg, dx (2.52)
and the linear form is

Lei(var) ::/T)\S dx—i—/ugzlvgl dx. (2.53)
Q Q

Summary of the discretized equations

notY = nlc’re“w““y + TNioe / pl—riugt — vauge + nuy|dz. (2.54)
Qpro
an(ui,vy) = / UNUN + TN UN Uy de + T / (DnVuly — cyuly) - Vui de. (2.55)
Q Q
Ly(vy) = / u oy do. (2.56)
Q

UgagUisg + TEN UG Uig AT + T / (DeaVugy — Catigs) - Viy dx. (2.57)
Q

ag2 (ugw 082) = /

Q

Lao(vis) = / Uy Uy da. (2.58)
Q

TYUG Uy AT + T /Q(Dclvu&) - Vg, d. (2.59)

n n L n n
ag1(ug, vG) = / U VG d$+/
Q

Q

Lei(véy) ::/T)\S dx—i—/ugllvgl dx. (2.60)
Q Q
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2.3 Implementation of the mathematical model

The implementation has been written in Visual Studio Code (VS Code) using the Python
programming language. VS Code is deployed within a Docker container. For the finite ele-
ment method, the FEniCS library has been utilized. This library enables writing a substantial
portion of the code in a way that closely resembles the notation used in finite element theory.
For instance, the library handles the generation of the function space, requiring the coder
only to specify the desired space. As a result, FEniCS greatly simplifies the process of solving
partial differential equations using the finite element method.

The code structure

To begin with, one needs to choose parameter values and define the functions that form the
partial differential equations. Additionally, decisions must be made regarding the initial num-
ber of cells, the size of each cell, the percentage of extracellular matrix within the tumor,
the size of triangular elements, the time step, boundary data, initial values, threshold values,
and unit conversions. Although the code represents time and length dependent variables in
seconds and centimeters, it allows for easy modification of values to accommodate different
units (e.g., from seconds to minutes or centimeters to millimeters).

Given the initial number of cells, the size of each cell, and the percentage of extracellular
matrix, the radius of the assumed circular domain can be computed. Furthermore, by speci-
fying an element size, the initial mesh can be generated using FEniCS. The mesh generation
process involves defining a domain object and utilizing a built-in mesh generation function,
which takes the domain and the desired number of elements as input. In addition, one de-
fines the function space over the triangular elements, known as Pl-elements, using the newly
created mesh. FEniCS provides a built-in function space class that facilitates this process,
requiring the mesh, function type, and function degree as inputs. This stage of the implemen-
tation closely follows the notation used in finite element theory. Furthermore, boundary and
initial data are connected to the mesh using FEniCS built-in functions and classes.

With all the necessary components in place, it is time to start solving the growth prob-
lem. The code performs the following calculations at each time step until all proliferating
regions have vanished, i.e., the tumor has stopped growing. First, the vertices of the mesh
are classified into proliferating, quiescent, or necrotic regions. To accomplish this, a function
has been implemented to take the current mesh (i.e., the vertices), concentration solutions,
and threshold values as input. It evaluates the concentration values at each vertex against
the cell-type criteria, and ensures that all necrotic vertices remain necrotic. Utilizing the
functionality provided by FEniCS, the mesh is divided into subdomains based on the coor-
dinates of these vertices. The subdomains represent proliferating regions, quiescent regions
due to high growth-inhibitor concentrations, quiescent regions due to nutrient deficiency, and
necrotic regions.

Once the proliferating regions are identified, the growth of the tumor can be calculated, which
means to calculate the new number of cells. The number of cells is determined by solving an
ordinary differential equation (ODE) using the forward Euler method. The mitotic function,
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which is non-zero only in proliferating regions, contributes to the cell count calculation. The
next step involves computing the new tumor radius using the previously mentioned function,
which depends on the number of cells, the radius of a single cell, and the percentage of extra-
cellular matrix. Subsequently, the corresponding new mesh and P1-elements are defined using
FEniCS functions and classes. Furthermore, the concentrations obtained from the previous
step, when the mesh was smaller, need to be extrapolated onto the new mesh. While extrap-
olation can be challenging, FEniCS provides a built-in mechanism to handle this, simplifying
the process.

With the concentrations defined on the mesh, the next step involves redefining the mesh
to include proliferating, quiescent, and necrotic subdomains. This is done by following the
same procedure as described above. Using FEniCS functionality the boundary data and other
space-dependent parameters are adjusted to be valid on the new mesh. Additionally, trial,
test, and solution functions are defined with respect to the new mesh.

Having the new mesh and the previous concentrations defined on it, one can proceed to solve
the equations and obtain solutions at the current time. This involves solving the variational
problems of the partial differential equations, where the time derivatives have been discretized
using the backward Euler method. A class has been implemented to generate the necessary
bilinear and linear forms for the variational problem. This class takes all region-dependent
variables as input and utilizes FEniCS functionality to define the respective bilinear and linear
forms.

To solve the variational problems, the built-in solver in FEniCS is utilized. In this case,
a Multifrontal Massively Parallel Sparse direct Solver (MUMPS) is used. The equations are
solved in the following order: first, the nutrient equation, then the first growth-inhibitor equa-
tion, and finally the second growth-inhibitor PDE.

After solving the equations, the process continues to the next time step, repeating the classi-
fication of mesh vertices based on the new solutions, and assessing the tumor’s growth. The
iteration continues until there are no more proliferating regions, indicating that the tumor has
ceased growing.

The structure of the code is schematized in the flow chart below.
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Figure 2.4: Flow chart of the code structure.
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Chapter 3

Numerical results

In this chapter, numerical results produced by the mathematical model will be presented.
First, we will define and examine the reference solution, followed by an exploration of how
modifying parameters affect tumor growth.

3.1 The reference solution

The reference case was chosen such that the initial tumor is classified as a small tumor. The
size is defined as the longest length of the tumor, which is the distance between the two
points farthest from one another [39]. Given that avascular tumors usually do not become
particularly large, this is a reasonable initial size. The initial radius is 0.5677 mm meaning
the size, which is the diameter due to the model assumption that a tumor is perfectly circular,
is 1.1354 mm. Initially, the tumor is fully proliferating, but after 630 minutes, a disk in the
center of the tumor has insufficient nutrients to sustain proliferation and becomes quiescent.
As a result, only a smaller part of the tumor continues to proliferate, leading to slower growth.
Thus, it is possible for enough nutrients to diffuse into the quiescent region and cause cells
to proliferate again. This cycle of alternating proliferation and quiescence continues until the
tumor becomes so large that nutrient-deficient regions persist. In addition, after 780 minutes
the growth-inhibitor concentrations have increased enough to surpass the growth-inhibitor
threshold, ¢, causing a larger portion of the tumor to become quiescent. Ten minutes later,
the center of the tumor experiences both growth-inhibitor concentrations above 65 and nu-
trient concentration below 0y, leading to cell death and the formation of a necrotic region.
After 1780 minutes, approximately 29 hours, all cells have become quiescent or necrotic, and
tumor evolution ceases.

In Figure |3.1, we can observe the changes in radius over time, while Figure displays
the variations in the number of cells. It is evident that the curves in both figures exhibit
similar shapes. This is because there is a linear relationship between a tumor’s radius and the
number of cells comprising the tumor. From both figures, we can see that the tumor grows
fastest in the beginning, which makes sense because then the entire tumor is fully proliferat-
ing. After approximately 800 minutes, the growth slows down, which is when the quiescent

33
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regions have become significantly large, and necrotic regions form. From there on the growth
rate decreases until the entire tumor stops growing.

<
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Figure 3.1: Radius vs time, reference solution
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Figure 3.2: Number of cells vs time, reference solution

In Figure |3.3] we can see how the tumor has grown, and also how the cell type distribution
has altered. The light brown regions represent proliferating cells, the blue regions represent
quiescent cells, and the red regions represent necrotic cells.
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Figure 3.3: (a) Initial cell distribution (b) The cell distribution after 445 minutes (c) The
cell distribution after 890 minutes (d) The cell distribution after 1330 minutes (e) The final
cell distribution. In the transition between subdomains, FEniCS has significantly refined the
mesh to ensure an accurate approximation in these regions where the cell types alters.

From Figure a), we observe that the tumor was initially in a state of full proliferation.
Furthermore, Figure b) illustrates that after 445 minutes the tumor has grown and remains
fully proliferating. By the 890th minute, as shown in Figure (c), both quiescent and necrotic
regions have emerged in the central area. In Figure (d), we can see a significant growth
of the quiescent region, with only a small annulus-shaped proliferating region remaining.
The necrotic region appears to have undergone minimal changes. Additionally, Figure e)
portrays the cell distribution at the point where tumor growth ceased, consisting exclusively
of quiescent and necrotic cells.
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Parameter Value

sc 10

T 60

ng 25000

Te [mm] scx 3.5 x 1074

Pextrm 005

h [mm?| 0.05

k [min] 10

Apro [%TTZ] T x sc? x 1078

Agui [mm ] T x sc? x 0.5 x 1078
min,

Olnec [%L] 0

Yproqui [min~!] T x5x107°

Vnee [min~!] 0

A [mm =2 min~"] L % 0.00325

Eproqui [”&Té] T x sc? x 1078

Erce ) 0

K 3

P 0.1

n [mi] T x s¢% x 1076

2 [Tl’%] T x sc®> x 1077

Vo [ ] T x sc? x 1077

p [mm?| sc? x 0.5 x 1073

Dy [%TTZ] T x sc® x 5% 107

Dgo [%T%] T x sc? x5 x107*

Dei(z,y) [ ] T xs¢>x5x 1077 x (1—0.2(z% +9?))

CN [T ] [T x sc x 1075, 0]

Can [T ] [T x sc x 1075, 0]

Ua1,0 0.1

UG2,0 0

UN,0 3

On 2.81

Oq 0.416

Nutrient deprivation time 6 hours

Table 3.1: Reference values.

3.2 Sensitivity analysis

The purpose of conducting a sensitivity analysis is to determine the extent to which a param-
eter affects the growth and how it influences it. Furthermore, the sensitivity analysis allows
us to assess whether the mathematical model aligns with the expected tumor evolution and
conforms to physical and biological principles. Throughout the remaining chapters, all re-
sults will be compared to the reference solution, see Table for the reference values, unless
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otherwise specified.

3.2.1 Diffusion coefficients

In this section, we will explore how altering the diffusion coefficients, one at a time, will affect
the growth. Remember that, with respect to the mathematical model, the diffusion coefficients
determine the rate at which their respective concentrations diffuse. That is, they govern how
fast a substance move from an area of high concentration to an area of low concentration. For
the nutrients and G2 concentrations, diffusion leads to a flow directed inwards towards the
center of the tumor. This is because they are supplied at the boundary, thus having the high-
est concentration there, and are only consumed inside, resulting in the lowest concentration
at the center, farthest from the boundary. On the other hand, G1 is produced/excreted inside
the tumor with the highest production/excretion level at the center, gradually decreasing to-
wards zero at the boundary. In other words, the G1 concentration is highest in the center and
lowest at the boundary, indicating that diffusion will induce a flow from the center towards
the boundary in this case.

Figures and [3.5, and Table show the impact of the nutrient diffusion coefficient on
tumor growth. It is important to note that nutrients are only supplied at the boundary and
consumed inside the tumor. When the diffusion coefficient is small, the nutrients supplied at
the boundary move slowly inwards. Consequently, the tumor in this case has a lower nutrient
concentration at the center compared to the reference solution. The lower nutrient concen-
tration leads to earlier formation of quiescent regions, where cells become dormant due to a
lack of nutrients. This phenomenon is evident in Table specifically in the fifth column for
sensitivity cases (i), (i7), (i), and (iv). Once quiescent regions have formed, only a smaller
portion of the tumor remains actively proliferating, resulting in slower growth. Due to the slow
growth, it is possible for nutrients to diffuse into the quiescent regions and transition the cells
back to proliferative state. This is particularly likely immediately after the initial formation
of nutrient-deprived quiescent regions when these regions are small. Although this alternating
cycle between fully proliferating and partially proliferating inhibits growth, its impact is not
significant.

Nutrient Dy Final radius| Quiescent, | Quiescent, | Necrotic Stop time
diffusion (T x sc?) (mm) GIF’s lack of (minutes)
coefficient nutrients

The 5.000x 10~%]  0.9591 780 630 790 1780
reference

case

(2) 3.000x10~%]  0.7903 830 160 790 930
(17) 3.500x 1074  0.8121 810 240 790 980
(43 4.000x107*| 0.8228 790 380 780 990
(iv) 4.500x 107 |  0.8456 780 530 790 1070
(v) 5.500x 1074  0.9602 780 750 790 1790
(vi) 6.000 x 10~* 1.2640 780 - 2130 3260
(vid) 6.500 x 10~* 1.3292 780 - 2320 3580
(viit) 7.000 x 10~* 1.3800 780 - 2510 3620

Table 3.2: Tumor evolution, altered Dy.



o8 CHAPTER 3. NUMERICAL RESULTS

Regarding the formation of growth-inhibitor quiescent regions, one should note that the
G1 concentration is the main contributor in reaching the GIF threshold, 6. Furthermore,
it should be noted that the source term of G1 is space dependent, with highest produc-
tion/excretion in the center and decreasing towards zero at the boundary. Hence, the larger
the domain, the higher the G1 production/excretion is within a given area. In cases with
smaller nutrient diffusion coefficients, the growth of the tumor will be slightly smaller com-
pared to the reference case due to the earlier formation of quiescent regions caused by nutrient
deprivation. Therefore, in these cases, since the tumor sizes are smaller, one would expect
the formation of quiescent regions due to high growth-inhibitor concentrations to occur later
than in the reference case. This is evident in Table [3.2] specifically in the fourth column for
sensitivity cases (i)-(iii). For sensitivity case (iv), the diffusion coefficient has been reduced,
but apparently not enough to substantially alter the concentrations of growth-inhibitors. As
a result, in this case, the formation of growth-inhibitor-induced quiescent regions occurred at
the same time as in the reference solution.

Necrotic regions can form as a result of either a lack of nutrients for more than 6 hours
or a combination of nutrient deficiency and high growth-inhibitor (GIF) concentrations. In
Table [3.2] for sensitivity cases (i)-(iv) the formation time of necrotic regions for decreased nu-
trient diffusion coefficients can be observed in the sixth column. Since the timing of necrotic
region formation is quite similar across all cases and considering that nutrient-deprived cells
alternate between dormant and proliferating states, it is reasonable to conclude that necrotic
cells are a result of high GIF concentrations and nutrient deficiency.

As mentioned, the early onset of nutrient-deprived quiescent cells leads to a smaller pro-
liferating area earlier than in the reference problem, resulting in smaller growth. The necrotic
regions are thus formed in a smaller tumor compared to the reference case, leading to an over-
all smaller growth and growth period. This trend can be observed in Table [3.2] specifically
in the third and seventh columns for sensitivity cases (i)-(iv), respectively. The same pattern
is visualized in Figure [3.4] where the radius at each time step is plotted for all the different
cases. The four lower graphs represent the cases where the nutrient diffusion coefficient has
decreased. It can be observed that these cases grow for approximately 1000 minutes before
ceasing to grow, and their growth is always below the reference graph, indicating a smaller
radius.
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Figure 3.4: Radius vs time, altered Dy.

In the lower half of Table[3.2] the nutrient diffusion coefficients have increased compared to the
reference coefficient. A higher diffusion coefficient means that nutrients supplied at the bound-
ary are transported faster towards the center, where the concentration is lowest. Consequently,
the tumor center in these cases has a higher nutrient concentration compared to the reference
case. A higher nutrient concentration implies that it takes more time before nutrient-deprived
quiescent regions form. Furthermore, it is possible that the diffusion is so high that quiescent
regions due to excessive growth-inhibitor concentrations have already formed and are large
enough that when the nutrient level drops below the threshold, necrotic regions immediately
form. This was observed in the three cases with the highest nutrient diffusion coefficients
analyzed. From the onset of necrosis, it is evident that it took a long time for the nutrient
concentration to decrease enough to reach the threshold, as shown in Table |3.2] column 6,
for sensitivity cases (vi)-(viii). Regarding sensitivity case (v), a nutrient-deprived quiescent
region formed, but much later compared to the reference solution, as expected. In this case,
the necrotic region formed immediately after the GIF quiescent region formed. It can be seen
from Table that in these cases with high diffusion coefficients, quiescent regions due to
excessive growth-inhibitors formed at the same time as in the reference case. Therefore, the
increase in growth rate is not significant enough to result in earlier formation of quiescent
regions due to excessive growth-inhibitors.

In all these cases with high diffusion coefficients, the tumor remains fully proliferating for
a longer period of time compared to the reference case. Additionally, the nutrient concen-
tration is more evenly distributed, leading to increased growth at each time step. Therefore,
one would expect these tumors to grow for a longer duration and reach larger sizes than the
reference tumor. Figure clearly shows that the cases with increased nutrient diffusion
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coefficients grow for a longer period of time than the reference case, and that their final radii
are larger (as indicated by the curves being above the reference curve). In Figure , the final
radii is plotted against the respective nutrient diffusion coefficient values. It demonstrates
that increasing the diffusion coefficient results in a larger final radius, while decreasing the
nutrient coefficient leads to smaller growth. It is evident, expect for small alterations in Dy,
that increasing the nutrient diffusion coefficient has a greater impact on growth compared to
decreasing it.
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Figure 3.5: Final radius vs Dy.

Before proceeding to analyze the results obtained by modifying the diffusion coefficient for
the second growth-inhibitor factor, G2, it is important to note that G2 is externally supplied
and is only consumed within the tumor. Additionally, it is worth noting that G2 is combined
with internally produced/excreted G1 in a weighted sum, which is then compared to the GIF
threshold, 65. However, it is observed that the G1 concentration surpasses the G2 concen-
tration relatively quickly, making G1 the primary contributor to reaching ;. Consequently,
any changes in the G2 diffusion coefficient would not be expected to significantly alter tumor
growth. In fact, when examining all the cases tested in Table 3.3} it is evident that the oc-
currence of different types of regions happens at the same time as in the reference case. This
indicates that the overall tumor evolution has not been significantly affected. The formation
of GIF quiescent regions consistently occurs after 780 minutes, nutrient-lacking quiescent re-
gions after 630 minutes, and necrotic regions after 790 minutes.

Altering the diffusion coefficient influences how fast G2 is transported towards the center
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of the tumor where the concentration is smallest. When the diffusion coefficient is small,
one would expect the quiescent region to either appear as an annulus closer to the boundary
compared to the initial quiescent region in the reference case, or alternatively as a disk with
larger radius compared to the initial quiescent region in the reference case. This is because
smaller diffusion coefficients result in lower G2 concentrations in the center, requiring one to
move closer to the boundary for the G2 concentration to be high enough for 64 to be reached.
Furthermore, it’s worth noting that since G1 is produced/excreted within the tumor and has
the highest production/excretion level in the center, the annular quiescent region will soon
become disk-shaped. Consequently, in cases with decreased G2 diffusion coefficients, the qui-
escent regions covers a larger portion of the tumor. As a result, one would expect the final
tumor size to be smaller compared to the reference case.

On the other hand, when the diffusion coefficient increases, the supply of G2 at the boundary
is transported faster towards the center. In these cases, the G2 concentration in the center
will be higher compared to the G2 concentration in the center of the reference case. Therefore,
one would expect the initial quiescent region to appear closer to the center compared to the
reference solution. As a result, the tumor should grow faster, due to a larger part of the tumor
remaining proliferating, and lead to a larger final size compared to the reference solution. It is
also possible that the diffusion coefficient becomes so high that the G2 concentration becomes
evenly distributed, resulting in minimal difference between the concentration at the boundary
and the concentration at the center. In such cases, one would expect the initial quiescent
region to be disk-shaped with a larger radius than the initial quiescent region in the reference
case. Consequently, the tumor would experience slower growth and reach a smaller final size.

Second Dgs (T x sc?) Final radius (mm) | Stop time (minutes)
growth-inhibitor

factor diffusion

coefficient

The reference case 5.000 x 1074 0.9591 1780
(1) 3.000 x 1074 0.9543 1760
(17) 3.500 x 1074 0.9555 1790
@0 4.000 x 1074 0.9552 1740
(1v) 4.500 x 1074 0.9558 1790
(v) 5.500 x 1074 0.9660 1910
(vi) 6.000 x 1074 0.9730 1970
(vit) 6.500 x 1074 0.9843 2110
(vii) 7.000 x 1074 0.9723 1950
(ix) 7.500 x 1074 0.9695 1940
(x) 8.000 x 1074 0.9578 1790
(xi) 8.500 x 1074 0.9531 1740

Table 3.3: Tumor evolution, altered Dgo.

For sensitivity cases (i)-(iv) of Table [3.3] the diffusion coefficient is reduced compared to the
reference case. As expected, all final radii are slightly smaller than the reference radius. How-
ever, when comparing the final radii and total growth time for the cases with smaller Do, it
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becomes clear that they are not strictly decreasing. This is because the evolution of the tumor
is influenced by the shape of the initial quiescent region. If it is annulus-shaped, the remaining
proliferating region is larger for a short period until the quiescent region becomes disk-shaped.
Consequently, the tumor grows at a higher rate for a short period of time, and as a result,
achieves a slightly larger final tumor size compared to cases where the initial quiescent region
is disk-shaped. Furthermore, the reason why one can have an increase in growth time, even
though the total growth is smaller, is because when the growth rate decreases so does the
production/excretion of G1. In other words, the quiescent GIF region will grow slower.

In Figure [3.6] the relationship between final radii and diffusion coefficients is plotted. It
is evident that when the diffusion coefficient is reduced compared to the reference case, the
final radius also decreases relative to the reference end radius. However, perhaps the most
important observation is that decreasing Dgo, relative to the reference case, only has a minor
effect on growth.
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Figure 3.6: Final radius vs Dgo.

For the sensitivity cases (v)-(xi) in Table the diffusion coefficient D¢o has been increased
relative to the reference case. By examining the column listing the final radii and referring
to Figure [3.6] where final radii have been plotted against their respective diffusion coefficient
values, it becomes apparent that a slight increase in the diffusion coefficient leads to larger
growth. However, as the increase becomes more significant, the growth also increases but
to a lesser extent, and after further increasing Dgo the growth actually starts to decrease.
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This aligns with the expected behavior discussed earlier. Nevertheless, the changes resulting
from altering the G2 diffusion coefficient are relatively minor. This is clearly demonstrated in
Figure 3.7] where the radius at each time step is plotted for all the cases. It can be observed
that all the curves are closely aligned, with only slight variations towards the end. This implies
that modifications in Do do not have a significant impact on the growth, as anticipated.
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As mentioned previously, G1 plays a significant role in reaching and surpassing the threshold
Oc. Therefore, it is reasonable to expect that modifying its distribution within the tumor
would impact its growth. Additionally, since G1 is produced/excreted internally and has the
highest production/excretion rate in the center, diffusion processes contribute to transporting
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First D¢y Final radius Quiescent, Necrotic Stop time
growth- (T x sc?) (mm) GIF’s (minutes)
inhibitor
factor
diffusion
coefficient
The 5.000 x 107 0.9591 780 790 1780
reference
case
(1) 3.500 x 107 1.1521 720 730 2960
(17) 4.000 x 1077 1.1141 740 750 2680
(vit) 4.500 x 1077 1.0906 760 770 2660
(iv) 5.500 x 1077 0.9064 800 810 1400
(v) 6.000 x 107 0.8832 820 810 1220
(vi) 6.500 x 107 0.8528 840 830 1060

Table 3.4: Tumor evolution, altered D¢ .

When the diffusion coefficient is reduced compared to the reference case, the transportation of
G1 concentration towards the boundary slows down, resulting in higher G1 concentration in
the center. Consequently, the quiescent region is expected to form based solely on the elevated
G1 concentration in the center, as G2 is only consumed within the tumor and will therefore
never reach the threshold on its own. Due to the increased G1 concentration, the quiescent
regions form earlier compared to the reference case and take on a disk-shaped form. However,
the disk will be relatively small due to the proximity of the high G1 concentration to the cen-
ter, caused by the limited diffusion. Additionally, the reduced diffusion also slows down the
evolution of the quiescent regions. As a result, a larger portion of the tumor remains prolif-
erating, leading to faster and prolonged growth. This ultimately results in a larger final radius.

For the sensitivity cases (i)-(¢i7) in Table where D¢y has decreased compared to the
reference case, one can observe the expected growth patterns based on the columns displaying
the final radius and total growth time. These trends are also evident in Figure [3.8, where
the radius at each time step is plotted for all the cases. The tumor growth becomes more
significant as Dg; becomes smaller. Furthermore, it should be noted that the quiescent region
due to nutrient deprivation appeared at the same time, that is, after 630 minutes, for all
the cases in Table [3.4l Since GIF quiescent regions appear after nutrient deprived quiescent
regions have formed, necrotic regions form immediately afterwards.
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Figure 3.8: Radius vs time, altered D¢y.

With increased diffusion coefficients, G1 is transported faster towards the boundary. There-
fore, one would anticipate the boundary of the GIF quiescent region (which is now determined
by the weighted sum of G1 and G2) to be closer to the tumor boundary, but formed at a later
time. This is because, despite the higher G1 concentration towards the boundary, it still takes
a longer time for the concentration to reach a level high enough, due to the increased distance
from the center compared to the reference case, for the weighted sum to surpass the threshold
0. However, once the threshold is initially reached, the evolution of the quiescent region
progresses rapidly due to the fast supply of G1 from the center, facilitated by the increased
diffusion coefficient. Furthermore, the proximity of the quiescent region to the boundary in-
dicates that a smaller portion of the tumor is actively proliferating compared to the reference
case. Consequently, one should expect smaller growth and a shorter growth period. In Table
3.4} it can be observed that for the sensitivity cases (iv)-(vi) where the diffusion coefficient
has increased compared to the reference case, both the final radii and the growth period have
decreased as expected. This trend is also clearly observed in Figure [3.8|

We have now observed the effects of altering the diffusion coefficients on tumor growth. Among
the factors we considered, changing the nutrient diffusion coefficient has the most significant
impact on the growth, resulting in both the largest and smallest sizes observed. Furthermore,
we found that modifying the G1 diffusion coefficient had a greater impact on growth than
altering the G2 diffusion coefficient. Interestingly, we discovered that increasing Dgo did not
always lead to the same growth pattern.



66 CHAPTER 3. NUMERICAL RESULTS

3.2.2 Sink and source coefficients

In this section, we will examine how modifying the sink and source coefficients for different
concentrations impacts tumor evolution. The sink coefficients represent constants that deter-
mine the rate at which concentrations are consumed, while the source coefficient scales the
source function, thereby determining the amount of a growth factor generated.

It is important to note that different cell types do not necessarily consume the same quantity
of each concentration. Proliferating cells have a high nutrient consumption rate, while quies-
cent cells consume nutrients at a lower rate. On the other hand, necrotic cells do not consume
any nutrients. Regarding the growth-inhibitor factors, both proliferating and quiescent cells
consume the same amount, whereas necrotic cells do not consume any. Additionally, it should
be emphasized that G1 is the only factor produced/excreted within the tumor, and thus it is
the only factor associated with a source coefficient.

The nutrient sink coefficient in the proliferating region, denoted by ., states the rate at
which nutrients are consumed in this region.

Nutrient Otpro Final radius| Quiescent, | Quiescent, | Necrotic Stop time
sink (T x sc?) (mm) GIF’s lack of (minutes)
coefficient nutrients

in prolif-

erating

regions

The 1.000x1078|  0.9591 780 630 790 1780
reference

case

(1) 1.400x1078| 0.8173 790 240 800 990
(17) 1.200x1078|  0.8430 780 430 790 1080
(447) 0.800 x 10~8 1.1051 780 - 1730 2380
(iv) 0.600 x 1078 1.1331 780 - 1870 2490

Table 3.5: Tumor evolution, altered c,,.

If the sink coefficient in the proliferating regions increases, more nutrients are consumed,
leading to lower concentration in these regions. Thus 6y will sooner be reached, and as a
result quiescent regions due to lack of nutrients will form earlier on. These quiescent regions
form when the tumor is relatively small, and it is likely that they will transition back to
proliferating regions as nutrients diffuse into the area. This transition causes the tumor to
grow more rapidly compared to the previous time step. The new tumor will be large enough
such that diffusion no longer is enough to keep the entire region proliferating, and a nutrient
lacking quiescent region will form again. This cyclic process of quiescent and proliferating
regions continues until the tumor becomes large enough such that nutrient lacking cells remain
nutrient deprived. When the quiescent regions are present the proliferating regions become
smaller, and therefore the growth rate decreases. As a result of the transition between fully
proliferating and partially proliferating states from an early stage, one should anticipate that
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the overall growth will be smaller compared to the reference case. For sensitivity cases (7)
and (4i), where oy, has increased, the expected growth tendency can be observed in Table
[3.5] and Figure [3.9
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Figure 3.9: Radius vs time, altered o,,.

Conversely, if the sink coefficient in the proliferating regions decreases, it results in a higher
nutrient concentration in these regions. Consequently, proliferating areas with reduced sink
coefficients exhibit larger growth compared to the equivalent regions in the reference case. It
also takes a longer time before any cells become nutrient deprived. Therefore, one can expect
the formation of nutrient-deprived quiescent regions and necrotic regions to occur much later
than in the reference case. This is seen to be the case in Table [3.5] for the sensitivity cases
(73) and (iv) where oy, is decreased. As a result, one should anticipate a larger final size and
an extended growth period. Figure 3.9, which plots the radius at each time step for all cases,
confirms that decreasing a,,, indeed leads to increased growth and a longer growth period.

Now we will proceed to analyze how modifications in the nutrient sink coefficient in the
quiescent regions, denoted by oy,;, impact tumor growth. Note that g, states the rate at
which nutrients are consumed in the quiescent regions. Furthermore, note that ay,; does not
affect the growth until a quiescent region is formed. Therefore, until that happens the tumor
evolution should be identical with the evolution in the reference case. In all the cases analyzed
the first quiescent region that appeared was the nutrient-deprived quiescent region after 630
minutes. Which coincides with the first quiescent region formed in the reference case.
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Nutrient Oqui Final radius Quiescent, Necrotic Stop time
sink (T x sc?) (mm) GIF’s (minutes)
coefficient

in quiescent

regions

The reference | 0.500 x 1078 0.9591 780 790 1780
case

(1) 0.100 x 1078 0.9716 780 790 1920
) 0.300 x 1078 0.9695 780 790 1910
(447) 0.700 x 1078 0.9070 800 780 1400
(iv) 0.900 x 1078 0.8676 800 780 1170

Table 3.6: Tumor evolution, altered cg;.

When the sink coefficient in the quiescent regions is increased, a greater amount of nutrients is
consumed, resulting in a decrease in nutrient concentration. This creates a more pronounced
nutrient gradient between the proliferating and quiescent regions, leading to increased trans-
port of nutrients from the proliferating to the quiescent regions. As a consequence, the prolif-
erating regions experience a slightly lower nutrient concentration and exhibits reduced growth
compared to the reference case. Moreover, the lower nutrient concentration in the quiescent
regions makes it more challenging for a nutrient-deprived quiescent region to transition back
to a proliferating state. Therefore, it can be expected that the overall growth will be smaller
compared to the reference case, as observed in Table [3.6| and depicted in Figure for the
sensitivity cases (ii7) and (iv) where g, is increased.
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Figure 3.10: Radius vs time, altered aygy,.
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On the contrary, if the sink coefficient in the quiescent regions decreases, fewer nutrients are
consumed, resulting in an increase in nutrient concentration. As a result, the nutrient gradient
between proliferating and quiescent regions becomes less steep, and the transport of nutrients
from the proliferating to the quiescent regions decreases. Consequently, the proliferating re-
gion has a slightly higher nutrient concentration, which should lead to a larger tumor size.
Additionally, with a lower consumption of nutrients, it becomes easier for nutrient-deprived
quiescent regions to transition back into proliferating regions. As a result one should expect
longer growth periods and larger final radii. This expectation is supported by the observed
longer growth period and larger final radii, compared to the reference case, for sensitivity cases
(¢) and (i) of Table[3.6] and illustrated in Figure [3.10] Moreover, it is evident that increasing
Qugy; has a more significant effect on the growth compared to decreasing cgy;.

Now we will proceed to analyze how modifications in the G2 sink coefficient, denoted by
Eprogui, 1 both proliferating and quiescent regions affect tumor growth. The sink coefficient
Eproqui determines the rate at which G2 is consumed in these regions. As mentioned earlier,
G2 is not the main factor contributing to reaching the threshold 6. Therefore, changes in
Eproqui are not expected to have a significant impact on the initial formation of the quiescent
GIF regions. In fact, in all the cases analyzed, the different regions appeared initially at the
same time as in the reference case. Specifically, the initial GIF quiescent region formed after
780 minutes, the nutrient-deprived quiescent region after 630 minutes, and the necrotic region
after 790 minutes.

G2 sink coefficient | &proqui (T X sc?) Final radius (mm) | Stop time (minutes)
in proliferating

and quiescent

regions

The reference case 5.000 x 1078 0.9591 1780

(7) 4.600 x 107% 0.9582 1810

(i7) 4.800 x 1078 0.9745 1940

(131) 5.200 x 1078 0.9709 1940

(1v) 5.400 x 1078 0.9849 2160

Table 3.7: Tumor evolution, altered &, oqui-

If the sink coefficient &, oqui decreases, it implies that less G2 is consumed, leading to an
increase in the G2 concentration. When &4, becomes slightly smaller than the reference
case, as in sensitivity case (ii) of Table , one would expect the formation of the quiescent
region (due to high GIF) to occur closer to the center compared to the reference case, due to the
slight increase in G2 concentration. Since this region forms closer to the center, simultaneously
with the reference case, the proliferating region will be larger. Consequently, one can anticipate
slightly faster growth and a slightly larger final radius. However, if the sink coefficient decreases
more significantly, it would result in a larger initial GIF quiescent region compared to the
reference case. This is because with minimal G2 consumption, the G2 concentration becomes
more evenly distributed within the tumor, leading to an enlarged GIF quiescent region. As
a consequence, the proliferating regions would be smaller. Consequently, one would observe
slower growth, and due to the spatial dependency of G1 production/excretion, there would
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also be a decrease in G1 generation, resulting in smaller overall growth but a prolonged growth
period. This trend is clearly seen for sensitivity case (i) in Table|3.7|and is illustrated in Figure
3.11] which display the radius at each time step for all the cases.
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Figure 3.11: Radius vs time, altered &, oqui-

On the contrary, if the G2 sink coefficient is increased, more G2 is consumed, resulting in a
decrease in its concentration. As a result, the GIF quiescent region is more likely to be formed
solely based on G1, causing it to be located closer to the center of the tumor. Consequently,
a larger portion of the tumor remains in proliferating state, contributing to its growth. More-
over, the reduced concentration of G2 implies a lower presence of growth-inhibiting factors in
the proliferating regions, further enhancing the growth. Therefore, when the &0 value is
increased, one can expect a larger final radius and a longer growth period. These trends can

be observed in Table B.7

Now we will analyze the impact of modifying the G1 sink coefficient, denoted by Vproqui,
on tumor growth. 7p,oqu: determines the amount of G1 that will be consumed in proliferating
and quiescent regions. As mentioned earlier, G1 plays a crucial role in reaching the thresh-
old 0 and forming GIF quiescent regions. Therefore, it is expected that altering vp,oqui Will
significantly affect the growth dynamics.
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G1 sink Yprogui (I') | Final radius| Quiescent, | Quiescent, | Necrotic Stop time
coefficient (mm) GIF’s lack of (minutes)
in nutrients
quiescent
regions
The 5.000 x 10~° 0.9591 780 630 790 1780
reference
case
(7) 4.600x 107° 0.7782 610 - 620 820
(17) 4.800x 107° 0.8128 680 630 690 950
(447) 5.200 x 107° 0.9796 940 630 930 1680
(iv) 5.400 x 10~° 1.0473 1220 630 1190 1790

Table 3.8: Tumor evolution, altered Y,roqu;-

If the G1 sink coefficient is increased in both proliferating and quiescent regions, the con-
centration of G1 will decrease. As a result, it will take longer time for the threshold 64 to
be reached, leading to a delayed formation of GIF quiescent regions within the tumor. Ad-
ditionally, with lower G1 concentration, there will be fewer growth-inhibiting factors in the
proliferating regions. Consequently, for sensitivity cases (ii7) and (iv), one can anticipate that
the tumor will grow larger, as it will experience more significant growth at each time step
compared to the reference case. The accelerated tumor growth should also lead to an increase
in G1 production/excretion. Therefore, the overall growth period may not differ significantly

from the reference growth time.

evolution when the G1 sink coefficient, v,roqui, is increased.

Ad

1.0 1

0.9 1

0.8 1

Radius (mm)

0.7 1

0.6 -

== Yproqui
—8= Yprogui = 5.4 X 1077

Yprogui = 4.6 x 107°
—t— Yprogui = 4.8 X 1077
Yprogqui =5 X 1075 (Ref.)

=52x10"°

250 500

750 1000

1250

Time (minutes)

1500 1750

Figure 3.12: Radius vs time, altered v,roqui-

Table (3.8 and Figure illustrate the expected tumor
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On the contrary, if the G1 sink coefficient decreases, less G1 will be consumed, leading to an
increase in G1 concentration. The elevated concentration of G1 will cause 05 to be reached
earlier and potentially cover a larger area within the domain. Since G1 plays a crucial role
in reaching the threshold 6, this reduction in sink coefficient is expected to substantially
shorten the growth period and result in a smaller final radius. This trend is clearly observed
comparing sensitivity cases (i) and (ii) to the reference case in Table 3.8 and is illustrated in
Figure |3.12] where the tumor evolution aligns with the expected outcomes.

Now, we will examine how modification of the G1 source coefficient, denoted by A, affects
tumor growth. The value of A\ determines the scale of G1 generation. A higher value of A
leads to a greater production/excretion of G1, while a smaller value results in less G1 produc-
tion/excretion. Since G1 plays a crucial role in reaching the threshold 6, any alterations in
its generation are expected to have a substantial impact on tumor growth.

G1 source A (%) Final radius| Quiescent, | Quiescent, | Necrotic | Stop time

coefficient (mm) GIF’s lack of (minutes)
nutrients

The 0.00325 0.9591 780 630 790 1780

reference

case

(7) 0.00305 1.2561 1160 630 1160 3040

(17) 0.00315 1.1851 940 630 930 3090

(447) 0.00335 0.8202 680 630 690 990

(iv) 0.00345 0.7881 610 - - 880

Table 3.9: Tumor evolution, altered .

As mentioned earlier, when the G1 source coefficient increases, more G1 is produced/excreted,
leading to an increase in its concentration. Consequently, the threshold 6 is reached sooner
and covers a larger area of the tumor. Moreover, there will be a higher presence of growth-
inhibiting factors in the proliferating regions throughout the growth process. Therefore, one
should expect an earlier onset of GIF quiescent regions and a reduced growth rate at each time
step. Ultimately, this should result in smaller final radii and shorter growth periods. These
expectations align with the observations in Figure [3.13] and Table [3.9] and in particular when
comparing the sensitivity cases (iii)-(iv) with the reference case.

If the source coefficient decreases the G1 concentration will be smaller and thus it will take
longer time before a GIF quiescent region is formed. In other words, the tumor will remain
fully proliferating for a longer period of time, and grow more at each time step because there
are less growth-inhibiting factors present. Additionally, when GIF quiescent regions eventu-
ally form, they will exhibit slower growth. Therefore, one can expect both the growth period
and the final radius of the tumor to significantly increase. These observations are consistent
with the findings in Figure and Table [3.9] and in particular when comparing sensitivity
cases (i) and (7i) with the reference case.
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Figure 3.13: Radius vs time, altered A.

Now we have observed how altering the sink and source parameters affect tumor evolution.
Modifying the production/excretion coefficient A for the G1 factor has the most significant
impact on growth, resulting in the largest and second smallest sizes observed. Among the sink
coefficients, it was observed that altering a,,, and 7,.oqu: have the most significant impact
on tumor evolution. This is reasonable because ., alters the nutrient concentration in the
proliferating regions, which is directly connected to the growth calculations. Meanwhile, vp,oqui
affects the concentration of the main contributor to the formation of GIF quiescent regions, so
one should expect a significant alteration in growth. Changes to ay,, also affected the growth,
but on a much smaller scale compared to «,,. This is reasonable as the alterations do not
affect the growth until quiescent regions form. Additionally, it was observed that alterations
t0 Eprogui Only led to minor changes in growth, as expected since G2 is a secondary contributor
to the formation of GIF quiescent regions.

3.2.3 Boundary data

In this section, we will investigate the impact of modifying the Dirichlet boundary data on
tumor evolution. Specifically, we will examine how changes in the supply of nutrients, de-
noted by x, and G2, denoted by 1), at the boundary influence the tumor’s development. It
is important to note that both nutrients and G2 are constantly provided across the entire
boundary.



74

CHAPTER 3. NUMERICAL RESULTS

Nutrient K Final radius| Quiescent, | Quiescent, | Necrotic Stop time
boundary (mm) GIF’s lack of (minutes)
data nutrients

The 3.000 0.9591 780 630 790 1780
reference

case

(1) 2.950 0.8238 800 290 790 1030
) 2.975 0.8440 780 490 790 1080
(131) 3.025 1.1573 800 780 780 3370
(iv) 3.050 1.3172 780 - 2180 3500

Table 3.10: Tumor evolution, altered k.

As previously mentioned, x represents the constant supply of nutrients at the boundary.
Within the tumor, nutrients are solely consumed, highlighting the significant impact of the
boundary’s nutrient supply on the concentration level. When the supply decreases, fewer
nutrients are transported into the tumor, resulting in a lower nutrient concentration. Con-
sequently, #y will be reached earlier, inhibiting growth. Consequently, one should expect an
earlier onset of nutrient-deficient quiescent regions. Additionally, the proliferating regions will
experience reduced growth at each time step due to the lower nutrient concentration. There-
fore, if the nutrient supply at the boundary is decreased, one can expect a shorter growth
period and a smaller final size. The anticipated growth pattern can be observed in Table [3.10]
in particular when comparing sensitivity cases (i) and (ii) to the reference case, as well as in
Figure [3.14], which depicts the radius at each time step for all the analyzed cases.
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Figure 3.14: Radius vs time, altered .



3.2. SENSITIVITY ANALYSIS 75

On the contrary, if the nutrient supply at the boundary increases, the concentration within
the tumor will also increase. Consequently, the proliferating regions will experience enhanced
growth at each iteration due to the generally higher nutrient concentration. Moreover, it will
take a longer time for the nutrient concentration to decrease to the level of fy. As a result,
the formation of nutrient-deficient quiescent regions will occur later compared to the reference
case. Therefore, when k is increased compared to the reference case, one can expect the tu-
mor to exhibit faster and prolonged growth compared to the reference scenario. The expected
growth trend can be observed in Figure [3.14] and Table [3.10] in particular when sensitivity
cases (iii)-(iv) are compared to the reference case.

Now, we will analyze the impact of modifying the constant supply of G2 at the boundary,
denoted as v, on the growth. It is important to note that G2 is solely consumed within the
tumor, and 1 represents the only source of G2. Therefore, altering v is expected to have an
effect on the tumor’s evolution.

G2 (7 Final radius Quiescent, Necrotic Stop time
boundary (mm) GIF’s (minutes)
data

The reference 0.1000 0.9591 780 790 1780
case

(1) 0.0960 1.1315 840 830 2680
) 0.0975 1.0979 820 810 3100
(447) 0.1025 0.8626 760 750 1170
(iv) 0.1040 0.8516 740 750 1130

Table 3.11: Tumor evolution, altered 1.

If ¢ decreases, the G2 concentration will also decrease. As a result, it will take longer time for
O to be reached, and the formation of GIF quiescent regions will be delayed. Moreover, there
will be fewer growth-inhibiting factors in the proliferating regions, leading to larger growth at
each time step. Therefore, one can expect a larger final tumor size and longer growth period.
This growth tendency is observed in Table[3.11] in particular when comparing sensitivity cases
(¢)-(i¢) with the reference case, and in Figure [3.15] which depicts the radius at each time step
for all the analyzed cases. Furthermore, it is important to note that modifying the G2 supply
does not impact the nutrient supply. Therefore, in all the analyzed cases, the formation of
nutrient-deficient quiescent regions occurred at the same time as in the reference case, which
was after 630 minutes.

On the contrary, if the supply of G2 increases, the G2 concentration will also increase. Con-
sequently, GIF quiescent regions will form at an earlier stage. Furthermore, higher G2 con-
centration implies the presence of more growth-inhibiting factors in the proliferating regions,
leading to reduced growth at each time step compared to the reference case. Therefore, one
can expect both the tumor size and growth period to be smaller than in the reference scenario.
This is evident from comparing sensitivity cases (i7i) and (iv) with the reference case in Table
3.11} and also in Figure [3.15]
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Figure 3.15: Radius vs time, altered ).

We have now examined the effects of modifying the constant supplies of nutrients and G2 at
the boundary on tumor evolution. Since the supplies at the boundary are the sole sources of
nutrients and G2, altering them has a significant impact on the concentration levels within the
tumor. Increasing the nutrient supply, x, resulted in increased growth, whereas increasing the
G2 supply, ¢, inhibited growth and led to smaller growth. Conversely, decreasing x resulted
in smaller growth, while decreasing 1) resulted in larger growth.

3.2.4 The weights in the mitotic function

The equation that calculates the new number of cells, equation (2.25)), in other words, the
growth, depends on the mitotic function, equation ([2.24]). Therefore, altering the parameters
in the mitotic function is expected to influence the growth.

The parameter p represents the weight that scales the entire mitotic function. When p in-
creases, the number of cells produced at each time step will also increase. Conversely, if p
decreases, fewer cells will be generated at each time step. Figure [3.16] illustrates the relative
differences in the number of cells for each sensitivity case compared to the reference solution.
The relative difference is calculated as m;c—?:fref, the difference in number of cells divided by the
reference number of cells.
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Figure 3.16: Relative difference in number of cells vs time, altered p. The dots denote when
nutrient lacking quiescent regions initially occurred.

In Figure , we can observe that when p increases compared to the reference case (indicated
by the red and green curves), the cell difference becomes positive, as expected. Initially, the
difference increases as one would anticipate due to the heightened mitotic function. However,
after a certain period, the difference plateaus and eventually decreases. This phenomenon
occurs because nutrient-deficient regions form earlier compared to the reference case, and
additionally, GIF quiescent regions cover a larger portion of the tumor due to increased G1
production/excretion resulting from rapid growth. The decrease in cell difference can be
attributed to the earlier formation of quiescent regions, leading to a shorter overall growth
period compared to the reference case. Table |3.12] and Figure demonstrate that an
increase in p results in a smaller final size and a shorter growth period when compared to the
reference case.

o p (s¢?) |Final radius| Quiescent, | Quiescent, | Necrotic Stop time
weighting (mm) GIF’s lack of (minutes)
m nutrients

The 0.500x 1073 |  0.9591 780 630 790 1780
reference

case

(7) 0.450x 1073 |  0.8465 800 730 790 1250
(47) 0.475x1073|  0.8853 790 660 800 1390
(131) 0.525x 1073 |  0.8807 790 600 790 1160
(iv) 0.550x 1073|  0.8883 770 570 780 1110

Table 3.12: Tumor evolution, altered p.



78 CHAPTER 3. NUMERICAL RESULTS

Figure [3.16] shows that decreasing p also leads to the anticipated decrease in new cells at
each time step. Additionally, Table demonstrates that quiescent regions due to nutrient
deficiency form later on in these cases, primarily due to the slow increase and the time required
for the tumor to become large enough for the center to be deprived of nutrients. Consequently,
these tumors remain fully proliferating for an extended period. Therefore, decreasing p results
in longer growth periods compared to increasing p. As seen in Figure [3.16] for decreased p,
the cell difference becomes increasingly negative towards the end of the growth period. This
occurs because in the case of decreased p, the tumor ceases to grow earlier than the reference
case, i.e., fewer new cells are produced. This is due to the formation of GIF quiescent and
necrotic regions, which occur almost simultaneously as in the reference case but in a much
smaller tumor size. Hence, it takes less time for the entire tumor to become quiescent and/or
necrotic. Therefore, one should expect the final radius to be smaller and the growth period
to be shorter compared to the reference case. The anticipated growth tendency is observed in
Figure and in Table when comparing sensitivity cases (i) and (i) with the reference

case.
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Figure 3.17: Number of cells vs time, altered p. The dots denote when nutrient lacking
quiescent regions initially occurred.

Now, let us analyze the impact of modifying 7, which is the parameter that determines
how much the nutrient concentration contributes to the mitotic rate. Nutrients are growth-
promoting factors, so if 7 is increased, one would anticipate a higher production of new cells at
each time step. Conversely, if  decreases, fewer new cells should be produced at each time step.

By examining Figure [3.18] which illustrates the relative cell difference at each time step for all
the analyzed cases, it becomes evident that increasing 7 results in a higher production of new
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cells at each time step. However, as shown in Table [3.13] and Figure [3.19, increasing 7 leads
to a shorter growth period and a smaller final radius. This is due to the rapid growth of the
tumor, which causes quiescent nutrient-deficient regions to appear earlier and cover a larger
portion of the tumor. Furthermore, in rapidly growing tumors, the production/excretion rate
of G1 increases, leading to faster evolution of the GIF quiescent region. Comparing sensitivity
cases (i7i) and (iv) in Table , it is observed, as expected, that the case with the highest 7
value (sensitivity case (iv)) exhibits the shortest growth period and the earliest formation of
nutrient-lacking quiescent regions.
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Figure 3.18: Relative difference in number of cells vs time, altered 1. The dots denote when
nutrient lacking quiescent regions initially occurred.

n, n (T x sc?) | Final radius| Quiescent, | Quiescent, Necrotic Stop time
weighting (mm) GIF’s lack of (minutes)
the nutrients

nutrient

concentra-

tion

The 1.000 x 107° 0.9591 780 630 790 1780
reference

case

(7) 0.940 x 10~° 1.0824 800 660 790 2890
(47) 0.970x 10~¢ 1.0837 800 650 790 3130
(131) 1.030 x 1076 0.9407 780 610 790 1520
(iv) 1.060 x 1076 0.8812 790 590 780 1140

Table 3.13: Tumor evolution, altered 7.
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Figure |3.18| also demonstrates that decreasing n, compared to the reference case, leads to the
expected reduction in the production of new cells at each time step. Additionally, Figure[3.19
reveals that decreasing 7 results in a fundamentally different growth pattern for the tumor
compared to the cases where 7 is increased. The decrease in cell production, or slower growth,
should correspondingly lead to the formation of nutrient-deprived quiescent regions at a later
stage. As a result, the tumor should continue its fully proliferating state for a longer duration.
Furthermore, slower growth implies less production/excretion of G'1 compared to the reference
case. However, it is noteworthy that the case with the largest decreased n (sensitivity case
(#7) in Table exhibits the greatest overall growth. This occurs because, over time,
the quiescent and necrotic regions in sensitivity case (i7) of Table become sufficiently
large, causing the remaining proliferating region to be so small that the increase in cell count
becomes smaller than in sensitivity case (i), despite the higher value of 7 in sensitivity case
(7). Consequently, sensitivity case (i7) can sustain a longer growth period.
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Figure 3.19: Number of cells vs time, altered n. The dots denote when nutrient lacking
quiescent regions initially occurred.

The curvature observed in the curves of Figure [3.18] which occurs after the formation of non-
proliferating regions, can be attributed to the significantly different growth periods compared
to the reference case. For n = 1.03x 1079 and n = 1.06 x 107°, the growth periods are shorter,
causing the rate of cell increase to slow down towards the end. In contrast, the reference case
continues to grow, resulting in a decrease in the difference in the number of cells for the red
and green curves. On the other hand, for n = 0.94 x 107% and n = 0.97 x 107, the growth
period is extended. Therefore, when the reference case reduces cell production, these cases
continue with the same cell production. As a result, the difference in cell count decreases, as
observed in the plot for the black and blue curves.
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Now we will analyze the effect of modifying the parameter 1, which determines how much
the G1 concentration contributes to the mitotic rate. Since G1 is a growth-inhibiting factor,
increasing 17 should lead to a lower production of new cells at each time step, whereas de-
creasing v should result in a higher production of cells at each time step. However, it should
be noted that at the beginning of the simulation, the concentration of G1 is very small, so
changes in v, are not expected to substantially alter growth.
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Figure 3.20: Number of cells vs time, altered v;.

From Figures|3.20| and |3.21], it becomes apparent that initially changes in 1, have a negligible
effect. It is only after a certain period, coinciding with the onset of necrosis, that the G1
concentration becomes sufficiently large to impact mitosis. Figure [3.21] clearly demonstrates
that increasing 14 results in a tendency of fewer new cells being produced at each time step.
Conversely, an increasing trend in cell production is observed for decreased v;. (The small
oscillations are assumed to be caused by rounding errors.)

v1, weighting the vy (T x sc?) Final radius (mm) | Stop time (minutes)
G1 concentration

The reference case 1.000 x 1077 0.9591 1780

() 0.940 x 1077 0.9850 2090

(17) 0.970 x 1077 0.9736 1970

(447) 1.030 x 1077 0.9577 1800

(iv) 1.060 x 1077 0.9497 1720

Table 3.14: Tumor evolution, altered v.

Table and Figure indicate that the overall impact of modifying v; has had minimal
effect on the growth. The formation of quiescent and necrotic regions occurred at the same
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time as in the reference case. It was only after the formation of these regions that altering 14
began to have an impact on the growth.
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Figure 3.21: Relative difference in cells vs time, altered v;. The dots denote the initial
formation of necrotic regions.

Now we will analyze the impact of modifying v, which determines the contribution of G2
to the mitotic rate. Since G2 is a growth-inhibiting factor, increasing 15 should result in
a decrease in cell production at each time step. Conversely, decreasing v should lead to
an increase in cell production at each time step. However, it is important to note that the
concentration of G2, except during the initial stages of growth, is much lower compared to the
nutrient and G1 concentrations. Therefore, altering v is not expected to have a significant
effect on the overall growth. Actually, for all the cases analysed the quiescent and necrotic
regions formed at the same time as in the reference case.

V2, weighting the vy (T x sc?) Final radius (mm) | Stop time (minutes)
G2 concentration

The reference case 1.000 x 1077 0.9591 1780

(7) 0.850 x 1077 0.9784 2000

(i1) 0.900 x 1077 0.9716 1920

(iii) 1.100 x 1077 0.9557 1800

(iv) 1.150 x 1077 0.9489 1690

Table 3.15: Tumor evolution, altered vs.

From Table [3.15] and Figure [3.22] it is evident that increasing v, leads to a slightly smaller
final size, whereas decreasing 1, results in a slightly larger final size, as anticipated.
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Figure 3.22: Number of cells vs time, altered vs.

From Figure|3.23] it is apparent that changes in v, do not significantly affect the growth until
after the formation of necrotic regions. However, we can observe that prior to the formation
of necrotic regions, an increase in 1, leads to a lower production of new cells, while a decrease
in vy results in a higher production of new cells. This aligns with our expectations.

As the proliferating regions become smaller, the contribution of G2 in the mitotic function
becomes more pronounced, as shown in Figure |[3.23] The reason why the red curve rep-
resenting v» = 1.15 x 1077 is above the green curve representing v» = 1.1 x 1077, despite
1.15x 1077 > 1.1 x 1077, is because the necrotic region in sensitivity case v, = 1.15 x 1077 is
smaller than the necrotic region in sensitivity case v, = 1.1 x 10~7. Consequently, there are
more proliferating regions in the v, = 1.15 x 1077 case, and at a certain point, they become
large enough to produce more new cells compared to the vy = 1.1 x 1077 case, even though
the mitotic function in the 15 = 1.15 x 1077 case generates fewer cells at each time step.
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Figure 3.23: Relative difference in cells vs time, altered 5. The dots mark initial formation
of necrotic regions. (The oscillations are due to rounding errors.)

Now that we have analyzed how modifying the parameters in the mitotic function affects tumor
evolution, we can conclude that altering n had the most significant effect on growth, resulting
in both the largest and smallest sizes observed. We also observed significant alterations in
growth when changing p, whereas modifications to v; and v, only had minor effects on growth.

3.2.5 The extracellular matrix

The extracellular matrix comprises all the fluids and molecules present in the tumor that are
not part of the cells. In this model, the proportion of the tumor occupied by the extracellular
matrix remains constant. The new radius is related to the percentage of extracellular matrix,
denoted as pegrm, according to the following relationship:

1
Tnew = nch. 3.1
\/(1 - pexﬁm) ( )

Here, n. represents the number of cells and r. represents the radius of a single cell. Equation
(3.1]) illustrates that when the extracellular matrix occupies a larger percentage of the tumor,
compared to the reference case, one can expect the radius to increase more at each time step
relative to the reference case. This is because the fraction becomes larger. Conversely, if the
percentage is decreased, the fraction becomes smaller, leading to a smaller new radius at each
time step.
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The ECM Pextrm | Final radius| Quiescent, | Quiescent, | Necrotic Stop time
percent- (mm) GIF’s lack of (minutes)
age of the nutrients

tumor.

The 0.0500 0.9591 780 630 790 1780
reference

case

(1) 0.0400 1.0792 780 630 790 2850
) 0.0450 0.9700 780 630 790 1940
(447) 0.0550 0.9409 780 630 790 1610
(iv) 0.0600 0.9052 800 620 780 1350

Table 3.16: Tumor evolution, altered pestrm.-

From Table [3.16] and Figure [3.24] it is evident that increasing the percentage of extracellular
matrix leads to a shorter growth period and smaller tumor size. Conversely, decreasing the
percentage results in a longer growth period and larger tumor size. This can be attributed
to the presence of quiescent and necrotic regions in more rapidly growing tumors (due to
Pewtrm having increased) which are larger and cover a greater portion of the tumor. As a
result, these regions can effectively limit the growth and contribute to the smaller final size.
In contrast, slower-growing tumors (due to pegs-m having decreased) have smaller and slower-
evolving quiescent and necrotic regions, allowing them to grow for a longer period and attain

a larger size.

1000 1500

2000 2500

Time (minutes)

Figure 3.24: Radius vs time, altered petrm-

In the figure below, Figure|3.25, we can observe that larger percentages of extracellular matrix

correspond to larger radii when the tumor is in the fully proliferating phase.

Conversely,
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smaller percentages of extracellular matrix result in smaller radii, as expected. It is evident
that once quiescent and necrotic regions form, the growth patterns undergo a noticeable
change. As mentioned earlier, a higher extracellular matrix percentage leads to larger quiescent
and necrotic regions, consequently resulting in smaller increase in new radii after these regions
have formed. This leads to a smaller difference between these radii and the reference radii
after those regions have formed, as can be seen in Figure [3.25] On the other hand, for
lower extracellular matrix percentages, the quiescent and necrotic regions are relatively small,
causing the increase in new radii to remain somewhat similar after their formation. As a result,
the difference in radii becomes less pronounced when comparing the radii of the sensitivity
cases (i) and (i7) to the reference case radius. This is because smaller increases in radii are
observed in the reference case following the formation of necrotic and quiescent regions. This
trend is illustrated in Figure by the graphs of peyirm = 0.04 and pegirm = 0.045 increasing.
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Figure 3.25: Difference in radius relative to the reference solution vs time, altered peyym. The
dots mark initial formation of necrotic regions.



Chapter 4

Discussion & Conclusions

In this thesis, we have developed a mathematical model for avascular tumor growth. Addi-
tionally, we implemented the model and observed that it aligns with the established patterns
of tumor evolution. Furthermore, we conducted an analysis to examine the impact of different
model parameters on avascular tumor growth.

We observed that modifying the nutrient diffusion coefficient, Dy, and the diffusion coef-
ficient associated with the internally produced/excreted growth-inhibiting factors, Dgq, had
a substantial influence on tumor growth. Thus, it is crucial for these parameters to be accu-
rately set in terms of their magnitude. Specifically, increasing Dy resulted in extended growth
periods and larger final tumor sizes. Conversely, decreasing Dy led to a reduction in both
the growth period and final tumor size. Since nutrients serve as growth-promoting factors
and diffusion affects their distribution within the tumor, higher diffusion leads to more even
distribution of nutrients throughout the tumor, while lower diffusion results in poor nutrient
distribution, these growth trends are reasonable. On the other hand, increasing D¢ caused a
decrease in the final tumor radius and growth period, while decreasing D¢y led to an increase
in both the growth duration and final tumor size. Considering that G1 represents growth-
inhibiting factors, these growth patterns align with what one would expect.

On the other hand, altering the diffusion coefficient of the externally supplied growth fac-
tors, Dgo, had relatively minor effects on the evolution, yet it yielded interesting observations.
When Dgo was increased compared to the reference case, slight increases resulted in longer
growth periods and larger tumor sizes. This was due to the formation of the GIF quiescent
region, which is influenced by a weighted sum of G2 and G1, occurring closer to the center.
As a result, a larger portion of the tumor remained in a fully proliferating state compared to
the reference case. This trend persisted until Dgo was significantly increased, causing the G2
distribution to be so evenly spread that the GIF quiescent region extended not only close to
the center but also further away, encompassing a larger portion of the tumor. Thus the growth
duration and final tumor sizes from then on experienced a decreasing trend. Conversely, when
D¢y was decreased, the GIF quiescent regions formed either as disks or annuli closer to the
boundary compared to the reference case. This was because the G2 concentration was lower
in the center, resulting in the GIF threshold being reached only in proximity to the boundary.
Since G1, the internally produced/excreted growth-inhibiting factors, is the main contributor
to reaching ¢, the annular regions soon transformed into disk-shaped regions. Consequently,
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when Dgo was decreased, the GIF quiescent regions occupied a larger portion of the tumor,
leading to fewer proliferating cells. As a result, the growth durations were shorter and the
final tumor sizes were smaller compared to the reference case. Depending on whether the
initial GIF quiescent region was annulus-shaped or disk-shaped, the decrease in tumor size
and growth duration did not necessarily follow a strictly decreasing pattern.

Moreover, it was observed that modifying the rate of nutrient consumption in the proliferating
regions had a significant impact on tumor development. Increasing the nutrient consumption
in the proliferating regions, represented by a,,, led to shorter growth durations and smaller
final tumor sizes, which is reasonable given the reduced presence of growth-promoting factors.
Conversely, decreasing oy, indicating an increase in growth-promoting factors, resulted in
longer growth periods and larger final tumor sizes. In the sensitivity cases with decreased .,
nutrient-deprived quiescent regions did not form due to the increased availability of nutrients.
Furthermore, changes in the nutrient consumption within the quiescent regions, denoted as
Qtqui, exhibited similar growth tendencies as modifying oy, albeit to a lesser extent. This is
reasonable because adjustments in ay,; do not affect growth until quiescent regions are estab-
lished. Moreover, it was observed that increasing «,; had a more significant impact on the
growth pattern compared to decreasing cy,;. This can be attributed to the fact that increas-
ing oy, creates a steeper nutrient concentration gradient between proliferating and quiescent
regions, causing more nutrients to be transported away from the proliferating regions. Con-
sequently, this leads to reduced growth and a shorter growth period.

Modifications in the consumption of G1 growth-inhibitors, denoted as 7,roqui, also exerted
a significant influence on tumor development. Increasing the consumption of G1 resulted
in larger final tumor sizes, which is reasonable considering the reduced presence of growth-
inhibiting factors. The reduction in growth-inhibiting factors prolonged the period of full
proliferation and facilitated greater growth at each time step. However, it was observed that
the growth period did not exhibit a significant alteration compared to the reference case.
This can be attributed to rapidly growing tumors also experiencing more rapidly growing
quiescent regions. Conversely, decreasing vp,oqui, indicating an increase in growth-inhibiting
factors, led to shorter growth periods and smaller final radii. In the sensitivity case with the
most pronounced decrease in Y4 (case (i) in Table , the GIF quiescent region actually
formed earlier than the nutrient-deprived quiescent region due to the increased presence of G1.
Additionally, modifications to the production/excretion of G1, represented by A, exhibited a
significant effect on the growth pattern. Decreasing A resulted in longer growth periods and
larger final tumor sizes, as expected due to the reduced presence of growth-inhibiting factors.
Conversely, increasing the production/excretion of G1 led to smaller tumor sizes and growth
periods. In fact, in the sensitivity case with the greatest increase in A (case (iv) in Table
.9), the abundance of growth-inhibiting factors caused the entire tumor to become quiescent
due to high GIF concentrations before either nutrient-deprived quiescent regions or necrotic
regions formed.

On the other hand, variations in the consumption rate of G2, denoted as & oqui, had mi-
nor effects on tumor growth. Interestingly, these alterations did not consistently lead to larger
or smaller final tumor sizes. Therefore, despite the small magnitude of these changes, further
investigations into the influence of these factors would be valuable. When &;,;4qu; Was increased,
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slightly larger tumor sizes and growth periods were observed, which is reasonable considering
the reduced presence of growth-inhibiting factors. However, when &4, Was decreased, the
tumor growth pattern did not consistently exhibit a decreasing or increasing trend. A slight
decrease in &,roqui resulted in larger final tumor size and growth period compared to the refer-
ence case. This can be attributed to the slight increase in G2 levels, causing the GIF quiescent
region to occur closer to the center. As a result, a slightly larger portion of the tumor remained
in a fully proliferating state. Notably, a more significant decrease in &poq4ui led to a slightly
smaller final tumor size and a longer growth period. This was due to lower consumption of
G2, resulting in higher and more evenly distributed G2 concentration within the tumor. Con-
sequently, the initial GIF quiescent region was larger compared to the reference case, leading
to slower growth at each time step. Moreover, it is worth noting that the production and
excretion of G1 depend on the spatial distribution within the tumor. Consequently, when the
tumor exhibits slower growth, the GIF quiescent region will also grow more gradually. As a
result is it is possible for the growth period to be prolonged.

Furthermore, it was observed that alterations in the supply of nutrients and G2 growth-
inhibitor factors at the boundary significantly influence tumor development. This finding
suggests that drugs targeting and influencing these supplies have the potential to inhibit tu-
mor growth and hinder the transition into the vascular phase. Specifically, increasing the
nutrient supply, x, resulted in longer growth periods and larger tumor sizes, which is logical
considering the increased presence of growth-promoting factors. Conversely, decreasing x led
to shorter growth periods and smaller tumor sizes, aligning with the reduced availability of
growth-promoting factors. On the contrary, augmenting the supply of G2 growth-inhibitor
factors, 1, led to shorter growth periods and smaller tumor sizes, as expected due to the in-
creased concentration of growth-inhibiting factors. In contrast, reducing v resulted in larger
tumor sizes and longer growth periods, reflecting the decreased availability of growth-inhibiting
factors.

Through the analysis of the mitotic function, it became evident that the parameters with
the most significant influence on growth were p, which scaled the mitotic value, and 7, which
determined the contribution of nutrients to growth. Increasing the parameter p resulted in a
higher production of new cells at each time step, indicating more rapid tumor growth com-
pared to the reference case. This increased growth was accompanied by an elevation in the
production/excretion of G1. Consequently, the final tumor sizes and growth periods were
smaller relative to the reference case. Conversely, decreasing p led to a reduction in the num-
ber of new cells produced at each time step, resulting in overall smaller growth and a shorter
growth duration compared to the reference case. Similarly, when the parameter n was in-
creased, there was an increase in the production of new cells at each time step. However,
as observed with increased p, the rapidly growing tumor also developed a rapidly evolving
quiescent region, leading to smaller overall growth periods and tumor sizes compared to the
reference case. On the other hand, decreasing n resulted in a lower production of cells at each
time step. This prolonged the tumor’s growth period and led to a larger final tumor size.
However, it is important to note that the sensitivity case where 17 was decreased the most
(case (7) in Table had a shorter growth period and smaller final tumor size compared to
the case with a lesser decrease in n. This is due to the quiescent and necrotic regions forming
around the same time in both cases. Consequently, the smallest tumor, corresponding to the
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sensitivity case with the smallest n value, ceased to grow sooner, as observed.

In contrast, modifying the parameters v; and v, which governed the influence of growth-
inhibiting factors on tumor growth, had minimal effects. Increasing these parameters led to a
slight decrease in the final tumor size compared to the reference case. Conversely, decreasing
vy and v, resulted in a slight increase in the final tumor size.

Furthermore, it was observed that the composition of the extracellular matrix, specifically the
percentage it comprised within the tumor, had a significant impact on tumor development.
Therefore, it is crucial to select the appropriate percentage from a biological standpoint, as
it plays a vital role in tumor behavior and progression. Specifically, an increase in the per-
centage of ECM led to accelerated tumor growth at each time step, whereas a decrease in the
percentage resulted in slower growth at each time step.

During the sensitivity analysis, it was observed that alterations in parameters related to
nutrient concentration and G1 concentration had the most significant influence on tumor de-
velopment. Therefore, it is crucial to set these parameters to biologically accurate magnitudes
to ensure that the simulated tumor development and patterns are qualitatively correct. The
strong dependency on these parameters also suggests that drugs targeting and influencing
these factors have the potential to inhibit tumor growth. Thus, there is a need to develop
models that incorporate the influence of these factors to a greater extent, as it would be of
great interest.

Furthermore, the sensitivity analysis revealed that GIF quiescent regions can appear at differ-
ent locations within a tumor, resulting from the interaction of externally supplied and inter-
nally produced/excreted growth-inhibitor factors. This variability in quiescent region locations
lead to different growth patterns in tumors. Therefore, there is a need to develop models that
extensively investigate the effect of both internally and externally supplied growth-inhibiting
factors on tumor growth patterns. Such models have the potential to provide a more com-
prehensive understanding of tumor growth and generate novel insights into treatments and
experimental strategies.

Additionally, the sensitivity analysis revealed that the proportion of extracellular matrix
(ECM) within a tumor directly impacts its growth dynamics. This highlights the signifi-
cance of considering ECM composition in models for avascular tumor growth to accurately
understand and predict tumor behavior. Therefore, models should more extensively include
the extracellular matrix and its composition within tumors.

These findings highlight the potential benefits of developing more detailed models that com-
prehensively analyze the influence of these parameters. Such models have the potential to
contribute to the development of experimental approaches and significantly enhance our un-
derstanding of tumor evolution.



Chapter 5

Extension model

In this chapter, we will introduce an extension model that builds upon the framework devel-
oped and analyzed in the thesis. The key modifications include the incorporation of additional
equations to account for the densities of different cell types. Furthermore, the growth of the
tumor will be influenced by the rates of change of these cell densities.

The following assumptions and comments are made with respect to the extension model.

e It is assumed that a tumor consists of three components. Those are, living cells (denot-
ing both proliferating and quiescent cells), necrotic cells and the extracellular matrix,

abbreviated ECM.

e Advection-diffusion type PDEs will be used to model the concentration of growth factors.
The model will incorporate three growth factors. Firstly, we will consider externally
supplied nutrients as growth-promoting factors. Secondly, we will account for growth-
inhibitor factors that are produced by cells within the tumor during the cell cycle or
excreted by necrotic cells. Lastly, we will include externally supplied growth-inhibitor
factors that represent the immune system’s response to the tumor.

— An advection-diffusion equation will be formulated to represent the nutrient con-
centration within the tumor. The equation will not include a source term since
we assume that nutrients are only externally supplied and not produced within
the tumor. However, it will include a sink term to account for the consumption
of nutrients by the cells. Furthermore, we will assume that the nutrient level in
the surrounding area of the tumor remains fixed, indicating a constant supply of
nutrients. This condition will be expressed by a positive Dirichlet boundary data.

— A diffusion equation will be formulated to represent the growth-inhibitor factors,
G1, produced or excreted internally by the cells. The PDE is in accordance with
the one presented in [2]. The equation incorporates both source and sink terms,
representing the production/excretion and consumption of G1 within the tumor,
respectively. Moreover, we assume that these GIFs do not exist outside the tumor,
which is reasonable considering they are a product of the cells specific to the tumor.
Hence, we assume no transport of GG1 across the tumor boundary. This condition
will be represented by a homogeneous Neumann boundary condition.
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— We will represent the growth-inhibitor factors, G2, produced by the immune sys-
tem in the surrounding tissue using an advection-diffusion equation. Since G2 is
not produced within the tumor, the equation will not contain a production term.
However, it will include a sink term to account for the cells consumption of G2.
Additionally, we will assume that the concentration of G2 in the tissue surround-
ing the tumor remains constant. Therefore, the boundary supply of G2 will be
represented by a positive Dirichlet boundary condition.

e There will be introduced a GIF threshold, denoted by g, and a nutrient threshold,
denoted by 6y, which will be used to categorize the cells as proliferating, quiescent or
necrotic. If the growth-inhibiting concentrations exceeds 6, mitosis will be inhibited
and lead to cell quiescence or death, depending on the current nutrient level. Moreover,
Oy represent the minimum nutrient concentration required for cell growth. In order for
a cell to have the potential to proliferate, the nutrient concentration must surpass .
If the nutrient concentration falls below this threshold, the cell will become quiescent or
die. Moreover, if a cell has died, it will remain dead.

e We will introduce a function to represent the mitotic rate, which denotes the rate at
which a cell divides into two daughter cells.

e To model the cell densities, we will utilize diffusion-type PDEs. The model includes
three distinct cell densities: the density of proliferating cells, the density of quiescent
cells, and the density of necrotic cells.

— We will formulate a diffusion equation to describe the density of proliferating cells
within the tumor. This equation will include a sink term that accounts for pro-
liferating cells transitioning into a quiescent state. Additionally, there will be two
source terms, one representing the increase of proliferating cells resulting from mito-
sis and another representing the transition of quiescent cells back to a proliferating
state.

— The density of quiescent cells is also modeled using a diffusion PDE. The equation
incorporates two sink terms, representing the decrease in quiescent cells due to
their transition to a necrotic state and their transition back to a proliferating state.
Additionally, there is a source term accounting for the increase in quiescent cells
resulting from proliferating cells transitioning to a quiescent state.

— We will employ a PDE to model the density of necrotic cells. Unlike the previous
cell density equations, this equation does not include a sink term, as all dead cells
remain in a necrotic state. Moreover, the PDE does not include a diffusion term
as the cells are dead and do not exhibit molecular movements. However, it does
incorporate a source term to represent the death of quiescent cells.

e In the model, we make the assumption that only living cells actively consume nutrients
and growth-inhibiting factors. Necrotic cells, on the other hand, do not consume any
substances but solely excrete growth-inhibiting factors.

e In the model, we neglect adhesion forces between cells, as well as between cells and the
extracellular matrix (ECM). Furthermore, we disregard any constraints imposed by the
surrounding geometry.
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We denote the concentrations of nutrients, G1 growth-inhibiting factors, and G2 growth-
inhibiting factors as uy, ug, and uge, respectively. Additionally, we use the variables P to
represent the density of proliferating cells, () to represent the density of quiescent cells, and D
to represent the density of necrotic/dead cells. The model consist of the following equations.

0
% + V- (=DyVuy + éyun) = —rn(un, ugt, uge, P, Q) VT € Q (5.1)

uy =k VT € 0f.

Equation (5.1) describes the temporal changes in nutrient concentration as influenced by
diffusive and advective forces, as well as the consumption of nutrients by proliferating and
quiescent cells. The consumption term ry depends not only on uy, P, and ), but also
on the concentrations of growth-inhibiting factors. This dependency arises because higher
concentrations of growth-inhibiting factors lead to reduced proliferation and cell viability,
resulting in a decreased demand for nutrients.

duct
ot

+ V- (=D Vugt) = —rai(un, ugt, uge, P, Q) + Sai1(un, ugt, uge, P, Q, D) VI € Q.

(5.2)
v- (—DleuGl) =0 V& € 8(2

Here v denotes the outward pointing unit normal vector at the boundary. Equation
describes the changes in G1 concentration resulting from diffusive forces, as well as the pro-
duction/excretion and consumption of G1. The sink term 7 represents the consumption of
G1 by both quiescent and proliferating cells. On the other hand, the source term Sy accounts
for the increase in G1 due to its production by both proliferating and quiescent cells, as well
as the excretion of G1 by necrotic cells. It is important to note that both r4; and Sg; depend
on all three growth factors, as these factors influence the state of a cell and determine how
much G1 it can consume and produce/excrete.

Juca
ot

+ V- (=Dg2Vugs + Caouge) = —raa(un, ugr, uge, P, Q) V¥ € Q (5.3)

Ugs =0 VT € 0Q.

Equation describes the changes in G2 concentration resulting from diffusive and advec-
tive forces, as well as the consumption of G2 by the living cells. The sink term, rgo, represents
the consumption of G2 by both proliferating and quiescent cells. Notably, it becomes apparent
that the consumption rate depends on the current levels of all three growth factors.

The mitotic rate, the rate at which proliferating cells divide into two identical daughter cells,
is denoted by m(uy, ug1, ug2) and depends on the concentrations of growth factors.

oP
e +V - (=DpVP) =—rpg(un,uc, uge, P) + Spm(m, P) + Spo(un, uct, ugs, Q). (5.4)

Equation (5.4) models the density of proliferating cells. It describes the changes in density
resulting from diffusion forces, as well as factors that decrease or increase the number of
proliferating cells. The sink term rp¢ represents the decrease in density due to proliferating
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cells transitioning to a quiescent state. On the other hand, the source term Sp represents
the increase in density resulting from quiescent cells transitioning back to a proliferating
state. Additionally, the term Sp,, denotes the increase in proliferating cells due to mitosis.
Importantly, it should be noted that all the sink and source terms depend on the current
concentrations of growth factors. Moreover, note that Spg depends on Q.

0
oQ + V- (=DgVQ) =rpg(un, uct, uge, P) — Spo(un, uct, ug2, Q) — ro.p(un, uet, uge, Q).

ot

(5.5)
Equation ([5.5)) models the density of quiescent cells. It describes the changes in density
over time resulting from diffusive forces and factors that increase or decrease the amount of
quiescent cells. As mentioned, the term rp¢ represents proliferating cells transitioning to a
quiescent state, which contributes as a source term in this equation while serving as a sink term
in equation . Conversely, the term Spg, which represents quiescent cells transitioning
back to a proliferating state, acts as a sink term in equation ({5.5) while being a source term
in equation . Additionally, the term r¢ p represents quiescent cells dying and becoming
necrotic, contributing as a sink term. Furthermore, it is important to note that equation (5.5
depends on the density of proliferating cells, P, and the concentrations of all three growth

factors. 9D
W = TQ,D(UN, UG, UGg2, Q)- (5-6)

Equation represents the density of necrotic cells. Since necrotic cells are dead, they
do not exhibit molecular movements. Therefore, there is no diffusive term in this equation.
Additionally, necrotic cells cannot transition to a quiescent or proliferating state, so there are
no sink terms. However, the term rg p, which represents quiescent cells transitioning to a
necrotic state, is included as a source term in equation . This term accounts for the only
way in which cells can become necrotic. Furthermore, note that equation depends on
the quiescent cell density, (), and all three growth factors.

dV
%:C/Sp7m+SP7Q—TP7Q—TQ7DdSL’. (57)
Q

Equation describes the change in tumor volume, where V' represents the volume of the
tumor. The evolution of the tumor volume is dependent on the rate of change of the cell den-
sities, which are influenced by the increase and decrease of specific cell types. Additionally,
there is a constant C', which depends on the extracellular matrix.

Upon examining the equations in the extension model, it becomes evident that they are
coupled, meaning that they depend on each other. As a result, employing splitting schemes
becomes necessary in order to solve the model. Two main types of splitting schemes commonly
used are fully-implicit and iterative coupling [40, [41].

Fully-implicit methods involve simultaneously solving the complete system of coupled equa-
tions. These methods possess the advantage of being unconditionally stable. However, a
drawback is that they are computationally expensive. On the other hand, the iterative cou-
pling approach divides the coupled problem into sub-problems and solves them independently,
utilizing only the most recent solution information from the other sub-problems. At each time
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step, the sub-problems are iteratively solved, utilizing the newly computed solutions until
convergence is achieved within a specified tolerance |40} [41]. By utilizing iterative methods, it
is possible to employ different discretizations for the sub-problems, which proves valuable as
they often represent distinct physical phenomena such as flow and mechanics [40, 41], [42]. Fur-
thermore, if the iterative method employs the same spatial discretization as the fully-implicit
method on all the sub-problems, the iterative and fully-implicit solutions should be identical
at each time step once the iterative method has converged [40, 41].

Furthermore, since the concentrations of the growth factors and the cell densities likely oper-
ate on different time scales, it would be sensible to utilize multirate iterative schemes [43] [44].
Additionally, when dealing with nonlinear coupled terms, a linearization method such as the
L-scheme [45] [46, [47] or the Newton method must be applied alongside a splitting scheme.

Refer to Appendix [A] for a straightforward coupled problem of tumor growth, which is solved
using an iterative splitting scheme. The convergence rates are also presented in the appendix.
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CHAPTER 5. EXTENSION MODEL



Appendix A

A straightforward coupled tumor
growth problem

An iterative splitting scheme has been applied to solve a set of fully coupled equations on
a dynamically evolving domain. Although the problem being addressed is simpler than the
extension model presented in the thesis, it encompasses all the crucial relationships. Specifi-
cally, the problem involves a circular domain that expands at each time step, along with two
fully coupled partial differential equations. These PDEs are solved using iterative coupling,
implicit Euler, and finite element method at each time step.

The general PDEs used are

% + V- (—D1Vu1 + Elul) = Fl(UQ) Vx e (Al)
Ouy o
E + V- (—DQV’LLQ + CQUZ) = Fg(ul) V x € Q (AQ)

where all coupling terms are included in the function on the right-hand side.

In order to assess the convergence of the approximate solutions, the exact solutions for both
u; and uy were selected as Uexaer = (1 + 22 + 2y?)t. The right-hand sides of the equa-
tions were defined as F; = f; — up and Fy, = fo — uy, where f; and fy do not represent
coupling terms. These right-hand sides were determined by substituting the exact solution
into the respective PDEs and defining them as the resulting expressions. Specifically, f; =
(1422 +2y%)(1+t) =6t Dy +2xtciy +4ytcrs and fo = (1+22+2y2)(1+t) — 6t Dy + 2wt ey +4ytess.
Where Dy =1, Dy =2, ¢ = [—1,1] and & = [2,3].

For the boundary conditions, Dirichlet boundary conditions were chosen, where the boundary
values are set to equal the exact solution on the boundary. In other words, the boundary
conditions are specified in a way that matches the exact solution. As for the initial solutions,
they were set to equal the exact solution at the initial time. Hence,

up = uy = (14 2%+ 2y*)t on 09,
U =us=0att=0
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98 APPENDIX A. A STRAIGHTFORWARD COUPLED TUMOR GROWTH PROBLEM

The growth relation for the problem was defined as r,ew = Tinitial + 0.5t, where 750 = 1 18
the initial radius and ¢ is the time. The circular domain was computed using the formula
Acirele = Wrﬁew, where 7, represents the updated radius at each time step. The calculations
were performed using P;-elements, which correspond to piece-wise linear functions on triangu-
lar elements. As a result, we can anticipate that the solutions will converge with second-order

accuracy in terms of the Lo-norm.

To solve the problem, an iterative splitting scheme was employed using implicit Euler in
time and finite element in space. At each time step, the following procedure was followed:

1. Make an initial guess for us.

2. Solve the PDE for u; using the previous solution of us.

3. Solve the PDE for usy using the newly computed solution of u;.
4. Recalculate u; using the updated solution of us.

5. Repeat steps 2-4 until the sum of the Lo-norms of the differences between the current
and previous solutions of both u; and wus is less than or equal to the tolerance of 1076.

I.e., (Hul - ul,previous”Lz + ||u2 - u2,previouSHL2) S ]-0_6-

This iterative process continues until the solutions converges within the specified tolerance,
ensuring the accuracy of the numerical solutions for u; and us at each time step.

Table shows the Lo-errors of the final solutions obtained. It can be observed that when the
number of elements is doubled, the error decreases by a factor of approximately four for both
approximate solutions. This indicates that the approximate solutions exhibit second-order
convergence.

Number of elements [teract — w1l L, | tezact — U2l L,
16 0.062696 0.042758
32 0.016089 0.010955
64 0.003973 0.002693
128 0.000989 0.000671

Table A.1: Convergence rates.
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