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Abstract

Tumor invasion of tissue is the first step in cancer metastasis and thus a process that is
co-responsible for most deaths in cancer patients. In this thesis we consider two macroscopic
tumor invasion models from the literature and derive a third one that takes the presence
of recently discovered stem-like cells within tumors into account. The modeling considers
microscopic events on the cancer cell receptors and tissue remodeling by fibroblast cells. In
addition to the model derivation, we prove global in time existence of classical solutions in two
space dimensions for a slightly simplified version of the new model. We show in numerical
experiments in one and two space dimensions that the new model can qualitatively reproduce
the biomedical understanding of the invasion by the two considered types of cancer cells.

Since Keller-Segel type models of tumor invasion such as our new model are associated with
very rich dynamics, their numerical simulation requires elaborate methods. These constitute
another core theme of this thesis. Here we design and study, in particular, combined finite
volumes/finite differences with implicit-explicit time discretization in the first place, adaptive
mesh refinement methods in the second place and a new mass-transport scheme in the third
place.






Zusammenfassung

Die Invasion von Tumor benachbartem Gewebe durch Krebszellen ist der erste Schritt bei
der Entstehung von Metastasen. Somit ist dieser Prozess mitverantwortlich fiir die meisten
Todesfélle unter Krebspatienten. In dieser Arbeit betrachten wir zwei makroskopische Modelle
der Tumorinvasion aus der Literatur und wir leiten ein drittes her, welches insbesondere
die erst kiirzlich entdeckten Stammzellen-dhnlichen Zellen innerhalb von Tumoren mitein-
bezieht. Bei der Modellierung berticksichtigen wir die Remodellierung des Gewebes durch
Fibroblasten und Prozesse an den Zellrezeptoren. Neben der Modellherleitung zeigen wir
die globale Existenz und Eindeutigkeit von klassischen Losungen in zwei Raumdimensionen
in einem leicht vereinfachtem Modell. Wir demonstrieren dariiber hinaus durch numerische
Experimente in einer und zwei Raumdimensionen, dass das neue Modell die biomedizinische
Auffassung des Invasionsprozesses durch die beiden betrachteten Krebszellentypen qualitativ
reproduzieren kann.

Keller-Segel-artige Tumorinvasionsmodelle, zu denen auch unser neues Modell gehort, ge-
hen mit einer komplexen Dynamik der zugehorigen Losungen einher. Deshalb benétigt man
fur die numerische Approximation geeignete Verfahren, welche einen weiteren Schwerpunkt
dieser Arbeit darstellen. Wir entwickeln und vergleichen hier im Speziellen kombinierte finite
Volumen/finite Differenzen mit implizit-expliziter Zeitdiskretisierung, adaptive Gitterverfei-
nerungsverfahren und eine neue Massetransportmethode.
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Introduction

Despite huge advancements in medication and therapy throughout the last decades, cancer
still belongs to the most frequent causes of death in the world. In fact, roughly one person in
six dies because of cancer [176]. The severity of this disease, or more precisely of this group of
diseases, is not only due to the associated abnormal cell growth, but mostly due to the ability
of many cancers to invade the adjacent tissue and to infest distant sites of the body through
metastasis [67]].

In view of its prevalence and danger, cancer is a very active research topic. Scientists from
various disciplines aim to comprehend the mechanisms of cancer and to develop methods
for its diagnosis and treatment. Important advances from the past include, for example, the
development of chemo- and radiation therapy for cancer treatment and the identification of
risk factors such as tobacco use and obesity [174]. Besides classical biomedical approaches that
include clinical and experimental studies, mathematical modeling, analysis and simulation
are considered as a further scientific pillar that aims to contribute to this field.

Originating rather from physical applications, mathematical models and simulations are
recognized today as important tools for the investigation of real world phenomena. Math-
ematical models have also been widely used to address biological problems for more than
a century with rising popularity. To name only a few popular examples, the models were
applied to describe population growth in the Malthusian model, to analyze predator-prey
animal populations in the Lotka-Volterra model or to understand the occurrence of pattern in
nature with the morphogenesis approach by Turing [115} 116, 166, (170].

Good mathematical models are also sought to improve our understanding of cancer. Several
important processes in cancer cannot be observed in a tumor patient, not only due to technical
limitations but also due to moral issues. Ethical reasons prevent risky experiments with the
cancer therapy in the living patient. Here suitable mathematical models along with in vitro
studies might help to gain new insights. Moreover, a quantitatively accurate model of tumor
growth might ultimately assist in the diagnosis by predicting the speed of the growth process.

There exists a plethora of mathematical models of cancer these days. The first of them
were developed already in the 1950s [11, [128]. They cover a wide spectrum of cancer related
biochemical processes and different types of cancer, see, e.g., [22, 29, 74, [139]. A broad
class of these models makes a discrete approach describing the evolution and interaction of
isolated cells and molecules, e.g., [23, (142, [167]. Other models, e.g., [155} 177]], focus on the
intracellular dynamics and protein signaling pathways. As opposed to these microscopic
descriptions one can also take a continuum approach and model the temporal evolution of
number concentrations of cells and molecules. This is the way of modeling on which we focus
in this thesis. The resulting models are commonly based on the Keller-Segel model [90], which
describes the collective migration of cells by a system of partial differential equations.

In this work we will solely address the modeling of the invasion of tissue by the cancer
cells. Models of this process have been derived and analyzed in the mathematical literature



1 Introduction

for approximately two decades. Since the tissue invasion is very complex and innumerable
processes on various scales play a role [67], we will consider only a few aspects involved. We
will particularly focus on the role of a sub-population of stem-like cells within tumors that
was identified only recently and that is now known to play a pivotal role in cancer invasion
and metastasis [118].

In addition to the derivation of the model and the conduction and interpretation of numerical
experiments, we will deal with its mathematical analysis. Of high interest in this regard is
the question of the existence and uniqueness of solutions. In the classical Keller-Segel model
the existence of solutions global in time does not hold unconditionally since blowup in finite
time occurs in certain situations [125]. Due to the close relation to the Keller-Segel model, the
possibility of blowup in macroscopic cancer models should be investigated.

The development of a suitable numerical method is another particular challenge. Due to the
characteristics of cancer, the solutions of the cancer invasion models develop heterogeneous
spatio-temporal dynamics in the form of merging/emerging clusters of high cancer cell
concentrations. Classical methods often fail to resolve these dynamics accurately, i.e. they
require unfeasibly high mesh resolutions to obtain acceptable numerical results. If these
methods are used together with lower mesh resolutions, the computed solutions will be highly
dependent on the employed numerical mesh. We emphasize that the application of such an
unsuitable method can render the modeling/simulation process useless since it can result
in very inaccurate results for key quantities such as the invasion speed of the tumor, and it
can lead to cases where interesting characteristics of the model are hidden behind numerical
artifacts.

In this thesis we will consider three models of cancer invasion of Keller-Segel type and study
them from a modeling, a numerical and an analytical point of view. The first model (I) was
derived in [29] and is well known and accepted in the literature. This model will take the role
as a reference for the development of the numerical methods in this work. The second model
(L) is a new model which we derived to study the role of cancer stem cells in tumor invasion.
In this model we also consider microscopic processes on the level of individual cells which is
why the model can be referred to as a multiscale model. It will take the leading role of this
work. The third model from [156] takes also the heterogeneity in cancer cell populations
into account. It moreover includes nonlinear diffusion and migration terms to account for the
varying mobility of the cancer cells. We employ it as a reference for comparison with our new
model and to demonstrate the flexibility of our numerical method that can be adapted to this
model despite the nonlinearities in the system.

We will analyze the new model (lI) analytically in terms of the existence, uniqueness and
regularity of solutions. In more detail, we will prove global existence and uniqueness of
classical solutions in a slightly simplified version of model (II).

The development of suitable numerical methods is the main part of this thesis. As a first
step we will derive second order semi-discrete finite volumes/finite differences for all three
considered cancer invasion models. We will discuss and test several strategies for the time
discretization, particularly implicit-explicit splitting methods. Albeit these schemes were
accurate and efficient in most cases, in certain situations, particularly with model (I), very
fine mesh resolution were needed leading to an unsatisfying efficiency. For that reason we
go one step further and develop suitable adaptive mesh refinement methods to improve
the performance. For the case of a one-dimensional domain, we moreover develop another
method, which makes use of a variable transformation. We will demonstrate the advantage of
this new method over the implicit-explicit finite volumes/finite differences with and without



mesh adaptation in the case of model (I).

Finally, we will present and discuss numerical experiments in one and two space dimensions.
We exhibit, in particular, that the model dynamics of the new model (lI) qualitatively coincide
with the current understanding of the considered biochemical processes. To gain detailed
insight in the role of every model component we will also study the parameter sensitivities of
model (TI).

Parts of this thesis, which we will indicate, are based on the following journal publications
and preprints:

[28] ]. A. Carrillo, N. Kolbe and M. Lukdcovad-Medvidova. A hybrid mass transport finite
element method for Keller-Segel type systems. Preprint, https://arxiv.org/abs/1709.
07394, submitted, Sept. 2017.

[58] ]J. Giesselmann, N. Kolbe, M. Lukdc¢ova-Medvidova and N. Sfakianakis. Existence and
uniqueness of global classical solutions to a two species cancer invasion haptotaxis
model. Preprint, https://arxiv.org/abs/1704.08208, submitted, Apr. 2017.

[70] N. Hellmann, N. Kolbe and N. Sfakianakis. A mathematical insight in the epithelial-
mesenchymal-like transition in cancer cells and its effect in the invasion of the extracel-
lular matrix. Bull. Braz. Math. Soc., 47(1):397-412, 2016.

[96] N. Kolbe, J. Kat'uchova, N. Sfakianakis, N. Hellmann and M. Lukd¢ova-Medvidova. A
study on time discretization and adaptive mesh refinement methods for the simulation
of cancer invasion : The urokinase model. Appl. Math. Comput., 273:353-376, 2016.

[98] N. Kolbe, M. Lukacova-Medvidova, N. Sfakianakis and B. Wiebe. Numerical simu-
lation of a contractivity based multiscale cancer invasion model. In A. Gerisch, R.
Penta and J. Lang, editors, Multiscale Models in Mechano and Tumor Biology: Modeling,
Homogenization, and Applications. Springer, to appear 2017.

[99] N. Kolbe and N. Sfakianakis. A flexible multidimensional rectangular mesh adminis-
tration and refinement technique with application in cancer invasion models. Preprint,
https://arxiv.org/abs/1706.06191, 2016.

[151] N. Sfakianakis, N. Kolbe, N. Hellmann and M. Luka¢ova-Medvidova. A Multiscale Ap-
proach to the Migration of Cancer Stem Cells: Mathematical Modelling and Simulations.
Bull. Math. Biol., 79(1):209-235, 2017.

The thesis is organized as follows: Chapter 2| starts with an introduction about basics from
cancer biology and elementary population and density modeling. The rest of the second
chapter then describes the derivation of the three cancer invasion models, with a focus on
the new model (II). Having set forth necessary mathematical prerequisites in Chapter 3| we
review in Chapter [d] some analytical properties of the Keller-Segel model on the one hand
and the previous literature on existence analysis in cancer invasion models on the other hand.
Afterwards uniqueness and global existence of solutions for a two cancer species model similar
to is proven. The fifth chapter is devoted to the construction of finite volumes/finite
differences for the considered models with suitable implicit-explicit time discretization. Here
we also prove the positivity preserving property of the method in the case of model (II), we
discuss additional techniques that we apply to deal with the nonlinearities in model and
we compare several time integration schemes in first numerical experiments with model (T).
In Chapter [f| we motivate, construct and test adaptive mesh refinement methods for cancer
invasion models in one and two space dimensions. Afterwards in Chapter [/] we introduce
a new 1D method that operates on inverse cumulative distributions instead of using the
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1 Introduction

density representation. We will present not only generic numerical experiments with the
Keller-Segel model but also experiments with model (I) and a comparison with the other
numerical methods considered in this work. In Chapter [§ we exhibit numerical experiments
and parameter studies with model and, most prominently, with the new model (T).
We conclude in Chapter [9] and provide technical details on the numerical experiments in

Appendix



Modeling

In this chapter we introduce mathematical models of cancer invasion. We derive, in particular,
a multiscale invasion model that incorporates the epithelial-mesenchymal transition in hetero-
geneous cancer cell populations. This model constitutes the chief subject of this thesis but we
will also discuss further models of this kind. The study of these models both analytically and
numerically will be addressed in the following chapters.

To start with we provide in Section [2.1|a short overview of some aspects of cancer that will
play a role in the modeling. Afterwards, we introduce the common models for basic biological
processes such as cell kinetic, chemical diffusion and taxis in Sections In Section 2.5|we
briefly review the common approaches in cancer invasion modeling. Then we dive into more
detail in the modeling of cancer processes and focus on the particular role of the urokinase-
type plasminogen activator system in Section the epithelial-mesenchymal transition in
cancer cells in Section and cellular receptors and contractivity in Section For
clarity we will build up the models gradually and consider the crucial modeling steps one at
a time.

The modeling techniques we consider in Sections are well known and discussed in
the textbooks [22, 122} 123] in more detail.

2.1 Tumors, invasion of the tissue and the
epithelial-mesenchymal transition

In this section we introduce several fundamentals from cancer biology. Due to the complexity
of the matter, we do not intend to give a comprehensive review but rather to provide an
overview and selected information that will play a role in the model derivation in the later
course of this chapter.

The term tumor refers to a cell population that got out of control [174]. The affected cells
exhibit, among other characteristics, abnormal cell growth and resistance to programmed
cell death (apoptosis) [67]. Tumors can be categorized as being either benign or malignant.
Benign tumors have the potential to grow large, but they stay localized at the place where
they emerged without intruding the adjacent tissue [2]. Often they are either harmless and
do not require any treatment or they can be cured, mostly by surgical removal [30]. In some
cases though they can evolve and become malignant, a process that is referred to as tumor
progression [174]. Malignant or cancerous tumors, which interest us in this thesis, are by far
more dangerous for the patient. They can invade the surrounding tissue and infiltrate remote
sites of the body through metastasis. Malignant and particularly metastatic tumors cause
roughly 90% of human cancer deaths [153].

Most malignant tumors in human arise from epithelial cells, which line bodily channels like,
for example, blood vessels and form the outer cellular layer of organs [146]. These epithelial



2 Modeling

Figure 2.1: Temporal progression of cancer invasion in vitro: carcinoma cells invade a collagen gel containing
human fibroblasts. The cultures were fixed after 3, 6, 9, 12 and 14 days and processed to paraffin blocks.
Immunostaining for cytokeratins was used. Each image shows an excerpt of the culture of 2.4 mm
width. From [129]. Copyright © 2005 by Pathological Society of Great Britain and Ireland. Reprinted
by permission of John Wiley & Sons, Inc.

cancers are termed carcinoma and they will constitute the subject of our studies. Note that
other tumors which originate for example from blood cells or from neural cells exhibit similar
characteristics [174].

The invasion of the extracellular matrix (ECM) by the malignant cancer cells is considered
the first step in tumor metastasis [67]. This process involves many bio-chemical processes such
as paracrine and autocrine cell-cell signaling and the activation of proteolytic enzymes [160].
A crucial role is played by chemokines which are signaling proteins that, among others, trigger
the migration of the cancer cells, a key factor in invasion and metastasis [145]. An example of a
chemokine is CXCL12 which was found in cancerous, but not in normal, epithelial breast cells
[178]. Cell migration along the directions of either extracellular adhesion sites (haptotaxis) or
directions of chemical substances involved in the proteolysis process (chemotaxis) are believed
to be of particular importance in the local invasion of the tumor [29]. Both chemo- and
haptotaxis are associated with complex biochemical reactions inside the cell and a remodeling
of the cytoskeleton, the skeleton of the cell [108]. See also [117] for a mathematical model of
cell migration on the microscopic level.

The invasion in carcinoma starts with the breaching of the basement membrane between the
cancerous epithelium and the stroma which consists of connective and structural tissue [174].
The basement membrane is invaded by degradation of its protein constituents (proteolysis)
[146]. Also, proteolysis is an essential step for the migration of cancer cells since the intact
ECM is a tight net, composed of various proteins, which offers only small pores for the cells
to move through [96]. Some proteins that are involved in the proteolytic process belong to
the family of matrix metalloproteinases (MMPs), others include, e.g., the serine proteases [92].
The proteolytic proteins are activated either directly by the tumor cells or indirectly by tumor
associated inflammatory cells via enzymatic pathways [92, 173} 174]. An example of such a
pathway is the urokinase plasminogen activation system that we will investigate further in
Section

Not only the degradation of the ECM is enhanced in the microenvironment of invading and
metastasizing tumors but also the ECM remodeling [39]. A pivotal role in this remodeling is
played by fibroblasts which were found in increased numbers in the cellular environment of
the tumor [[16].

Figure [2.1| shows a study of tumor invasion in squamous carcinoma cells in an in vitro
model from [129]. Apparently, the invasion of the tumor leads to a spatially heterogeneous
distribution of cancer cells in the gel imitating the human tissue. In more detail, the cancer
cells form clusters that gradually invade and spread over the gel. A similar phenomenon can
be seen in Figure 2.2l which shows a melanoma in a tissue sample of a patient. Melanomas are
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tumors that arise from melanocyte cells which are mostly located in the skin. The hematoxylin
and eosin (H & E) stain that was used here identifies tumor cells by dark blueish points while
dead cells are stained in pink [62]. In this sample the main tumor forms “fingers” that
penetrate the extracellular space and isolated clusters of tumor cells invade the tissue.

As the invading cancer cells have reached the vascular system the cells may initiate metastasis
and afflict secondary sites of the body through intra- and extravasation, i.e. entering and
escaping from a blood vessel [146]. Only few tumor cells survive the transport through the
bloodstream, but once a tumor cell extravasates successfully it continues to proliferate and
possibly engenders a secondary tumor [174].

There is only a small subpopulation within the tumor, consisting of so-called cancer stem
cells (CSCs), which possesses the ability to metastasize 143]]. These CSCs have further
properties that are similar to the traits of mesenchymal stem cells and include the capability for
cell differentiation, lower proliferation and higher motility 143]. These properties distinct
the CSCs from the more common differentated cancer cells (DCCs) which make up the bulk of
the tumor [86].

The CSCs were found in human acute myeloid leukemia and tumors in, e.g., breast, brain
and skin [48]. The cell differentiation of the CSCs is moreover related to the presence of
fibroblasts in the tumor microenvironment [89].

Current literature supports that the CSCs emanate from the DCCs after the activation of a
de-differentiation program known as the epithelial-mesenchymal transition (EMT) 87]. This
program is also known to be active in wound healing and embryogenesis [118]. The stromal
micro-environment of the tumor cells is responsible for the activation of the EMT in the DCCs
[141]). Of particular importance seem to be growth factor enzymes such as the epidermal growth
factor (EGF) or the transcription growth factor 3 (TGF-$3), as current evidence suggests
171].

The protein EGF, for example, binds to epidermal growth factor receptor (EGFR) on the cancer
cell and triggers a signal cascade that promotes unregulated cell growth and eventually
alterations in the cancer cell genome associated with the EMT 148]. The role of EGFR
in tumors was also studied in where its over-expression was connected to a bad prognosis
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2 Modeling

in breast cancer due to associated stronger proliferation and migration capabilities of the
tumor cells. The considered growth factors are further involved in the inverse program to the
EMT, i.e. the mesenchymal-epithelial transition (MET), that is active once a CSC has completed
the metastatic cycle and established a new colony of cancer cells [89, 174].

Figure shows the changes in the cell morphology caused by the EMT in an in vitro
model from [69]. The authors induced the EMT in epithelial mice cell using TGF-f3. While the
epithelial cells are initially arranged in adherent tiers, the cell-cell adhesion break as the cells
acquire the mesenchymal gene expression by the EMT. Moreover, the cytoskeleton of the cells
reorganizes and the cells elongate. It is evident that these changes in the cells have enhanced
their motility.

2.2 A macroscopic modeling approach

In the continuum approach that we discuss in this section we describe the temporal evolution
of a state variable w. To this end we consider a domain Q C R¢ with smooth boundary and
space dimension d € {1,2,3}. We assume that the variable w(x,t) maps a point x € Q and
an instance in time t > 0 to the number concentration of a substance or cell of interest. More
specifically, we let w denote a measure of particles per volume. The term “particles” refers here
to either molecules or cells. By volume on the other hand we denote the Lebesgue Measure or
d-volume in Q.
The number of microscopic particles can be comfortably measured in mole,

Tmol = N ~ 6.022 x 1023,

where N 4 is known as Avogadro’s number [82]. In this case, w technically becomes a molar
concentration. If we endow the concentration measure in Q C R3 with the unit dm?, we can
measure the state variable in the common unit molar, where

[w] = molar = mol dm .
For our purposes though we do not restrict ourselves to molar concentrations in space
dimension d = 3 but instead consider a general domain Q of any dimension d € {1, 2,3} and
a (number) concentration w given on this domain. For simplicity we follow the common
mathematical convention and use the terms concentration and density indistinguishably.

In what follows we describe the general macroscopic modeling approach that we adapt in
this thesis. Let V be an arbitrary and time independent volume in Q enclosed by its boundary
oV. The principle of conservation of matter dictates that the amount of particles in V after
a time period At changes only due to creation and decay of particles inside V and due to
particles that enter or leave the volume V. This results in the equation

t+At

J w(x,t+ At) dx —J w(x,t)dx =— J J v(x) - J(w,x,t) dx dt
\% A% oV
Entering particles — leaving particles
t+At
+ J J S(w, x, t) dx dt. (2.1)
A%

t

Created particles — destroyed paricles



2.2 A macroscopic modeling approach

In the above formula we have used the source term S(w, x, t) that we define to be the net rate of
created particles per unit volume and unit time. The vector valued function J(w, x,t) denotes
the flux which is the rate of crossing particles per surface and time unit. It can be defined as
follows: for AS, At > 0 let TiAS’AT(w, x,t) be the net amount of particles corresponding to w
that cross a small surface element

[X]',X)' +(1— 51j)AS] S X
j=1
of dimension d — 1 perpendicular in positive x; direction during [t,t + At]. Here 8ij is either
1if i =j or 0 otherwise. The components of the flux function are given as the limit

LTSy
AS,AT—0  AtASd-1 0

Jw,x,t)]; = i=1,...,d. (2.2)
For the further derivation we assume that both source term S and flux J are sufficiently
smooth.

By dividing by At and using the mean value theorem on the right hand side, a Taylor
expansion in t on both sides and finally taking the limit as At — 0, we get

oywdx = —J v-J(wyx, t) dx—i—J S(w, x,t) dx.

JV oV A\

In the next step we apply the divergence theorem and obtain

0w+ V- J(w,x,t) — S(w, x,t) dx = 0, (2.3)
\%

where the divergence operator is given by

d
of;
f =
v 1; 0X;

Lo f=(f1,...,f0)" € C'(Q,RY).

1

By the continuity of the integrand in and the arbitrary choice of V C Q we can drop the
integral. Thus, we end up with a so-called balance law of the form

dew+V-J=S, xeQ. (2.4)

These types of partial differential equations (PDEs) constitute the general form of macroscopic
models we consider in this thesis. The above discussion can be extended to a vector valued

state variable
W= (Wh---)Wn)T

by following the derivation for each biological or chemical species w; wherei=1,...,n. In
this process we end up with the following system of balance laws

otwi + V - Jilw,x,t) = Si(w,x,t), i=1,...,n, x€Q. (2.5)

Note that here the flux and the source term J;, S; of a species w; might depend on other
species wj. We will deal mostly with autonomous systems, i.e. we use flux and source terms
that are time and space invariant, i.e.

otwi =Si(w) =V - Ji(w), i=1,...,n, x€Q. (2.6)
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We will moreover focus on the deterministic case of system that does neither allow for
random deviations in the parameters included nor does it allow for any other stochastic terms.

For some discussions that follow we need to introduce the terms steady state and linear
stability and clarify their meaning.

Definition 2.1 A state w: Q¢ — R™ of system (2.6) is called steady state if and only if
V- Jilw(x)) =Si(w(x)) i=1,...,n, x€Q.

Definition 2.2 Consider a steady state w of system (2.6). The state is called linearly stable, if
for a linearization of (2.6) of the form

0tW = L(w)w + O(w), (2.7)
where w = W + W denotes a perturbed state the Jacobian matrix L(w) is negative definite.

A linearly stable steady state w is also called attractive. This is because one can show that
for a neighborhood U around w, system (2.6) converges to the steady state w for any initial
datum w(-,0) = wo € Uand t — oo [35].

2.3 Interactions of cells and chemical substances

In this section we take a closer look to the source term in (2.4). Let us therefore assume that
no translocation of particles occurs, i.e. J = 0. Thus, we can neglect the space dependence
in (2.5) and it suffices to consider a single point in space. The conservation of matter used
in leads here to an ordinary differential equation (ODE) or to a system of ODEs in the
case of multiple species. Due to the independence on the spatial domain we will discuss
populations (0D concentrations) in this section. All models and their properties transfer to
general concentrations in higher space dimensions.

Cell population models

Let w(t) be the population size of a cell species at time t and w(0) = wo > 0 the population
size at time instance t = 0. The population dynamic can be modeled very easily by the
Malthusian model

otw =bw — dw (2.8)

with given birth and death rates b, d > 0 [116]. After solving the differential equation, we
obtain

w(t) = woelP~ )t
and the model predictions become evident: if the birth rate is dominant, i.e. b > d, the
cell population grows exponentially without a limit. If on the other hand d > b then the
population dies out. This is a useful approach as long as w does not exceed an amount,

where the environment (e.g., limited resources such as nutrients or space) interferes with the
population growth.

10



2.3 Interactions of cells and chemical substances

The logistic growth model by Verhulst [169] takes the limitations by the environment into
account and reads

dew = pw (1 - W) : (2.9)

We assume here a given proliferation rate i > 0. The second degree of freedom in (2.9) is the
carrying capacity w. > 0, which is an attracting steady-state of the system. In fact, the solution
of (2.9) can be computed by separation of variables and yields the logistic function

We woett
wolett — 1] +we '

w(t) = (2.10)

We can see that tlim w(t) = w. and the system describes a monotonic growth up to the
—00

carrying capacity for wo < wc. In the converse case wy > w, the state variable decreases
monotonically.

Note that in certain modeling applications such as cancer cell proliferation this decrease is
not wanted. This is because it implies cell apoptosis (programmed cell death) that does not
occur in the (immortal) cancer cells. Here one can instead use the positive logistic growth model

4
0tw = uw <1 — ) , (2.11)

where T = max{0, f}. In this model the limited amount of resources make the growth of the
population stagnate but does not lead to a reduction of the population.

Often the carrying capacity of a species is used for the rescaling of the system. In more
detail, let us consider W = w/w,, which is unit-less. By dividing by w., we obtain

deWw = (1 —W). (2.12)

We will discuss the rescaling thoroughly in an example in Section

We emphasize that the carrying capacity, as we use it in this thesis, should be understood
as the maximal concentration up to which a species is able to reproduce itself. It should not
be seen as a maximal concentration or a fixed point of the system. This is especially true since
we employ the (positive) logistic growth as only one of the components of a complex model.

Competition between species We consider w(t) to be a vector of populations of n cell
species at time t and w(0) = wo > 0. A classical model for the population dynamics of n
species is the Lotka-Volterra model given by

n
atWi = X{Wi — Wi Z Bijwj) i= 1, ey (213)

i=1

where «; is the growth rate of the species i and (35 is a coefficient that takes the competition
between the species i and j into account [115| [170]. These models were derived 1925/1926
and they have their major application in describing predator-prey animal populations [22].
For our purposes though, the direct competition between two cell species is hard to describe.
This is particularly the case since we do not consider cells attacking each other, which would
happen, e.g., in the immune system. We consider the competition between the cells only due
to limited resources.

11



2 Modeling

Similar to (2.9) we model this process by

n
W.
atWi = Ui Wi 1— Z Wii (214)
j=1 "

using again proliferation rates i > 0 and carrying capacities wj > 1 for 1 < i < n. The
quantity
=W
— j
R(w) =1 E s (2.15)

j=1 ]

accounts for the remaining available resources necessary for reproduction. Here we make the
assumption that w cells of species j require roughly the same amount of resources as wy
cells of species k for 1 < j, k < n. In the growth model (2.14) each state of the hyperplane

n
{VGRL‘, ZV\;:1}9W

i=1 "J

is an attracting steady state since for all 0 # v € R™ and the Jacobian | of (2.14) we have

n n
.W.’V. v. .
vy =— L;l E — | <— min pw; V2 <0.
i Wy Wy 1<ign

i=1

Note that this approach can also take the restriction of resources due to extracellular space
into account by introducing a variable w; to system (with p; = 0) that accounts for the
density of the extracellular matrix.

Analog to the single cell case, we can also consider positive logistic growth for multiple
species by

+

dowi =pws [ 1-3 7 . (2.16)

When applying this approach to cancer cells, apoptosis is excluded from the model to account
for the immortality of cancer cells as in (2.11).

One can further generalize the resource functions by considering the case of species that
favor different resources. This can be reflected by considering weighted resource functions of
the type

n

wy

Ri(w):1—ijW—;, i=1,...,n, (2.17)
j=1 j

which is to be combined either with the logistic model (2.14) or the positive logistic model

(2.16).

Mass action kinetics  Biochemical kinetics describe the temporal evolution of chemical sub-
stances by interactions with each other. These kinetics play a crucial role in biological systems
where chemical reactions in proteins and receptors are considered. Of particular importance
is the process of catalysis in which a catalytic enzyme increases the rate of a chemical reaction
significantly without being consumed in the reaction process.

12



2.4 Movement of cells and chemical substances

In this work we will apply the law of mass action which states that the reaction
Kk
S1+S2 = S3,

where the substances S; and S; react with each other to produce substance Sz with rate
constant k > 0, results in the ODE system

0¢S1 = —kS1S2, ¢S =—kS1S2, 3¢Sz =kS;S,.

Here, by abuse of notation, S1, S; and S3 also denote the concentrations of the chemical
substances S1, S, and S3. Multiple reactions add up in the ODE equations. For example, the
two coupled reactions

S1+Szk—]>53k—2>51+54

result in the system

{at& = —Kk1S1S2 + k283, 9:S2 =—kiS1 Sz, (2.18)

0¢S3 =k1S1S2 — k2§54 54, 0¢S4 = k»S3.

Note that there can be significant differences in reaction time scales when considering large
biological systems that include many chemical reactions. For that reason only the equilibrium
state of a system like (2.18) is considered in some cases of fast reactions.

Production rates In many biochemical systems the production of chemical substances by
cells as well as the interaction of cells with these substances play important roles. Cells can,
e.g., emit proteins which regulate cell-cell communication. Moreover, certain proteins can
provoke reactions inside cells that promote cell proliferation. Such reactions are triggered by
the attachment of the protein to a cell receptor that initiates a cascade of reactions inside the
cell. To exhibit the modeling of these dynamics we consider as example the toy system

atC1 = UC1S, atCZ = O, ats = XC2 — BC] S (2.19)

with constant rates p, «, 3 > 0. In the cell species with concentration ¢, whose density
does not change in time, produces a protein with concentration denoted by s with production
rate . This protein attaches to receptors on the cells of another species with density cy.
The protein-receptor compound triggers a proliferation-promoting reaction in cj, and the
compound is evacuated from the cell and does not play a further role in the dynamics.
Altogether the coefficient u includes here the number of relevant receptors per cell ¢y, the
probability of the binding of a protein molecule with a cell receptor and the effect of the
reaction.

2.4 Movement of cells and chemical substances

In this section we examine several types of particle movement. To this end we consider the
general balance law on a domain of space dimension d € {1, 2, 3} without production or
destruction of particles, i.e. S = 0. We assume sufficient smoothness of the function w and
augment with the initial condition

w(x,0) =wp(x), x¢€Q. (2.20)

13



2 Modeling

Advection  Firstly, we consider the advection flux, which is given by
J =aw. (2.21)

The corresponding PDE together with is the common model for bulk motion of the
particles with density denoted by w. In this model the velocity vector a points to the direction
of the movement. Further, the rate (per time and surface element) of particles crossing a test
surface perpendicular to a is equal to |a]. The case of a constant velocity turns into

o¢tw +aVw =0, (2.22)

which is known as the linear transport equation.

Random motion To a certain extent, all cells and molecules move randomly. The phe-
nomenon that one observes, when individual random movement of many particles on the
microscopic level results in a macroscopic structured motion is characterized as diffusion. For
that reason the diffusion flux that describes this process in a continuum model can be derived
from a random walk of particles on a latter in discrete time, see, e.g., [123]. The corresponding
flux description is known as Fick’s Law of diffusion and reads

= DVw, (2.23)

where D > 0 is called the diffusion coefficient. In the case of linear diffusion this coefficient
depends only on the constant probability with which an individual particle jumps to an
adjacent position. The isolated linear diffusion of a single concentration w results, for instance,
in the heat equation 0yw = DAw where the Laplace operator A is defined as

d
%w
Aw = —_—.
.Z ox?2
i=1 1

In this work we will also consider nonlinear diffusion where the coefficient D in (2.23) depends
on time, space or the state w. We can understand these generalized coefficients as a dependence
of the jump probabilities on the medium or on other localized influences.

Taxis In large part the movement of cells is determined by stimuli in their environment.
Having sensed its surroundings, a cell might respond by moving towards an external signal
or in the opposite direction. In this work we focus in this regard on chemotaxis that refers
to migration triggered by a chemical substance and on haptotaxis in which an adhesive side
promotes the movement.

Consider a two equation system of type and a state vector w = (c,a)T that includes
the concentration of cells ¢ and the concentration of an attracting species a. Then the taxis flux
is defined as an advection flux with the velocity vector given proportional to the gradient of
the density of the attracting species. Hence, the movement of the cells is towards (or against)
higher densities of the attracting species and the velocity increases with the magnitude of the
gradient. The corresponding flux description reads

J=xcVa, (2.24)

where we note that the factic sensitivity x can be positive or negative, depending on the
attracting species being attractive or repulsive. Furthermore, the sensitivity x can be space,
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2.5 Classical models of cancer invasion

time and state dependent. Similarly to the case of cellular diffusion, biased cell movement,
where the flux consists of a sum of taxis and cellular diffusion (2.23)), can be derived
from the microscopic level by considering biased random walks of individual cells, see [154].
A well known application that makes use of this approach is the Keller-Segel model [90].
Here c models the concentration of the single cell slime mold Dictyostelium discoideum that
produces the chemo-attracting substance cyclic adenosine monophosphate (cAMP) a by the
PDE system
{ 0tc =V - (D.Vec—xcVa), (2.25)
d0ta =DqAa+ ac—pBa

with positive parameters D, Dg, X, &, f > 0. System (2.25) and similar models have been
of high mathematical interest since their derivation. We will investigate the reason for this in
Chapter {4

Boundary conditions  To close system (2.4) in the case of a bounded domain Q C R% and
make it thus suitable for further analysis and numerical simulations, we require boundary
conditions. In this work we employ homogeneous Neumann conditions

Oywi =Vv(x)-Vw; =0, x€0Q, i=1,...,n, (2.26)

where v(x) denotes the outer normal vector of Q in x € 0Q. In the systems that we consider
in this work condition (2.26) implies

v(x)-Ji(sx,-) =0, x € 0Q. (2.27)

Thus, condition does not let any particles move out of the domain, from a modeling
perspective. In simulations that reproduce in vitro experiments the boundaries of the domain
can be understood as margins of a petri dish. In reproductions of in vivo tumors the domain
boundaries can be associated with bone or hard tissue.

2.5 Classical models of cancer invasion

Chemo- and haptotaxis systems of Keller-Segel (KS) type such as were applied in a wide
range of biological phenomena spanning from bacterial aggregations to wound healing. A
particular application is the modeling of cancer growth and the invasion of the ECM. The
latter subject has been of high interest in mathematical modeling for the last two decades, see,
e.g., [8,9,51} 57, (133, (136} 137, 159, [167].

In what follows we will describe the common modeling in cancer invasion by following the
approach in [8]. Let us consider the concentrations of cancer cells, of the ECM and of an MMP
enzyme that we denote by c, v, and m, respectively. The ECM consists of macro-molecules
such as, e.g., collagen, fibronectin and vitronectin. The protein vitronectin, in particular,
is responsible for the attachment of the cells to the ECM and binds to the transmembrane
proteins (integrins) that sense for cell adhesions with the substrate and transduce signals
from the outside to the inside of the cell [40]. From a macroscopic point of view, we assume
the ECM to be a static biochemically homogeneous compound of all of its constituents and
consider v to be the corresponding concentration.

15
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The first invasion model we consider describes the interactions between the tumor cells, the
ECM and the MMPs and is given by

0tc =V - (D:.Vc—xcVa),
0¢v = —dvm, (2.28)
oym =D Am+ ac—pm

for constant parameters D¢, X, 6, D, 1, B > 0. In this model the tumor cells move randomly
and follow the haptotactic gradient of the ECM. The second equation describes the evolution
of the ECM. It is degraded upon contact with the MMPS. Although the matrix degradation
is a complicated biophysical process, we model it in simplification as a chemical reaction
between MMPs and tissue molecules and follow formal mass action kinetics corresponding to
the reaction equation

V+M — M.

Here V and M denote tissue and MMP proteins. The MMPs, with temporal evolution modeled
in the third equation of (2.28), undergo molecular diffusion. We assume that they are produced
by the tumor cells with rate « and that they decay with rate (3.

In the original paper [8] numerical simulations of model in 1- and 2D already
withstood a qualitative comparison with medical images. This haptotaxis model was subjected
to various modeling extensions.

In further modeling approaches, for example, in [9| 136] the authors assume that the
chemotaxis of the tumor cells has another impact on the invasion of the tumor. Let us
exemplarily consider the model from [30] reading

0tc =V - (DcVe —xveVV —xmeVm) + py ¢(1 —c—v),
0¢v =—0mv + uov(l —c—v), (2.29)
ogm =D Am+ ac—pm

with motility parameters D¢, Xv, Xm Dm > 0 and growth/decay rates pi, uz,6, «, f > 0. In
comparison to model (2.28), the present system models an additional chemotactic movement
of the tumor cells towards the MMPs. Moreover, logistic growth terms that account for the
competition of resources between the cancer cells and the extracellular material as in (2.14)
are added to the evolution equations of the tumor cell concentration and the vitronectin
concentration. These terms model cell proliferation and tissue remodeling. Note that due
to the possible negativity of the growth rate (1 — c —v), death of cancer cell as well as ECM
degradation due to resource limitation is included in model (2.29).

Simulations with in [30] revealed rich spatio-temporal dynamics that involve the
formation and movement of tumor cell clusters which are characteristic in the invasion process.

2.6 The urokinase system

A further cancer invasion model that we consider in this section was first proposed in [29] and
further studied in [7} 30, 56, |57, 97, 159]. In addition to chemotactically and haptotactically
driven motility and diffusion, it takes the urokinase plasminogen activation system into
account. This enzymatic system is crucial in angiogenesis, ECM protein synthesis, as well
as in tissue invasion. It gives rise to supplementary enzyme interactions complementing the
modeling of cancer invasion as done in Section This section is based on the modeling part
of our paper [96].
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2.6 The urokinase system

The uPA system The protein urokinase plasminogen activator (uPA) and its inhibitors are
important chemokines in tumor progression and metastasis. The uPA, in particular, is an
extracellular serine protease which is responsible for the activation of plasminogen, the inactive
form of the protease plasmin (P) which is produced by the liver and which is omnipresent in
the extracellular space. UPAs precurser pro-uPA in turn is activated by plasmin.

The activation of plasminogen to plasmin occurs mainly if uPA is bound to urokinase plas-
minogen activator receptors (UPARs) on the cell membrane. The receptor bound uPA moreover
enhances the affinity of uPAR to the ECM constituent vitronectin (VN) [173] and integrins.
Hence, the uPA /uPAR-complex indirectly regulates the vitronectin-integrin interactions. Both
proteases plasmin and uPA catalyze the degradation of vitronectin, collagens and other ECM
components and therefore degrade the tissue.

Plasminogen activator inhibitors are produced by the cells. They control and limit the
activation of plasminogen to prevent tissue damage and to maintain homeostasis. We consider,
in particular, the plasminogen activator inhibitor 1 (PAI-1), which is the fastest operating inhibitor
in the system [10]. It inhibits the proteolytic function of uPA upon binding on both the soluble
and the membrane-bound form. After binding the full complex uPAR/uPA/PAI-1 is removed
from the cell surface by endocytosis. PAI-1 also binds to vitronectin, which impedes cell-
signaling and the formation cell-ECM contacts [149].

The model The considered model from [29] employs the following components: the cancer
cells with density ¢, the ECM component vitronectin with concentration v and uPA, PAI-1 and
plasmin with densities denoted by u, p and m, respectively. The model does not distinguish
between uPA and pro-uPA and the concentration of uPARs is assumed proportional to the
cancer cell concentration c.

The uPA system extends the cancer invasion models and and includes roughly
the reactions

uPA + PAI-1 — VN, (2.30a)
VN + PAI-1 — P, (2.30b)
UPA + uPAR — uPAR + P. (2.30¢)

The formation of uPA/PAI-1 compounds in diminishes the binding of vitronectin to
PAI-1 and promotes in this way VN self production. This in turn enhances VN-integrin contact.
Binding between VN and the inhibitor PAI-1 in moreover promotes indirectly the
activation of plasmin by preventing uPA inhibition by PAI-1. Lastly, uPA/uPAR compounds
activate plasmin in (2.30¢). Due to the large amount of uPAR receptors per cell, we neglect
the consumption of uPAR molecules in this reaction.

In what follows we sketch the model dynamics, see [7, 29]] for more detail. The evolution of
the tumor cell density c is determined by cellular diffusion, hapto- and chemotaxis due to
ECM, uPA and PAI-1 and logistic proliferation. Thus, we have

0¢c =V - (DcVe —xveVv — xueVu —xpcVp) + pic (1 — CCO> .
For the component VN with concentration v, no transport terms are included since the ECM
does not translocate. A constant logistic reconstruction, degradation by plasmin (as in (2.28))
and mass action kinetics due to the reactions (2.30a)), are assumed though. We obtain
consequently

0tv=—0vm—+ ¢2 1 up — ¢z 2 vp + 1oV <1 — J)
0
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Next, for the protease density u we assume linear diffusion, production by the cancer cells
and mass action kinetics due to reactions (2.30a) and (2.30c). Thus, we obtain

otu = DyAu— d37 up — P33 cu+ azc.

The inhibitor PAI-1 with densitiy p is produced by plasmin, it diffuses and it is affected by
mass action kinetics due to reactions (2.30a) and (2.30b). The corresponding model reads

0tp = DpAp — da1 up — daz2 vp + aam.

Lastly, we make the assumption that, apart from mass action kinetics due to (2.30b), (2.30d),
diffusion and natural decay affect the plasmin density m. This results in

otm =D Am+ ¢s52 vp + ds3 uc — asm.

For a better comparability of numerical solutions the model was nondimensionalised in [29].
To this end it was scaled with a reference length L = 0.1 cm, a reference diffusion coefficient
D = 107° cm?s~ !, a rescaled time parameter t = 2D~ and reference concentrations cy,
Vo, Wo, Po, Mo for the model components. In the case of the tumor cells and the vitronectin,
the reference concentrations coincide with the carrying capacities. We will consider a full
nondimensionalization in the following section. In the case of the current model we refer to
[7,29] for further details.

By keeping the former notations in the unit free variables, the rescaled systems is an
autonomous five component system of type and it reads in its full form

0¢c =V - (DcVe —xueVu —XpcVp — XveVV) + pic(1 —c),

0tv = —8dvm + d21up — G22vp + pav(1 —v),

otu = DyAu— d31up — P33cu + aszc, 4))]
0tp = DpAp — da1up — da2vp + oxgm,
0tm = DmAm+ ¢s52vp + dszcu — asm.

2.7 Modeling of the EMT

In what follows in the next three sections we derive a cancer invasion model that involves two
cell species. To this end we expand on the modeling sections from our papers [70] and [151].

Our aim is to include the EMT discussed in Section [2.1]in the framework of cancer invasion
systems. For this purpose we consider two cancer cell types the DCCs and the CSCs and
also the transition between them. This transition is triggered by the interaction of the DCCs
with the EGF molecules and the cellular EGF receptors (EGFR). In the modeling process we
combine the macroscopic dynamics of the ECM invasion with the microscopic dynamics of
the EGF attachment/detachment to EGFRs. Since the dynamics take place on time scales of
different magnitudes, we take a temporal limit in the microscopic system. The availability of
free EGF molecules and the number of free EGFRs on the surfaces of the cells play crucial
roles in the modeling.

Note that the EGF acts as a black box component in the model since we do not require
any traits that are unique to EGF except for its capability to trigger the EMT. Thus, EGF and
EGFR in the model can easily be replaced by other EMT inducing proteins and corresponding
receptors. Another choice would be TGF-f and its receptor [89].
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2.7 Modeling of the EMT

Other tissue invasion systems that consider two cancer cell populations as well as the
transition between them, were studied, e.g., in [7, 44, 156]. However, these works do not cover
an investigation of the EMT triggering mechanism but assume that EMT takes place with a
constant rate.

A two cancer type invasion system  We take the haptotaxis approach as basis for our
model and thus include concentrations for tumor cells, vitronectin and MMPs. Unlike the
aforementioned models, the one developed here is endowed with two types of cancer cells, the
DCCs and the CSCs. Thus, the common model approach for tumor cell concentrations applies
with an additional coupling term, which accounts for the EMT transition. We therefore have

{6th = diffusion + haptotaxis — pgmT P+ proliferation, (2.31)

d¢c® = diffusion + haptotaxis + HgmT P+ proliferation,

where ¢® and cP denote the concentrations of CSCs and DCCs, respectively. The coefficient
ugmr refers to the number of DCCs that undergo the EMT per time unit.

We assume that the EMT is induced by EGE. In particular, we assume that the amount of
EGF bound DCC-specific EGFRs controls the EMT rate. The interactions that we consider in
the modeling of the EMT are sketched in the cartoon in Figure We model the rate ugm to
be a monotonically increasing function approaching asymptotically a maximum value o as

HEMT = Moi . (2.32)
Hy/2 + 918

Here gg denotes the concentration of the EGF molecules that are bound onto the EGFRs on
the membrane of the DCCs and u,/; is a parameter that accounts for the critical amount
of bound EGF needed to generate half maximal EMT. This general modeling approach is
common in mathematical biology and was motivated by the ODE models for the EMT in
[46,(177]]. Although is a relatively simple modeling choice, it exhibits the importance
of considering a nontrivial EGF-driven EMT rate. In what follows we consider the binding
dynamics of the EGF to obtain a closed formula for the number of EGFs bound to EGFRs on
the DCCs denoted by gb.

We introduce gy, gf, go referring to the concentrations of bound (to DCCs or CSCs), free
(unbound) and total EGF molecules in the extracellular environment. Moreover, we let 1¢, 1y
and r¢ denote the total, occupied and free receptor concentrations on the surface of both types
of considered cancer cells. Since we assume the EGF to be either free or bound to EGFRs, it
holds at each point in space

go = gf t Jo, (2.33)
I (2.34)

Binding dynamics For given constant rates k; and k_ we assume that free EGF molecules
bind onto free EGFR receptors with rate k; while bound EGF molecules detach with rate k_.
In terms of a reaction equation this can be modeled as

k
EGFR + EGF = EGFR/EGF, (2.35)
k_

where EGFR/EGF denotes the compound of EGF and EGFR, whose concentration coincides
with gy,. We consider binding to both types of cancer cells DCCs and CSCs and thus use the
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Figure 2.4: The binding of EGF to EGFR on the cancer cells promotes the EMT.

same binding rates for both cancer types. Further, we assume molecular diffusion of the free
EGF in the extracellular space. The temporal evolution of both the free and the bound EGF
molecules is consequently given by the PDE model

0

% = K+ g¢re —k—gv,

. (2.36)
T{b =DrAgr— kigerr +Kk_go.

Here t is a time variable in the temporal magnitude in which the reaction takes place.
Assuming that only EGF can occupy EGFRs implies 1, = gy. Together with (2.34) we
therefore obtain

Te =10 —Tp = A% + APcP — Jb, (2.37)

where A5 and AP represent the amount of EGFR receptors per cell for both DCCs and CSCs.
Furthermore, we apply the principle of stoichiometry saying that the ratio between EGF bound
to DCCs denoted by gP and total bound EGF satisfies

)\D D D
¢ _ 9 (2.38)
To Jo

Time scaling The EGF attachment/detachment onto EGFRs take place in a much faster
time when compared to the dynamics of cell movement and invasion in 2.31). We can relate
the time variable used to describe the invasion (t) to the time variable used to model the EGF
binding (%) by

f:%, 0<e<<l. (2.39)

We introduce the vector valued concentration function w = (gy, (x,t(t))), g¢(x,t(t)))" and,
taking the derivative with respect to the time variable t, we obtain

0 1
0w = (5 0g,) * (1) keomme— g (2.40)
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2.7 Modeling of the EMT

since it yields that ag(tt) = % and 3% = 0. Due to the significant difference in time scales

corresponding to the time variables t and t, we consider now the limit case ¢ — 0 in (2.40)
and deduce hence using (2.37) the algebraic-elliptic system

(2.41)

0 =kp'gr(A5c® +APcP — gy) — go,
0= Agf

The rate kp = k_/k in denotes the attachment/detachment ratio of the EGFs onto the
EGEFRs. Although there is no time derivative in (2.41), both concentrations gy, and g¢ depend
on time t through the cancer cell densities ¢ and cP. We consider system closed with
the boundary conditions (2.26). Hence, the free EGF satisfies

0vgf(x) =v(x) - Vgs(x) =0, x€0Q. (2.42)

Remark 2.3 System (2.41) considered with boundary conditions (2.42)) and no further restric-
tions does not have a unique solution. To see that we consider g, = K(AScS + APcP) for
K € (0, 1). For this choice the spatially uniform concentration

K
1—K

together with gy, satisfy the algebraic equation of (2.41), the boundary condition (2.42) and
Ags = 0. Consequently, there is a solution of (2.41), (2.42) for every K € (0, 1).

gr =kp

We can recover the uniqueness in (2.41), (2.42) by taking (2.33) into account. Indeed, if we
consider the mass evolution of the total EGF employing (2.36), we can see that

d dgy dgp
— dx = — — — D¢Agsdx =0.
dtJQ(gb+gf) X JQ pH g7 T DrAgrdx

As a result, the average concentration of the total EGF on the domain Q denoted by

r— o JQ go(t,x) dx = QI (L gv(0,x) dx + JQ 9¢(0,x) dx) (2.43)

stays constant in time. This also implies that the initial data of gr and gy determine T

Remark 2.4 When considering (2.43), the solution of algebraic-elliptic system can be
understood as the solution of the parabolic system for t — o0. Indeed, numerically computed
EGF concentrations with converge to the concentrations determined by relatively
quickly for reasonable parameter choices (see below). This justifies taking the limit t/t — 0 in
the model. See also Figure

Solution of the elliptic system with boundary conditions and EGF mass conservation The
concentration of free EGF is subject to the second equation in system (2.41I), which is the
Laplace equation under homogeneous Neumann conditions. Thus, we can deduce that its
gradient Vg¢ is unique and equal to zero, cf. [47]. Hence, the concentration g¢ is constant on
Q. Consequently, the first equation of system implies

gf S S D.D
= A’c” +A"c”). 2.44
I kD+9f( ) (2.44)
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Figure 2.5: Experimental convergence in time of a solution of parabolic system (2.36) (dahed lines) to the solution
of the corresponding algebraic-elliptic system, i.e. system (solid lines). We show numerically
computed spatial concentrations in 1D at the time instances t = 0, 2,40.
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Figure 2.6: Plot of the ppmr coefficient (2:49) in space for system (II) at a fixed time instance in a 1D simulation. It
varies in space and has the same support as the DCC density.

Accordingly, by (2.38) we can write the concentration of DCC-bound EGFs as

D__ 97 DD (2.45)

J kp + gf

In addition, the spatially constant free EGF satisfies
1
0=g?+ <kD + |Q|J A3c® +APcPdx — r) gr —kpl. (2.46)
Q

We obtain (2.46) due to (2.43) and after integration of the first equation of (2.41) over Q.
Equation (2.46) is quadratic in g¢. It has a single positive root in g due to the nonnegativity
of its discriminant

1 2
d= <kD + |Q|J AScS 4+ APcPdx — r) +4kpl >0 (2.47)
Q

and because of the negativity of the last term in (2.46). Consequently, we end up with the
following formula for the free EGF density

r+vd—kp 1 Ss DD
— — A A : 2.4
g 2 2|Q|JQ ¢’ +A-c dx (2.48)

Note that g¢ is not constant in time since the integral term [, AScS + APcPdx is subject to
changes in the cancer cell concentrations, which are not mass conservative. Eventually we get

by (2.32) and (2.45) that

}\DCD

KEMT = Mo (2.49)

w2(kpgy ' +1) 4+ AP’

which is nonuniform in space through the DCC density cP as illustrated in Figure
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2.8 Fibroblasts and matrix remodeling

2.8 Fibroblasts and matrix remodeling

Commonly, models of tissue invasion such as and (I) consider self-remodeling of the
extracellular matrix. This means that new tissue material sprouts in the ECM without
contribution of other components of the system. In such cases the reconstruction of the tissue
is modeled in the same manner as the proliferation of cells by a (possibly positive) logistic
growth term, see (2.9), 2.11). In other approaches, e.g., [44], spontaneous remodeling with a
rate proportional to the remaining amount of resources is assumed, i.e.

dtv = proteolysis + uR(w) ¥, u>0.

In this thesis, we promote a more detailed and biologically more realistic model: the ECM is
remodeled by fibroblasts.

We use two subsystems to explain our approach. In the first, we present the transi-
tion/transdifferentiation of the CSCs to fibroblasts. In the second system we model the
reconstruction of the ECM by the fibroblasts.

The transdifferentiation subsystem In the tumor environment both fibroblast cells and
cancer associated fibroblast cells, which originate from differentiation of CSCs, are present [89].
We do not distinct between these two types and thus neglect the differences in their biochemical
and mechanical properties.

As observed in wound healing [40], we assume that the fibroblasts are directed towards
damaged regions of the ECM that require reconstruction. We account for this in the model by
adding haptotactic movement towards lower concentration of ECM particles. This is opposing
to the haptotactic motion of the cancer cells which is oriented reverse, i.e. towards higher
ECM densities.

For the proliferation of the fibroblasts we employ the positive logistic growth model
to account for the competition for resources. The fibroblast cells, as opposed to the cancer cells,
undergo apoptosis. Hence, we add a death term with a constant rate. Further, we account for
the transdifferentiation from CSCs to fibroblasts in the model. To this end we complement
the system with linear transition terms from the CSC density to the fibroblast concentration.
Accordingly, the transdifferentiation subsystem reads

{atcs = diffusion —xsV - (c>Vv) — pr ¢® + proliferation, (2.50)

d¢ch = diffusion + xgV - (CFVV) + prcd + proliferation — B cF,

where ¢! denotes the concentration of fibroblast cells, xr their haptotactic sensitivity, ur their
transdifferentiation rate and pr and r the rates of their proliferation and apoptosis.

The matrix remodeling subsystem  The fibroblast-driven ECM-remodeling that we propose
is modeled by

{ath = diffusion + haptotaxis + transdiff. 4 proliferation, (2.51)

v = proteolysis 4 up cf R(w) ™,
where the ECM reproduction is proportional to the positive-part of the remaining resources.
In this way, degradation due to fibroblasts is precluded. Consequently, only the proteolytic

MMP proteins degrade the matrix. We will compare this modeling approach to the self
remodeling in Section
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2 Modeling

2.9 The haptotaxis EMT /invasion model

In this section we combine the models developed in the previous sections to derive the full
haptotaxis EMT/invasion model. Moreover, we consider the nondimensionalization and
scaling of the model in detail.

The complete ECM invasion model results from piecing together subsystems (2.29), (2.31),
(2.50) and (2.51). It takes into account the invasion of tissue, the EMT and the ECM recon-
struction by fibroblasts. Consequently, it reads

9:c” =V - (DpVeP —xpePVv) — pemr e + up P RT,

0> =V- (DSV(:S — xchVv) — prc® + ppmr cP + ps SR

dech = V- (DEVEr + xrcF V) + prc® — Bref + prcf RT, (1D
v = —8, mv + y cf RT,

d¢m = DmAm + ap cP + s 5 — Bmm,

where the resources depend on the densities of both types of cancer cells, the fibroblasts and
the ECM via R = 1—cP — 5 — cF —v. We point out that we employ the positive logistic growth
model for the cell proliferation. In the rest of this work, we will refer to this model as
the haptotaxis EMT/invasion model.

Scaling and parameters

In the previous sections we considered the models in their nondimensional form. Therefore,
parameters and concentrations are not given in measurable physical units but rather in relation
to reference densities. This allows for a simplification of the systems and better comparability
when looking into simulation results. We also presented model (LI} in this form.

In this subsection we justify the dimensionless formulations by presenting, in particular, for
model the nondimensionalisation process in detail. Consequently, we also consider the
model in its original variables which allows us to discuss the model parameters. We therefore
highlight the state variables in original units with the “-notation and bio-relevant parameters
using the superscript -’©.

Deriving the unit free macroscopic system The derivation of (II), as discussed above, leads
in the first place to the following system in original variables

e =V

*n

. (DlljjioviéD _ X%OEDVQV) o H%II\?[T e+ H'blo <D RblO( ) ,

0,85 = Vg - (Dgiovﬁés _ Xlgioésviv> 4+ pble gD bio g8 |\ bio &S Rbio(g)+

0&F = vy - (Dlgiovi &F o+ Xt]élo ~Fvw> T u?o <5 Bkﬁio oF o Hk]éio &F RbO () | (2.52)
0V = —6310 mv + LLBIO ¢F RPio(w) |
atﬁl — DbioAg Bblo m+ (xb10 ~D + (Xblo ~S
m

The free resources in the system are given by
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2.9 The haptotaxis EMT/invasion model

parameter bio. relevant value | rescaled value | reference
Dp  diffusion coeff. of DCCs 35x 10 em?s7T 3.5 x 107 | [8l]207]29]
Dg diffusion coeff. of CSCs 3.8 x 107" cm?Zs ! 3.8 x 107° | [7,120], our choice
Dr diffusion coeff. of fibroblasts 3.5x 10719 cmZs! 3.5 x 10~* | [93], our choice
D diffusion coeff. of MMPs 2.5x 1077 cm?s™! 2.5 x 1073 | [29)/144}[158]
Xp  haptotaxis coeff. of DCCs 1.3cm%2mol Ts! 8x 1073 | [29,[158]
Xs  haptotaxis coeff. of CSCs 62.5cm%2mol 's~! 4 x10~" | [7,[158], our choice
X haptotaxis coeff. of fibroblasts 1.3 cm4*+2mol 5! 8 x 1073 | [158], our choice
AP EGF receptors per DCC 1.9 x 10 1 | 181}/95][132], our choice
AS  EGF receptors per CSC 2.7 x 107 1.4 | [81,95,/132], our choice
kp  EGF unbinding/binding 3.2 x 1072 em 9mol 2 | [132], estimated
I"  average of total EGF 8 x 10~ cm~4mol 0.05 | estimated
o  EMT factor 5.5x 10 °s7! 0.055 | estimated
w2  critical EGF density 3.2 x 1072 cm~9mol 2 | estimated
up  proliferation rate of DCCs 2x10 25! 0.2 | [29,1157]
us  proliferation rate of CSCs 1075571 0.1 | our choice
pur  proliferation rate of fibroblasts 1079571 0.1 | our choice
iy  ECM remodeling rate 1.9 x 108571 25 | our choice
BF apoptosis rate of fibroblasts 3x 10 75T 3x 1073 | [93]
Bm  decay rate of MMPs 1074571 1| [8]
ap  MMP production rate of DCCs 2.3577 0.1 (8,291
«s  MMP production rate of CSCs 22.9571 1 | our choice
5,  ECM degradation rate 5.3 x 107 cm%mol 's~! 1 18 129]
ur  transdifferentiation rate 106571 0.01 | estimated
c™  reference cell density 8.3 x 10 2%cm 9mol - | 93]
vref  reference ECM density 6.4 x 107 cm~ 9mol - | [93]
mrf  reference MMP density 1.9 x 107" em™4mol - | 193]
g™ reference EGF density 1.6 x 1072 cm~9mol - | [85,193]
D  diffusion scaling coeff. 10 cmZs T - [ [20/129]
tsc  time scaling coeff. 10%s - [18,129]

Table 2.1: Parameter values in their derived biological units and in a rescaled formulation, which we used in our
simulations. For the nondimensionalization the reference densities and the scaling coefficients in the
lower part of the table were used. The integer d € {1,2} denotes the space dimension. Parameter values
referenced by “our choice” were chosen according to our biological understanding of the processes
while we decided on “estimated” parameter values after numerical experimentation [151]

for carrying capacities cg), c(s), cg, vo. The vector of state variables depends on the time instance
t € (0,00) and the point in space % € Q. In system (2.52) the variables and parameters have

the units

[ = s, [%] = em, ) = 8] = [F) = 22
cm
. 4 2 1
] = (D§] = (D) = [DRy) = -, W= ) = 2%,
. . . d+2 ) . .
X = BT = b = S () = ) = el =
o) = Wl =[5 = 1, () = () = 8% = .,
1
(cB) = [e§] = [ef] = vol = —5

We assume that Q is such that diam{Q} is in the range of L = 0.1cm, which is the size of the
part of the tissue we are interested in.

For the rescaling of the system we define the scaling constants D =

2 2
cm _ L
T tse = o and

consider a reference MMP density mg. For the other components of system (2.52) we take the
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2 Modeling

corresponding carrying capacities as reference densities. We employ t = t/tsc and x = %/L as
dimensionless time and space variables and note that

ou ou

FYie tsc 30 Vu=LVzu

for u € {cP, 5, cF,v, m} and where V denotes the gradient with respect to the dimensionless

space variable x. By defining now the dimensionless concentrations

~ ~S F ~

¢ ¢ c v m
P=—\ SFS=— f=— v=— m=—

Co Co Co 0 mo

and dividing each equation in (2.52) by the product of its corresponding reference density

and the time scaling variable tg., we end up with system (II). The dimensionless parameters

and variables relate to the bio-relevant numbers as

D%O Dlgio D?:io D}TJTiLo

Dp = ) DS: ) Dina szi)
D D D D

bi VO bi VO bi VO

XD = xD“’B, Xs = xs“’ﬁ, XF = XF“’S,

UD = L%w Hs = L%lo HF = utFno HEMT = L%\C/)IT

tec tec toc tee

B }1]%10 B Bblo _ apCo _ apCo B 5b10 mo

ur = —, B_ y XD = ) Xs = ——, o= .
tsc tsc motse motse tsc

Parameter scaling in the EMT subsystem In the same manner as above, we also rescale the
EMT subsystem derived in Section The original derivation leads to the EMT coefficient

bio bio 9o
HEMT = H0 %o | =D (2.53)
Wy, + g

and to the bio-relevant parabolic system analog to (2.36), which reads

04T i« (Abiox T i0

%o iogi(NPE® + N0 F— 36) ~ K,

o ) (2.54)
Tg{b = DYOAGE — kB0 4 g (AViogD 4 Abio~g _ g} 4 kblo — i .

In this system we deal with the units

: 1 - mol - cm?
bioy _ © bio 1 _ _ _ bio] _
[U’O ] — S, [H]/z] [gb] [gf] cmd’ [Df ] S )
: cmd - 1
[kl = , [Pl =— [Apl=MRsl=1.
mol - s S

Another parameter that is left to consider is the relative binding rate kbl° given in mol/cm4.
It appears in the elliptic system

1 . .
Kbio 97D > (2.55)
0=Ags
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2.10 A multiscale contractivity model

that originates from (2.54) after the time scaling t/t — 0 (see above). We scale the submodel
by using the reference EGF density g, and define

- ~ D D bio
grf Jo bio €0 bio €0 kb
f=-" gb=-", AD=Ap —, As=As"—, kp=—.
=gy T g0 P g, S g’ gr

Dividing both equations by g, we eventually obtain nondimensional system (2.41) and
nondimensional EMT coefficient (2.32) where py = ugio/tsc and wy,, = u‘?i/oz /9r-

Parameter choice We employ parameters from the biological and modeling literature for
model (). A full overview on the chosen parameter values and references where they were
found are given in Table In many cases, only the order of magnitude could be found since
these numbers are hard to measure experimentally. Some parameters were estimated by us or
found via numerical experimentation.

We present the parameters in their original values, i.e. for the nondimensionalized model
(II), as well as in their rescaled form in which they are used in numerical experiments. Along
with them we exhibit the values of the scaling constants for replicability of the derivation of
the simulation parameters.

2.10 A multiscale contractivity model

Besides the haptotaxis EMT/invasion model which constitutes the primary model considered
in this thesis, there are other models in the literature that also consider heterogeneity in the
tumor, see, e.g., [7, 44, [57]]. The last model we address in this chapter was derived in [156] and
examines this setting as well. It takes into account integrin binding on the macroscopic level
and cell contractivity, a measure of the migration ability of the cancer cells. The rest of this
chapter is based on the modeling part of our paper [98].

The macroscopic model  As in model (II) we consider two types of cancer cells. We assume
that the bulk of the tumor consists of proliferative cancer cells that do not migrate or otherwise
translocate. The migration is taken upon by stem-like migratory cancer cells. There exist a
bidirectional transition between the two families of cancer cells, modeling the parallel action
of EMT and MET, see Section We assume both transitions to take place with constant
rates. In addition, we assume proliferation of the cancer cells and self remodeling of the
matrix both modeled by logistic terms.
On the macroscopic level the model reads

0¢cP = ppcP (1 — (P 4+ c™) —mp v) +ve™ — Ak,
0tc™ =V - (bp V™ — dm c™VV) + AcP —yc™, (2.56)
0tv =—dy(cP +c™) v+ uyv(1 —1ny (P +c™) —v),

where A and 'y denote EMT and MET rates. Using model (2.17), Mp and n,, account for different
compositions of resources affecting cell proliferation and remodeling. Cellular diffusion and
haptotaxis of the migratory cells are moreover weighted by non constant functions ¢p and
dm to be determined by microscopic dynamics of the integrins. We consider system (2.56)
only in its nondimensional form.
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2 Modeling

Microscopic binding and contractivity On the microscopic level we consider integrins
located on the membranes of the migrating cells. Let y(t,x) denote the amount of integrins
bound to the tissue per cell. We assume that each cell has a fixed number of Ry > 0 integrins.
The number of free integrin receptors per cell is consequently R = Ry —y. Locally, we assume
reversible integrin binding to the tissue by the reaction equation

ks
VR =Ry, (2.57)

where Rv denotes the complexes of integrins and tissue molecules. Assuming mass action
kinetics we end up with the ODE

dy

3= k+Vv(Ro —y) — k_y. (2.58)
By 0 in the above equation we refer to a time variable suitable to describe these dynamics that
are assumed to be very fast in comparison to the cancer cell migration. We assume moreover
that the binding (2.57), which affects only a tiny fraction of the ECM molecules, does not
influence the macroscopic density v.

The binding of the considered integrins increases the contractivity of the cells. This
measure quantifies the microscopic influence on the cells ability to deform. An increased
contractivity is associated with a heightened motility of the migratory cells. Contractivity is
initiated by integrin binding and the result of a cascade of subsequent biochemical processes
such as actin polimerization, polarization and protrusion formation [121]. The model for
the contractivity assumes a delay between the initial binding and the resulting improved
deformation competence of the cell. By denoting the time and space dependent contractivity
by k, we thus derive the delay differential equation

oK
— =—qk+My®—1) (2.59)
09
with decay rate g, constant time delay T and growth proportional to the amount of bound
integrins at time 0 — T with rate M.
We model the influence of the contractivity on the cancer cell migration by

Dgk Dy kv

PO e ey MT Y

(2.60)

for constant rates D4 and Dy,. Thus, cell tissue contact extenuates the random cell movement
while the density of the ECM strengthens the haptotaxis in a saturating manner.

Scaling of the full model Combining the microscopic integrin and contractivity model with
macroscopic system (2.56) we obtain

0¢cP = ppcP (1 — (P +c™) —mp v) +ve™ — AcP,

Dgak Dy kv

m _ o Har m __ m p_ m
0tcC \Y% <1—|—(cp+cm)v c 1—|—vc Vv)—i—?\c vy,
0tv=—0u(cP+c™)v+ mv(l =1y (P +c™) —v), (2.61)
dy

g—kwﬂ—y)—k—y,

oK

@:—qK—FMy(G—T).
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2.10 A multiscale contractivity model

To simplify the model we have scaled here the integrin concentration and the binding and
unbinding rates ky, k_ with respect to Ry but kept the former notations. For a further
facilitation we unify now both time variables in system (2.6I). To this end we assume that
both considered time scales are related via

9=, (2.62)
£

where the factor 0 <9 < 1is a fixed constant. Hence, we obtain by rescaling the system

0¢cP = ppcP (1 — (P 4+ c™) —mp v) +ve™ — Ak,

DdK Dh KV
=V - ———=— VY — myy AcP —yce™
tC (1 (Cp c ) c 1 C \)> + Ac yc,

dev = =8y (cP 4+ c™)v + uyw(T —my (P + c™) —v),

(1)

dy=¢ 'kpv(l—y)—e Tk y,

ik = —¢ ! gk + g ! Muy(t — eT),

which depends only on the time variable t. In this formulation it is evident that the dynamics
of both integrins and contractivity become faster as ¢ decreases.
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Mathematical
prerequisites

In this chapter we provide the mathematical prerequisites that we will employ in the following
chapters. In more detail, we clarify the notation that we use, introduce the function spaces in
which we operate and gather useful mathematical tools such as commonly used inequalities
and results from the solution theory of parabolic PDEs. We used some elementary notations
that we explain here already in Chapter

3.1 Basic notations

In this work we operate either on bounded domains of the form Q C R¢ or on the full real
space RY. The integer d € {1, 2, 3} refers to the space dimension. To clarify our notation we

take the point x = (x1,...,xq) € Q, the scalar real function u: Q — R and two vector valued
functions
v=[W1,...,va), W=(wi,...,wq):Q— R4

By these definitions we can introduce the notations for the Euclidean norm, the Euclidean
product and several differential operators

a 1/2 a
vi={> w ; Vew =) viw,
i=1 i=1

_ Ou
B aXi)
d d
Au = Z aiiu, V-v= Z Ox,Vi-
i=1

i=1

Ox,u

Vu = (Ox, U, ..., 0x, ) ,

Here we have assumed sufficient smoothness of the functions u, v and w, such that the
derivatives are well defined. For points at the boundary x € 0Q we use the notation
0vu = Vu - v(x), where v(x) is the outer normal vector of Q) in x. For a sufficiently smooth
function u we denote the o-th partial derivative by

3y
U= —g———a, =1, Pu=u
ax?‘,...,axgd’ - ’
where o = (x7,...,xq) € Ng is a multiindex and || = Z?:o «y. If uis also time dependent,
we denote the time derivative by d,u = J%.
For real vectors or vector valued functions v = (v1,...,vq) we will use the notation v > 0, if
and only if vi > 0 for alli=1,...,d. If moreover X(Q) is a Banach space of scalar functions

on O and v is a vector valued function, then the notation v € X(Q)) means v; € X(Q) for all
1<igd

30



3.2 Function spaces

3.2 Function spaces

For the following definitions we consider a domain ) and the corresponding space-time
cylinder Q1 = Q x (0, T) for 0 < T < co. The function spaces that we introduce here are well
known and their definitions can be found in great detail in the textbooks [1, 47, 106} 113].

Continuous functions Let Q be a bounded domain. For k € Ny we denote by C*(Q) the
space of all k times continuously differentiable functions u: Q — R. The corresponding norm
is given by

[ullexi@) = 3 maxjotu(x).
o<k €

Similarly, C*'(Q7) denotes for k,1 € Ny the set of all functions w: Qt — R that are k times
continuously differentiable in space and 1 times continuously differentiable in time. We will
use the norm in C*°(Q+) which is defined as

[wlcroqqmy = max_ [0%u(x,t)].
(Qr) kék("»t)eQT )

Lebesgue spaces Let L°(Q) denote the set of all measurable functions u: Q — R. Forp > 1
we define the LP norm as

1/p

lulP dx , 1<p <o,

[ulie (o) = {(IQ ) (3.1)
ess sup [ul, pP=o

with the essential supremum given by
ess sup, [ul =inf{C > 0: [u(x)| < C for almost every x € Q}.

The Lebesgue space LP(Q) is defined as the space of measurable functions in L°(Q) that have
finite norm | - [|rr(0)-

In the case of functions on the whole domain R4 we moreover define L' (R4, f(x)) as the
space of all measurable functions u for which |4 u(x)| - [f(x)] dx < co.

Bochner spaces For functions u : Q1 — R we use the notation u(t) = u(-,t) : Q —- R
to denote the corresponding space dependent functions at the fixed time instance t. More
generally, let X(Q) be a Banach space, then we define the corresponding Bochner space

LP(0,T;X(Q)) = {u:u(t): (0,T) = X(Q), [lulltr(o,T:x(Q)) < o0}
for all p > 1 with corresponding norm

1/p
T P )
u dx 1<p< o
Iulliriomxa)) = (S8 Il ) , 1<p < oo,
ess sup o 1 [[ullx(a), P =o0.

In this thesis we mostly consider the particular Bochner space

LP(Qr) =LP(0, T;LP(Q)).
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3 Mathematical prerequisites

Sobolev spaces For nonnegative integers k, p > 1 we define the Sobolev space
WEQ) ={uel®(Q): d*uelP(Q) foralllaf <K}

where the partial derivatives D*u are understood in the weak sense, see, e.g., [47]. The
corresponding norm is defined as

1/p
<Z\cx\<k Ja loeuP dX) y 1< p<oo,

o<k €SS Supg [0%u[dx,  p = oo.

”u”w};(Q)

Similarly, we define the useful Sobolev space
WSJ (QT) ={u: u, a(xu’ otu € Lp(QT)) |« gz}»

where the corresponding norm is given by

ullwzr(qqr) = lullee (@) + 0elr(qr) + > %/l (o)
[ <2

Holder spaces Let Q be a bounded domain. For 0 < A,y < 1 we define the Holder seminorms

u(xi,t) —u(xy,t
custy = max u(x1,t) (7\2, )l’
ST (x1,1),(x2,)€QT Ix1 —x2|
u(x,t;) —ulx,t
<u>1/Q _ max ) | ( ) 1) ( ) 2)|
RT (x,t1),(x,12)€Q7 It1 —t2|Y

These seminorms allow us to introduce for any nonnegative integer k the Holder space
Ck+AY(Qr). It contains all functions with finite norm

”uHCk”“V(QT) = llZ (Hb“uHCO,O(QT)-f— < o0%*u >1>QT + < 0%u >}L/,QT> .
x|<k

Another Holder space that we will employ is C2+»1+Y(Q+) with its norm

||u||c2+)\,l+y(QT) = ||u||cz+)\‘y(QT) + ||atu\|@,y(QT).
Decaying functions We say that the function u € C'(R9) has sufficient decay at infinity if
there is a sufficiently large k € N with

lim u(x), Ulm Vu(x)=o(x|7%),
[x|—00 [x]—00

such that for any v, w € C'(Q) needed we have

limJ uvdx =0, limJ Vu-wdx = 0.
T—00 aBT(O) T—00 aBT(O)

This allows for integration by parts on the whole space R4,

3.3 Parabolic PDEs and Sobolev embeddings

In this thesis we will consider PDEs of first and second order. We follow [61] and call solutions
to these equations strong solutions provided they are regular enough that all derivatives
appearing are weak and the solution belongs to the corresponding Sobolev space. Thus, a
strong solution would belong to the space W]%J (Q7) in the case of a second order PDE. We
refer to solutions of PDEs as classical solutions if all terms are pointwise well-defined.
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3.3 Parabolic PDEs and Sobolev embeddings

Parabolic theory =~ We will use some results on the existence, uniqueness and regularity of
solutions to parabolic equations. Let us therefore consider the general problem

d
ou .
atu—DAu—i-;aiaXi—i-au:fm Q, (3.2)
dyu=0in9Q x (0,T), (3.3)
u(-,0) =ug in Q, (3.4)

where D > 0 is constant and a, a; and f are real valued functions defined in Qt. For the
initial condition we assume for a fixed A € (0, 1) that

ug(x) =0, upe C2A Q). (3.5)
Moreover, we assume that the compatibility condition
0vup =0, x€0Q (3.6)

holds. Again, let Q be a bounded domain. For finite T we will consider solutions of the above
problem on the cylinder Q.

The first result that we will employ follows from [106, Chapter IV, Theorem 9.1, p. 341]. It
establishes a unique strong solution if the coefficients of the problem belong to sufficiently
regular Bochner spaces.

Theorem 3.1 Let and hold and let the coefficients of the parabolic problem satisfy
a,a € L42(Qr), felP(Qy), 1<i<d, 09QecC?

for d + 2 < p and further
lii% lalle (axt,t+0)) = 113(1) laille (x (t,t+7)) =0

Then the problem (3.2)— has the unique solution
ueWr(Qr),

which can be bounded by

2-2/
lullwg @ < € (Ifllie@n + ol fria) )

A second statement that we will use to raise the regularity of functions in parabolic equations
follows from [106, Chapter IV, Theorem 5.3 p. 320]. It establishes a classical solution of the
parabolic problem in the case of sufficiently smooth coefficients.

Theorem 3.2 Assume that (3.5) and are satisfied and
a,ai, fe CM/2(Qy), 1<i<d, 0<T<1, 03QeC*.
Then the problem (3.2)—(3.4) has the unique solution

ue C2+}\’1+>\/2(QT).
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Maximum principle  The following result on the positivity of PDE solutions follows from the
parabolic maximum principle. See [52, p. 41] for further details. Let u satisfy the differential
inequality

otru—DAu+v-Vu+cu >0 (3.7)

pointwise in Qt together with homogeneous Neumann boundary conditions and initial
condition C2(Q) 5 u(-,0) = ug > 0. Further, assume continuous and bounded real functions
v and c defined in Q1 and let D > 0. Then it holds that u > 0 in Q.

Sobolev embeddings  For two normed function spaces X and Y we use the notation
X=Y

if X is a vector subspace of Y and the embedding operator mapping X to Y is continuous. The
latter condition means that for u € X the inequality

[ully < Clluflx

is true and the embedding constant C depends only on the spaces X and Y.
We consider here for Lipschitz domains () the general Sobolev embedding

WE(Q) < L9(Q), (3.8)
which is true provided

d 1 _1 k
k<= —<—-——. (39)
P q p d

The embedding constant in this case depends only on the numbers k, p, d > 1 and on the
domain Q [1]]. In the case k = 1, in particular, this embedding yields

W) 5 19(Q), p<d, q<-P (3.10)

In addition to Sobolev embeddings for Lebesgue spaces, we will employ two embeddings
for Bochner spaces which follow from [106, Chapter II, Lemma 3.3, p. 80]. The first one
embeds Bochner spaces into Holder spaces and reads

5

Wl (Qr) = CTAIFA/2(Qe), de{1,2,3), p>5, A=1-2 (3.11)

The second one embeds functions of higher regularity into higher Lebesgue spaces in the
following way

W2T(Qr) = WrO(Qr), d=2, p>4, q=p. (3.12)

3.4 Inequalities and Gronwall’'s Lemma

In this section we gather some common inequalities that we will use later on. And we consider
two useful statements to resolve differential inequalities.
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3.4 Inequalities and Gronwall’s Lemma

Young's inequality For nonnegative x, y € R and p, q > 1 such that % + % = 1 Young’s
inequality holds and reads

xP q
Pyl

xy < ; ] (3.13)
The inequality is often used in the scaled form

xy < exP + (pe)q]qu (3.14)
for ¢ > 0. This yields, in particular, in the case p = q = 2 that

xy < ex? + ] y? < 1(sxz + e Ty?), (3.15)

4e 2

which is also true for negative values of x and y. See [113].

Holder's inequality  See, e.g., [47]. Assume again p, q > 1 such that % + % =1, then it holds
for measurable functions u and v that

lwllLra) < i) VliLaa)- (3.16)

Gagliardo-Nirenberg inequality In some places in this thesis we will make use of the
Gagliardo-Nirenberg interpolation inequality. We consider, in particular, the form from [42,
79] which states that for any u € WJ] (Q) the estimate

1—
Iullir o) < Clhullyy ) i) (3.17)
is true provided 1 < p,q,r and 0 < & < 1 where
d d d d
oc<1—+>——. (3.18)
q T

Another version we will use has been proposed in [106, Chapter II, Theorem 2.2, p. 62]. It
states

2(1—
< ClIVullfS ) Il g} (3.19)

ol
u—— uwdx
H Q[ Ja 12(Q) )7

for x =d/(d+2) and any u € W;(Q).

Gronwall Lemma  The following version of the Gronwall Lemma will be useful. It follows
from the usual integral form, see, e.g., [5].

Lemma 3.3 (Gronwall) Let f, & and 3 be real valued continuous functions defined in I C R with
(0,T) C 1. Further, let f be differentiable and «, (3 be nonnegative for all t € (0, T) and assume

0¢f(t) < aft) + B(L)F(t).

Then for all t € (0,T) it holds that

f(t) < Ut o(s) ds + f(O)} exp <Jt B(s) ds> .
0

0
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3 Mathematical prerequisites

We moreover need the following elementary lemma for differential inequalities.

Lemma 3.4 Let f be a real valued continuously differentiable function defined in the real interval 1
that includes (0, T) and assume

atf(t) < _Bf(t) + K) te (O)T)
holds for 3, K € R.. Then for all t € (0, T) the following inequality is fulfilled

K
< f(0 —.
f(t) < f( HB

Proof. After multiplying both sides of the differential inequality with eP* and integrating over
(0,t) we get

f(t)ePt —£(0) — Jt RePsf(s)ds < Eeﬁlc — Jt RePsf(s) ds.
0 B 0

This implies the statement of the lemma after adding the integral on both sides and dividing
by ePt. O
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Analytical study

In this chapter we investigate several topics in the mathematical analysis of cancer invasion
models. Since this class of models is built upon the Keller-Segel model, we will start by
discussing some of its characteristics such as the possible blowup in finite time. We will
elaborate on the literature of this model in Section |4.1/and on the prevention of the mentioned
blowup in Section Subsequently, we will proceed to cancer invasion models and give a
short summary of the existing literature in Section The main goal of this chapter is to
prove the global existence of a unique classical solution to a slightly simplified version of
model (II). This proof is provided in Sections We will also comment on a possible
extension of the result to the case of the full model (Il in Section

4.1 The Keller-Segel model

In Section [2.4) we introduced the Keller-Segel model as a popular mathematical model for the
collective movement of cells. This system of two equations, modeling the migration of cells to
an chemo-attractant that is emitted by the cells themselves, exhibits interesting dynamics that
gave rise to an enormous interest of mathematicians over the last forty years.

Due to the remarkable dynamics of the solution, the model is capable of modeling various
biological phenomena such as the swarming of Escherichia coli bacteria [21] and the aggrega-
tion of the slime mold Dictyostelium. The latter phenomenon is associated with blowup of the
cell density, i.e. with a solution that becomes a Dirac mass in finite time [84].

In this section we outline some results from the existence theory of the general Keller-Segel
model

(KS)
e0ta=DgAa+ ac— Pa,

{ 0tc =V - (D.Vec—xcVa),
for which we assume nonnegative and smooth initial data cp = c¢(-,0), ap = a(-,0) € C%(Q) for
both the cell and the chemo-attractant densities. Moreover, we assume positive diffusion rates
D¢, D4, chemotactic sensitivity x and production and decay rates « and 3. The parameter
e € {0,1} allows to deal either with the parabolic-elliptic case (¢ = 0) or with the parabolic-
parabolic case (¢ = 1). The parabolic-elliptic model assumes that the chemical with density
a admits the steady state of the parabolic equation due to the diffusion and reaction of the
chemo-attractant being significantly faster than the cell migration. The parabolic-parabolic
case of is mathematically more difficult to handle.

If not stated otherwise, we consider on the domain Q of the class C2 and assume
homogeneous Neumann boundary conditions for both the cell and the chemo-attractant
concentration. In this case it is clear from the divergence theorem that the mass of the cells is
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4 Analytical study

preserved, i.e.

d

@ JQ c(t,x) dx = 0. 4.1)

Some results from the literature also consider the whole space Q = RY. Here the weak
solutions of (KS) are constructed such that mass conservation (4.1)) is still satisfied.

We will see in Theorem that in space dimension d = 2 the initial mass of the cells
Mo = J co(t,x) dx 4.2)
Q

constitutes a crucial quantity in the existence theory.

Blowup in a simplified case To give a mathematical insight in blowup in dimension d = 2
and its relation to the initial mass My we follow the argument from [124, 135]. Therefore, we
consider (KS) in the simple case D, = Dq = « = 1, ¢ = 3 = 0 that reads

{atc =V-(Vc—xcVa), (4.3)

0=Aa+c.

We assume that both concentration functions c(x,t) and a(x,t) are defined on the whole
space, i.e. x € R?. If there was a solution (c, a) satisfying ([@.3) in the classical sense, it could
not exist globally in time as the following argument shows.

Theorem 4.1 Let (c,a) be a classical solution to (4.3)) with sufficient decay at infinity and initial
mass Mo > 8mt/x. Then (c, a) can only exist up to a finite time, i.e. for t € (0, T*) where T* < oo.

Proof. Due to the ellipticity of the second equation in 4.3), we can use the Poisson kernel to
rewrite the density of the chemo-attractant as

1
alt) =5 | loglx—yle(y, ) dy, @4)
U JR2
and thus its gradient recasts into

o X—y
VG(X, t) = _ﬂ JRZ W C(y, t) dy (45)

Now we consider the second moment of the cell concentration ¢ given by
1
M2 (t) = J x| c(x, t) dx. (4.6)
2 R2

We can compute its time derivative employing (4.3), integration by parts, (4.5) and an inter-
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4.1 The Keller-Segel model

change of variables. We obtain

SM2() =

o Ix|? d¢c dx

R2

N =

1

J x|? (Ac —V - [xeVa]) dx
RZ

N |

= J 2c+xcx-Vadx
R2

=2My — % ,[Rz JRz c(x,t)c(y,t)w dx dy
=2My — % JRZ JRZ c(x,t)c(y,t)m dx dy
— ﬁ JRZ JRz c(y, t)c(x,t)m dx dy
=2Mo (1- 2=Mo). 47)

The boundary terms at infinity have been dropped due to the assumed decay in the functions
c and a. For My > 87/ the identity implies a decay with a constant rate. Consequently,
the second moment M?(t) becomes negative in finite time. However, in the case of a classical
solution, the second moment must be nonnegative by the nonnegativity of c that follows
from the parabolic maximum principle, see Section Therefore, the classical solution can
only exist in a bounded time interval. O

The result above was extended to the case of weak solutions in L*(R,L'(Q)). Hence, the
solution to model does not even stay in L'(Q) after a finite time for a sufficiently large
initial mass [124]. Indeed, the density blows up, i.e. it concentrates to a Dirac mass. This was
shown for radially symmetric initial data in [71] and it was numerically observed, e.g., in [31].
In generalized form, the solutions of model were extended to times after blowup in [43].

Free energy and analytical results from the literature In what follows we gather some
analytical results about system from the literature. We distinguish here the case of
an elliptic chemo-attractant from the case of a parabolic chemo-attractant. The latter is
mathematically more challenging but more relevant for the study of cancer invasion systems.

While the global existence of classical solutions was unconditionally verified in dimension
d = 1, the mass of the cell density determines if a global weak solution can be found in
dimension d = 2. More generally, the existence of a global weak solution in dimension d > 1
depends on a bound on the quantity [|co || a/2(q)-

Note that we do not present all known properties of the existing solutions. Neither do we
give definitions of the weak solutions since they were adjusted to each particular case. For
more details we refer to the references given in both theorems.

Theorem 4.2 (The parabolic-elliptic Keller-Segel model) We consider in the parabolic-
elliptic case, i.e. € = 1.

1. (1D [124]) For dimension d = 1 system admits a global classical solution that is uniformly
bounded for all t > 0.
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4 Analytical study

2. (2D, global existence [[124]]) Assume d = 2 and

< 4nD Da.
xX

Mo

Then there exists a global classical solution to (KS) with a uniform time independent bound.

3. (2D, blowup [126]) Let d = 2, q € Q and assume that [ co(x)lx — q|* dx is sufficiently
small. If further

8nD.D
> C a
xx

Mo

)

then the solution blows up in finite time. The same is true for Q = R? [125].

4. (Higher dimensions [36]) For dimension d > 2, Q = R% and ¢y € LL(Rd) there exists a
constant K depending on d and the parameters in (KS), such that if

IcollLaszray <K,

then there exists a global weak solution (c, a). This solution satisfies for all t > O the bounds

d d
lle(®)lLrray < llcollLr ra), maxq 1, 3 —1,<p< 7
d
[e(t)][ir(ray < Clty K, [[collir(ra)), 5 <P < oo

The mathematical literature on the parabolic-elliptic model is very extensive. In the 2D case
there are further results on conditions for blowup and global existence of weak solutions [126].
There also exists a theory about blowup in the case d > 3. For more details we refer to the
review [77,78].

Theorem 4.3 (The parabolic-parabolic Keller-Segel model) We consider in the parabolic-
parabolic case, i.e. € = 1.

1. (1D [131)) In dimension d = 1 there exists a classical global solution if the interval Q) is
bounded.

2. (2D [24]) Assume d =2 and Q = R?. Let the nonnegative initial data (co, ap) satisfy

co € L' (R?) N LT (R?,log(1 + [x]?)), cologeo € L' (R?),
ao € H'(R?), coap € L'(R?),
and let the initial mass be bounded by

8nD. D
1294

M, (4.8)

Then there exists a global weak nonnegative solution (c, a) of for which it holds that

¢ € L®((0,00); L (R?)) N Ljx.((0, 00); L' (R?,log(1 + [x?)),
cloge € 122((0,00); LT (R?)), @€ L52((0,00); H' (R?)).

40



4.1 The Keller-Segel model

3. (higher dimensions [37]) Let d > 3, co € L"(R%) N L*(RY) for d/2 < a < dand Vay €
LY(RY). Then there is a constant X(d, a), such that if

[collLa(ray + [[VaollLag(ra) < K,
then there exists a weak global solution to (KS).

To our knowledge there is no proof that the weak solution in the parabolic-parabolic case
exists only up to a finite time above a critical initial mass M. However, numerical experiments
indicate that the same blowup phenomenon of the cell concentration occurs similarly to the
parabolic-elliptic case [31, [103].

In the existence analysis of system the free energy functional played a central role, see
the references in Theorems (4.2l and In the case of the parabolic-parabolic system (¢ = 1)
this functional is given by

D D

S(t):CJ clogcdx—J cadx—i—aJ Valzdx—i—BJ a? dx. 4.9)
X Ja Q 200 Jo 20 Jo

This time dependent quantity is a Lyaponov functional of system (KS), which means that

it decreases monotonically in time for any solution (c,a) of (KS). Following [24], we can

prove this property for (4.9) in the case of a smooth domain Q) and homogeneous Neumann
boundary conditions.

Lemma 4.4 (The free energy principle) Let (c, a) be a classical solution to in the parabolic-
parabolic case (¢ = 1) with homogeneous Neumann boundary conditions in QO x (0, T). Then the free

energy & given by satisfies

1 1
gE(t) = —J c/lV(D¢logc —)(a)l2 — J IE)taI2 dx <0 (4.10)
dt X Jo X Jo

for 0 < t < T and is thus monotonically decreasing.

Proof. We proceed in two steps and firstly compute

d
DCJ clogc—xJ oicadx

d
=D 0¢cl d D.—
CJ_O_ tclogcdx + CdtJ

cdx—xJ 0icadx
Q

0]

:J 0¢c (Dcloge —xa) dx

Q

= J V- (cV(D¢logc —xa)) (Dcloge —xa) dx
Q

= —J c|V(D¢logc —xa)\2 dx, (4.11)
Q

where we have applied the mass conservation in c, integration by parts and the homogeneous
Neumann boundary condition. Moreover, we have used that the evolution equation for the
cells in (KS) can be rewritten as

0tc =V - (cV(Dcloge —xa)).
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4 Analytical study

In the second step we multiply the equation for the chemo-attractant in (KS) by 9;a and
integrate. We obtain by the product rule, integration by parts, the homogeneous Neumann
boundary conditions in ¢ and Schwarz’s theorem that

J |0¢al dx-DaJ Aaatadx—i-ocJ
Q Q

catadx—BJ aodiadx
Q

Q

d
:—DQJ Va-V (0ta) dx+ocJ cdiad —BJ a? dx
Q Q Q

2dt
Dq d d
:_Z(IdtJQ |Val? dx—i—ocLlcatadx—gdtJQ a? dx. 4.12)
We end up with the free energy dissipation (4.10) by taking the difference of (4.11) and (4.12)
divided by x and «, respectively. O

Note that the same result can be obtained for (KS) on the whole space RY when assuming
sufficient decay at infinity. In the parabolic-elliptic case or in the case of vanishing parameters,
system (KS) admits different free energy functionals.

Remark 4.5 For the parabolic-elliptic system (¢ = 0) the free energy principle is still valid for
adjusted functionals. For instance, for the parameters ¢ =0, D = Dq = « = 1 the free energy
is given by

E(t):J clogcdx—XJ cadx, (4.13)
Q 2o

see also [135].

The free energy will play a key role in the derivation of the numerical method in Chapter [7}

4.2 Preventing blowup

Blowup of the cancer cell concentration in the Keller-Segel model is often problematic. This
is not only because of numerical complications. Also in many modeling cases blowup is
undesirable. While it is a reasonable feature of the model in the aggregation of Dictyostelium,
in applications such as the modeling of swarming phenomena or cancer, a concentration to a
single point is not expected.

In literature different strategies were proposed to prevent blowup by modifying the Keller-
Segel model. In [27,76] cross diffusion terms were added to establish global bounds. Moreover,
in [75] the authors could also prevent blowup by replacing the chemical gradient in the cell
evolution equation by a nonlocal term. Here we consider an explicit saturation of the flux term
proposed in [33, 103|] to overcome blowup. We will exhibit that this modification introduces a
possibility to show a priori estimates of the solutions even in more complex generalizations
of (K9).

To this end we consider the modified parabolic-parabolic model
{atc =V (D:Ve—cQ(xVa)) + uc(1 —c), (4.14)

0ta =DgAa+ ac—fBa,
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4.2 Preventing blowup

where we have added logistic growth according to (2.9) to model resource restricted cell
proliferation. Also, we included the continuous saturation function Q given by

xVa, if x|Val < S,

QxVa) = xIVal =S Va _ (4.15)
S otherwise
V1+ xIVal —S)2 Val’

for a positive S. The function Q admits a bound on the advection velocity by
IQ(xVa)l<S+1=Cy. (4.16)

Global existence of weak solutions in the above system for the case p = 0 was shown in
[33]. In what follows we provide explicit L*° bounds for the more general system (4.14). The
following theorem improves our recent result in [96].

Theorem 4.6 Consider (4.14) on Q x (0,T) for 0 < T < oo, a bounded C2 domain Q c R4 and
homogeneous Neumann boundary conditions

ac_aa_

—=—=0, x€0Q, t>0. 4.17)
ov  0v

Let (c, a) be a positive classical solution with bounded nonnegative initial data. Then the estimates

e(x,t) < C2max {[leolia, lleollir oy 101}

CzO(
a(x,1) < Jlaoflu=(a) + —2 max{lleollto(ay, Ieolliiay QI

p

hold for all x € Q and t € [0, T] where

2d
D 2 C3 +2uD
SN i

Ct

and C3 depends on Q) only.

Proof. We follow [103] and use the iteration technique by Moser—Alikakos [4]. To start with
we multiply the first equation of (.14) by ¢~ for s > 2. Integration by parts, the identity

V(cs/?) = %Vc cs/27 1
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4 Analytical study

the nonnegativity of ¢, the bound on Q and Young's inequality (3.15) yield
1d

- J csdx:—DcJ Vc-V(cSl)dx—i—uJ c*(1—c)dx
s dt Q Q

Q
+J cQ(xVa) - V(e ") dx
Q

<_4Dc(s—1)JQ

) IV (c/2)? dx + uj c® dx

Q
2C1(s—1
1( )

J ¢3/2|V (c3/?)) dx
S Q

4D¢(s—1)
_CTHV(CS/Z)H%Z(Q) 4 HJQ ¢S dx

2C](1 —S) J 1 ZDC s/2 C]S s
+ S 02 C1SIV(C )I—i—ZDCc dx

N

2D¢(

s—1) Ci(s—1)+2Dcp
< —T”V(CS/Z)”%z(Q) + 1 <

ZDC HCSHL](Q)‘

We can further estimate this expression using the inequality
2 2 —d/2 2
lwlif2i0) < ellVwltsq) + Call + e V) wlifr g, (4.18)

that follows from the Gagliardo-Nirenberg interpolation formula (3.19) and Young’s inequality.
The constant C4 depends only on the domain () and a chosen e. We choose ¢, such that

C3(s—1)+2Den _ 2De(s—1)  C3(s—1)+ 2D,

4.19
2D, sZe 2D, (4.19)
and get
. 2D2(s —1)
C?s2(s — 1) + 2Dcus?
By (4.19) we can now write
2D.(s—1) _C%(s—n +2D.p J o5 dx
s?e 2D, a
2D¢(s — 1) 2Dc(s — 1)Ca(1 4+ ¢9)
< BTNV A o + e/
C3(s—1)+2Dcp s
— D, ch dx. (4.20)

Thus, the dependence on V(c%/2) in the above estimate vanishes. Using then the estimate

e /2 < 54/C2 +2uD./D. we obtain

sC%(s —-1) +23DCuJ' o5 dx
2Dc Q

d
iy s\/C% 4+ 2uD,
+D. ' Cys | T4+ | ————

B ) (CT(s = 1) +2Der)[lc*?1f2 0

J ctdx < —
Q
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4.2 Preventing blowup

Here we estimate the second term from above by its maximum over time and apply the
Gronwall Lemma (see Lemm for g = (SC%(S — 1) +2sDcu)/2D.) to get

J c(x,t) dxgj cy dx
Q

Q
3 a
2D s1/Cq +2uD¢ -
+2C4 <1 + > T+ —— sup |8/ .
Ci(s—1) D¢ ogth” IZ2(0)

Hence, the s-dependent quantity

1
M(s) —max{HcoHLm(Q), sup (J S dx> }
o<t<T \JO

satisfies the recursive inequality

1
d\ s
sy/CZ +2uD
M(s) < C5<1+2Dcu> <1+v1°) M(f),

C2(s—1) D. 2

We define the sequence s = 2 for k € N and note that the following estimate holds

s d

(1+25Cq)2* < (2+2C7)%9,
k=1

since the sum ) {°; 2% is finite. Thus, we obtain for all k € N that

2d
2 CZ+2uD
M(25) < Cs (1 + ZDC“) 1 VI T )

c? De !

where Cg depends only on Q. In the limit as k — oo we get

2d
2 /C2 4 2uD
ZDC“> R sty IS VTS D 4.21)

c3 D.

le(®)lie(a < Cs (1 i

Next, we consider the mass of the cell density ¢ and integrate the first equation of (4.14). After
applying the divergence theorem and using the Holder inequality (u =1, v=c?, p =q =2)
we obtain

d 2 B2
EHCHL‘(Q) = ullcllLia) — H||C||L2(Q) < ullellLra) — @”CHU(Q)-

Here the right hand side is nonnegative only for ||c||.1(q) € [0,[Q[]. Therefore, we have by
comparison

M(1) = max { lcolli==(a, llcolliriay, 101} -

Together with (4.21)) the estimate for the cell density ¢ follows.
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4 Analytical study

By the maximum principle for the heat equation the solution of the initial value problem

{ drw = —Bw + aCaM(1),

w(0) = [laollL~(q)
is an upper bound for the chemo-attractant concentration a. Thus, we can estimate

OCCZ

0<alxt) Sw(t) = e_BtHaOH]_oo(Q) +(1—ePY M(T)

_ xCy
<e PYag|ie(a) + TM(]),

which proves the L* bound on the chemo-attractant density a. O

By combining these a priori estimates with the local existence result and further techniques
used in [33]], one can establish the global existence of weak solutions in model (#.14). We do
not exhibit these steps in detail but refer to Section [4.5| for a strategy to derive local existence
in a model of this kind.

For model global existence in dimension d = 2 was shown for p > 0 in the case
without saturation, i.e. S = oo [130]. Thus, a saturation function such as is not necessary
for blowup prevention in the case of logistic proliferation. Yet, the latter Theorem 4.6/ delivers
explicit and time independent upper bounds for any time and dimension and gives a nice
insight in the theory of a priori estimates in KS-type systems.

For many cancer invasion models it turned out that global existence of weak or even
classical solutions can be established without any explicit modifications of the model for
blowup prevention. In the course of this chapter we will exhibit this for a two species cancer
invasion model.

4.3 Existence analysis for cancer invasion models, a priori results

Due to the complex dynamics that solutions of cancer invasion models exhibit (see, e.g., our
numerical experiments in Section [5.11), the question of their existence and regularity is of
mathematical interest. This is, in particular, the case because of their close relation to the
Keller-Segel model that might blowup in finite time as we saw in Section

Several works in the past decade addressed this subject. We mention here indicatively some
relevant results. In [172] global existence of model (2.28), one of the pioneering macroscopic
descriptions of cancer invasion, was shown. Model has been more difficult to handle
since it also involves chemotaxis, cell proliferation and tissue remodeling. Thus, it has raised
further analytical challenges. We can write it in a general form as

0tc =V - (Ve—xcVv—E&Vm) + pec(1 —c—v),
0tv=—dmv+ pu, v(1 —c—v), (4.22)
edym=Am+c—m,
see also Section 2.5 for the model derivation.
In [119] the haptotaxis case without tissue remodeling of (4.22) was studied. In this work

global existence of weak solutions was proven. Additionally, it was shown that the solutions
are uniformly bounded. In [162] the author considered the case of additional self-remodeling
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4.3 Existence analysis for cancer invasion models, a priori results

model restriction | dimension ‘ result ‘ reference
E=u, =0 d<3 global weak solutions [119]
E=0, Le = XMy d=2 global unique classical solution [162]
e=0 d=2 global unique classical solution [164]

u, =0 d<2 global unique classical solution | [161, [163]

Table 4.1: Results on the solvability of system (4.22). We assume positive model parameters if not otherwise stated
in the restrictions.

of the ECM with sulfficiently large proliferation rate of the tumor cells. The global existence of
classical solutions followed from using the contraction mapping theorem to provide a local
solution followed by a priori estimates and a boot-strapping argument. A similar strategy
was used in [161]] where the authors proved global existence of classical solutions for the
chemotaxis-haptotaxis case of without ECM remodeling. The case of chemotaxis,
haptotaxis and tissue remodeling was adressed in [164] under the equilibrium hypothesis for
the MMPs (¢ = 0). The a priori estimates, which were derived here to prove global existence
of the unique solution, used an energy dissipation principle similar to the one we studied
in Lemma To our knowledge, the question of solvability of model is still open in
the case when all parameters are positive. We also refer to Table 4.1| for a summary on the
discussed analytical results for model (#.22). Further bounds and global existence results in
similar models were moreover derived, e.g., in [36| 74, 79].

In what follows we will introduce some techniques that were used in the above mentioned
works. We will exhibit them in a general way such that their application is not restricted to
a particular model but is rather possible for the general class of haptotaxis cancer invasion
models. We will employ these techniques to prove global existence of classical solutions in the
particular case of a two species invasion model. The general form allows for a discussion on
how to adapt the proof to model (lI) being slightly more detailed than the model we address
analytically.

A maximum principle for the tissue density

In what follows we derive upper and lower bounds on the ECM concentration v in various
modeling cases. As pointed out in Chapter [2, the ECM is not subject to transport phenomena
and its evolution equation is given as an ODE.

For the derivation of the bounds we focus on initial value problems for systems of ODEs of
the form
d
A F(t,w), t>0, w(0)=wy. (4.23)
Here we have used a continuous mapping F : (0,00) x R — R4, We recall that by the
Picard-Lindelof theorem there is a time interval [0, T] in which a unique solution to (4.23)
exists, if the mapping F satisfies the Lipschitz condition

|F(t,V]) - F(t’VZN < L|V1 _VZ‘) te [O)T]) Vi,V2 € BR(WO) (424)

for a time independent constant L > 0 and a fixed ball Bg(wy) in R4 around wy.
The models that we consider in this work such as (4.23) yield number concentration of
molecules and cells as their solutions. We expect from our physical interpretation that the
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4 Analytical study

number concentrations do not become negative. In order to verify that the same is also true
for the model solution, we introduce the concept of positive ODE systems.

Definition 4.7 We call system (4.23) positive if from w(0) > 0 follows w(t) > 0 for any t > 0
in the existence interval of the solution to the ODE system.

Suppose that the mapping F satisfies condition (4.24), one can show that (4.23) is positive
if F satisfies F(t,0) > 0. We present here a general formulation of this sufficient condition to
establish the positivity of ODE systems.

Theorem 4.8 [35]80] Let the mapping F = (F1, ..., Fq) satisfy Lipschitz condition (4.24). Moreover,
assume that any v = (v1,...,vq) € RY, which vanishes in component i and which is nonnegative in
all components, i.e.

v 2 O, Vi = O,
fulfills Fi(t,v) = 0 for all t in the existence interval of the solution. Then system (4.23) is positive.

Note that Theorem {4.8 does not hold without the Lipschitz condition (4.24) as it was demon-
strated in counterexamples, see [80].

With this theorem in mind, we can proceed to prove the bounds on the ECM concentration.
We consider models that include proteolysis and tissue remodeling. The following lemma is
valid for different remodeling approaches such as self remodeling, spontaneous remodeling

and remodeling by a different species like fibroblast cells. For more details on these models
we refer to Section

Lemma 4.9 Assume the nonnegative functions u, m, ¢ € C°(R. ) and the constants 8, w > 0. We
consider the function v with initial data 0 < v(0) = vo < 1 determined by one of the ODEs

0¢v =—=dvm+ puv(l —v—u), (4.25a)
oy = —dvm+ (1l —v—u)™, (4.25b)
0tv=—dvm+p(l —v—u)*, (4.25¢)
dtv =—dvm + pyc(l —v—u)t. (4.25d)

Then in all four cases v is bounded from above and below for any t > 0 by
0<v(t) < 1. (4.26)

Proof. By case analysis one can easily see that the function x — x™ is Lipschitz continuous.

The right hand sides of (4.25b)-(#.25d) satisfy (4.24) since compositions of Lipschitz continuous
functions are Lipschitz continuous. The positivity of all four ODEs (4.25a)-(4.25d) follows

from the nonnegativity of u, m and ¢ and Theorem
The upper bound is obtained by noting that for (4.25a)-(4.25b) the function v satisfies

0t (T —v) = —pyv(1 —v),

and in the cases of (4.25d) and (4.25d) we have

0t(1—=v) 2 = (1 =v), 01 —=v) = —pe(l —v),

respectively. We apply again Theorem |4.8/and get the nonnegativity of 1 —v, which proves
the statement of the lemma. O
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We note that the case of tissue reproduction by a secondary species does not imply the
above positivity principle when we allow for tissue degradation by resource restriction. This
corresponds to the modeling approach

0tv =—=dvm+ pyc(l —v—u).

In this model we cannot apply Theorem 4.8/ and v can indeed become negative.

A variable transformation for haptotaxis systems

A crucial role in the analysis of invasion models is played by the hapto-attracting ECM density
v. The existence of a classical solution for systems like (I) and (lI) would require a bounded
second derivative of the attracting species. In the case of a chemo-attractant one can employ
parabolic theory, e.g., Theorem to obtain bounds for these higher order derivatives of the
density of the diffusing species. In the case of haptotaxis though this is not possible and thus
the situation is more challenging.

To facilitate these circumstances, a variable transformation was proposed in [162} 164]. For
an elucidation of this process we consider the haptotaxis system

{atczv.(Vc—xCVV)+LcC+Rc> (4.27)

6tv = Rv.

It models a cell species with concentration c that conducts cellular diffusion and is haptotacti-
cally attracted by the ECM with density v. We have further considered a reaction term of the
form L. ¢ + R for the cell species and a further source term R, for the ECM concentration. We
allow for the terms L. and R, being nonlinearly dependent on the concentrations. One can
think of as a subsystem of a more complex model. The following proposition introduces
the change of variables for this system.

Proposition 4.10 The abstract haptotaxis system recasts after the change of variables a =

ce XVinto

{6ta =e XYV . (eXVVa) —xaR, + L. a+ e XVRg, (4.28)

0tv =R,.
Proof. The computation is straightforward. We have by the product rule
0ra =¢e XV (0tc —xcov) = e XV0ic — xadyv
and further
V- (Ve) =V - (eXVa+ axeX'Vv), V- (cVv) =V - (aeX¥Vv).

When put together we obtain the evolution equation for the new variable a in (4.28) after
replacing the cell density c by the term eXVa. O

After the change of variables system includes only a first order derivative of the ECM
concentration. Thus, a classical solution of the system needs v to belong only to C'1(Qt). If
the evolution equation for v is such that we can apply Lemma [4.9|and yield 0 < v < 1T we see
due to T < eX¥ < eX that bounds on the new variable a are equivalent to bounds on the cell
concentration c.
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Estimates for the proteolytic enzymes

In the majority of models in this thesis generic MMPs take the role of the proteolytic enzymes
that degrade the ECM. For their temporal evolution we have used a model of the form

o¢m =Am+ ac — Bm (4.29)

in most cases, e.g., in (2.28) and (II). Equation (4.29) models the MMP evolution by a diffusion
process, molecular decay and production by a cell species with density c. When distinguishing
between two types of cancer cells, as done in model (II), the cancer cell density c in (#.29) can
be replaced by a weighted sum of the densities of both cancer types.

We can use general analytical results that were found for equation (.29). The following
helpful Lemma was shown in [101] using the theory of analytical semigroups.

Lemma 4.11 Assume mo € WL (Q) and let c and m satisfy equation (#29) together with 3y m = 0
for x € 0Q). We further assume that ||c(t)|o(q) < Cforp>Tlandtec ( T). Then for p < d and
€ (0, T) it holds

Hm(t)HW(‘q(Q) < C(q) (4.30)
if we have
dp

Moreover, if p = d then (4.30) is valid for q < +o0 and if p > d then (4.30) is valid for q = +oo.

In [162] this lemma was combined with the Sobolev embedding to obtain a uniform bound
for the MMP density m in higher Lebesgue spaces.

Lemma 4.12 Assume mo € W) (Q) and let ¢ and m satisfy @E29) together with homogeneous
Neumann boundary conditions. Moreover, we assume that ”CHLp(Q < Cfor1 < p < oo and all
€ (0, T). Then

[m(t)[|r, (o) < Clq) (4.32)

is true for t € (0, T) and any r > p that satisfies

1T 2 1
-+ = > —. 4.3
" + q > 0 (4.33)
Proof (see also [58]) We use Sobolev embedding (3.10) and obtain W1 (Q) <—> LT'( Q) for v’ <

iq Since q < 755 by Lemma 1, it holds that dr’ < (d+71')q < (d+r ) 5~ Consequently,

we obtain (d — d—pp) < (fli P from which follows that (1 s p) < dd—p and hence

(d—2p)r’ < dp. This implies (4.33) and the statement of the lemma.

4.4 A simplified EMT /invasion model

In the following four sections we will prove the existence and uniqueness of classical solutions
for a two cancer species model. This part of the chapter is based on our preprint [58]. In this
section we introduce the model and present the assumptions.
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4.4 A simplified EMT/invasion model

For our analytical study we consider a simplified form of model ([I). In contrast to this more
detailed model the simplification employs self remodeling of the ECM instead of fibroblasts
driven matrix remodeling. We assume moreover the case of logistic growth dynamics not
restricted to the positive part, which can lead to cell death and ECM degradation. The full
model we are going to study reads

0:c? =V - (VP —xpcPVv) — upmr c® + up PR,
3ec® =V - (Ve® —xse®VV) + ppmrc® + ps R -
0tv=—mv+ u, vR,
atm:Am—l—CS+cD—m,

where xp, Xs, Hs, LD, ly > 0 are fixed parameters and the resources are given by

R=1—-c—cP—v.
The EMT rate ugmr is a given function with properties that we specify below. We complement
with homogeneous Neumann boundary conditions

dycP=0,5=0,m=0 (4.34)
at the boundary 00 x (0, T). Further we prescribe compatible initial data

cP(0) = clg, c5(0) = c(s), v(0) =vg, m(0) =mp in Q, (4.35)
which are nonnegative and sufficiently regular in the sense

c5,e3,mo =0, 0<vo<T1, cb c,mo,voec C*HQ) (4.36)
for a given 0 < 1 < 1. We assume that the boundary of the domain Q C R? satisfies

00 e ¢, (4.37)
For any finite T > 0 we moreover define the cylinder

Qr=Qx(0,T) (4.38)

on which we study the solutions of the above PDE system.

The coefficients for diffusion and the decay and production rates for the evolution of the
MMPs do not affect the analytical arguments that follow. For notational convenience we have
reduced them to 1 in model ([V). For the remaining parameters in the model we make the
assumptions

UD = XDHv, HS = XSky. (4.39)

This condition is crucial for the derivation of a priori estimates for the cancer concentrations.
Employing biologically relevant parameters the condition does not cause a problem due
to the low magnitude of reasonable haptotactic sensitivity parameters compared to the larger
proliferation rate, cf., e.g., Table Yet, we mention that it is not clear whether solutions to

blow up if (#.39) does not hold.
We assume that the EMT rate is a mapping pgmr : R* 5 R satisfying for any (C?, C? , V1, 1M1),

~ |4 o\
(czD,cg,vz,mz) € CH9(Q7)" the condition

| kemT(cPy €3, vi, me) — ppmr(c3, C%Nz,mz)HcO‘O(QT)
D D s s
<L (Il = cBllcreq + 1§ = Slicron

+||v1 _V2||C“°(QT) + ||jmg — mZHC‘»O(QT)) , (4.40a)
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where the Lipschitz constant L might depend on (c]]),c?,vhm] ), (clzj, c%,vz,mz) and the
corresponding first spatial derivatives. Moreover, we assume the EMT rate to be bounded

0 < ppmT < UM.- (4.40b)

Remark 4.13 In the case that pugwr is given by according to the EGF model considered in
Section [2.7]both assumed properties are fulfilled. We indeed have by that 0 < ppmT < Mo
and thus is satisfied. The remaining property can be verified by rewriting the
EMT rate for fixed (x, t) as a function of cP(x, ), ¢5(x, 1), [P (t)]|11(q) and (|5 (V)[[11(q)
and applying the mean value theorem.

System is not restricted to our proposed EMT rate. In particular, any mapping that
is Lipschitz continuous and has Lipschitz continuous first derivatives satisfies the condition
(4.40a) for a constant L that can be written as

L=C ”(0113» C?)"]»m] )HC‘»O(QT)'

In the following sections we will prove the existence and uniqueness of global classical
solutions to system in 2D. To this end we firstly derive a local existence result for classical
solutions in Section Then we derive necessary a priori estimates, which allow us to extend
the local solutions for large times. The derivation of bounds for the cancer cell densities, in
particular, constitutes the major challenge. In the course of the proof we will also apply the
results from Section 4.3l

Throughout the process we follow the techniques employed in [162]. We will see that the
two coupled cancer species in model introduce new challenges requiring, e.g., a parallel
iterative lift to higher Lebesgue spaces to prove a priori bounds for the tumor cell densities.
Also, we note that for the L* bounds of Vv in (#.142) and the final increase of regularity in
Lemma the strategies that we will use differ from those used in [162]. We will consider
instead techniques from [164].

To our knowledge this is one of the first studies of the solvability for a two cancer type
invasion system. A similar result was established in [156] where the authors proved the
existence of a weak solution to model ([II). Compared to our results they could not show
uniqueness of the solution since the model they addressed featured further difficulties such as
nonlinear diffusion and haptotaxis terms.

We refer to Chapter 3| for classical results concerning Holder spaces, Sobolev embeddings
and solution theory of parabolic equations that we require in the following considerations.

Variable transformation In the first step we conduct the variable transformation introduced
in Proposition To this end we define

aP = cPe™Xpv ¢S5 = SeXsV, (4.41)
Consequently, system recasts as
d¢aP = e X0Vy. (eXD"VaD) +xp aPvm — ppmr aP + (up — XD Ry v)aP R,
dra® = e XYV - (eX5VVa®) + xsa®vm + ppmr €XPV X5V aP 4 (us — xspvv)a®

R, ,
— XsV oS Xpv 4D _ v
otm =Am+ e*Va’ +eXPVa m,

0tv = —mv + u, VR
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4.5 Local existence of classical and unique solutions

with the resource function rewritten as
R=1—eXsVaS— exovgl _y, (4.42)

The posed boundary and initial conditions (4.34) and (4.35) imply after the change of variables

dvaP =9ya® =3,m=0 indQ x (0,T), 1.4
aP(0) = af, a®(0) = a3, v(0) =vo, m(0) =mo in Q, ’
for which (4.36) yields
ag,a3,mo >0, 0<vo<T1, af, a3, mo,vo€ C*HQ). (4.44)

We will base the proof in the next sections on system ([V’). As discussed in the generalized
example in Proposition [£.10| the transformed system is easier to handle, because it only features
the first order derivatives of the tissue density. In the following section we will also derive
upper and lower bounds for the tissue density v, which make boundedness of the tumor cell
concentrations cP and c® equivalent to boundedness of the transformed quantities a® and a®.

4.5 Local existence of classical and unique solutions

In this section we will prove the existence of strong solutions to model in a small time
interval. Therefore, we will proceed in two major steps and first construct strong solutions
using a fixed point argument. In the second step we will show that the obtained solution
indeed satisfies the PDE system in a classical sense.

In more detail, we will make use of Banach’s contraction mapping theorem for the local
existence proof. In order to show that we operate in a Banach space we present a basic result
from functional analysis.

Lemma 4.14 The space C'(Q) is a Banach space when equipped with the norm

ou

lullcria) maxlul—i—Zmax
xeQ

a)(;L )

Proof. Without loss of generality, assume d = 1. There is a Cauchy series in C'(Q), such that
for a given ¢ > 0 and an arbitrary x € Q we have

un (%) — wm ()] + iy (x) = uiy (3] < J[un —umllcrq) <€

for any n,m > Ny. Hence, both series (un)nen and (u}, Jnen are Cauchy series with respect
to the maximum norm and thus converge uniformly to continuous functions u and v. The
function v is in this case differentiable with v/ = u, cf. [147].
For & > 0 we therefore find an integer N¢ such that for any n > Nj both inequalities
| < [3 3
B A

hold and thus |[un —u| c1 (o) < & which shows the completeness of C'(Q).

The following theorem establishes a small time interval in which a strong solution to (IV’)
exists.
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Theorem 4.15 (Local existence and uniqueness) Let (4.44) and (4.37) be satisfied. Then sys-
tem (V') with boundary conditions (4.43) and initial conditions (4.44) has the unique strong solution

(aP,a%,v,m) e W2 (Qr,) x W2'(Q1,) x C"1(Qr,) x W' (Qr,), P >5.
It exists in the cylinder QT, with To > 0 depending on
M =3|afllc2(a) +3lladllc2(a) + vollera) + Imollc2(a) + 3-
Moreover, the components of the solution satisfy
al,a®m=>0 0<v<l. (4.45)

Proof. We will prove the local existence by Banach’s contraction mapping theorem. We assume
throughout the proof that 0 < T < 1.

Spaces Let X be the space of functions (aP, a5, v) with the finite norm

S S
1(a®, @ V)llx = lla®crogqr) + 1a%llcrorqe + IVleroqqs
which is a Banach space (cf. Lemma [4.14). We moreover define the subspace
Xm = {(a®, a®,v) € (CH0(Q1))3 : P, a5, v satisty [@43),
a®,a%v >0, and [[(a®, a%v)|x < M}.

Fixed point iteration For any (aP, a%v) € Xp we define (a?, a$,v.) = F(aP, a5, v) such

that

dym —Am+m = aPeXv¥ + a%eXs¥  in Qr, (4.46a)
0ym=0in0Q x (0,T), m(-,0) =mgin Q, (4.46b)
O0tVsx = —mv, + L,V«R in Qr, (4.46¢)
Vi (+,0) = vo, (4.46d)
dral — Al —xp Vv - Va? + [uemr — (kb — XD wv)Rla? = xpaPvm, (4.46¢)
dva? =0in 0Q x (0,T), a?(-,0)=df in Q, (4.46f)
dral — A —xsVvi - Vad — (us — xsiwv)RaS = xsa®vm + ppyreXPVXsVal,
(4.46g)
9vaS =0in3Q x (0,T), a5(-,0) =adinQ, (4.46h)

where the resources R are given by R = 1 — aSeXsV — aP

—1_5
and set A =1 =

eXP¥ — vy, For the proof we fix p > 5

Fis well-defined and F(Xp1) € Xpm We start with the MMP density m and consider equations
(4-46a)-(4.46D). Since (aP, a5, v) € Xp, this linear parabolic problem has a unique solution by
Theorem [3.1] satisfying

Imlwzi (e < C1(M). (4.47)
Here we can apply the Sobolev embedding (3.11) and get

[mflcroqe) < C2(M). (4.48)
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4.5 Local existence of classical and unique solutions

Moreover, the parabolic maximum principle (see Section yields

m > 0. (4.49)
The initial value problem (4.460), can be written as

Vit =hivs, vi(:,0) =, (4.50)
where

IRtllcrogar = = m+ iRllcrogay) < C3(M) @51)

due to #48) and (a®, aP,v) € Xpm. The ODE system has the solution

Vi = Vo(x) exp <E hy (x, s)ds> >0 (4.52)

with the gradient

t t t
Vv, = Vvg(x) exp (Jo hi(x, s)ds) +vo(x) exp (Jo hq(x, s)ds) Jo Vhi(x,s)ds.

For T < m < log(2)/C3(M) we obtain the estimates

IVellc(ar < IVolle (@)™ < 2|vollc(a), (4.53)
[VVillc(ar) < IVVo(X)llc(a)exp(C3(M)T)
+ [vo(¥)llc(a) exp(C3(M)T)TC3(M)
<2[[Vvollea) + Ivollca (4.54)
and thus
[Vallcro = [villcron) T 1IVVallcian

< lvollc(ay +2IVvollc(a)
< 3[vollcra) < M/3. (4.55)

Next, we deal with the parabolic problem (4.46€)), (4.46f) that can be written as
0tax — Aay — XV, - Va, —hya, =hjs (4.56)

with boundary and initial conditions given by .46f) and a. = a?, x = xp. We have

V * 00 < M) h o0 < C M’
{II VallLe(@n) Ih2lte(qqr) < Ca(M) (4.57)

[M3llL=(Qs) < C5(M)

because of (aP, a%v) € Xpm, (#48) and 40b). Applying the maximal parabolic regularity
result (Theorem [3.1), there is a unique solution a, that satisfies for all p > 1 the inequality

laxllwz1(qr) < Ce(M). (4.58)
Further the Sobolev embedding (3.11) gives us

HCI*HC1+)\ 1+0/2(Q C7( )

55



4 Analytical study

If T < C7(M) T we get

laxllcoorqr) = llaxllcoo(qqr) T IVasllcoo(qq
< lax — aollcoo(qr) + ll@ollco(a) + IVas — Vaol coorgr) + IVaollcoa)
< T(HM/ZHG*||c1,(1+M/2(QT) + llaollcr(a)
< TUHN/2C, (M) + Jlaolle1(a)
<1+ flaollcria)
<M/3, (4.59)

where we have used the definition of the Holder norm in the second inequality. Moreover, we
have

a, =0 (4.60)

by the parabolic maximum principle, as the right hand side of (4.46€) is non negative (see
Section [3.3). Since we have shown that a? € Xy, the assertion [57) is also true for a = a° in
the problem (456). Hence, [@59), [{.60) for a. = af follow by the same arguments.

F is a contraction We take (a? ,a?,w) (aB, ag,vz) € Xm and consider (a?*,a?*,w*) =
F(a?, a?,\q) and (az*, ag*,vz*) = F(a2 , ag,vz). As shown before, one can find two functions
mi and m, with

[millcroqqy Imallcrogy) < Cs(M)

that satisfy equations (#-46a) and (£.46b) when we substitute the tuple (aP, a® m,v) by either
(a?, a?,mhw) or (az, ag,mz,vz). Moreover, we have

0¢(my —myz) —A(my —my) + (mg —my)

= aPeXoV1 4 afexsvt — qDexovz — gSexsv2in Qr, (4.61)
v (M7 —ma) =0in dQ x (0, T), (4.62)
(m; —m2)(-,0) =0in Q, (4.63)

where

laPeXP¥r + afeXs¥! — aZeXPV2 — afeXsV2|x(qr)
< JleXeV1(af — aP)|liw(qqr) + [1€¥5V (] — a3)|[Le(qy)
+ [ (eXP¥ — eXP¥2)(aB) | Lo () + [(XSVT = eX5V2)(a3) | L (@)
< CoM)([|a? — aBllie(on + a7 — aSllL=(qn)

+ [[vi =vallie(qm))- (4.64)

Hence, thanks to Theorem there is a solution to (4.61)-(4.63) satisfying

s g
i —m2(lwzi(qqr) < Cm(M)(Ha?—a]zDHLm(QT)+H<11 — a3ty FIvi—v2llL=(qy))

for all p > 1. The Sobolev embedding (3.11) again yields

[|my _mZHCU’(QT) < CH(M)(HQP_ aZDHL"O(QT)

+ ”(l? — agHLm(QT) + HV1 _VZHI—OO(QT))' (465)

56



4.5 Local existence of classical and unique solutions

We get from (4.467) and that

0t(Vix —V2x) = hu(Vix —Vv24) + h
t(v1 2+¢) = ha(vy 2x) + hs, (4.66)
(V1* _VZ*)(‘)O) = 0)
where
hy = —my + Ry, hs = (M2 —my)vae — V2. (R2 — Ry).
Here we have used the notations
Ry =1—eXsV1g] —eXoVigl — vy Ry =1—eXsv2a§ — eXov2al — v,
Since (aP, a?,vi) € Xm for i =1,2 and due to (4.65), we obtain the estimates
[hallcro(qqp) < Cr2(M), (4.67)
Ihsllcro(qqe) < Cria(M)([la? — aBllcro(or)
+la§ — aSllcro(q + Vi —=vallcrogan)- (4.68)
The solution of the ODE is given by
t t
Vie — Vou :J exp <J h4(x,s)ds> hs(x, t)dT,
0 T
and thus it holds that
t t
V(Vie —Va24) :J exp (J h4(x,s)ds> Vxhs(x,t)dT
0 T
t t t
—|—J exp (J hy(x, s)ds> hs(x, T)J Vxha(x,s)ds dt.
0 T T
Finally, we obtain by using the bounds (#.67), that
[Vis =vaullcroar) < TCra(M)[hsllcrooq)
< TCi5(M)([[af — a¥l|cro gy
+la3 = aSllcrogqn + Vi = valleroran)- (4.69)

Next, we derive the parabolic problem for a € {aP, a®} with coefficients (x,he,h;) €
{(xp,h&, hP), (xs, hg, h3)} by @EA6e)-@E46H). We get
at(al* - aZ*) - A(a1* - (12*) _XVV1* . V(a1* - QZ*)
-H’Lg((l]* - aZ*) = h7 in QT) (470)

Ov(as —aze) =0in0Q), (a14— az)(-,0) =0in Q, (4.71)
where

hg = pemr,1 — (D — XD HWV1)RY,

hg = —(us —Xskvi)Ri,

h? =xp(aPmivi — aPmova) + xpV(vie —va2i) - Vab, + a5, [(kp — xpmvi)Ry
— (D —XDMWV2)R2 — (HEMT,T — HEMT,2)],
hS =xs(aymivi —aSmova) +xsV(vie —v2.) - VS, + a5, [(1s — xsiwvi )R

- D - D
— (us —XsHvVv2)R2] — (ppmr,1 €XPY1 XYy, — ppm,2 €XPY2XV2 a3 ).
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We have used above the notations
_ D S _ D .S
WEMT,1 = HEMT(CT, €T, V1, M), WEMT,2 = HEMT(CZ, €3, V2, M2).
Due to (a?, a?,vi) € Xam, @E55), @59), @65), (@-69) and ([@40a) we can estimate
XD VVillLo(Qr)s [[Xs VVIkllLe (@) < C16(M), (4.72)

& ll1(Qq)s M2 e (Qr) < C17(M), (4.73)

S
M2 [l (e s M3 I (@) < Cr8(M)([[a? — abllcro(gq) + laT — aSllcro(gy
+ v _VZHC‘>0(QT))' (4.74)

Thanks to Theorem there is a solution of the initial value problem (4.70), (4.71). This
solution satisfies

llar. — GZ*HW%J(QT) < C]?(M)Hh7HLP(QT)
S S
< Cao(M)(l|a} = aBllcro(qp) + 167 — aSllcro(ay)
+ [vi = vallcroqp)-
Thus, the bound can be extended using the Sobolev embedding (3.11) and we get
||C11* - C12*||C1+A,(1+7\)/2(QT) < Cox (M)(Hallj - CIE)HCLO(QT)
S S
+llat —azllcre(qr) + Vi = vallcre(n))-
Then follows
Hal* - aZ*HC1'O(QTJ - H(CH* - 02*)(X)t) — (a1 — az*)(X’O)HC1’O(QT)
< T(1+7\)/2Ha]* — az*HCL(HA/Z)(QT)

< T(1+7\)/2C21 (M) (Ha]]D . G‘IZD”C‘»O(QT)

+Ha? — agHC],O(QT) + |v1 _V2||C"°(QT)> . (4.75)

If we take Top = T such that
1
max{TCy5(M), THM/2Co (M)} < 3

we see by (#.69) and {@.75) that F is a contraction in Xp.

Conclusion and regularity According to Banach’s contraction mapping theorem F has a
unique fixed point (aP, a% v), which together with m from (#47) is the unique solution of

(IV), @.43). By (#.47) and (4.58) we have that
m,aP, a’ e Wé’l (QT).
Due to (4.50), @.51) and (.55) we further get
ve Ch(Qr).
By (4.60), (4.52) and (#.49) we get the nonnegativity of the solution

aP, as,v, m > 0.

Moreover, we can deduce from the nonnegativity and Lemma {4.9 the upper bound v < 1. [J
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The local solutions that we have just obtained are in fact solution in the classical sense, as
we will show in the next theorem.

Theorem 4.16 (Regularity) Under the initial and boundary conditions (4.43) and (4.44) the solu-
tion in Theorem satisfies

(a® a®v,m) € (C*FHTHY2(Qr )

Proof. We use Theorem and the Sobolev embedding (3.11) and obtain for a sufficiently
large p > 5 that

aP, a% me cHHO+U/2(Gq). (4.76)

We further derive from (IV’) that

3¢ (9x,v) = hydx,v — ha, (4.77)
where

hy = —m+ R — w,v(1 + xseXsva® + xpeXrvaPl), (4.78)

hy = vOy, m + p,v(eXsV0y, as+ eXD"aXiaD ). (4.79)

Because of (.76) and v € C"'(Q7) we get
hi,hy € CPY2(Qr). (4.80)

The solution of (4.77) is given by

t
Ox,V = axivo(x)eIé hi(x,s)ds _ L ha(x, T)eﬁ i (x,s)ds g (4.81)

and hence we obtain due to that

dx,v € CHY2(Qy). (4.82)
The equation for aP in can be written as

dtaP — Ad® —xpVv-VaP —hzaP =hy, (4.83)
where

h3 = (up —Xpm V)R € CPY2(Q1), hy =xpaPvm — ppvra® € CHY2(Qr)

by (4.76), (4.82) and (4.40a). Thus, we can apply Theorem [3.2|and get together with (4.82) that
the solution of (4.83) satisfies

aP e CZH’”I/Z(QT). (4.84)

Similarly, the equation for a° in (V') can be rewritten as

9ta® — Aa® —xsVv - Va® — hsa® = hg, (4.85)
hs = (us — xsmv)R € CHY2(Qr), (4.86)
he = xsa®vm + ppyral eXPV =XV ¢ CbY2(Qq). (4.87)
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Applying Theorem [3.2] we obtain

Furthermore, {.76), v € C"'(Q7), #46a) and yield
me C2HLIFV2(Qq). (4.89)

By using (#.82) together with (4.84), {.88) and and repeating the proof of (4.82) for

aihxjv we get

02 _veChY2(Qy). (4.90)

XiyXj
The equation for v in (V') implies moreover that
0tv=—mv+ u,VR € Cz“’l/z(QT),
which yields together with v € C11(Qt) and that

ve C2+1’1+I/Z(QT)- 0

4.6 A priori estimates for the densities of the cancer cells

To extend the existence interval of the local classical solutions established in the previous
section we will derive a priori estimates. For the bootstrapping argument we need bounds
for aP, a% and m in C?(Q7) and for v in C'(Q7). The derivation of these a priori bounds is
delicate and we proceed in multiple steps, firstly deriving bounds in Lebesgue and Bochner
spaces.

For this process we assume that (aP, aS,v,m) € (Cz’1 (QT))4 is a classical solution of
in [0, T] for any T > 0. The estimates in the following statements are then supposed to be
understood as a priori estimates, i.e. they are independent of the solution. The present section
addresses, in particular, a priori estimates for the transformed cancer cell densities. At first we
derive bounds in L' (Q).

Lemma 4.17 Let (aP,a®v,m) € (C*' (QT))4 be a solution of [IV'), then for all t € (0,T) the
following estimates are satisfied

la®(®)ll1a) <Py <G, (4.91a)
W)y <le*®llia) <C (4.91b)
m(t)[[Lr ) <C. (4.91¢)

Proof. The first inequality in both equations {#.91a) and follows from the variable

transformations (4.41) and (¢.45) and 0 < v < 1. To prove the second inequality in (4.91al)
we integrate the evolution equation for cP in over () and obtain by the homogeneous
Neumann boundaries and the positivity of the functions cP, ¢5 and v that

d

J cPdx < uDJ chx—uDJ (cP)? dx.
dt Jo Q Q
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When we proceed here as in the end of the proof of Theorem 4.6/ we get
Pl oy < max{|eBllalal}b < C

The same strategy applied to the evolution equation of cSin brings us to the inequality

S D s S
c < c )+ c
1t” L) < rmllc™ o) +rsllic’loa |Q||| ” Q)

< Cz-HLSHCSHU( —@\ S|| (4.92)

where we have used the previously derived bound on ||cP||; 1 (a)- The right-hand side in (4.92)
is a quadratic function in ||c%||{1 ), which is nonnegative only for ||c5||(1(q) € [~C3, C4l.
This implies

S S
Il o) < max{”COHL‘(Q)aC4} < Cs.

The bound (#91d) follows directly from the bounds on ||cP||; () and eS|l (Q)- O

Next, we present the main result of this section. It builds on Theorem and establishes a
priori L*° bounds for the cancer cell densities. The proof employs Lemmas and in
order to obtain the necessary bounds for the MMP concentration.

Theorem 4.18 Let (aP,a® v, m) € (C>' (QT))4 be a solution of system and let (#.39) hold.
Then for all t € (0, T) we have

1aP (V)] L), [|a® (1) || e () < C. (4.93)

Proof. The proof is divided into 4 steps. We first derive a basic estimate in step 1, prove LP
bounds for all p in steps 2 and 3 and finally prove the L* estimate in step 4.

Step 1: First LP estimates Wesety=0ifp <2andvy € (0,1) otherwise. Then we define
ay =a+7vy >7v =0, such that for all p > 1 it holds that

v ((ag)pﬂ) — %(ag)p/z—l vab,

. (4.94)
Syp/2\ _ S\p/2—1w S
\V4 ((ay)]D ) = E(ay)]D Vaj,.
Due to 0g<v«l we can consider the integrals [, eXD"(aB )Pax, o eXS"(clf,)]D dx instead of
JaldD)Pax, IQ )Pdx and further get

0<up —XDHv S HD, O < Hs —XsHv < Hs (4.95)
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employing the above assumption. Using moreover (IV’), ¢.95), integration by parts, (4.94),
(4.40b) and the fact that 0 < v < 1, we obtain

d J' exDV(ag)pdx :J
Q

at QXDeXDVatV(GE)p dX+J eXPVp(aP)P~ 19 aP dx

o Y
= —XD JQ eXPYmy(al)P dx + xp L) eXPY(aD)PVR dx

+ JQ p(ag)p_] V- (eXD"VaB) dx +xp JQ eXD"p(ag)p_1 agvm dx

+ JQ eXVp(al)P(up — xp wyv)alRdx  — Ll upmr a”eXPVp(a))P ! dx
< (MDD P+ XD W) JQ eXPY(aD)P dx 4+ xp p JQ eXP ¥ (aD)Pm dx

- JQ p(p — N(a))P 2 Val|ZexrY dx

4(p—1)
P

<- J |V(a$)p/2|2dx+(unp+xDuv)eXDJ ()P dx
Q Q

+ xp peXP J m(a?)p dx. (4.96)
Q
Similarly, we get

d J exsv(ai)pdxzj XseXsVdgv(a3)P dX"‘J eXsVp(aj)P'0a® dx
o}

dt Q Q Y
4p—1
ST 9§72 et (s p+ xs w)es | (af)P ax
p Q Q
+ xs peXs J m(cti,)]D dx + um peXP J aD(ai)p*1 dx. (4.97)
Q Q

Step 2: Increase of p We assume that for a ¢ > 1 both transformed densities satisfy
||a5(t)|’Lq(Q)) ||a§/(t)”[_q(_(‘)_) < C; and show that

laY(®)llr (), 165 (D)lr () < Ca,
where p = 4q/3. Since we have assumed the space dimension d = 2, the inequality

dp <1+E—l
dp +2¢q d ¢

holds and allows us to find an r > 1, such that

dp 1 2 1
dp+2q<?<1+a_a’ (4.98)

The first inequality of (4.98) implies 2/r — 2 > 2q/p. This yields together with the Gagliardo-
Nirenberg inequality (estimate (3.17)) that

2 2(r=1) 2 2(r—1) 2
- l1ge < Call Mo - Iy < Call - lizam I Iy (4.99)
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By the second inequality of (4.98) there is a dual exponent 1’ of r that satisfies the conditions
of Lemma We take a € {a?, a5 }. Applying Young’s inequality, #99), Lemma and
assumption [|a(-,t)|[ra(q) < C1, we get for any € > 0 that

J mapdx<C5(s)J mT/dx+£J aP’ dx
Q Q Q

< Cele) + ellaP/? |12

1) 202
< Cole) +eCrllalla ™ 0P 2[5y g

< Cgle) + £C3J

aP dx + ¢Cg J |VaP/?? dx. (4.100)
Q Q

Since we are in space dimension d = 2, the Gagliardo-Nirenberg interpolation inequality
(follows from (3.17)) yields

1 4 3/4
I ez < Cl- gt o - 13550 (4.101)

We can moreover estimate f o aP dx by employing (4.101)), Young’s inequality and the estimate
la(-t)||La(a) < Cq to get

(o) |

aP dx = (Co + B)J (aP/?)? dx
Q

Q

= (Co + B)[aP/?||2,

1 2 3/2
< Cro(Co 4 B2y o 0P 21757

B /22 /2112
nga’p ”W%(Q)—Q—CHHGP H]_S/Z(Q)

B 2,2
= z”ap/ ||W%(Q) + Cii ||aHE3p/4(Q)

< BllaP212 )+ Co @102)

where Co and B are arbitrary positive numbers. In order to prove the LP bound for a® we

insert (4.100), where a = aP, into (#.96) and fix ¢ such that exppeX°Cg < 2(p — 1)/p. Thus,
we obtain

d D
a JQ eXP¥(ay)P dx <

2(p—1)
P

By adding f [ (a))P dx to both sides of #103) we get

J IV(aB)P/2|2 dx + Ci3 J (aE)T’ dx + Cqi4. (4.103)
Q Q

d D D
a JQ eXP¥(ay)P dx + Ll(ay)p dx <

2(p—1)

- JQ IV(CLE)T’/ZI2 dx

+ (Cqy3 + B)J (a?)p dx + Cq4. (4.104)
Q
We can now insert (£.102), where a = a® and § = 2(p — 1) /p, into @104) and get

d

D p—1
dtJQ eXP¥(ay)?P dx+pL2( Y)p dx < Cys, (4.105)
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which implies

d

—1
T JQ eXPV(aD)P dx + P JQ eXP¥(aD)P dx < Cys. (4.106)

P eXD
Thus, with Lemma 3.4l we obtain
J eXPV(al)P dx < Cye. (4.107)
Q
Consequently, we have shown that
1aP(, ) |r () < Ci7 (4.108)
Applying Young’s inequality and (4.108) leads to
—1 1
J aD(ai)p*] dx < PJ (ai)p dx + J (aP)P dx
Q P Jo Pla

< Cis Jﬂ(ai)P dx + Cio. (4.109)

Inserting (#.109) into (.97) then yields

4(p—1)

dJ eXSV(a‘?/)PdX < —
Q P

S 22
- J, IVt ax

+ CzoJ (af,)p dx + C2; J m(ai)p dx + Czz. (4.110)
Q Q

Since (£.100) and (£.102) are also valid for a = a°, we can repeat the steps in (#.103)—#.107)
for (4.110) to get

Has('»t)HU’(Q) < Cas. (4.111)
Step 3: LP bounds for all p > 1 From Lemma [4.17]and the previous step the estimates
1aP (5 Ol s q)) \|as('>t)\|u4/31n(g) < Cas(n) < o0
follow by induction on n € N. Hence, we have for all T < p < oo that
1aP(, )[tr (), 1a°(, )l () < Cas(p) < oo. (4.112)

Step 4: L™ bounds For this step we employ the technique from [4], which was applied
before to a Keller-Segel model in [36]. We are in space dimension d = 2 and we know
from Step 3 that there is a p > d = 2 such that ||cP + ¢®||1»(q) < Cz0. Therefore, we get by
Lemma (where ¢ = cP + ¢5) that

Mgy < Cae. (4.113)
Inserting (4.113) back into (4.96) we get for all p > p that

d

d 4p=1
dt

J eXoV(aP)P dx +
Q P

J |V(aD)P/2|2dx<C27pJ (aP)P dx. (4.114)
Q Q
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We define the sequence py = 2* for k € N and obtain from (3.17) the Gagliardo-Nirenberg
inequality

/2y 1/2
Il < Casll - gl 1™ (4115)
Thus, we get for a € {aP, a®} by (£I15) and Young's inequality the estimate

2 B B
JQ aP*dx = [[aP* |72 (o) < CaollaP Ml oy la?* L o

:
< Coo <||apk ]HU )+ exllaPe ‘H )> , (4.116)

which implies for sufficiently small ¢y that
1
JQ aPx dx < Cao <£k”apk1 H%‘(Q) + ey |[VaPs H%Z(Q)> . (4.117)

Next, we substitute p = px. Adding then e,eX [, (aP)Px dx to both sides of @114), choosing
ek in (4.117) such that

(C27 pi + exeXP)Cag exc < 4(pr — 1)/px < 4 (4.118)
for a = aP and inserting in (.114) yield for k > 2 the inequality

d
J eXoV(aP)Px dx + g eXP J (aP)Px dx

dt O Q
XD 2
< (Ca7 Px +€5ke )Cas <J (aP)Pr- dx> . (4.119)
k Q

The latter implies that

d C XD)C
J eXoV(aP)Pr dx < —skJ eXPV(aP)Pr dx + (Ca7pic + ) Cag Mﬁ_], (4.120)
dt Q Q 1A
where
My = max {1, sup J eXpV(qP)Px dx} . (4.121)
0<t<TJQ

By Gronwall’s lemma we get from (4.120) that for k > 2 it holds

XD
J eXPV(aP)Px dx < max {J eXD"O(alg)pk dx, (Corpic + ike )Ca9 Mﬁ_1 } . (4.122)
Q Q €%
Hence, we have that
My < max {1, Q1eX® [ (aB)IIPE > 8KME ]} for k > 2, (4.123)

where 6y = max{1, (C7 px + ekeXD)Cz‘;/ei}. Note that by (4.44) and (4.112) we can find a
constant C3¢ such that

My +1< Czo, [Q1XP]|(af)[IP% g, < ChE fork > 1. (4.124)
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From (£.123), (4.124) and &x > 1 we get
My < 8§, 88", 882, - 85 2 871 Ch. (4.125)

In addition, we get from (4.118)) that € can be chosen as ex = C37/pk where the constant C3;
is independent of k. This yields

& < C32p3,

and hence we obtain

k—1 2i-k

1 . 11— i
ML/Pe < chimo 2T B 2 M e e < ¢y, TR 2P T 2 g, (4.126)
For 0 < t < T we note that max{1, [|aP(-,t)||irk(q)} < Ml/pk by 0 <v < 1. Letting k — oo in

(4.126) we get
||aD('at)||L°°(Q) < Czs. (4.127)

Then using the bounds {.113), (.127) as well as the sequence py = 2* for k € N in
yield for k > 2 the inequality

4(py —1
] eetm e R ot ax
dt Jo Px Q

< C34PkJ

(a®)Px dx + C3s ka (a®)Px~Tdx. (4.128)
o

o}
By Holder’s inequality we estimate

)(Pk—U/Pk

J (O‘S)Pk*1 dx < |Q|1/Pk <J' (aS)Pk dx < C36 <J (as)pk dx + ]) N
Q Q Q

and obtain in this way

% JQ XV (aS)P* dx + 4(P;k_ 1) Ll IV (aS)Pe112 dx
< C37px (JQ(aS)Pk dx + 1> ) (4.129)
We add again exeXs [, (a%)Px dx to both sides of and choose ¢ such that
(C37 Px + exe®)Cao e <4(px — 1)/px <4, (4.130)

where Cyo and ¢y are chosen such that .117) is true for a = a°. By setting ¢, = C3s/px we
find a constant C39 > Cy¢ such that
(C37 Pk + exeXs)Cso
€k
Inserting now (4.131) into (4.129) yields

> C37pk. (4.131)

2(C37 px + €xeXs)Czo

; J eXsV(a®)Pr dx < — Skj eXsV(aS)Pr dx + Mg,  (4132)
Q

E Q €k
where
My = max {1, sup J exs"(as)pk} .
0<t<TJQ
Using the same argumentation as in (4.122)-(4.127) it follows for 0 < t < T that it also holds
1a°(-,t) L) < Cao, (4.133)
which completes the proof of the theorem. O
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4.7 An estimate for the gradient of the tissue density

In this section we show an a priori bound for Vv in L#(Q). This bound is crucial for the
expansion of the existence interval of the solution. We skip a rather technical part of the proof
and refer to our work [58] for further details.

In the first step we derive a relation between bounds on the gradient of the tissue density
and the gradient of the transformed cancer cell concentrations, i.e. between [|Vv(t)|/1r(q),
IVaPlr(qr) and [[Va®(t)[|ir(qq)-

Lemma 4.19 Assume that (aP,a® v, m) € (C>"(Qt))* is a solution of (IV'). Then for any p > 1
the following inequality holds

I9v O 0y < CTp) (IVaPIEy ) + T IEy ) +1) (4.134)
Proof. We use the chain rule in to obtain

V(0¢v) =hy Vv — (Wm + wyveXsvva® + HyveXP¥vaP) . (4.135)
Here we have used the term

hi = —m + wR — pyveXsVxsa® — pyveXPVxpal — 1, (4.136)
for which we note that hy < . Next, we take equation and multiply it by pVV|VV[P—2,

Employing 0 < v < 1, the bound [m(t)[lwy (o) < C (from (4.93) and Lemma 4.11) and
Young's inequality (3.13) (with exponents p and p/(p — 1)) we obtain

0¢(IVV[P) = hy p|Vv|P — (vav - Vm|Vv[P—2

+ puvvexs"VaS B VAV AV ppvveXD"VaD . VVIVVIP*Z)

< PV +p[[Vm e (0)| VP! + puyeXP[VaP| [vyP !
+pry | Va® [ Vv

< C1IVVP + Co|VaPP + C3/Va®P + Cy. (4.137)
By integrating over ) we get
Iy < Cs (I o) + IV Ey ) + [V +1).
t
The estimate follows by the Gronwall Lemma. O

The next Lemma provides a priori estimates for the transformed cancer cell densities in Bochner
spaces. They will allow us to make use of the relation in Lemma

Lemma 4.20 Assume that (aP,a® v,m) € (C>'(Q))* is a solution of system (V). Then the
following inequalities hold

IVaPlts g, < CM), VAPt g, < CT. (4.138)
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Proof. The estimates (4.138) are obtained in several steps. In the first step we derive estimates
for the spatial and temporal derivatives of the transformed cancer cell densities of the form

IVaP(t)[lr2(q) < CeXPit 19¢aPl12(q,) < Ct+ CeXpivt
IVaS(t)||r2(q) < CeXstt 19¢0%||12(q,) < Ct+ CeXsivt, (4.139)

These are obtained by multiplying the equation for aP in by eXPVd.aP, integrating
over (), a series of basic estimates and a similar treatment for the evolution equation of the
transformed CSCs density a.

In the second step we apply (4.139), a rewritten formulation of the transformed cancer cell
density evolution equation, a series of basic estimates and a time iteration process to derive

1AaP(®)][F2g,) < C(T)y [Ac®(t)]1F2(g,) < C(T). (4.140)

In the next step, we apply the Gagliardo-Nirenberg inequality (3.17) and obtain for any
0 < t < T the inequality

t t
JO IVal(|fs g, ds < CeTeXPHvT 4 Cre2xpinT JO 1AaY[E2 ) ds. (4.141)

By combining (4.141) and (4.140) in the final step the statement of the lemma follows. For the
technical details we refer to [58]. O

The main result of this section is a direct consequence of estimates (4.138) and (4.134).

Corollary 4.21 Assume that (aP,a®,v,m) € (C>1(Q+))* is a solution of (IV'). Then we have

[IVV(t)[[4 ) < Cs(T). (4.142)

4.8 Global and unique classical solutions of an EMT cancer
invasion system

In this section we combine the results from the previous sections and show existence and
uniqueness of classical solutions of (IV’). For this purpose we firstly derive the final a priori
estimates, which are needed to extend the local solution in time.

Lemma 4.22 Let (aP,a®,v,m) € (C>! (QT))4 be a solution of system (IV’) and let (4.39) hold.
Then for all t € (0, T) we have

1P (V)| c2ay,s ”as(t)||c2(fz)> Vt)[cr(ay M) c2a) < C(T). (4.143)
Proof. We obtain from estimates (4.39) and (#.93) and Lemma [4.11] that
la®(W)lL=()s 6% (®)llLe(a)s M) lwi ) < C. (4.144)

Now, using (IV’), we can rewrite the equations for the transformed cancer cell densities a®

and a° as

dtaP = Ad® +xpVv-VaP + hia® in Q x (0,T), (4.145)
0ta® = Aa® 4+ xsVv - Va® + haa® + ppmr eXPV X5V aP  in Q x (0, T), (4.146)
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where
hy = —ugmr + (UD — XDUWV)R +XDVM, (4.147)
hy = (us —XsHvV)R + Xsvm. (4.148)

By employing (#.142), 0 < v < 1, (4.144) and (4.40b) we have

Vv lLa(a)s M B sy M2 (Bl (a)s remT €XPY XY aP ()| Lo (0) < Ci(T). (4.149)

This allows us to use the maximal parabolic regularity result in LP ([106, Chapter IV, The-
orem 9.1, p. 341]) for both equations (4.145) and (4.146). We obtain for 1 < p < 4 the
inequality

HaDHW]gJ(QT)» ||as||W]§‘1(QT] < Ca(p, T). (4.150)

Thanks to this estimate and the Sobolev embedding ([106, Chapter II, Lemma 3.3, p. 80]) we
have that

IVaPltr (@) IVa®llir(qr) < Calp,T) forallp > 1 (4.151)
and thus by (4.134) also
[Vv(t)[lr (o) < Calp, T) forallp > 1. (4.152)

Due to Theorem 3.1} (4.149) and (#.152) estimate {.150) is true for all p > 1.
Moreover, applying Theorem [3.1| once again in the evolution equation for m in (IV’) yields

Imllwz1 () < Cs(p) forallp >1. (4.153)

Then we apply the Sobolev embedding (3.11)) to (4.150) and {.153) for a fixed p > 5 to get for
A=1-5/p that

HaDHcPr)\,(Pr?\]/Z(QT), Has||cl+)\,(]+)\)/2(QT), HmHCHA,(HAJ/Z(QT) < Cs(T). (4.154)

By considering 0 < v < 1, the evolutlon equation for a® in (IV) and the estimates (£.8T]
and [@.79) together with (4.154) we obtain

[Vilcri (o) < C7(T). (4.155)

Using now the same arguments as in the proof of Theorem we see that

Ha ch+7\1+)\/2 Q1) Ha HC2+>\1+)\/2 Q) Hm”cz+7\1+)\/2( CS(T) (4.156)
The estimate (4.143) follows from (4.156) and (4.155). O

Finally, we are ready to show existence and uniqueness of global classical solutions.

Theorem 4.23 (Global existence) Let ([4.39) be satisﬁed and let T > 0 be given. Then there exists
a unique solution (cP,c%,v,m) € (C2TYL1+Y2(Q1))* of system (V). For this solution it holds
cPoeSm>0and 0 <v< 1.
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4 Analytical study

Proof. This statement results from Theorems and Lemma and the equivalence
of systems and (V).

Assume the solution of existed up to a finite maximal point in time, i.e. assume there
was a T* < oo, such that the solution existed only for t € [0, T*). By Lemma [4.22) we would
find a constant C(T*) that would satisfy for all 0 <t < T* that

1P )l c2a @Dz @y, IV et @y M)z () < ST

By the local existence result of Theorem and Theorem we could find M(T*) as well
as To = To(M(T*)) by which we could extend the classical solution in time from an arbitrary
starting point t € [0, T*). In particular, for 0 < ¢ < Tp we could extend the solution up to
T*—e+To > T*, which in turn would contradict the assumption. This shows that there cannot
be a finite maximal time of existence. [l

4.9 Discussion

The proof of global existence and uniqueness of solutions to model gives rise to the
question, if one can obtain similar results for the full model (). In comparison to the
haptotaxis EMT/invasion system introduces two additional challenges. These are the tissue
remodeling by a third species of cells (fibroblasts) and positive logistic terms.

The case of fibroblast remodeling without positive resource terms does not imply the
nonnegativity of the ECM density, see Section Since this nonnegativity is used in many
places throughout the proof, we believe that a direct adaptation of the presented techniques
to this case is not possible and therefore the positive logistic terms are needed.

A positive resource term might in fact assist in the derivation of a priori estimates. One
can see in that in the case of R > 0 the condition on the proliferation rate is not
necessary in the derivation of a priori bounds for the transformed densities aP and a®. On the
other hand one gets difficulties by the nondifferentiability of the positive part term, e.g., in
the proof of Theorem Thus, one could instead study a smooth positive function for R in
the first place, for instance, a mollifier of R*.

Due to the variable transformation (Proposition tissue remodeling by fibroblasts intro-
duces an additional coupling between the fibroblast density and the cancer cell concentrations.
However, these additional terms do not cause problems in the proof of a priori bounds for the
transformed densities a® and a®. This is because the arising term (p — xiscF)R can be easily
estimated by the nonnegativity and boundedness of R and the nonnegativity of cf. We also
believe that using the variable transformation a priori bounds for the fibroblast density cf can
be derived with the techniques from the proof of Theorem [4.18]

In summary, we conjecture that global existence and uniqueness of solutions to system
can be obtained by an adaptation of the techniques presented in this chapter provided R is
positive and smoothand 0 <v < 1.
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Implicit-explicit finite
volume methods for
cancer invasion
models

In this chapter we develop finite volume/finite difference methods for the numerical simula-
tion of systems , and . To this end we introduce an adapted central upwind scheme.
We describe the derivation of the scheme in Sections |5.1{and [5.2) and address the adjustment
to nonuniform grids in 1D and to quadrilateral grids in 2D in Sections [5.3|and

The scheme admits a semi-discrete form that we will provide for the three introduced
cancer invasion systems in Section These discretizations allow us to employ efficient time
discretization methods. In particular, we consider splitting schemes that decouple the stiff
diffusion terms and treat them implicitly. This increases the efficiency by making larger time
steps possible. The time integration and particular methods are discussed in Sections

We moreover show in Section 5.9 that for model (II) the nonnegativity of numerical solutions
can be preserved throughout the simulation time when employing the proposed scheme.
In Section we discuss particular adjustments to the time discretization method when
dealing with the contractivity model ([I). We close this chapter with numerical experiments
and a comparison of various time integration methods in the case of the uPA model (I) in

Section B.11]

5.1 Finite volume methods for scalar conservation laws

The numerical scheme that we propose employs a finite volume approach for the cancer cell
equations. To introduce the idea we will briefly present the framework of finite volumes
for nonlinear hyperbolic equations. For our purpose it suffices to restrict ourselves to scalar
nonlinear conservation laws in 1D that read

deu+ dxf(w) =0, x€Q=(ab), t>0, (5.1)

where u is a state variable depending on space and time. We complement (5.1) with homoge-
neous Neumann boundary conditions

oxu(a,t) =0,u(b,t) =0, t>0
and smooth initial data
u(x,0) =up(x) =0, xe€Q.

The solutions of (5.1) can develop discontinuities in finite time despite given smooth initial
data. This makes the numerical approximation delicate. Nevertheless, the scalar case (5.1) was
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5 Implicit-explicit finite volume methods for cancer invasion models

extensively studied in the past and is now well understood from an analytical and a numerical
point of view. Note though that there are still many open problems in more general cases,
e.g., for systems of hyperbolic conservation laws [110].

To study suitable numerical schemes we firstly introduce a discrete mesh.

Definition 5.1 For the one-dimensional domain Q = (a, b) a finite volume mesh of cardinality
N € N is given by the grid cells

Ci = (xi—1/2y%441/2)y, i=1,...,N

that cover the domain Q in the sense | J_; C; = Q. The corresponding cell midpoints and cell
interfaces are defined as

i—1 h
Xi:a—i-Zhj—f—?l, i=1,...,N,
j=1
h;
Xi£1,2 =Xi £ f»
where h; = |Ci| > O refers to the size of a particular grid cell. We denote the maximal grid cell
size by h = max{hy,...,hn}. In the case hy =h fori =1,...,N the mesh is called uniform.

We derive the general finite volume formulation by integrating (5.1) over a grid cell C; in
space and over an interval (t™, t"*1) in time. In this process we obtain by the divergence
theorem

tn+1

1
0= — J J du(x,t) dx dt + — J J Oxf(u) dx dt
hi tn C; i Jgn C;

1

tn+l

i
tn+1

)
= — | ux,t"t) —u(x,t" dx+J
hi Jc, ( ) ) hi J¢n

J f(u) dx dt
Jeh
tn+]
o | e )~ flulo 2, 0) d 62)
i Jin

Here we have assumed that both the state variable u and the function f are sufficiently smooth
and we have used the notation ul* = |C;| ! J‘Ci u(x, t™) dx to refer to the cell average in mesh
cell C; at time instance t™. In the following discussion we use the same notation ul* also for
approximate cell averages and we denote the vector containing the numerical solution at time
t™ over the full finite volume mesh by un (t™) = (u{‘)l] .

The major challenge in the construction of a suitable approximation method for remains
the reasonable approximation of the fluxes f::ﬂ f(u(xi4+1/2,t)). The main reason for this is
the possible discontinuity of the function u in x;,,. For this purpose one considers the
numerical fluxes

tn+1

1
Hi o™ P p—— Ln f(ulxir1/2,t)) dt, (5.3)

that are usually obtained by a numerical flux function that approximates the flux based on the
adjacent cell averages

}C&LUZ = H(ui, uiyg). (5.4)
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The numerical fluxes yield together with the finite volume scheme

u{lﬂzu?_h%( {;1/2—:1{{11/2), i=1,...,N, (5.5)
where T = t"*! —t™. For consistency with the homogeneous Neumann boundary conditions
the numerical fluxes satisfy Hg | , = H{;,, = 0. In what follows we will consider a single
step in time and drop the superscript n for brevity.

Most numerical flux functions are related to Godunov’s method which makes use of the
analytical structure of the problem. It is known that the solution of the conservation law
(5.1) remains constant along the so-called characteristic lines or characteristics in the time-
space phase. Intersections of these characteristic lines lead to discontinuous shock waves
in the solution. Characteristics that spread apart result in rarefaction waves. Consider the
conservation law on the real line with initial data

(x,0) Uy, x<0,
u(x,0) =
Uy, x>0.

This is the so-called Riemann problem which has a solution that is either a shock or a rarefaction
wave. Thus, the Riemann solution u(0,t) = URP(Uy, U,) is particularly constant for any t > 0.
The Godunov flux is now defined as

HE (wiy wigr) = FURP (g, wig1)) (5.6)

and the corresponding finite volume scheme solves the Riemann problem at each cell interface.
If we assume that the function f is continuously differentiable and if

f’(ui) < 0 < f’(ui+1) (57)
is excluded, then the flux function (5.6) can be rewritten as

f(ui)> s> 0)

G (L s —
= (wiy wig) {f(ui_,_]), s <. (5.8)

Here the shock speed s is given by the Rankine-Hugoniot condition

. flwipr) — f(ui)- (59)

Uiy —Ug

In the particular case the numerical scheme with flux function does not
approximate a physical entropy solution of (5.I). For this reason the flux is usually
modified with the so-called entropy fix. Here however, we do not consider the case and
refer to [110] for more information on how the entropy-consistent fluxes are constructed.

A simple scalar conservation law is the linear transport equation, which is given by
for f(u) = au and a constant velocity a > 0. In the case of this equation the Godunov flux
function reduces to the upwind flux

FHH (g, wisr) = Flug). (5.10)
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Central schemes and linear reconstructions

Further popular numerical flux functions originate from the class of central schemes. These
have the advantage of being easily applicable to systems of conservations laws without being
dependent on the structures of eigenvalues of the particular problem. They were derived by
a modification of Godunov’s method to staggered grids [105]. In what follows we restrict
ourselves to uniform finite volume meshes.

A well known example of a flux function related to central schemes is the Lax-Friedrich
numerical flux

HOF (e win) = 5 () Tlgn)) — s — ). 11

The corresponding scheme is commonly used in many applications. It is more dissipative than
Godunov’s method but does not need an entropy fix to approximate the physically relevant
solution of (5.1).

After the derivation of the scheme (5.5), in [53,[109], higher order central schemes were
developed, e.g., in [105| [127]. Many of these schemes are related to the Monotonic Upstream-
Centered Scheme for Conservation Laws (MUSCL) from [112] which enhances Godunov’s method
with a piecewise linear reconstruction in each computational cell. To explain the underlying
idea, let s; denote an approximated slope of u(-,t™) in the cell C; on a uniform grid. An
example is the central difference

Wit T Ui

h 2h
Using the approximate slopes, we can define the interface reconstructions from the left and
from the right as

L R h
Uig =Wt zsb Wiyq/2 = Wit — zsi+1a
see also Figure Higher accuracy of the scheme (5.5) can then be obtained by evaluating
the numerical flux function at the interface reconstructions instead of at the cell averages, i.e.

by replacing by
Hipr/2 = Hugq Ui 2)- (5.12)

A consistent reconstruction by central (or forward/backward) differences in s; for higher
resolution introduces further problems. It can lead, for example, to over- and undershooting
interface reconstruction at local extrema and discontinuities of the solution. These in turn
result in numerical instabilities.

To overcome the stability issues the classes of total variation bounded (TVB) and total variation
diminishing (TVD) schemes were constructed in literature.

Definition 5.2 (Total variation) Consider a function u € L'((a, b)) and a numerical solution
on a finite volume mesh at a fixed time instance denoted by un, (t™).

1. The total variation of u is given by

1 b
TV(u) =limsup - J [u(x) —u(x —¢)|dx.

£e—0 € Ja
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2. For numerical data we define
N
TV(un(t™) =) huf —uf 4.
i=2

3. A numerical method is TVD, if it satisfies

TV(un(t™) < TV(un(t™)).

For given discrete slopes we can define piecewise linear reconstructions of finite volume
solutions as

N
W, th) = ) xe,(x) (Ul +si (x — 1), (5.13)
iz

where x ¢, refers to the characteristic function over grid cell C;. The idea for the derivation
of TVD schemes is to choose the discrete slopes in such a way that the linear reconstruction
satisfies TV(ii(-,t™)) < TV(un(t™)). To achieve this property slope limiters have been pro-
posed, e.g., in [112]. We will consider, in particular, the minimized central (MC) limiter derived
in [111] for the slope computation. On uniform meshes it reads

s; = minmod <2ui _hui“ | Uil Z_hui” , 2 1h_ ui) . (5.14)
Here the minmod operator is given by
max{vi,...,vn}, ifve <0, k=1,...,n,
minmod(vy,...,vn) = { min{vy,...,vn}, ifvg >0, k=1,...,n, (5.15)
0, otherwise.

The limiter preserves the monotonicity of the discrete solution, yields steep and sharp
resolutions near discontinuities by considering twice the forward or backward difference, but
does not distort the solution by admitting the central difference in smooth regions [110]. We
will generalize the limiter to nonuniform grids in Section 5.3|and prove that the corresponding
upwind scheme (6.5), (5.12), is TVD. In this way, we justify that the nonoscillatory
property of the reconstruction, i.e. TV(ii(-,t™)) < TV(uy(t™)), also holds in the uniform case.

Based on the MUSCL approach the central upwind scheme was introduced in [104]. It was
build on the central scheme from [105]. The corresponding flux function reads

+ L - R
aiy g of(ugy o) —a g Hflud, )

cu  _
Hiq = ot —a
i+1/2 i+1/2

ai++1/z Ay R L
T o (ui+1/2 - U'i—H/Z) , (5.16)
ir1/2 7 %12

where uh{? /2 are determined by a nonoscillatory slope reconstruction such as (5.14). The local
propagation speeds needed for the computation of the numerical flux (5.16) are given by

ai++1/2 = max (f/(U{'H/z)) f/(u5+1/2)) O) ) (5.17a)

A/, = min (f/(uiLJH/Z)) f/(ufﬂ/z% O) . (5.17b)
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Figure 5.1: Interface reconstructions between the computational cells C; and Ci;; from the left and from the right

by the MC-limiter (5.14).

We refer to the original paper [104] for a more general formulation for hyperbolic systems.
Flux is related to the upwind flux since in the case of the linear transport equation and
piecewise constants (s; = 0) it reduces to (5.10). Moreover, the scheme (5.5), remains
simple and efficient because the flux computation requires, except for the reconstruction, only
the propagation speeds that are needed anyway for the determination of the time increment T,
see Section 5.6

The central-upwind scheme (5.5), allows for a straightforward extension to advection-
diffusion-reaction (ADR) equations of the form

du+dyf(u) =Dd2u+S(u), xeQ=(ab), t>0, (5.18)

where S is an arbitrary Lipschitz continuous source term that satisfies S(0) = 0. Hence, it
implies positive analytical solutions of (5.18). For these types of problems we consider an
approximation of the second derivative by central differences. The source terms are simply
approximated by an evaluation at the cell average ul* corresponding to the current mesh cell.
We will follow this approach in the discretization of the cancer invasion system.

5.2 The central upwind scheme for chemo- and haptotaxis
problems

In this section we introduce the finite volume/finite difference scheme for chemo and hapto-
taxis systems. To this end we will accordingly adapt the central upwind scheme introduced in
the previous section.

We consider in this section the (parabolic-parabolic) 1D Keller-Segel model (2.25). As the
spatial derivative of the chemo-attractant density a appears in the divergence term in the
equation for the cell density, this system cannot be treated directly in the usual context of
hyperbolic systems. In [31] the evolution equation for the concentration of the chemo-attractant
was replaced by its gradient in order to follow a discretization approach for hyperbolic systems.
In this way, an accurate positivity preserving scheme could be constructed. However, the
modified system turned out not to be hyperbolic for certain relevant states. Consequently,
the method had to be adjusted in these cases. Moreover, treating the gradient of the chemo-
attractant instead of the chemo-attractant itself by a numerical scheme, increased the number
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of equations to discretize in higher space dimensions. This elevated in turn the complexity of
the numerical method.

In the subsequent works [32, [103] a simpler finite volume/finite difference (FVFD) scheme was
proposed. The authors considered a decoupling of the cell equation from the chemo-attractant
equation. They treated the attracting species with a finite difference scheme and the migrating
species with the central upwind scheme introduced above. The local propagation speeds were
obtained by using central difference approximations of the gradients of the chemo-attractant
density.

In more detail, consider a uniform finite volume grid in 1D, the discrete cell averages for the
cell densities c* ~ |C4| ! fCi c(x, t™) dx and point values for the chemo-attractant densities
al* ~ a(xi, t™). Then the scheme is given by

H; —H;_ ¢ty —2ct+ct
C{l+] :C?—T|: 1—0—1/2h i—1/2 D, i—1 hzl 1+1:| ) (5.19a)
a* . —2al*+al*
! = 4Dy S ot e (5.19b)

for T < 1 < N and a time increment T = t"*! — t™, Recall that D, D, « and B refer to
constant and positive model variables. We prescribe the local propagation speeds for the
central upwind flux by

+
+ Qi1 —a
Gip2=X\ 7 ) >

where we use the positive and negative part defined by x* = max{0, x} and x~ = — min{0, x}.
In this way, the numerical fluxes (5.16) reduce to
+ —
cu dit1 — di L Qi1 — Qi
%iszX( — ) ci+1/z—><< — ) cti1/2 (5.19c)

with interface reconstructions ci{? /2 computed by the MC limiter (5.14). We note that the flux
can also be understood as the Godunov flux H (cf, | /chﬂ /2) solving the Riemann
problem for the transport equation d¢c — X0x(“—"¢) = 0.

One can show that the numerical fluxes that we use yield local second order approximations
of the advection terms in most computational cells.

Theorem 5.3 Consider a uniform finite volume grid in 1D at a fixed time instance and let the con-
centrations ¢ and a be sufficiently smooth in QO = (a,b). Let ci = |C4| ! fci c(x) dx denote the
exact cell averages of the cell concentrations and let a; = a(xi) denote the point values of the chemo-
attractant densities. Moreover, consider the numerical fluxes and local propagation speeds given by
scheme (5.19).

If a) Cy is sufficiently far away from the boundary, b) the local propagation speeds a4/, do not
change signs in a neighborhood of Ci and c) there is no discrete local extrema of ci in a neighborhood
of Cy, then the local truncation error is of second order, i.e.

HEY S —HEY
ECU = ave /2 X J Ox(cOxa) dx
Cyi

_ 2
- o = O(h?). (5.20)

Ifa), b) and c) are not all satisfied, then we still have ESY = O(h).
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5 Implicit-explicit finite volume methods for cancer invasion models

Proof. Taylor expansion, see [97] for technical details. O

We also mention here the numerical schemes for KS-type systems considered in [55, 56| 80].
Here the authors followed a similar second order upwind approach on uniform grids but
employed different slope reconstructions. The schemes have been proved successful in the
context of cancer invasion systems, see, e.g., [7, 44].

Another implicit finite volume scheme for the parabolic-elliptic Keller-Segel model was
developed in [50]. It is only of first order, but its convergence to the analytical solution in the
case of a subcritical initial mass could be shown rigorously.

5.3 Reconstruction and diffusion on nonuniform grids

In the previous section we introduced the central upwind scheme for the Keller-Segel
model for uniform finite volume meshes. A generalization to nonuniform grids will be
discussed in this section. To this end we elaborate on the suitable discretization of the
diffusion term on nonuniform grids as well as on a generalization of the MC limiter (5.14).

We need the nonuniform version of the scheme especially for the construction of the
adaptive mesh refinement method. We will address the mesh adaptation in Chapter [6|and
consider in this section only a static nonuniform finite volume mesh. This section is based on
a part of our paper [96].

The generalized MC limiter

In the case of a nonuniform one-dimensional grid, the slope definition in does not yield
an approximation of the gradient in smooth regions. It also leads to a significant influence of
the grid structure on the reconstruction.

For a consistent approximation of the first derivative, we firstly consider the following
central difference

—2KiWi—1 Z(Kiz - Kiz_1 Jui 2Ki Uiy
Kio1(Kio1 + K1) Kiciki(kior ki) Ki(kio1 + ki)’

where ki = hi + hi+1. This is a second order approximation of the first derivative of u
at the center of the cell C; as can be seen by Taylor expansion. We indeed have (ug); =
dxu(xi) + O(h?). We have dropped here the dependence on the time instance for brevity and
we will do the same in the rest of this section.

By using the new central difference formula we define now the generalized minimized central

(GMC) limiter by

s; = minmod (zeiui_“i‘], (uS)s, 293‘”“‘“) , (5.21a)
Ki—1 Ki
where
o, — 14 minthin, it} (5.21b)

hyi

We note that in the locally uniform case hi_1 = hy = hi41 (5.21) reduces to the uniform MC
limiter (5.14). The local dependence on 0 that replaces the constant two in the uniform case is
needed to obtain a non over- or undershooting reconstruction. In what follows we prove this
nonoscillatory property of the proposed GMC limiter (5.21).
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5.3 Reconstruction and diffusion on nonuniform grids

Proposition 5.4 We consider the linear reconstructions

hy hit1
ub, gy, =ui+ ?lsb Ul g = Ui — %Swh (5.22)

with slopes given by the GMC limiter (5.21).
The interface reconstructions uh{f y <
for increasing data u;y < uiyq and conversely, uy > uh] /z>u§+1 s2 Z Uil for decreasing data

Uy 2 Wiygl.

Proof. Equation (5.21) yields

L

. . . . ) R .
, satisfy the maximum principle uy < Uy, 5, U g ) S Wit

1—u
hy

0 < s; < minmod (ZkiL Wil TRt T i > , (5.23a)

hy

if either u; < uiyq or ui_1 < uq. Moreover, we have

1~ W
)

0 > s; > minmod (ZkiL U«i+h
i

2R M _h”i“ > , (5.23b)
i

if either u; > w1 or ui_1 > uq. Here we have used the notations

WL hi + min{h{_1,hi41}

KR hi + min{h{_1,hij1}
' hi + hiyg ’

' hi1 +hyi ’

and therefore 0 < kiL, kf < 1. Thus, for u; < uiy1, where si,si 1 > 0, we get
uq <uiL+1/z <up +kE(wie —w) < uig,
Uit >uf+1/z > i — ki (Wi —w) > wi.
Similarly, for u; > ui;1, where s, s;17 < 0, we obtain
K (Wi —ug) > uig,
i1 — kR (Wi —w) < wg,
implying hence the nonoscillatory property of the GMC limiter. O

Following [15] we can see that the above maximum principle and the properties (5.23a) and
(5.23b) are sufficient to obtain a nonuniform TVD scheme in the case of the linear transport
equation.

Proposition 5.5 We consider for the constant velocity a > 0 the linear transport equation
0t + adyu =0,

being resolved by the following upwind scheme

Ta
n+1 —u— L

W = ﬁ(uiﬂ/z - uiL—uz)-
1
The interface reconstructions above are computed by the GMC limiter (5.21). This scheme is TVD, if

we abide by the condition

. a’t<1
min — < -.
1<i<N hy 2
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5 Implicit-explicit finite volume methods for cancer invasion models

Proof. We proceed in two steps. Firstly, we show that local maxima decrease. Secondly, we
prove that monotonically increasing solutions remain monotone. It can be shown analogously
that monotonically decreasing solutions remain monotonically decreasing and that local
minima increase. These properties are sufficient to obtain a TVD scheme.

We first consider the local maximum case u{* ; < ul" and ui* > ui' ;. Here the slope is

limited by (5.21)) resulting in s; = 0 and s;_; > 0. The updated cell average can be estimated
using (5.23a), (5.23b) as

n+1 n n n S?—lhi
u o =ug Ay _ui*1_T

<uf = Al —ul g =k —uft ) <uf

where A; = ta/h;. Next, we consider the monotonically increasing data uf* ; < uf* <uf,;.
Using Proposition and s; > 0 we get ul™! < ul* — Ay(ul* — ul') = ul* and similarly
untl < u g, u{f] < uf, ;. We also use the restriction A; < 1/2 and derive a lower bound

h:s: h: .

>ul' = A (ul -+ kE(u —ult ) A,

i—1

> (1—220)ul + 20ul ; >ul' .

In the same way we can estimate u’ifﬂ > ui'. Combining the inequalities we conclude that
u?_ﬂ <ult,; < u?“ <ult < u{:ﬁ] < ui' ;. Thus, the solution remains monotone. O

Nonuniform discretization of diffusion terms

The numerical schemes for ADR systems such as (5.18) employ central differences to ap-
proximate the diffusion terms. On uniform meshes one usually uses the three point central
difference

—ui ; +2ult —u
h2

mn
U1 — 92u(xq, t™) + O(h?).

We aim for a finite difference formula on nonuniform grids that has a second order truncation
error, too. For general grids it is not possible to obtain such a resolution with only three points.
Hence, we consider symmetrical five point stencils and define the discrete difference operator
2)

1) (0)

i

(+1)
i

2)

Di(up(t™) = a!” uit , + ocf uit g Foagoul o ulh g+ (XEJr ui . (5.24)

1
The mesh dependent coefficients «; are chosen such, that they satisfy the four conditions
that are necessary for the second order truncation error as well as oc£+2) = —ocgfz). The
latter condition results in the property that the difference formula generalizes the common
three point central difference. Indeed, if the grid is locally uniform, i.e. hi_2 = hi_1 =
hi =hiy1 = hy.o, formula reduces to the usual central difference. Another beneficial
property of formula is the fact that the dependence on u' , and u', , vanishes in the
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5.3 Reconstruction and diffusion on nonuniform grids

case hi_1 = hy, 1. The coefficients read in closed form

(~2) (+2) _ _ 8 (hi—1 —hiy1)
' t (hi_2 +2hi 1+ 2hi +2hi1 1 + hio)oy’

ol VWi =hi 1 (4hi_1 + 4Ry + 2 —4hi g — 2hi o) + 3hE,
+hi 5 +4hihie2 + hihigo +hioo(hioo — 2hipr —higa +hy),

& — (a7 4 &)

1 1 + &
1
oV wi = hig1 (Bhist +4hiio + 2hi —4hi_1 — 2hi_o) + 3hZ |

1
+h? 5, 4+4hi 1hi 2 +hihi 2 +hisa(hica —2hi 1 —hi 2 + hy),

)

where we used the auxiliary variables

O

?3

oy = hz 2+ hl+2 + Z(hl 1+ ht—H) +3(hi_1hi2 +his1hi2)
+hi(hit1 +hi—1 +hiyo +hi2) — (higr + hig2)(higr + hig2).

wi = (hi +hi—1)(hi—1 + Zhi + hiy)

Positivity of the quotient o; can be guaranteed, if the grid satisfies the regularity conditions

hi—2 +hi—1 +hi > hip1 +higo, ifhip =h{"™, (5.25a)
hit2+hit1 +hi > hiog +hi—p, if hyyo =hP™ (5.25b)
foralli=3,...,N —2 where h" = max{h;{_2, hi_1, hy, hiy1, hiy>}. We will only consider

grids that satisfy this condition and thus the computation of the coefficients in (5.24) is
numerically stable.

Another nonuniform central difference formula

The full FVFD scheme for the cancer invasion systems requires a numerical approximation of
the first derivative of the attracting species in the mesh cell interfaces. These are needed to
compute the local propagation speeds. In the uniform case, the usual central difference

un . —un
L = 0xulxigr 2t + O(h)

yields a sufficiently accurate approximation. Similar as for the diffusion terms, we cannot
obtain an analog two-point formula of second order accuracy in the general nonuniform case.
Instead, we propose the symmetrical four-point difference formula

1.5 0.5 (+0.5
Li+1/2(uh) = B£+1/2)u1 1+ Bl+1/2)u1 + Bl+1/2)u1+1 + Bl+1/2)u1+2) (526)
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5 Implicit-explicit finite volume methods for cancer invasion models

where the coefficients are chosen such that (5.26) yields a third order accurate approximation
of the first derivative. In closed form the coefficients are given by

(1) _ hiy1(6hy —4hit1 —2hit2) + 2hihiyo
172 (hi + hi—1)(hi—1 + 2hi +hi41)6;

(—0.5) _  hit1(1Zhi +6hi—1 — 2hiy o —4hig1) + hivo(Zhiog +4hy)

Biviya = (Rt + ho) (R + Mg 1) (he + 2hopr + hisa) !
p(+0-9) _ hi(12hi41 + 6hi;2 —2hi_1 —4hy) + hi_1(2hi;2 +4hi11)
i+1/2 (hig1 +hig2)(hi + hig1)(hi—1 + 2hi + hig1) '

/27 (higq 4+ hig2)(hi +2hig + hig2)6;

g(+1:3) —hy(6hir1 —4hi —2hi—1) —2hi11hi

6i =hi_1 4+ 2hi +2hir1 + hio.

Remark 5.6 The formula (5.26) implies a further central difference for diffusion terms. Indeed,

®i(uh(tn)) _ Li+1/2(uh(tn))]’: Li_1/2(uh(t“))

(5.27)

is another five point central difference of second order for the second derivative. Unlike
difference formula (5.24), the new approximation yields a conservative scheme for
diffusion problems. However, we promote the difference formula to approximate the
diffusion terms in our applications. This is because we do not need the mass conservation
of the full scheme as the invasion systems we consider are not mass conservative. Moreover,
(5.24) results in a more efficient scheme by employing smaller stencils in uniform regions of
the computational grid.

5.4 Finite volume schemes in 2D

In this section we discuss the extension of finite volume methods to two-dimensional meshes.
In this respect, we consider, in particular, scalar conservation laws and the MUSCL approach.
This information will allow us to adjust the FVFD scheme to the 2D case and thus
to construct 2D schemes for the discussed cancer invasion systems. We will only treat
quadrilateral meshes that allow for a straightforward adaptation.

Definition 5.7 Consider the rectangular domain Q = (aj,by) x (az,b2) C R2. The cor-
responding quadrilateral finite volume mesh is given by grid cells of size (hX], hlY]) where
h* = (b7 — a7)/L and h'¥! = (b, — ay)/M for some L, M € N. These cells can be defined
using their midpoints as follows

= 0+ (= )W aa 4 (- Hn),

Cij = {xi,j + (MM AR X A € (—1/2,1/2)}

fori=1,...,Land j = 1,...,M. The cell diameter corresponding to the mesh is given by
h = /(hx)2 4 (hiv])2,
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5.5 The semi-discrete schemes

Given a conservation law of type (5.1) in 2D and a quadrilateral finite volume mesh,
integration over a cell C; ; and a time interval (t™, ) analog to (5.2)) yields

] tn+l
0=ulM! —ul 4 J J f(u(x,t)) dx—J flu(x, 1)) dx
|Ci»j| tn Civ1/2, Cio1/2;
+J flu(x,t)) dx — J flu(x,t)) dx] dt. (5.28)
Cijr1/2 Cij—1/2

Here we have denoted the vertical cell interfaces by Ciy1,2; = Ci,j N Cix1,; and the hori-
zontal cell interfaces by C; j11,, = Ci,j N Cijx1. The numerical fluxes that are used in the
corresponding finite volume scheme approximate the integrals

gntl1

1
Hixi/2,5 = (tn+1 — tn )R] Ln JC‘i]/z ‘ fu(x,t)) dx dt,
2 s)

tn+1

1
Hijer/2~ (tn T — tn)hx] Ln

J fu(x, t)) dx dt.
Cij+1/2

To adjust the MUSCL approach to the quadrilateral meshes we need linear reconstructions on
four cell interfaces. Therefore, we consider the piecewise linear function

N
w(x,t") =) xc,(x) <u{1 - <s£’)‘j],s£1;’j]) : (X—Xi’]’))
iz

and the corresponding interface reconstructions from the west and the east ugﬂsz ; and

from the south and the north uf/ :] /2~ The slopes that we need in the reconstruction are

obtained by a limiter such as (5.14) applied in the corresponding space direction. In more
(x]
L
Uji,j+1 to obtain s&’j]. For the detailed formulas we refer to the full semi-discrete schemes in
the next section. We eventually compute the numerical fluxes by taking

detail, we apply the limiter to ui_7 j,u;i;j and ui;1; to obtain s;. and to u;j_1,u;; and

w E _
J{(uiﬂ/z,j»uiﬂ/z,j) = Hit1/2,5

S N _
J{(ui,jﬂ/z»ui,jﬂ/z) =Hij412

for a numerical flux function H such as those introduced in Section

5.5 The semi-discrete schemes

In this section we formulate the semi-discrete schemes for the numerical approximation of
cancer invasion systems (I), and ([II). Therefore, we will build on the central upwind
scheme introduced in Sections and and the generalization to 2D domains from
Section We provide the schemes for the 2D case but also discuss the adaptation to the
nonuniform 1D case making use of the reconstruction and difference formulas introduced in
Section 5.3

In the case of ADR systems such as the cancer invasion models under discussion, forward
Euler time integration used in (5.19) is often inefficient. This is due to the facts that the
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5 Implicit-explicit finite volume methods for cancer invasion models

forward Euler scheme is only of first order of accuracy in time and small time steps in O(h?)
are needed for the stability of the scheme. See also Section 5.6/ for more detail.

The central upwind scheme allows for a more general semi-discrete form. It can easily
be derived by taking the limit as T — 0. In this way, becomes a system of ODEs for
which a plethora of accurate and stable numerical methods is available. The approach of
discretizing a time dependent PDE by an ODE system is called method of lines.

In the following subsections we provide the semi-discrete schemes for the considered
invasion systems. We will also refer to them indistinguishably as FVFD schemes. We consider
for the spatial discretization a quadrilateral finite volume mesh on the rectangular domain
QO = (aj,by) x (az,b2). For any given discrete cell concentration c;; for T < i < L and
1 <j < M we will use the interface reconstructions

hB E hB

w — .. e
Cit1/2,) = Cii T 5 S5 Cit1/2,) = Cit1j = 5 Sig1,
[yl hivl
s . hY N o y]
Cij+1/2 =Ci,j T 7 Sijo Cij+1/2 = CLiH1T = 5S4 (5.29a)

Here the slopes are given by the MC limiter and read

[x] . Ci,j —Ci—1,j Ci+1,j —Ci—1,j ,Ci+1,j —Ci,j
s;: = minmod | 2— = . =, 2 : =

L) hix] 2hx] hix]
. C. P— C. s C. . E— C. S C. . —_ C. .
s%’j} = minmod <2 = h[y]w 1 I)HEh[‘J]w 12 I)H}Ihﬂ 1»1) ) (5.29b)

We have dropped the dependence on the time instance t™ in the above definition for clarity.

Discretization of the uPA system

We denote the approximate time dependent cell averages of the tumor cell concentration by
ci,j(t) = [Cy; |1 J‘Ci j c(x,t) dx and the approximate point values of the densities of vitronectin,
uPA, PAI-1 and plasmin by vi ;(t) ~ v(xij,t), uij(t) = w(xij,t), pi,j(t) = plxi;,t) and
m; j(t) = m(xi,t). Then we define the numerical fluxes as

Hiv12,5(t) = Girt/2;(H CXVZJ(U) Girt/2;(t) >0 (5.30a)
i R - .
] ait1/2,5(t) CiEH/z,)-(t), ait1/2,5(t) <0,
I, 1/2(t) . ai,j—H/Z(t) Ciﬁq/z(ﬂ) ai,j+1/2(t) >Ov (5 30b)
1,5+ = .
: aijer2(t) ey o), apiir2(t) <0

The corresponding local propagation speeds are determined by finite differences in the
following way
Pit1,j(t) —pi,j(t)

Vig1,j(t) —vij(t) Uip1,j(t) —uy;(t)

Gir1/2,;(t) =X nix] X R X R ’
Vit (0 “ Vi) (0wt | puer(t) —puglt)
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5.5 The semi-discrete schemes

Using the defined numerical fluxes the semi-discrete scheme for system ({l}) reads

Ci—1,j —2Ci,j +Cit1,j | Cijj—1 = 2Ci,j + Ciji

dtci,j = De (h[x1)2 (hivl)2
Higr,2,5(8) =FHi_q,25(8) I j41,2(8) — I 51 ,2(8)
N hix] N hlvl

+ ey (1 —ciyj),

0tvi,j = —0vij My + d21uij pi,j — P22Viyj Piyj + H2viyj (T —Vvij),
I =D, |t T AU bW U1 = 2 U
tii,) — HMu (h[x])z (h[y])l

(5.30c)

— d31uijpi; — d3364,5Ui,5 + X345,

Pio1j = 2Pij tPit1j | Puio1 = 2Pi +pi,j+1]

atpi)j = DP |: (hbd)z (h[y])z

— Garuijpiy — da2viipiy + xamyy,

dymi; =D [mm,,- T2y My M1 T 2T T }

(h[x])2 (hlul)2

+ $52vi5Pi,j + P53Ci Uiy — A5y

fort<ig<land1<j< M.

The haptotaxis EMT /invasion system

In the same way, we formulate the semi-discrete scheme for the two cancer species model (TI).
Let the approximate time dependent cell averages of the concentrations of DCCs, CSCs and
fibroblasts be given by

i, %)
i i,

P (tmci,jwj Pl t)dx, (1) ~[Coyl™! j Sx, t) dx,

L)

chL () & |Cy ! J cF(x, t) dx.
L
Moreover, we consider approximate point values of the densities of the ECM and the MMPs
on the midpoint of each computational cell by v; ;(t) ~ v(xij,t) and my ;(t) =~ m(xi j, t).
To formulate the FVFD scheme for model we firstly define the space dependent and
nonlocal approximation of the EMT coefficient

LM

hixIh ]
[EGFR]y(t) = bodd_o ”2_1 [Ascgj(t) +APeP (1)], (5.31a)
ge(t) = % (r + \/(kD —TI'+ [EGFR]o(t))? 4+ 4kpT — kD> — % [EGFR]o(t), (5.31b)
APcD (1)

i,j

0
w1 /2(kpge(t) =1 4+ 1) +APcP; (1),

1

HEMT,1,j(t) = 1 (5.31c)
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5 Implicit-explicit finite volume methods for cancer invasion models

which constitutes a discrete version of the EMT coefficient from Section Next, we prescribe
the evolution of the cell averages and point values by the scheme

D D, .D D D, .D
5.cD Do | 1 T2 ey Cigo1 T 265 F G
t¢{; = UD (h[X])2 (hiu])2
D D D D
- j_ciJr]/Z,j(t) B }Cifl/z,j(t) B J_Ci,jJrl/Z(t) B g{i,jf1/2(t)
hix] hi]
_HEMTI,] 01]+I’LDC1,]R+ ( )
S S | oS S S | S
3.cS . — Do | Gimtd T 260 TGy Gl T 26 e
™, (hIx])2 (hiv)2
s s s s
Hi1/2; 0 =G 0500 T4 (0 =I5 4 ,(1)
hix! hi]
— prcs ,j T HEMT,i,j ct j T Hs cf ) R+ (t), (5.31d)
F F o, F F F o, F
8.cF . _ D |Gzt T2 Tl Chjor 720 F G
tHj (hx1)2 (hlv])2
F F F F
Hivr2; 0 =FH 05000 T 5000 =T 4,01
hix] hll
+p’TCiS)j_B 1]+HFC)]R+()
atvi,j —0, my jvVij T e 1 3 R+ (t )
L Mi1,j = 2Mij + M) M1 — 2Mij + Miji
Otmi;j =Dm (h(x])2 (hv1)2
+ ap Cli),j + s C%,j —Bmmi;.

The amount of resources necessary for reproduction, which appears in the equations for the
cells and the ECM, is given by

R (1) = max{0, T — e (1) — 3 (t) — ¢ 5(t) —vij (D)} (5.31e)

L)

The numerical fluxes of the scheme read for the DCCs and the CSCs (i.e. for I € {D, S})

Vi () —vi; (1) LW Vigrj () —vi (1)
%I (t) o — hix] : XI Ci+1/2>5 (t)> = hix] : 2 O? (5 31f)
i+1/2,j ) Vi (t) vij(t) I,E Vigr,; (8)—vi;(t) 0 ’
hu X1 Cil._]/z)j (t)) hx] <y,
Vi t) Vi ( ) Vij (t)_vl (t)
¢! (t) = T X ), PR >0, (5.31g)
RAREE PRI N Vi (-vig(8) _ 18
hivl X1 1]+]/2( ) hiv] < 0.

In the case of the fibroblasts the numerical fluxes predict a movement in the opposite direction
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and read
it1,j (B)—Vi it 1,j (B)—=Vij

» Vit (h)[x]v i) XF C']L:+\/'Y/2 ](t) Vitl,j (h)m" i(8) <0 an
b2, = Vi () —vi(t) (1), en—vit) o 310

hlvl XF CH—]/Z j hi¥] >V,

Vi1 (B)—vy;(t) FS Vi1 (t)—=vyi;(t) <0
- hl XF €y +1/2( ) hv] =Y .
HiF,jH/z(t) = (5.311)

Vi () —vi ()

i,j t i
Nm XF Cfﬂvz(t)» . i vt

> 0.

The local propagation speeds needed for the determination of the time step size, see Section 5.6
are obtained according to

Vig1,j(t) —vi(t)
hx] )
Vij+1(t) —vi5(t)
hv] :
All definitions in the scheme (5.31) are provided for 1 <i<Land 1 <j <M.

Qit1,2,j(t) = max{xp,Xs, XF}

aij+1,/2(t) = max{Xxp, Xs, Xr}

The contractivity model

Finally, we construct a semi-discrete scheme for system ([II). We name the approximate cell
averages of migrating tumor cell concentrations cf J( ) =~ |Cq;l~ ! fc c™(x,t) dx. Further,
we denote the approximate point values of the contractivity, of the prohferatmg cancer cell
density, of the ECM density and of the integrins density by k; ; ~ k(xi j,t), ¢ p L (t) = cP(xi,j, 1),
vij(t) = v(xij,t) and yij = y(xi,j,t), respectively.

Contrary to systems (I)) and , model features space dependent diffusion and hap-
totaxis coefficients in conservative form. In the case of the diffusion, we approximate the
coefficient at the cell interfaces. To this end we compute the mean value of adjacent cells. In
this way, we obtain the semi-discrete scheme

atclf)]. = }»lpCEj(] - (Cf)j + C?}]-) —Tp Vi)j) —|—‘YCiJ }\C1 3
decl. — Diy1,j(t) +Dij(t) cih1; — €y Dij(t) +Dioj(t) e — it
1) 2 (h[x})z 2 (h[x})z
4 D () + Dyj(t) ey — ey Dij(t) +Dyj—1(t) e — i
) (hv1)2 2 (hlv))2
M M M M
L2 ) IS (0 T (8 I (1) (5.32a)
hix] hlyl
+ )\clf)j —yc‘f}j,
Orvij = =8y (ch s+ el) viyj + movi (1 =y (e} + ) — Vi),
Owyig =€y vig(1—yiy) — e Koy,
atKi)j = —87] in,j + 571 Myi j(t — £7)

for 1 <i<Land 1 <j < M. The nonconstant diffusion coefficient of the migratory cells that
we have used in the scheme reads
Dg ki j(t
Dyj() = a K (1) (5320)

T (el (1) + ey (1) v (1)
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5 Implicit-explicit finite volume methods for cancer invasion models

Similarly as for the diffusion term, we define the local propagation speeds by incorporating
mean values of adjacent cells

« (1) = Dn (kij(t)vii(t) | ki1, i) vier5(8) ) vier,3(8) —viji(t)
B/ 2\ T+vi(t) T+ vigr(t) hix ’

Qe iin (1) = D (kij(t)vi(t)  Kije1(®) vir () vijei(t) —vij(t)
Lit+1/2 2 T4 vi(t) T+vijir(t) hiv] '

Given the local propagation speeds, we can define the numerical fluxes that occur in (5.32a)) as

3M (1) = ait1/2,5(t) Cﬂﬁv)/z),-(t)) ait1,2,5(t) =0, (5.320)
i+1/2,5H) = .
HH1/2) Qit1/2,5(t) CMHE/ZJ(U, ait1/2,50t) <0y

M, S _

J’CM (t) o ai,j+1/2(t) Ci)j+1/z(t)> al,j+]/2(t) = O, (5 32d)
M) = .
RN aijt1/2(t) C%’fl/z(t% aij1/2(t) <0

Remarks

We close this section with some remarks on suitable boundary values and technical details on
the adaptation to 1D simulations. We further introduce a shorter vector form of the FVFD
schemes and discuss their consistency in space.

Initial data and boundary conditions  For each species u occurring in the model of interest
we derive discrete initial data from the given continuous data 1. While the point values can
be extracted directly, we use the midpoint rule to obtain approximate initial cell averages.

For consistency with the homogeneous Neumann boundary conditions that we consider we
moreover prescribe concentrations on ghost cells by

u_1,;(t) =uy;(t), up,j(t) = uq ;(t),
ur41,(t) =urj(t),  upg2;5(t) =ur_q;(t), (5.33)
uy,—1(t) =uy2(t), uio(t) =ug1(t),
(t)

for indexes 1 <i < Land 1 <j < M and any occurring species u. In this way, all presented
semi-discrete schemes are well defined at the boundary.

1D schemes The adjustment of the schemes to one-dimensional space dimensions and
corresponding one-dimensional finite volume grids is straightforward. In the uniform case
one simply drops the numerical fluxes and the discrete diffusion terms in y-direction of
the form (H; 5.1 ,2(t) — Hij_1,2(t)) /WY and (uij—1 — 2uij +uij11)/(hY)2. The interface
reconstructions from the west and from the north are then understood as their 1D counterpart
from the left and from the right.

In the case of nonuniform one-dimensional finite volume grids we employ the GMC
limiter for the slope computation instead of the common MC limiter. Further we
replace the interface reconstructions with the nonuniform formula (5.22). In addition,
we replace the discrete advection terms (Hi 7,2 ;(t) — Hi,1/2,j(t))/h[X} by (Hitq,2(t) —
Hi—1,2(t))/hy, the discrete diffusion terms (ui—1; —2uij+ui1,j )/(hixH)2 by the nonuniform
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5.5 The semi-discrete schemes

central difference (5.24) and the two point differences used to compute the local propagation
speeds a2 ;(t) by the four point nonuniform central difference (5.26). Lastly, we make the
assumption that the ghost cells have the sizes

h_1=h, ho=hy, hig1=hy, hij2=hr_q,

such that the numerical fluxes and diffusion terms are well defined at the boundary of the
domain.

Vector form  For a convenient discussion of the time discretisation method that follows in
the next section, we introduce here the vector form of the semi-discrete schemes. We derive
this formulation in the 2D case and note that the same form can be derived in the 1D case
analogously.

Let w?fj} (t) denote the discrete concentration in cell C; ; of the k-th component of the model

under discussion at time t. The time dependent vector

g\ LM,S5
wn(t) = (Wi»j (t))ij k=1

(5.34)
comprises all of these discrete densities at the time t. Note that by coincidence all the three
systems that we treat numerically have five components. Time evolution of each vector entry
by the corresponding semi-discrete scheme can be written as

dewy (8) = AL (wi (1)) + D (wi (1)) + R{ (wh (1)),

L) L)

where .AE? (wn(t)), @Pfj] (wn(t)) and R?jj] (wn (t)) include the corresponding discretization of
the advection, the diffusion and the reaction terms. We group these terms using the following

expressions

Atwn (1) = (A wn(0)) 7 Diwn (1) = (D wi (1))

) l)))k:] ’ b) I)J)k:] '
] L,M,5

Riwn (1)) = (R (wa()))
’ 1,j,k=1

to which we will refer to as advecion, diffusion, and reaction operator, respectively. By adapting
the former notations the semi-discrete scheme can be written as the ODE system

0twh = A(Wn) + R(wn) + D(wy) (5.35)
for each of the three models (I), () and (III).

Remark 5.8 (Consistency of the semi-discrete schemes) If wy,(t) is the exact solution of ODE
system (5.35) and the vector valued function w(x, t) = (w1 (x,t),...,ws(x, t)) is the exact solu-
tion of the PDE system, then we obtain for the error depending only on the space discretization
that

W) |c ! J Wi (1) dx

ij

=0(h) (5.36)

i,j

for 1T < k < 5 at any point in time. This can be shown by an application of the Gronwall
Lemma when we use that a) the approximations of advection, diffusion and reaction terms
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5 Implicit-explicit finite volume methods for cancer invasion models

that we use in the schemes yield at least a local truncation error of first order when compared
to their continuous form and that b) the right hand side of the ODE system (5.35) is Lipschitz
continuous in wy,. For technical details on the proof we refer to [55].

In fact, we can replace O(h) in (5.36) by O(hP), if all local truncation errors are of p-th order.
Since we have mostly local truncation error of second order, except in regions where the
numerical fluxes reduces to a first order approximation (see Theorem [5.3), we expect that the
above spatial error (5.36) is rather of second order in practice. We will confirm this in our
numerical experiments in Sections and

5.6 Fundamentals of time discretization

In the following sections we will construct appropriate time integration methods for the
semi-discrete schemes introduced in the previous Section The present section discusses
some prerequisites and motivates the derivation of these methods.

Firstly, we discretize the time axis by t™, n =0,1,2,... and introduce the corresponding
time step sizes T, = t™! —t™. We consider the semi-discrete schemes in the vector form
(5.35). The numerical solution at discrete points in time t™ will be denoted as wj ~ wp (t™).

Definition 5.9 As in Remark let wy, (t) denote the exact solution of scheme (5.35) at the
time t. Assume that w% = wp (t°) and let W;L denote a numerical solution of (5.35) after a
single time step of length T = 1,,. We say that the method is consistent of order q in time, if

[wi, —wr(T)]l1 =0 (z97).

Assume now that a) the semi-discrete scheme is consistent of order p, i.e. EM(t) =
O(hP), see Remark b) we use a space discretization that is consistent of order q in time
and c) the method is stable, i.e. numerical errors only propagate in a controlled manner. Then
we would expect that the discrete L' error

- SN el i) — T 2wt dx |, d=1,
B <) = (5.37)
T M ICul Wi ) = 104 e il b dx |, d=2,
where T = max,, Tn, behaves in the following way
B (t) < CihP + Cord. (5.38)

Our space discretization was constructed such that we expect the order p = 2. The aim of
the following sections is to choose a time discretization that is efficient and that yields an
appropriately high q for our application.

Time step restriction by the CFL condition For the stability of the fully discrete method
we take the Courant, Friedrichs and Lewy (CFL) condition [38]], into account. It states roughly
that a numerical method can only converge to the solution of a PDE, if the numerical domain
of dependence contains the analytical domain of dependence of the PDE under discussion as
T,h — 0. By analytical domain of dependence we refer to the subset D, C Q, such that the PDE
solution u(y, t + t) depends only on u(x,t) for x € Dy in time t. Its numerical counterpart
considers the stencil around a mesh point x; in time t on which a discrete solution in (x;, t+T)
depends.
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5.7 The Strang splitting method

If we consider a scalar conservation law, where the PDE solution follows characteristic lines,
and an explicit finite volume method, this leads to a condition of the kind at = O(h). Here we
have denoted the absolute maximal propagation speed by a. We will also treat the advection
terms in system (5.35) explicitly. Neglecting the remaining terms, we obtain in the uniform
2D case the CFL condition

) hx] hiv]
Tn < CFL min { a™1) ably) } (5.39a)

with maximal absolute propagation speeds

a™(t) = max i 1/2,5(t) aVl(t) = max|ay,j+1/2(t)-
Similarly, we get for the nonuniform 1D method the local condition

T < CFL min T 1
i 2lajq,2(t)]
In both conditions and CFL denotes a fixed number 0 < CFL < 1 depending
on the problem and on the method.

The condition (5.39) couples the time step size and the spatial discretization parameter
h. The global error (5.38) in this case can be considered being only dependent on the
computational grid via

(5.39b)

EP:—} (t) < C3hmin{p)q}. (540)

To take the full profit out of the second order FVFD schemes we aim thus for q > 2.

Restrictions by the diffusion terms In parabolic problems the analytical domain of depen-
dence covers the full domain on which the problem is considered. Thus, a condition of the
form (5.39) is not sufficient to obtain an explicit and stable method. One can indeed show by
means of the von Neumann analysis [83] that an explicit central difference method for the
diffusion equation requires T = O(h?) in order to be stable. The same is not true for implicit
methods for which the numerical domain of dependence in an arbitrary grid point covers the
whole computational grid. We mention here in addition the class of L-stable time discretization
methods. These are implicit and induce a beneficial damping effect of solution components
occurring in the discretization of the Laplacian [68]. Therefore, they are particularly well
suited to resolve diffusion problems. This suggests a treatment by an implicit, and possibly
L-stable, method of the diffusion terms in (5.35)).

Due to the nonlinearity of the numerical fluxes, a treatment of the full ODE system with
an implicit method would require costly computational methods. Conversely, a fully explicit
treatment of system (5.35) would need small time steps 1, € O(h?) to ensure stability. To
overcome this conflict we consider an implicit-explicit splitting of the system. In the following
sections we study two general approaches to this splitting and use them to construct suitable
time discretizations for system (5.35).

5.7 The Strang splitting method

In this section we introduce the second order Strang splitting method for time discretization
of the semi-discrete scheme (5.35).
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5 Implicit-explicit finite volume methods for cancer invasion models

The operator splitting is a simple approach that allows for the use of various time discretisa-
tion methods in a single ODE system. Let Z5(T)y be a numerical solution of the initial value
problem

0twn = F(wn), wr(0) =y (5.41)

at the time t = 1. We allow J to be any of the operators {A, D, R} or a linear combination of
those. The Godunov-splitting method of the form

Wit = Zap ()= () wh (5.42)
would first solve the diffusion system and afterwards the advection-reaction system. In
this way, we can treat the diffusion with an implicit method. The scheme is of first
order consistency, if both methods used to integrate the subsystems are at least of first order
consistency, too [110].

In what follows we construct a method using the Strang splitting that extends the above idea
to second order consistency in time. To this end we define three operators to solve system

(5.41) numerically for any F € {A, D, R}.

The advection step  We solve the advection problem 9wy, = A(wy,) explicitly using the
classical fourth order Runge-Kutta method [66]. It requires four successive computations of
the numerical fluxes and reads

KO = A(wy), K = A(w + 3 KM,
KB = A(wp + g K2hY, K4 = A(wy, + TKB3)),
=4 (T)wn :wh+% (K“J 2K 4 2K +K[4]). (5.43)

We will apply this operator to the initial data wy,, which are either given from the previous
time step (W = wy) or obtained after applying a series of numerical operators to wy,.

The diffusion step To solve the stiff diffusion system 0¢wyn = D(wy) we consider the
combined trapezoidal-rule/backward-differential-formula (TR-BDF2) method. It is applied by
solving the following two linear system consecutively

(I— % DYWH/2l — w4 % Dwi, (5.44a)
T ., 4 1,
(I— 3 D)Ep(T)wf, = §W“/ 2 _ IWhe (5.44b)

We obtain the intermediate stage wil/2] by the trapezoidal rule with step size 1/2. The
final stage Zp (T)wy, follows after an application of the second order backward-differential-
formula (BDF2) to wj, and WHU/21[13]. The overall method can be understood as an implicit
Runge-Kutta method. It is not only second order consistent in time but also L-stable and thus
well suited for solving parabolic problems. The application of this method in an operator
splitting scheme in the context of KS-type systems was proposed in [168] after instabilites
were observed when using the more common Crank-Nicolson method in the diffusion step.

The data wy, to which we apply this operator were obtained after the application of the
advection operator to wi,.
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5.8 Implicit-explicit Runge-Kutta methods

The reaction step  As in the advection problem we use the explicit classical Runge Kutta
method to solve the reaction system 0w}, = R(wp ). The corresponding numerical operator
reads

T
KM = R(wi), K2 = R(Wi" + 5 K,

T
KB = R(wi* + 7 K2, K = Rwir +tKB,

SR (TWE = wir + g (K“] + 2K 4 2KkB 4 K[4]> . (5.45)

The initial state wi;* originates from wy, after the application of the advection and diffusion
operator.

The full Strang splitting method In a similar way as the Godunov-splitting (5.42) we define
our Strang-splitting method by a successive application of the numerical operators

it () 20 (3) Zatewrzs (3) 2 () wh os0
where the operators are defined above. Throughout this work we will refer to this method
as STRANG. By the use of numerical operators of at least second order in time and the
symmetrical structure, we expect an overall second order of consistence of this method.

The particular order in which the operators are applied was chosen such, that the results that
we obtained in the numerical experiments were optimal concerning order of convergence and
positivity, see Section Since we start with the advection step in (5.46), we can compute
the time increment according to the CFL condition based on the initially computed
propagation speeds without any additional computational effort.

5.8 Implicit-explicit Runge-Kutta methods

In this section we consider further splitting methods for time discretization of system
which can reach higher orders of consistency in time. We will discuss examples of first up to
third order.

In particular, we examine the class of Implicit-explicit Runge-Kutta (IMEX RK) methods. They
couple a diagonally implicit Runge-Kutta scheme for the diffusion terms with an explicit
Runge-Kutta scheme for the remaining terms. A general s-stage IMEX RK method reads

i—1
W =wip + 1, ) af; (A+R)(WH)
j=1

1
+TnZ al; DWI), i=1,.s, (5.47a)
witl = wi 41, ZbE (A+R)WH) 41, Zb D(W (5.47b)
i=1
where (bF)$_; = b € RS, (af ])f) ; = AE € R**s denote the coefficients of the explicit
embedded scheme on the one hand, and (b )1 1= =bl, (a a; ])f] 1 = Al € R$*$ denote the

coefficients of the implicit embedded scheme on the other hand.

93



5 Implicit-explicit finite volume methods for cancer invasion models

00 0 oo o0
11 0 116 1-0
10 6 1-9

Table 5.1: Tableaux for the explicit part (left) and the implicit part (right) of the IMEX-6 scheme (5.49), 6 € [0, 1].

For simplicity we have formulated the scheme for autonomous systems. Note though
that system is not autonomous due to the delay term in the reaction part. One obtains the
form of for time dependent reaction terms by replacing (A + R)(WU!) in the scheme by
(A+R)(t™+ C}ETn, Wl where (cf)le = ¢t are given coefficients of the scheme.

For the computation of a single time step with an s-stage IMEX RK method we need to solve
s linear systems and to conduct s numerical flux computations. As with the usual Runge-Kutta
schemes, a larger number of stages allows for higher orders of consistency in time. To obtain
an IMEX RK scheme of a particular order not only the usual order conditions have to hold
for the coefficients of both embedded schemes, but also further coupling conditions must be
satisfied. For methods of order p € {2, 3} it is sufficient to have b® = b! such as cF = ¢! for all
coupling conditions to hold [134]]. We restrict ourselves in this work to methods that satisfy
this condition in the context of higher order methods.

In the rest of this section we consider particular schemes of first, second and third order in
more detail.

The IMEX-6 scheme A simple family of IMEX RK schemes is given by the IMEX-6 scheme
Wit = wit + 1 (A(WR) + R(wWh) + (1 - 0)D(wi) + 6D(wpt)) (5.48)

for 6 € [0, 1]. In Table we provide the Butcher tableaux of both embedded schemes [66].
In the case 8 = 0, scheme reduces to the common forward Euler scheme (EXPLICIT)
which is fully explicit and not an actual IMEX method. The choice 0 = 1/2 leads to the
IMEX-Crank-Nicolson scheme (IMEX-CN). We mention moreover the IMEX-Euler scheme, which
we obtain for 6 = 1, and which reads

Wi = Wit + 1 (A(WR) + RWE) + D(wi ) . (5.49)

This method treats advection and reaction with the forward Euler method and diffusion with
the backward Euler method. We will use it to study the positivity of our FVFD scheme in the
case of system (II). Note that independent of the choice of 6, the scheme is only first order
consistent in time. This is even the case for the IMEX-CN method for which the embedded
implicit scheme is of second order in time.

The IMEX midpoint scheme The implicit-explicit midpoint scheme (IMEX-MP) [134] is an
efficient IMEX RK method of second order consistency in time. It employs two explicit but
only one implicit stage and can be written as

W2 = wit + S (AWR) + R(wh) + DW/2)) (5.50a)
Wit = wit 1, (A(W“/Z]) +D(W/2) 4 R(W“/Z])> : (5.50b)

The corresponding Butcher tableaux are shown in Table The embedded implicit scheme
concurs with the usual A-stable midpoint rule [80].
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olo o 00 O
1

e po
0 1 0 1

Table 5.2: Tableaux for the explicit part (left) and the implicit part (right) of the IMEX-MP scheme (5.50).

0
1767732205903 1767732205903
2027836641118 2027836641118
3 5535828885825 788022342437
5 10492691773637 10882634858940
1 6485989280629 _ 4246266847089 10755448449292
16251701735622 9704473918619 10357097424841
1471266399579 _ 4482444167858 11266239266428 1767732205903
7840856788654 7529755066697 11593286722821 4055673282236
0 0
1767732205903 1767732205903 1767732205903
2027836641118 4055673282236 4055673282236
3 2746238789719 _ 640167445237 1767732205903
5 10658868560708 6845629431997 4055673282236
1 1471266399579 _ 4482444167858 11266239266428 1767732205903
7840856788654 7529755066697 11593286722821 4055673282236
1471266399579 _ 4482444167858 11266239266428 1767732205903
7840856788654 7529755066697 11593286722821 4055673282236

Table 5.3: Tableaux for the explicit (top) and the implicit (bottom) embedded scheme of the IMEX3 (originally
ARK3(2)4L[2]SA) method [91].

A third order IMEX RK method From the class of higher order IMEX RK schemes we con-
sider the ARK3(2)4L[2]SA scheme from [91]. The name encodes its third order of consistency
in time, an embedded control method of second order, four stages, L-stability, a stage order of
2 and stiffly accuracy.

With an embedded implicit scheme which is both L-stable and stiffly accurate, implying
a}u = b].I for 1 < j <4, the method is particularly well suited for ADR problems such as the
invasion models we consider. The embedded implicit scheme can moreover be classified as an
explicit singly diagonally implicit Runge-Kutta method. It starts with an explicit first stage
and possess a stage order of two [3]. In addition, the coefficients of the scheme were adjusted
to minimize the terms of leading order in the error computation [91].

For brevity, we will refer to this method as IMEX3 throughout this thesis. The corresponding
Butcher tableaux are provided in Table 5.3|and we refer to the general formulation for
its implementation. Note that we neither use the embedded second order method for adaptive
time step control, nor we provide it in Table

5.9 Model ([): positivity preserving property

In this section we prove that the semi-discrete scheme for model (lI) endowed with
either the IMEX-Euler or the EXPLICIT scheme preserves the positivity of numerical solutions
under suitable CFL conditions.

As discussed already in Section [4.3| we expect for positive initial data in model (II) that the
PDE solution does not become negative. A numerical method with the same property on the
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5 Implicit-explicit finite volume methods for cancer invasion models

discrete level would be favorable not only to obtain biologically relevant numerical solutions
but also to prevent instabilities. In fact, in [31] the instability of a finite volume scheme for the
Keller-Segel model was reported due to negative numerical solutions.

We consider the fully discrete scheme that combines the IMEX-Euler time discretization
(5.49), (6 = 1) with the FVFD scheme (5.31). It reads for the approximate cell concentrations

i—1,j i+1,j i,j—1 i,j+1
(h[x1)2 (hlvh)2

In+1 _ In
i =cyj + TnDD

CI,n—H o 2C1i,'gt+1 + CI,n—H CI,n—H o ZCEL’T)'H_] + CI,n—H ]
)

- n

hix] hiv]

I I I I
Hi+1/z,j (") — :Hi—l/z,j(tn) I j'fi,j+1/2(tn) - }Ci,j—vz(tn)]

+ TR (5.51a)

for I € {D, S, F}. The reaction terms depend on the cell type via

o cPy™ RE; () — pem, i (E)ey™, =D,
1
Rij = ws MR (M) + pemr, i, (EM) e —pr 1=,
b RE (17) + 87— Brely, (-

Moreover, the scheme reads for the ECM and the MMPs

n+l _ . n n.,.n Fnp+ ran
Vij = Vi T Ty MEVES 4 Tty €5 R (E), (5.51b)
n+1 _ n D,n Sn n
myy =My +Ta&p ¢} + Tn&s €))7 — Tnfm My

n+1 _ n+1 n+1 n+1 n+1 n+1
M T AMGT MLy Mty — 2mg 4 myt (5.510)

+Tn Dm (h[x])z (h[y})z

For the definition of the fluxes and the discrete EMT coefficient we refer to the semi-discrete
formulation (5.31)).

Theorem 5.10 Consider the IMEX-Euler FVFD scheme (5.51)) for system (). Then the numerical
cell concentrations c{’g‘ remain nonnegative for any 1 € {D, S, F}, if the initial data is nonnegative and
the CFL condition

hUx] hv] 1 }

y y 552
8aN(t)’ 8aI(1)’ 2 maxipo, pur Br) (5:52)

T, < min {
is satisfied at every time step.

Proof. We follow the strategy from the positivity proofs in [31, 32]. Firstly, we fix I € {D, S, F}
and note that

Ri,; > —max{uo, ur, Brl ey (553)

Secondly, we obtain by Proposition 5.4/ and C{”? > 0 that the interface reconstruction by the

MC limiter satisfy cLE/W - LS/N

41,2, Cij+1,2 = 0- They allow moreover for the decomposition

1 1
In_ ' an_ ' ( LE LW I,N LS
¢y = 5% T g (Ci—vz,j e 2,5 T Cm12 T G2 -

96



5.9 Model (M): positivity preserving property

We have dropped the time index in the reconstructions for clarity. Next, we define the interface
derivatives of the ECM by

n 4 mn _ uyn
[x] _Viv, TV ly] _ Vi TV

Vit1/2,i T T RN 0 VL1277 T pil

Now we are in the position to rewrite the scheme

1T xitT T
Ln+1 _ ITn  [x] +| .1E XITn [x] — LW
€05 =3 e Mirzg) | Stz T ms Micrzg) S,
[T X1Tn ,_x] ] oaw XITn  [x] + .1,E
+ g_ h[x] ( i+]/2,j) CilH/Z,j + hx] ( i—H/Z,j) Ci)—l/Z,j
T X1t Wl 4] LN X1Tn [yl \— 1S
T3 R Vijo12)7 [ Cijiija T hix (Vij—1/2) Cij a2
1 X1, Wyl ] 1s X1Tn . [y] +.I,N
tlg ™ T Miger2) | S R W2 e e
Ln+] Ln+l . In+l  In+l Ln+l | Ln+l
LoD cplyy 2oy el ey — 2 el
n-l (hix))2 (hv))2
Ln
i, I
+ 2] + T Ry - (5.54)

Equation (5.54) considered for all 1 < i < Land 1 < j < M leads to the system of linear
equations

(I— 1 D)™ = R(wh), (5.55)

where ¢+ includes all cell averages cli’,;.‘“. By the CFL condition (5.52), the estimate
and (5.54), the right hand side of this system is nonnegative. The matrix I —t, D is diagonally
dominant, has only negative nondiagonal entries and is therefore an M-matrix [80]. Every
M-matrix M is regular and satisfies the monotonicity property M~'x > 0 for any x > 0. Thus,
the statement of the theorem follows from (5.55). O

Remark 5.11 The CFL condition (5.52) in Theorem is not optimal and can be further
adjusted to

Th < min{ (5.56)

(1—e)hlX (1 —¢)nlvl € }
4abd(t) ’ 4a[yJ(t) ’ m(l_X{LL(), ur, BF}

for any 0 < ¢ < 1. To obtain condition (5.56) we have altered the decomposition in the proof to

ILn _ £CI-’T-1 + — I,E

€ LW I,N LS
Cij j 1 (€525 + et 25 Feia/2 FCii/2)-

An optimal value of ¢ can be balanced out with respect to a given mesh resolution and
parameters Lo, Ut, BF.

The IMEX-Euler scheme is only first order accurate in time. For efficiency, we use thus the
higher order IMEX3 method for time discretization of (5.31) in our numerical simulations.
We guarantee the nonnegativity of the cell densities in the method by the following strategy.
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5 Implicit-explicit finite volume methods for cancer invasion models

Whenever negative numerical cell concentrations occur in the approximate solution obtained
by time integration with IMEX3, we repeat the current time step with the IMEX-Euler time
discretization and CFL condition (5.52). In practice only very few time steps (less than
one in a thousand) had to be recomputed with the IMEX-Euler scheme. This strategy moreover
did not affect the experimental order of convergence, as we will demonstrate in Chapter

One can obtain similar but possibly more restrictive results with higher order methods
when using particular positivity preserving IMEX schemes proposed in the literature [72].
The derivation of a CFL condition that is sufficient for the nonnegativity in these methods
and that depends only on the propagation speeds is an open problem.

For completeness, we note that the above theorem can be adjusted to the fully explicit
forward Euler scheme (5.49), (6 = 0) under a more restrictive condition.

Corollary 5.12 Consider the FVFD scheme discretized in time by the forward Euler scheme
(.49), (6 = 0) to resolve system numerically. Then the numerical solution for the densities
of DCCs, CSCs and fibroblasts remain nonnegative, provided we have positive initial data and the
following CFL condition holds

hx] hivl 1 hix h ] }
)

5.57
8al(t)’ 8al(t)’ 4max{uo,ur, Br}’ 8Cp 657

T < min{

where Cp = max{Dp, Ds, D} (h /hlv] 4 hlul /mixy,

Proof. This result follows by a modification of the proof of Theorem analog to [32].
Instead of using the M-matrix argument, we estimate in the explicit scheme

L L —2¢ch L L —2ch L
0 oop, | S T2 ey Cijr T 2605 F Gl
4 nl (hix])2 (hlv])2
L L L, L,
SV 2C0 J o (S G S T e |
“ 14 ThixIpyl | W) n hx2 hul)2 =
(h)) (hivl)

Here we have used the CFL condition (5.57) and c¢b™ > 0. The tightened time step restriction
(5.57) implies moreover CI{);L /4 +Th Rli’j > 0. By rewriting the remaining advection related
terms in the computation of cIi’)’j“r1 as in (5.54) we deduce the nonnegativity in the next time

step. g

The above result can be directly extended to higher order strong stability preserving (SSP) Runge-
Kutta schemes [64]. These are explicit schemes that can be written as convex combinations of
forward Euler steps. Their positivity preserving property follows thus with Corollary

5.10 Model ([I): treatment of the delay and the fast integrin
dynamics

For simulations with the contractivity model (III), we promote the IMEX3 method (Table
for the time discretization of the semi-discrete scheme (5.32). This is because of its high
accuracy and efficiency which we will present along with experimental convergence rates
in Chapter [8| In this section we discuss three adaptations of this scheme that account for
peculiarities of system (III). In particular, we discuss the treatment of the nonlinear diffusion
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5.10 Model (II): treatment of the delay and the fast integrin dynamics

terms, an interpolation technique to deal with the delay term and a time step adaptation that
avoids problems due to the fast dynamics of the contractivity. The paragraphs on the delay
term and the time step adaptations are based on a part of our paper [98].

Stiff reaction terms and nonlinear diffusion In the case of large coefficients in the reaction
terms, the evolution equation for the integrin densities in the semi-discrete scheme is
stiff. To overcome possible problems with instabilities we treat these terms implicitly in the
IMEX RK method.

In more detail, we formally modify the discrete diffusion and reaction operators in the case

of system by

DE‘)-] (wn(t)) = e ] k4 vi,jU —yi’j) . k- Yi,j, RE?].](wh(t)) =0, (5.58)

forall1 <i< Land 1 <j < M. In this way, the discrete operator DE‘]-] (wn (t)) does not include
only diffusion terms, but with the definition the implicit treatment of the stiff reaction
is clearly defined. Note that we treat the evolution equation for the integrin concentration y
fully explicitly and thus does not result in a nonlinear equation system.

The discrete diffusion terms DE} (wh(t)) include state dependent coefficients D; ;(t) and
are therefore nonlinear. For a full implicit treatment in the IMEX3 method we would need
to solve four nonlinear systems in each time step. To reduce the computational complexity,
we consider a linearization of ZDE)} (wn (t)). More precisely, we compute the coefficients only
once in the beginning of each time update t™ — t™*! based on the current state, i.e. we
compute the coefficients D ;(t™). They remain constant for the rest of the time step. In this
way, it suffices to solve four linear systems in the time integration by the IMEX3 scheme. This
modification has hampered neither the stability of the method nor the experimental order of
convergence in our numerical experiments, as we will demonstrate in Section

Treatment of the delay term  An important component of system is the time delay
term y(t — x7) that appears in the contractivity equation of the component . Its discrete
counterpart is a reaction term in the semi-discrete scheme (5.32). In the vector formulation
(5.35) it is included in the operator R(wy;). We evaluate this delay term consequently in the
explicit part of the IMEX RK method.

Assume that we compute the stage j of an IMEX RK method. In this process we evaluate the
operator R at the time instance t = t™ + chT and thus need an approximation for y(t—xt). We
have dropped the subindex of the time step size for clarity. To find a suitable approximation we
identify the position of t —xT and interpolate between the known values of yy,. In more detail,
we consider the time instances tq,1 <tg2 <t" < t, where ta,1 < t— XT, and corresponding
densities of the integrins yn(ta,1), Yn(ta,2) ,yn(t™) ,yh(?). Then we interpolate as follows

%—XT—ta

— (Yn(to) —yn(ta)), (5.59)

yo = yn(t—x1) = yn(ta) +
where (tq,tp) € {(ta,1,tq,2), (ta,2,t™), (t™,1)} is such that tq <t —xT < tp. As numerical
integrin densities at these time instances we use the current numerical solution yy (t™) =
(yi,j(t“))i%":/l] and previously computed densities yn(tq,1),yn(tq,2). Moreover, we make
the assumption that WU! ~ wy, () and employ the current stage restricted to the integrin
component as approximation of the integrin density at the time instance , i.e. we employ

Uh(/f) — whly,
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5 Implicit-explicit finite volume methods for cancer invasion models

After the computation of the full time update wj ™', we verify whether the delay time at

the next time integration step will overshoot t4 2. More precisely, if t" ! —xT > tq,2, we
update the delay time instances tq4,1,tq,2 and the corresponding numerical densities used for
the interpolation by

ta,1 —ta2, ta2 «—tn, Ynlta,1) —ynlta,2), Ynlta,2) & yn(tn).

Time step adaptation The ODE subsystem consisting of the last two equations of is
stiff due to the large parameter ¢~ '. Since we aim to treat the delay explicitly, we can only
treat a part of the ODE subsystem by the implicit scheme embedded in the IMEX RK method.
As a result, we observed instabilities and inaccuracies when using an IMEX RK method, if
the time steps were not further regulated. To address this problem we adapt T, such that the
relative change of k remains bounded in each time step, i.e.

HKh(tn) — Rn(tn + Tn)”oo
[k (tn) lloo

N

< Ok, (5.60)

where Kk (tn) = (ki (t“)){-’}]\:ﬂ. The time increment 1, is needed in the method to compute
the actual approximate contractivity ky (tn + Tn) = (ki ;(t™ + Tn))iL,’j’\:/lr Thus, we apply
an estimator & (tn + Tn) = Kp(tn + Tn) in (5.60) instead of the complete approximation
Kh(tn + Tn)~

One can see in the unscaled model that the component « evolves quickly to a quasi-
steady-state. We refer to [175] for more details in this regard. After the quasi-equilibrium is
reached, the contractivity k evolves very slowly. Consequently, the condition (5.60) affects the
time step size only in the beginning of the computation.

The practical computation of 1, based on the CFL condition (5.39) and works as
follows. We start the IMEX RK method by computing A(wy};) and R(tn, w}y) which are needed
for the first stage of the IMEX RK updates. All the terms in the evolution equation for
the contractivity are discretized in the reaction operator R(t™, wi*). We can thus define the
forward Euler estimator

Rh(‘tn + Tn) = Kh(tn) + TnRK(tn»wE)»

where R*(t™, wy') denotes the discrete reaction operator restricted to the component k. By
substituting into (5.60) we obtain the time step restriction

1Ok Kn(tn)|lso

T IR Wi s

that we employ in combination with the CFL condition (5.39). In this way, we adjust the time

increment T,, without any additional computational effort. In our computations we employ a
threshold value of ©®, = 0.01 in that followed from numerical experimentation.

When we use this technique, we resolve the microscopic dynamics of the model efficiently

instead of choosing small time steps throughout the full computation. In this way, we ensure

the stability of the explicit method in the stiff contractivity subsystem.

(5.61)

5.11 Model ([): numerical experiments and comparison of time
integration methods

This section is devoted to the experimental study of the proposed numerical method. We
compare, in particular, the discussed time discretization schemes. To this end we consult
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5.11 Model (): numerical experiments and comparison of time integration methods

EOC | rel. CPU time | L' error E(1,/400)
IMEX-CN || 1.162 0.32 5.544 x 107!
STRANG || 1.925 1.00 3.472 x 1072
EXPLICIT || 2.067 3.24 2425 x 1072
IMEX3 1.940 0.64 1.775 x 102

Table 5.4: Experiment Comparison of the time integration methods in terms of EOC, error and CPU time. The
EOCs were computed using formula (5.65) for h; = 1/600 and h, = 1/800. The relative CPU times
(with STRANG as the reference method) and the L' error refer to a computation on N = 2000 uniform
mesh cells.

the well established invasion model (I), which provides the typical dynamics of KS-type
cancer-invasion models. Thus, the results will also serve as a reference when we deal with
the models (II) and ([I). All numerical computations were conducted using MATLAHH This
section is based on a part of our publication [96].

Experiment : setting and dynamics In our first numerical experiment we considered
system (I) on the 1D domain Q = (0,10). The parameters that we used are provided in
Appendix Al As initial data we employed for x € (0, 10) the functions

1 1
colx) = e /¢ vo(x) =1— 267"2/5) up(x) = Ee*XZ/Sy
1
Po(x) = %e*"z/a, mo(x) =0, e=5x10"3. (5.62)

The initial conditions model a single tumor that starts the ECM invasion from the left boundary
of the 1D domain. Except for the location of the cancer cell accumulation the tissue is intact.
While no plasmin was activated, small amounts of the chemicals uPA and PAI-1 were already
produced by the tumor at the initial time instance t = 0.

We present the time evolution of the system components in Figure |5.2|for t < 150. The main
tumor propagates to the right side of the domain and degrades at the same time the ECM. In
the invaded area, where proteolysis already diminished the tissue density to a small amount,
new tumor cell clusters emerge. They take the form of peaks in the cancer cell concentrations.
The number of these peaks as well as their maximal concentration vary in time. They evolve
in time by moving and merging with each other. At the time instance t = 75 almost half of
the domain is invaded by cancer cells. The interaction of the peaks continues as the invaded
area becomes larger. No steady state is attained even in later time instances 300 < t < 500
when the full domain has been invaded. The remaining components of the system behave
differently: we observe only small spikes in the uPA and plasmin densities while the more
diffusive inhibitor PAI-1 exhibits a smooth density over space. The densities of the enzymes
have not overshot a concentration of one throughout the simulation.

These results were computed by the FVFD scheme (5.30) with IMEX3 time discretization on
a uniform computational grid of N = 5000 cells .

Experiment [1} study of numerical methods For a numerical test of the methods, we
considered the previous experiment on the shorter domain QO = (0,5) and fixed the final

IMATLAB is a registered trademark by The MathWorks, Inc., Natick, Massachusetts, United States.
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5 Implicit-explicit finite volume methods for cancer invasion models

t=75 t =150
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Figure 5.2: Experiment [1} Spatio-temporal dynamics of cancer invasion system (). We present the spatial
concentrations of the system components in four subsequent time instances. Computed with the FVFD
scheme (5.30) on a uniform mesh (N = 5000) and IMEX3 time discretization.
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Figure 5.3: Experiment Experimental convergence plot for three tested splitting methods. STRANG and IMEX3
converge with order two and IMEX-CN converges with order one. IMEX3 achieves the most accurate
numerical solutions

time T = 60. We integrated the FVFD scheme with various methods introduced in
Sections [5.7|and In particular, we compared the performance of the methods STRANG,
EXPLICIT, IMEX-CN, IMEX-MP and IMEX3. In the case of EXPLICIT we employed time
steps in O(h?) as in condition (5.57). For all other methods we used the less restrictive CFL
condition (5.39) with Courant number CFL= 0.49.

An exact solution of PDE system () in the setting of Experiment [I| has not been available.
For this reason we computed a reference solution w™f on a very fine grid with N, = 30 000
uniform cells. We used our consistent FVFD space discretization integrated by the
explicit fifth order method of Dormand and Prince [45] and a strict positivity preserving time
step restrictiorﬁ for its computation.

To explain the error computation let us denote the cancer cell component of the reference

2We employed adaptive time step control using the common fourth order control method within the Dormand
and Prince scheme with a relative and absolute error tolerance of 10~'? [68]. Moreover, we checked in each
time step for negative values. If these occurred, we repeated the corresponding time step using the adapted
time increment T"¢" = 0.8 t°9.
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5.11 Model (): numerical experiments and comparison of time integration methods

solution on the cell CI*f by c!*f. We consider only the final time T = 60 and thus drop the
time index for clarity. Assume a numerical solution computed on N = 1/h uniform cells

Ch,...,Ck and let c!* denote the corresponding approximation of the cancer cell concentration
on the computational cell CI". To measure the accuracy of a given method we project the
reference solution to the computational cells C?, ceny C}]QJ and introduce
crefnchy
ref(h) | ) 1 ref
{j:Crefnch 0} t
fori=1,...,N. Then we can define the discrete L' error
" f
h
E(h) =Y |CPf fef — ™). (5.64)

i=1

Note that (5.63) and (5.64) also describe our error computation for nonuniform finite volume
meshes and the 2D case.

Except for the method EXPLICIT we expect the error to behave as in (5.40) and to
convergence thus with order min{q, 2} as h — 0. The integer q denotes here the order of
consistency in time. As a result the error E(h) should converge with order two in all tested
methods except for IMEX-CN, which is only first order accurate in time. In the case of
EXPLICIT we expect an error convergence of order two due to T € O(h?).

To verify our expectations we computed the numerical solutions on N cells for any

N € {100, 200, 400, 800, 1000, 2000, 3000, 4000, 5000}

and for each considered time integration scheme. Due to the limited accuracy of our refer-
ence solution we did not consider numerical solutions on grids with more than N = 5000
computational cells.

Figure 5.3| presents the error E(h) plotted against the discretization parameter h in log-log
scale for three tested methods in Experiment (I} We can see a first order convergence of the
method IMEX-CN. However, its error E(h) is larger than 10~" even for high grid resolution
using 5000 mesh cells. Thus, IMEX-CN is not a useful method for this problem. STRANG and
IMEX3 on the other hand seem to converge with order two. In particular, IMEX3 achieves
slightly lower errors than STRANG. The IMEX-MP scheme suffered from instabilities on finer
grids and no convergence could be observed.

In Table 5.4/ we summarize the experimental order of convergence (EOC), the discrete L error
of a generic solution with cell size h = 1/400 and the corresponding computation times
relative to the computation time of the STRANG method. To compute the EOCs we used the
discrete L' errors for cell sizes hy = 1/600 and h, = 1/800 and the formula

' log(E(h1)) — log(E(hy))
FOC = og(h) —log(hz)

Our expected orders of convergence are verified by the EOC numbers. We can also confirm
the second order convergence of EXPLICIT. Concerning the computational costs though,
EXPLICIT can not compete with the splitting methods that were more than three times faster.
Overall, considering the EOC close to two the fast computation time and also the small
L" errors, IMEX3 has delivered the best performance in Experiment

We note that all tested methods computed nonnegative results at the final time. The method
STRANG however, is the only tested methods for which the solution stayed nonnegative in all

(5.65)
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Figure 5.4 Experiment@ Spatio-temporal dynamics of system (]ID with modified D, = 5.3 x 1073, We present the
spatial concentrations of the system components in three subsequent time instances. Computed with
the FVFD scheme (5.30) on a uniform finite volume mesh (N = 5000) and IMEX3 time discretization.
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Figure 5.5: Experiment Experimental convergence plot for three tested splitting methods. STRANG and IMEX3
converge with order two and IMEX-CN converges with order one. STRANG achieves similarly accurate
numerical solutions as IMEX3.

time steps between 0 and T. By its EOC, accuracy and relatively low computational costs the
STRANG method is thus another good choice for problems of this kind.

In the original study we also included Rosenbrock type methods and schemes endowed with
adaptive time step control. With these strategies however, we did not gain any considerable
advantages over STRANG and IMEX3 in the numerical experiments [96].

Experiment In our second experiment we considered again system (I) on the interval
Q = (0,10). We employed the initial conditions (5.62) and the same parameters as before but
opposed to Experiment (1, we chose an increased diffusion coefficient of the cancer cells, i.e.

D. =5.3x1073.

In Figure 5.4 we show the dynamics of the solution. As in Experiment(T} a tumor propagates

| EOC | L' error E(1,/200)

IMEX-CN || 0.973 3.933 x 102
STRANG || 1.958 2341 x 1074
IMEX3 2.154 2.037 x 10~

Table 5.5: Experiment @ Comparison of the splitting methods in terms of EOC, error and CPU time. The EOCs
were computed using formula for hy = 1/80 and h, = 1/200. The L' error refers to a computation
on N = 1000 uniform mesh cells.
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5.11 Model (): numerical experiments and comparison of time integration methods

to the right side of the domain and degrades the ECM. Opposed to the simulation results
shown in Figure we do not observe a dynamic interaction of clusters, instead a spatial
pattern forms in the invaded areas. The solution reaches a steady state at t = 300. The
visualized numerical solution was computed with the semi-discrete scheme and IMEX3
time discretization (see Section on a uniform computational grid using N = 5000 cells.

To investigate how the numerical methods perform in this “smoother” setting, we did
a similar numerical study as done in Experiment |l We considered the shortened interval
Q = (0,5) and the final time T = 50 and then computed a reference solution using the
Dormand and Prince method on N = 30000 cells. Again, we fixed CFL = 0.49 and computed
errors at the final time according to and (5.64). We computed on N uniform cells for
any N € {100, 200, 400, 800, 1000}.

We restricted our experimental study to the splitting methods. The convergence of the error
E(h) is shown in Figure We can clearly observe a second order convergence of STRANG
and IMEX3 and a first order convergence of IMEX-CN. In this test the errors of STRANG and
IMEX3 are almost indistinguishable. Even in this second experiment the IMEX-MP scheme
was unstable and did not converge. This indicates that L-stability of the implicit scheme
that IMEX-MP does not possess is a crucial property of splitting methods when dealing with
system (). Once again, the STRANG method delivered only nonnegative numerical solutions
in all time steps.

The EOCs computed by using hy = 1/80 and h, = 1/200 are shown in Table
Along we present the discrete L' error for a generic computation with cell size h = 1,/200.
Compared to the analogous results from Experiment [I|in Table we see similar EOCs but
lower absolute errors due to the smooth solution profile in this experiment.

Experiment To demonstrate the 2D dynamics in system (I) and the reliability of the
IMEX3 method in higher dimensions, we present a third experiment. It was computed on
the domain Q = [-15,15]% and it employed the same parameters as Experiment |1} In the
numerical simulation we used a quadrilateral finite volume mesh with hX = hlYl = 0,05 and
IMEX3 time discretization.

To describe the used initial data, let us consider the function

4 4 0.7sin(0.9x1), x1 < 0,
y(x1) = ¢ 7sin(0.9x1) + 0.008x3 + 4, 0<x; <5,
54 0.7sin(4.5) + 0.7sin(0.9(x; —5)), x73 >5

and the set U = {(x7,%x2) € R? : x; > y(x1)}. Then we define the initial condition by

co(x) = xu(x), vo(x) =1 —xulx), uo(x) = 0.5xu(x),
Po(x) = 0.05xu (x), mo(x) =0

for all x € Q with xy (x) denoting the characteristic function over U. To omit boundary effects
by the homogeneous Neumann condition we show the results only in Q = [0,5]2, which
includes 100 x 100 computational mesh cells.

We present the initial conditions and the numerical results in Figure Analogously to the
dynamics in 1D in Experiment (1} the cancer cells disseminate and break down the extracellular
tissue. In this way, the cells migrate in negative x, direction. Heterogeneous structures of
cancer cells form in the invaded areas. These areas feature high concentration of tumor cells.
But no spatial steady state has occurred until T = 200.
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Figure 5.6: Experlment 3 Time evolution of the concentrations of cancer cells, ECM and uPA on the square
= [0,5]%. Computed with the FVFD scheme (5.30) on a 2D finite volume mesh (h™*/ =0.05)
and IMEX3 time integration. The colorbar ticks refer only to the densities at the time instance t = 200.

For a study of the performance of the numerical method in 2D, we refer to our experiments
with models (M) and in Chapter

Remark 5.13 All three conducted experiments demonstrated the robustness and the reliability
of the constructed FVFD scheme (5.30). In Experiments[I|and ]in 1D we verified the accuracy
of the scheme when used with either the STRANG or the IMEX3 time discretization method.
For both methods the overall scheme yielded an EOC of two. The IMEX3 method on the
one hand delivered the most accurate results in the comparison of time integration methods.
The STRANG scheme on the other hand always preserved the nonnegativity of the solutions
and also delivered accurate results. For these reasons we promote both time discretization
methods for the application in cancer invasion systems.
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Adaptive mesh

refinement for cancer
invasion models

In the present chapter we construct adaptive mesh refinement methods for cancer invasion
models in space dimensions one and two. We will begin in Section [6.1] by motivating their
benefit in the particular case of the KS-type cancer invasion models under discussion. Subse-
quently, we introduce our grid structure in Section discuss the practical implementation in
Section |6.3|and the adaptation of the mesh to the numerical solution in Section The assem-
bly of the adaptive scheme is described afterwards in Section |6.5| with numerical experiments
following in Sections [6.6] and

The parts of this chapter concerned with the construction of the 1D scheme and the
numerical experiments in Section are based on [96]. The parts discussing the mesh
administration and the numerical experiments in 2D are further based on [99].

6.1 Motivation

In the first numerical experiments that we presented in Section we saw typical dynamics
of KS-type cancer invasion models that feature the emerging, merging and movement of
concentrations. In Figure [6.1) we demonstrate this behavior more clearly by focusing on the
evolution of individual concentrations in the case of Experiment

The presence and the dynamics of peaks in the concentrations provide a challenge for our
numerical methods. While we could compute accurate numerical solutions in Experiment
this could only be achieved by our scheme using a large number of mesh cells in the range
of 103. Thus, a significant computational effort is needed to obtain acceptable results. Since
we saw similar phenomena in 2D in Experiment 3, we expect that a mesh with the same fine
resolution in both space directions is needed to get qualitatively accurate numerical solutions
for space dimension d = 2. A simulation for these needs would be unfeasible due to its
immense computational costs.

Figure 6.2/ shows what happens when lower mesh resolutions are used. Albeit the numerical
method applied is second order accurate, the propagation speed of the invading tumor
deviates from the propagation speed in the reference solution when using a coarse mesh. In
the case of Experiment (1| the speed was overestimated using the IMEX3 method; in other
settings we saw that the speed was underestimated on coarse grids [97]. This situation is
particularly unfavorable when modeling and simulations are applied to estimate the progress
of cancer invasion. The error propagation due to incorrect propagation speeds leads to an
erroneous resolution of the emerging/merging phenomenon and thus to numerical solutions
that are qualitatively incorrect in the invaded part of the computational domain.

We can moreover see in Figure |6.2| that problems due to coarse meshes emerge only locally
in the neighborhood of high concentrations of cancer cells; at the largest part of the domain
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Figure 6.1: The spatio-temporal dynamics for t € [0, 60] in Experiment We show closeups of the spatial cancer
cell density in various time instances computed on a fine grid of N = 5000 mesh cells with the FVFD
method and IMEX3 time discretization. A second concentration emerges around t = 23 (top left).
While t € [30,40] a third concentration emerges and merges with an existing one (top right). Merging
and emerging of concentrations continues while t € [50, 60] (bottom) [96].
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Figure 6.2: The cancer cell density in Experiment [1| computed with the FVFD-IMEX3 scheme on uniform finite
volume meshes compared to a reference solution at time instances t = 75 (left, center) and t = 100
(right). Although many mesh cells were used in the simulations, there are significant deviations from
the reference solution. These concern the propagation speed of the invading cluster of cancer cells
(center) and the quality of the solution in the invaded area (left). The deviations increase as time
evolves (right).

the solutions that we consider here are “smooth”, cf. Figure and a good numerical
approximation is obtained when using only a small number of mesh cells. In this situation
the application of an adaptive mesh refinement (AMR) method is a reasonable way to decrease
the computational complexity while maintaining a high accuracy of the approximate solution.
The AMR methods adapt the computational mesh to the numerical solution during the time
evolution. This is done either by local refinement and coarsening of the mesh cells or by a
complete mesh reconstruction that involves the shifting and deformation of mesh cells.

In the rest of this chapter we will develop a method that takes the approach of local
refinement and coarsening by mesh cell bisection. This technique is sometimes referred to as
h-refinement. Methods of this kind were successfully applied and analytically studied in the
numerical approximation of several classes of PDEs [102, |140, [150]. To our knowledge though,
the particular application to cancer invasion problems has not been considered prior to our
work [96]. Note that we will also discuss a numerical method that shares some similarities
with the second mentioned AMR approach of mesh reconstruction in Chapter [7]

108



6.2 Regularly structured meshes and other basic definitions

6.2 Regularly structured meshes and other basic definitions

In this section we set the foundation for the description of our AMR method. Therefore, we
introduce common relations between mesh cells and the class of meshes on which we will
operate. For this purpose we rely on the definitions of finite volume meshes in 1D and 2D
from Sections 5.1l and

For simplicity, we introduce our concepts on either the unit interval or the unit square,
[0,1]¢ for d = 1, 2. The adaptation to an arbitrary interval [a, b] or rectangle [a,b] x [c, d] is
a matter of basic affine mapping. We will apply our AMR method on particular structured
meshes that are subsets of nested dyadic meshes. For their definition we assume a fixed
integer No € N.

Definition 6.1 (Dyadic meshes) For any 1 € Ny we denote the uniform one-dimensional finite
volume mesh (see Deﬁnition on Q = [0, 1] with cell size h = 1/[No 2] by D{. Analogously,
we denote by D? the quadrilateral finite volume mesh (see Definition over the domain
Q = [0, 112 with cell sizes hX) = 1/[Nj 24, hv! =1/[Nj 2Y. We call D¢ for d = 1,2 the dyadic
mesh of refinement level 1.

In what follows we define particular relations between mesh cells that are included in
dyadic meshes.

Definition 6.2 (Ancestors, descendants and neighbors) Let 1,1 € Ny and d € {1,2}.

a) For every mesh cell C € D¢ we denote its refinement level by L(C) = 1 and its center by
M(C) € Q.

b) A mesh cell C € ]D){l+1 is called daughter cell of mesh cell C € D{i if M(C) e C. Equiva-
lently, the mesh cell C is called the mother cell of C. Daughter cells of the same mother
cell are called siblings.

c) The mesh cell C € D{l is a descendant of the mesh cell C € D if there is a series of mesh
cells in mother-daughter relation between C and C. In the same situation we say that C
is an ancestor of C.

d) Two mesh cells C; € D¢ and C; € ]DD{i, for which the intersection C; N C, is of co-
dimension 1, are called neighbors. In the 2D case, this definition excludes cells that share
a single point of their boundary. The common part of the boundaries between two
neighbor cells is their interface.

We are now in the position to define the mesh objects on which we construct our AMR
method.

Definition 6.3 (Regularly structured meshes) The set M C [J;™ D¢ is called Regularly
structured mesh (RSM) of dimension d € {1,2} with minimum and maximum refinement levels
Umin, lmax € No satisfying lmin < lmax and of mesh reqularity m, € N if the following conditions
are satisfied
a) For all x € [0,1]9 one of the two following conditions holds. Either
i) 3 C e M withx e Cor

ii) 9C € M with x € 9C.
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6 Adaptive mesh refinement for cancer invasion models

b) For all neighbor cells C1, C; € M the mesh regularity condition holds

IL(Cy) — L(C2)I < M. (6.1)

The AMR method that we propose computes numerical solutions on such RSMs. After
each time step the mesh is adapted in a suitable way to the current numerical solution and
the current cell averages/point values are projected accordingly to the updated mesh. The
mesh adaptation is conducted such that the adjusted RSM is still an RSM that has the same
minimum and maximum refinement levels and mesh regularity as the original RSM before
the mesh update.

For the update of a mesh M we will employ on the one hand refinement, which is the process
of replacing C in M by all of its 24 daughters from the level L(C) 4- 1. On the other hand we
will use coarsening, which refers to the process of replacing C and all of its 2¢ — 1 siblings in
M by their mother cell from the level L(C) —1.

To abide by the minimum and maximum refinement levels and condition (6.1) the cells in
M cannot be arbitrarily refined and coarsened. We will propose in Section [6.4| refinement and
coarsening procedures that do not violate these restrictions.

We apply the mesh regularity condition for reasons of efficiency and computational
robustness. In more detail, it reduces the complexity of the mesh update procedures that
we use and it results in better robustness of the overall AMR method as we will see in our
numerical experiments. We use m, = 1 throughout all our computations. We note that
together with m, = 1 ensures the property resulting hence in a computationally stable
approximation of the diffusion terms on nonuniform 1D meshes according to (5.24). We will
experimentally verify the benefit of using m, = 1 in Section

6.3 Navigation through the mesh

When dealing with finite volume methods on adaptive meshes, many technical issues arise.
A prominent one is the organization of the mesh cells in suitable data structures. These
structures should allow for a fast identification of mother, daughter, sibling and neighbor cells
which is necessary for both manipulations in the mesh and flux computations. The complexity
of the mesh organization increases significantly with the space dimension.

For the purpose of mesh organization pointer based mesh data structures are employed most
commonly in the literature [18, 94]. In this approach the physical coordinates of the mesh
vertices, i.e. interfaces in 1D and corners in 2D, are stored in the memory. Then the mesh
cells are represented by arrays of pointers to these vertice objects. For our purpose however,
we propose a simple technique that has less memory requirements. It is easy to implement
and use, and it can handle mesh resolutions that are reasonable for our application to cancer
invasion systems.

In more detail, we precompute a matrix containing all necessary information of the full
cascade of dyadic meshes. Along with an identifier of the spatial position we store references
to the daughter and mother cells for each mesh cell. In this section we provide technical details
on the data structure in the 1D and 2D case. We will moreover explain how the structure is
used to identify neighbors, ancestors and descendants. Throughout this section we assume
No = 1 for simplicity.
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6.3 Navigation through the mesh

Mesh organization

When considering all the mesh cells C U{f{mm D], we note that every cell C can be uniquely
identified by its center M(C). This follows from the observation that each point in Q) that
resides either on a cell center or an cell interface in D{ resides on a cell interface in D, ;. The
center M(C) of an arbitrary mesh cell in turn can be uniquely characterized by the level of
refinement of the corresponding dyadic mesh together with an intra-level index k enumerating
the cells in the current level.

Cell representation in 1D  Due to the correspondence between mesh cells and cell centers,
we can include the full cascade of one-dimensional dyadic discretization grids U{‘j{mm Dy in
the matrix

I N
e=|k 1 m d d, ], (6.2)
I N

where the lines represent the mesh cells. In each line we store the level of refinement 1 and the
intra-level index k. The further entries m, d, and d, refer to the lines of the matrix in which
the mother of the current cell and its left and right daughter cells are stored.

For example, the cascade of dyadic meshes U%:o D! would be encoded in the matrix

111 201 2 3 4|1 2 3 45 6 7 8\
ol1 12 2 2 2/3 333 33 3 3
e=| —|1 112 2 3 3|4 455 66 7 7 6.3)
204 618 10 12 14— — — — — — _ _
305 709 11 13 15— — — — — — — _

with the vertical lines separating the refinement levels of the mesh cells. The empty compo-
nents imply that Ul:lg D! does neither include the mother cell of the single mesh cell in D}

nor the daughter cells of the mesh cells in D].

Remark 6.4 (Memory usage in 1D) We consider a reasonable situation in the numerical sim-
ulation of cancer invasion systems and start on a coarse mesh Dlmm: ¢ of 64 cells and assume
that the resolution is coarser or equal to the resolution of the dyadic mesh ]D){mxz1 > having
4096 cells. The matrix € in its formulation would have (2° + --- 4 21%) = 8128 lines,
accounting for all included levels 1 = 6,...,12 and 40640 (unsigned) integer valued entries.
The memory needed to store C is (for 4 bytes per integer entry) approximately 163 KB.

Cell representation in 2D  For computations in two space dimension we use four columns
in the matrix € to account for all four children of a particular mesh cell, instead of two in the
1D case. Consequently, we obtain a matrix of the form

o | | | |
C=|k Il m dNW dNE dsw dSE (64)
L | | | |

to represent all the mesh cells in ;™% D!. As in (6.2) each line of € represents a particular
mesh cell. Let us consider an arbitrary line corresponding to a particular mesh cell. The
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intra-level index k identifies the position of this mesh cell with respect to a lexicographic order
of the dyadic mesh in which the mesh cell is included. The entries dnw, dnE, dsw, dsE refer
to the lines of € corresponding to the four daughters cells of the considered mesh cell. These
daughter cells are located northwest (NW), northeast (NE), southwest (SW) and southeast (SE)
relative to the center of the mesh cell. As in one dimension, | and m denote the refinement
level and the line associated with the mother cell of our mesh cell.

Remark 6.5 (Memory usage in 2D) We assume a numerical computation that incorporates a
cascade of grids where lnin =4 and lyax = 10, i.e. the dyadic meshes ranges from 16 x 16
cells to 1024 x 1024 cells. In this case, the total number of inputs of the matrix C is 9786112
and with 4 bytes per input the memory needed is approximately 39 MB. This is not a strong
constraint considering the high 2D resolution.

We note that we can significantly reduce the memory usage by eliminating the empty entries
for a) the mother cells of the grid cells on the coarsest level 1, and b) the daughter cells of
the mesh cells on the finest level lyax. In the above example 4194560 entries in C are empty
and the actual needed memory used reduces to approximately 22 MB.

An even further reduction of the memory consumption can be achieved by removing the k-
and l-column out of the matrix €. The refinement level and the intra-level index can be easily
recomputed on the fly in the following way. If i is the matrix line corresponding to a mesh
cell, its level is given by the largest integer | > 1y such that

1-1
k=i- ) 24

j=lmin

is positive. In this situation, the intra-level index is also given by k. For the example the
needed memory reduces to approximately 11 MB when we use this technique.

Storing an RSM ~ We assume fixed parameters lpnin, lmax and d, which allow for a single
computation of the matrix € in the beginning of a numerical computation. An RSM M is
stored as an array of line indices of the matrix lines corresponding to the mesh cells included
in M. To save most of the expenses of array truncations and prolongation when the mesh is
updated, we use an array that starts with more entries than mesh cells, i.e. we use zero-entries
that account for “empty mesh cells”. In our numerical experiments we start with an array of
2dtmax/3 entries.

To store the numerical solution obtained by our FVFD scheme (5.35) we use a 2D array. The
entry with indices 1i,j includes the approximate solution of the j-th system component in the
mesh cell that is stored in the i-th entry of the mesh array.

Identification of relatives and neighbors

We consider a mesh cell C that is represented in the line i of the matrix €. Then the information
on its mother cell can be found in the line m = C; 3 and on its siblings in the entries €., 4 and
Cm,5 in 1D and in €y 4,...,Cm,7 in 2D.

Relative position To identify the relative position of a cell amonyg its siblings, i.e. to find out

whether it is a NW, NE, SE or SW daughter of the mother, we use the ordering with respect to
the intra-level index k. In particular, in 2D a mesh cell is a south (S), north (N), west (W) or
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east (E) daughter according to the rules

{N daughter, if L%J is odd, and {W daughter, if k is odd, 6.5)

2
S daughter, if [45] is even

E daughter, if k is even,
where the floor operator |-| denotes the closest integer that is less or equal. We obtain the
relative position among the siblings by combining both rules in (6.5).

Neighbors To efficiently identify the neighbors of a cell we make extensive use of the
regularity of the mesh. We assume an RSM M of smoothness m, and a cell C € G represented
in the line 1 of the matrix € with refinement level L(C) = 1 and intra-level index k. We can
identify the neighbors by distinguishing between the following cases.

Neighbors of the same level The neighbors of C on the uniform mesh D¢ can be easily
identified by using the intra-level index k. Neighbors to the left and right in dimension
one and to the W and E in dimension two, have intra-level indices k F 1. Neighbors to
the S and N in dimension two have intra-level indices k F 2~ '. Thus, neighbors of this
kind are represented in the corresponding lines i 1 and i F 2!~ of the matrix €.

The same level neighbors are not necessarily included in the mesh M. Nevertheless the
identification of these 2 cells in 1D or 4 cells in 2D is crucial in the neighbor finding
process that we propose.

Neighbors of lower levels If N is a same level neighbor of C, but not part of the actual mesh,
i.e. N € M, then an ancestor A of N could be included in the current mesh M. If there
is such an ancestor A € M, then A is also a neighbor of C due to the structure of the
dyadic meshes. In order to find all possible neighbors, we check m, generations of
ancestors if they are included in the current mesh. These ancestors can be identified
by iteratively using the mother cell entries m in the matrix C and by jumping to the
corresponding line.

Neighbors of higher levels Again, let N be a same-level neighbor of the cell C. If neither
N nor any of its ancestors is included in G, we look for neighbors of C among the
descendants of N. Once again, m, generations have to be screened.

In the algorithm that we propose for the identification of neighbors on higher levels, we
exploit the relative position of N. Let us exemplary assume in the 2D case that N is a
neighbor of C to the east, then we proceed as follows.

We start with a queue containing only N. Then we iterate through the queue
by checking each entry for being included or not in M. If it is included, we
have found a neighbor, otherwise we add the NE and SE daughter of the entry
to the cue for the next iteration step.

In this way the neighbors of C that are among the descendants of N can be found in at
most m, + 1 iteration steps.

For an efficient computation of all neighbors of a cell C € M we propose to compute all
same level neighbors first and afterwards check the same level neighbors themselves, then
their ancestors and last their descendants for being included in the grid M.

113



6 Adaptive mesh refinement for cancer invasion models

6.4 Mesh manipulation and data projection

In this section we discuss the mesh update steps in the proposed AMR method for cancer
invasion systems. The mesh update consists of a sequence of refinement, coarsening and
projection procedures which are used to adjust the mesh to the numerical solution.

Marking of mesh cells  For the mesh update we employ a monitor function ® which depends
on the current numerical solution and assigns values to the mesh cells. Two thresholds
Ocoars < Orefin determine if a cell will be refined or coarsened. More precisely, a mesh cell
Cc with L(C¢) > lpin Where the monitor function is below the coarsening threshold, i.e.
0(Cc) < Bcoars, is marked for coarsening. A cell C, with L(C;) < lmax, where the monitor
function is above the refinement threshold, i.e. 0(C;) > 0., is marked for refinement. For
the monitor functions, which we will use in the numerical experiments, we refer to Sections
and

As pointed out in Section the updated mesh should preserve the RSM properties of the
former mesh, i.e. its minimum and maximum level of refinement and the regularity condition
(6.1). To this end the set of cells in M that are marked for refinement and coarsening has to be
further modified before the actual mesh adaptation takes place. For this purpose we develop
the strong refinement and weak coarsening procedures discussed in the following paragraphs.

Strong refinement The primary aim of the AMR method is to increase accuracy of the
numerical solution. Thus, the refinement of mesh cells has a high priority. For this reason we
strictly refine all the cells that are marked for refinement and possibly even more to preserve
the RSM properties. For efficiency though we do not refine more cells than needed.

In more detail, let S, C M denote the set of cells that are marked for refinement by the
monitor function. Moreover, let M,f(s,) denote the mesh M where all cells C € S, have been
refined, i.e. replaced by their daughter cells. In general M, (s, is an RSM with the same
maximum and minimum refinement levels as M, however the mesh regularity condition (6.1)
might be violated. We define for each cell C € S, the dependency set Dr(C) to be the set of
minimal cardinality such that Mefp,(c)) satisfies (6.I). Then the strong refinement set that
includes the cells that are actually refined is formally given by

Sk=(J D+(Ci) D Si.
Cresy

In practice we conduct the strong refinement by iterating through the cells that are marked
for refinement. We iterate from the maximal to the minimal refinement level and mark
additional neighbor cells for refinement that would otherwise violate (6.I). For more details
we refer to Algorithm

Weak coarsening The coarsening in the AMR method increases the efficiency by locally
reducing the resolution wherever only a minor impact of lower accuracy is expected. The
first priority of the mesh update though remains the refinement to locally increase the mesh
resolution. In order to prevent conflicts with the strong refinement we allow for the coarsening
of fewer cells than initially marked. We will see in the numerical experiments in Sections
and |6.7| that the proposed strategy leads to a reasonable coarsening in practice.

We denote the set of mesh cells that are marked for coarsening by S. € M. Further, by
Mcoar(s,) we refer to the modified mesh M where all cells C C S, have been coarsened,
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Algorithm 1: Strong refinement. The mesh cells that are marked for refinement are sorted
by their refinement level in Sy, ,..., Sy,,, making a fast iteration from high level cells to
lower level cells possible. The sorted iteration identifies conflicts due to the mesh regularity
conditions and efficiently adds involved neighbor cells to the refinement set.

Input: the current mesh M°  the current numerical solution w?ﬂd

1 initialize the new mesh, MW « Me°ld;

2 initialize Sy ,..., S1,, « 0;

3 for C € M do

4 | if 0(C) > Oy and L(C) < Lygy then Sy ¢y « Sy (c) U{C};
5 end

6 forl="1,,—1,..., 1, + m, do

7 for Ce Sy do

8 compute the set of neighbors of C, N(C);

9 for Cn € N(C) do

10 ifl-L(Cn)=myand CN € Si—m, then Si_. — S, U{CNJ};
11 end

12 end

13 end

14 for C € S do

15 | identify the daughters of C, D(C);
16 MPEW — MPW\[C};

17 MRV — MW U D(C);

18 project the numerical solution from w{ld

lc to wi™lp(cy;
19 end
new

Output: the refined mesh M™%, the updated numerical solution wj

i.e. replaced by their mother cell. We note that M ., (s,) does only include mesh cells of
refinement levels between lin and lnax with regard to M. However, Mo, (s,) might not be
an RSM. An obvious reason for that is a possible violation of (6.I), which can occur in the
refinement. One further obtains a problem when a mesh cell is marked for coarsening but
there is at least one sibling cell that is not. In fact there might be even sibling cells of marked
mesh cells that are not even included in the mesh M which lead to a similar problem.

As done in the case of strong refinement we can set forth a formal description of the
coarsening set M ¢ that we employ in the weak coarsening. To this end let the dependency set
D.(C) for each mesh cell C € S. denote the set of minimal cardinality such that Mef(p,(c))
is an RSM that satisfies especially (6.I). Then we define the weak coarsening set as

Sc :{Cc € Mc: DC(CC) - Mc}-

We refer to Algorithm 2| for our implementation of the weak coarsening in practice. The
procedure features an iteration through the set of marked cells from the maximal to the
minimal levels of refinement as it was used in Algorithm [I} Neighbors that cause conflicts of
the mesh regularity in the process provoke a removal of mesh cells from the coarsening set.

Mesh update The mesh update consists of a sequence of strong refinement and weak

coarsening procedures. In more detail, we initially fix the parameters n,ef, Ncoars € N. In the
mesh update, which takes place after each time evolution of the numerical solution, we first
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Algorithm 2: Weak coarsening. The marked mesh cells are sorted by their refinement
levels in Sy_, ,...,S1,,.. The iteration from higher to lower level cells prevents conflicts
due to changes in the refinement sets.

Input: the current mesh Ml the current numerical solution w‘}’le

1 initialize the new mesh MV « Meld;

2 initialize the new numerical solution wii*" « w%ld ;

3 initialize Sy, ..., St — 0;

4 for Ce M do

5 | if 0(C) < Ocoars and L(C) > Ly, then Sy (c)  Spc) U{C};
6 end

7 for 1 = Lyaxy ..oy Lyin + 1 do

8 for Ce S, do

9 identify the set of siblings of C, Sib(C);

10 if Sib(C) ¢ S, then

11 St SI\{Sib(C)};

12 continue for loop in line §;

13 end

14 if 1 < 1,50 — M, then

15 compute the set of neighbors of C, N(C);

16 for Cn € N(C) do

17 if L(Cn) —l=myand CN € Si+m, then
18 St SI\{Sib(C)};

19 continue for loop in line 8 ;

20 end

21 end
22 end
23 identify the mother cell of C, Cp;
24 MPEW « MPEWASib(C);
25 MPEW « MDY U {Cm};
26 project the numerical solution from w{|s;y,(c) to wieV|c,,;
27 end
28 end

Output: the coarsened mesh M"", the updated numerical solution wi*"

conduct nf successive strong refinement procedures and ncears Successive weak coarsening
procedures afterwards. In practice we obtained good results using mostly nyef = Neoars = 1. To
improve the efficiency we store the values of the monitor function in memory and recompute
them only in cells that are affected by previous changes in the mesh.

Projection of the numerical solution

Each change in the mesh structure necessitates a suitable projection of the numerical solution
between the old and the modified mesh. In what follows we discuss this step within the
proposed refinement and coarsening procedures in more detail.

We assume to this end a given numerical solution w94 on the mesh M°!4. After either
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strong refinement or weak coarsening has delivered a modified mesh M"*" we refer to the
numerical solution projected to this mesh as wi*". We consider the solution in a fixed time
instance and have thus dropped the time dependence in the notation. For clarity of the
presentation we denote the vector including the cell averages and midpoint values of the old

and new numerical solution at the cell C by w(}’gd(C ) and wieW(C), respectively.

Projection to lower levels In the weak coarsening procedure, see Algorithm 2| we are
confronted with the following situation: there are 29 sibling cells gathered in the set Sib C
M° which are replaced by their mother cell Cpy € M™Y. We project the corresponding
numerical solution by averaging via

1
Wit (Cm) =55 ) wR‘(Cs). (6.6)
CseSib
This step corresponds to line 28 in Algorithm 2] We note that projection does not
introduce an additional error to the AMR method.

Projection to higher levels The projection step in the strong refinement procedure is more
delicate and subject to a loss of accuracy. Assume the situation of line 22 of Algorithm |1} i.e.
there is a given mother cell Cp; € M that is to be replaced by its daughter cells collected in
the set D(Cp) € MPEW,

In the case d = 2 we will consider only the trivial projection

Wi¥(Cp) =wi4(Cm), Cp € D(Cm) 6.7)

that maps the numerical solution on the mother cell Cpq to the numerical solution on its
daughter cells Cp € D(Cnzm) without any further modification.

For d = 1 we will study an AMR method of higher order which requires a more elaborate
projection method. In more detail, we employ a second order mass conservative polynomial
reconstruction: consider on the mesh M°4 the mother cell C; = Cpy and its neighbor cells
to the left and to the right C;i_; and Ciy1. We consider the reconstruction polynomial
ri(x) = a; + bix + ¢;x? that satisfies

J r(x) dx = wO9(Ciy), J £ (x) dx = wO(Cy), J ri(x) dx = wO9(Ciir).
Ci1 Cyi Cit

For the left and the right daughter cells Cy,C; € D(Ci) C M"Y we project the numerical
solution via

Xq Xit+1/2
Wi (Cy) = J ri(x)dx, wi™V(Cy) = J ri(x) dx. (6.8)
Xi-1/2 Xi
We note that a closed form of can be easily derived by basic algebra and polynomial
integration, which leads to negligible computational costs in practice. The benefit of such a
data reconstruction by a second order polynomial is that discrete differential operators of first
and second order such as those employed in the FVFD scheme yield consistent approximations
in refined areas. Therefore, we expect no instabilities due to the refinement when using (6.8).
Note that care has to be taken when using a reconstruction such as in line 22 of
Algorithm 1| It is advisable to keep a copy of the previous numerical solution w99 throughout
the algorithm in order to be able to reconstruct with respect to the numerical solution of the
neighbor cells on the old mesh M°. If one reconstructs instead with respect to the temporary
representation wi*¥ on M"®", inaccuracies may arise due to stored densities of the neighbor
cells that originate from a previous reconstruction.

117



6 Adaptive mesh refinement for cancer invasion models

6.5 The AMR method

In this section we present the full AMR method for a cancer invasion problem. We consider
here the 1D case where we can employ the nonuniform FVFD scheme equipped with an
appropriate time integration method for the time update part of the method. To adapt the
mesh to the numerical solution we use the algorithms introduced in the previous section. We
will also comment on an adaptation to 2D.

Model and numerical method We apply the AMR method in space dimension d = 1 to
model ([). The uPA model is well established in the literature and we already constructed the
corresponding numerical scheme in Chapter 5| In the case of a uniform mesh its accuracy and
efficiency were verified in Section The derived scheme is also capable of handling RSMs
in 1D; for this setting we formulated the elements of the method on nonuniform meshes in
Section 5.3} see also the remarks in Section 5.5 The nonuniform version of in 1D is the
semi-discrete scheme that we apply in the AMR method. For the time integration we choose
the STRANG scheme that delivered accurate and nonnegative results in our numerical
experiments in Section [5.11}

Monitor functions = We test three different criteria that drive the refinement and coarsening
of the mesh cells. More precisely, we will apply three monitor functions that we define in
this paragraph. We employ only one monitor function in each simulation. Let w}, denote
a numerical solution at a fixed time instance with dropped time index, given with all of its
components on a finite volume mesh M = {Cj,...,Cn}. We consider especially the cancer
cell density that is given by the discrete cell averages c1,...,cN.

The first monitor functions that we employ takes the discrete gradient of the cancer cell
concentration into account and reads

Ci —Ci—1
hi + hi_1

)

Ci+1 —C4
0(C;) = max-< |2
(€ {’ hiy1 +hy

} _ (6.92)

The second monitor function considers another geometrical attribute of the numerical solution,
namely its discrete local variation

0(Ci) = max{lcit+1 —cil,lci —ci—1l}, (6.9b)

and the third monitor function is based on a hierarchical error estimator of the discretized
propagation speeds

0(C;) = max{

ai-1/2 — aliclwq /z’ y |Qiy1/2 — alfi’v] /2‘} ) (6.9¢)

where a; 1/, is computed using the nonuniform central differences (5.26), see the remarks in
Section We estimate the corresponding discretization error by comparing with the first
order approximation

low Vigl — Vi Uit — U Pi+1 —Pi
Al 5 = 2y e 2 2
2T T T e T P e

Our numerical experiments indicated that geometric estimators as and are
more robust and problem independent than the model-driven estimator (6.9c), see also [12,
102, 140, 150].
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6.6 Numerical experiments in 1D
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Figure 6.3: Excerpt of an RSM in 2D with m, = 1. Mesh cells of three different refinement levels are included. The
red circles indicate the hanging nodes.

Mesh initialization At the beginning of the AMR scheme we prescribe a uniform com-
putational grid equal to the dyadic mesh on the prescribed minimal refinement level, i.e.
M ]D){min. We assume analytically given initial conditions that we evaluate over this mesh.
Before we start the time evolution we adjust the mesh to the initial data using the chosen
monitor function and a series of strong refinement steps defined in Algorithm |1} In this initial
refinement we do not project the numerical solution as discussed in Section Instead, we
reevaluate the analytical initial function with respect to the updated mesh M™% to obtain the
suitable representation of the initial data wi". We apply n, o strong refinement operations
in the initial refinement, where the parameter n, ¢ is chosen larger than the corresponding
parameter n,¢f in the usual mesh updates.

Time evolution by the AMR scheme Our proposed AMR scheme alternates between the
manipulation of the grid and the time evolution of the numerical solution. Thus, after the
computation of each time step by the FVFD-STRANG scheme (5.30), a mesh update is
conducted starting with a strong refinement step. In this way, we iterate until the final time of
computation is reached. In the projection step we employ the polynomial reconstruction (6.8).
We refer to Algorithm 3| for a description of the complete AMR method.

Adaptation to 2D  An adaptation of the 2D FVFD scheme to nonuniform RSMs requires
more elaborate techniques. Most prominently, the scheme must be able to deal with hanging
nodes shown in Figure We do not consider the full implicit-explict FVFD scheme in the
AMR method but propose instead a simple explicit scheme of first order in space for d = 2
that we will describe in Section [6.7]. Except for the time evolution step the 2D AMR method
will be structured as its 1D counterpart in Algorithm

6.6 Numerical experiments in 1D

In this section we investigate the AMR method introduced in the previous section experimen-
tally. All numerical computations were conducted using MATLAB.

For our numerical study we used again Experiment [I| from Section In more detail, we
considered the domain Q = (0,5) and set the mesh update parameters N, = 1, Ncoars = 1,
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6 Adaptive mesh refinement for cancer invasion models

Algorithm 3: The AMR method in 1D for system (). We alternate between time integration
by the numerical scheme (5.30), (5.46) and mesh adaptation. Refer to Algorithms [I|and
for the strong refinement and weak coarsening procedures.

-

initialize uniform grid M « }D){i o
min

N

extract initial data wy, (0) from given analytical initial condition;

3 fork =1,...,M,0 do strong refinement update of (M, wy,(0)) using the analytical initial
condition ;

t—0;

while t < T do

6 | Conduct one time step by the FVFD-STRANG scheme (5.30), using the

numerical data wy (t) on the mesh M to obtain T and wy, (t + T);
7 t—t+T

(S I

8 fork =1,...,n,do strong refinement update of (M, w, (t));
9 fork =1,...,Ncaws do weak coarsening update of (M, wy (t));
10 end

Nref,0 = 3 such as the refinement levels of the AMR method lyin = 0, lmax = 3. Instead of
varying the limits of the refinement levels lyin and lmax we altered the number of mesh cells
on level 0, Ny to study the performance of the AMR method. Wherever not otherwise stated
we used mesh regularity m, = 1.

We consulted again the reference solution computed by the method of Dormand and Prince
[45] on a uniform mesh with 30 000 cells, see Section To explain the error computation we
assume that the AMR method with fixed Ng € N delivered the RSM M (Ng,t™) ={Cy,...,Cn}
with cell sizes hy,...,hy and approximate cancer cell densities cT',...,cy as part of the
numerical solution wy, (t™) at the time instance t™. Then we define cn ref( (Nost™) 46 be the
approximate cancer cell density of the reference solution at time instance t™ projected to the
cell C; as in projection (5.63). We can now define the discrete L' error

E(No, t" Zh et — oM Moty (6.10)

that depends on the initial number of mesh cells Ny and the time instance t™.

We conducted Experiment 1] using three variations of the AMR method that employed
one of the monitor functions (6.9a), (6.9b), (6.9d) each. In the case of the gradient monitor
we applied the thresholds 0, = 10 and Ocoars = 2.5. For the estimated discretization
error of the propagation speeds (6.9d), henceforth referred to as error based monitor, we
used the thresholds 0, = 2 x 107> and Ocoars = 1.25 x 1077, whereas 0, = 1.25 Ny and
Bcoars = 0.25 B¢ were chosen for the variation monitor (6.9b). We emphasize the dependence
on the initial count of cells in the thresholds for the variation monitor.

In Figure 6.4 we show the numerical solution of system () in Experiment|1jover an adaptive
grid. We used the AMR method and the gradient of ¢ as monitor function for the computation.
The adjustment of the mesh to the geometry of the solution can be seen by the sizes of the
computational cells that vary over the spatial domain.

To compare the performance of the three tested AMR methods among each other and also
with the uniform FVFD-STRANG method (5.30), we analyzed the relation between the
average number of cells and the L' errors given by at the fixed time instance t = 50.
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6.6 Numerical experiments in 1D

4 -
—— cancer cells - ECM
2 I —
O Irmmm e e e e T T T T T et e e n e nn e e re e TR TR — et A
102
- 45 .
: i ***m’** **’* *** .
R il
X

Figure 6.4: The spatial distribution of cancer cells and ECM density at time instance t = 41 in Experiment
computed by the AMR method with monitor function (top) and the sizes of the computational
cells at the corresponding positions in space (bottom). The mesh is locally refined at areas of large
gradients of the cancer cell density c [96].
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Figure 6.5: Experimental convergence with respect to the average number of cells of three AMR methods and the
uniform scheme in Experiment [1|at the time instance t = 50. We computed the error E(N) according
to (6.10) for various No. The gradient monitor based AMR method is the most efficient of the four
methods [96].

When performing the time step tk — t**t1 with an AMR method, let the number of mesh cells
included in the mesh M(t¥) be given by Ny = [M(t¥)|. Then we define the average number of
mesh cells by N(t") = - ¥ ' N k. The average number of cells in the uniform method is
obviously equal to N = 1/h.

In Figure 6.5 we present the resulted experimental convergence of the discrete L' errors
for t = 50 with respect to the average number of cells. We computed the errors for
No € {50, 100, 200, 400, 800, 1600} in the AMR methods and for N & {100, 200, 400, 800, 1000,
2000, 3000, 4000} in the uniform method. As the average cell-number raises (up to N = 2000)
all three AMR methods outperform the uniform method, with the gradient based one being
most efficient. Even on very fine grids, the gradient based AMR scheme yields lower errors
than the uniform method. Both the gradient and the error based refinement methods converge.

It is interesting to study the error evolution with respect to the dynamics that the numerical
solution resolves. In Figure [6.6| we display the time evolution of the error for the three
AMR methods starting with an initial mesh of Ny = 400 cells on level 0. Along we present the
same error evolution for the uniform FVFD STRANG method on 2000 and 3000 mesh cells.
When the second peak in the solution around t = 20 is formed, see Figure the error of the
uniform method with N = 2000 mesh cells becomes larger than the error of all three tested
AMR methods albeit the AMR methods employed significantly less mesh cells, as can be seen
in the legend of Figure Employing the discretization errors in monitor functions seems
to be beneficial since the error of the corresponding AMR method is for all times t < 35 less
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Figure 6.6: Time evolution of the error for three AMR methods compared with two uniform solutions in
Experiment 1| for t < 32. The legend shows the number of computational cells (range and average)
that the methods employed. The AMR methods exhibit smaller errors than the uniform ones while
employing fewer mesh cells [96].
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AMR, gradient monitor, N € [400,671], N =513, m, =3 STRANG uniform, N = 2000

Figure 6.7: Time evolution of the error (6.10) of two gradient based AMR methods and two uniform solutions in
Experiment/[I|for t € [0,60]. The legend shows the number of computational cells (range and average)
that the methods employed. The AMR method that uses a very regular mesh (m, = 1) is more efficient
than the less restrictive AMR method (m, = 3) while both use approximately the same number of
mesh cells [96].

than the error of the uniform solution on 3000 cells. Note that this method used only 1100
cells in average. The variation based AMR method also outperforms the uniform method on
3000 cells except in the time of emergence of the second peak. The error of the gradient based
AMR method follows a straight linear increase in time that does not seem to be affected by
sudden dynamics of the cancer cell density in the solution. In this way, its temporal error
approaches the error curve of the uniform method on 3000 cells for increasing t while the
method did not employ more than 540 mesh cells.

The gradient monitor based AMR method performed very well in both error comparisons.
In a final test we demonstrate the advantage of restricting this method to an RMS with the
mesh regularity condition (6.1) with m, = 1. To this end we present the error evolution of
the gradient based AMR method using No = 400 with m, = 1 and m, = 3 during t € [0, 60]
in Figure The choice m, = 3 can be understood as a restriction in the refinement level
which is only due to the minimum and maximum refinement level lyin and lnax. Similarly
as in Figure we compare the solutions of the AMR schemes with uniform solutions for
N € {1000, 2000}. The AMR method that employed a more regular RSM (m, = 1) approaches
the accuracy of the uniform method using 2000 mesh cells even for large t. On the contrary,
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6.7 Numerical experiments in 2D

Figure 6.8: Diagonal movement of the monitor function (6.11a) driving the refinement of an RSM. We present an
intermediate time instance (first), the final time instance (second), the final time instance plus one step
of weak coarsening (third) and the final time instance plus two steps of weak coarsening (forth) [99].

the less restrictive AMR method (m, = 3) is closer to the uniform solution on 1000 mesh
cells. One can further see that the mesh regularity condition (6.1) in combination with m, =1
increases the average number of cells only slightly by 12 compared to the less restrictive AMR
method. Thus, the condition does not increase the computational costs significantly.
Moreover, the dynamics of the solution, as, e.g., the first process of merging concentrations
around t = 40, see Figure have a smaller impact on the error of the AMR method when
using the more regular mesh.

6.7 Numerical experiments in 2D

Two-dimensional AMR methods are significantly more complex than their one-dimensional
counterparts. The hanging nodes or equivalently the presence of multiple neighbor cells of a
given mesh cell in a single space direction, as shown in Figure require a mesh administra-
tion technique like the one we introduced in Section To test the proposed algorithms in
2D we start this section with generic proofs of concept for the mesh administration technique,
the strong refinement and the weak coarsening. Afterwards we study an application to a
cancer invasion problem for which we construct a simple explicit method of first order. All
numerical computations were conducted using the programming language Fortran 2008.

Proof of concept

For a first test we used a 2D RSM determined by the parameters lyin =5, lmax =7, No =1
and mesh regularity m, = 1. As in the 1D AMR Algorithm [3| we started on a uniform mesh
on the lowest level, i.e. M + DZ. To enforce a dynamical mesh evolution we considered the
time dependent monitor function

01(t) = exp(—100|x — (0.1 +t)(1, 1)?). (6.11a)

We set the small time step T = 0.005 and, starting by t = 0, we alternated between performing
the strong refinement and updating the current time by t «+— t + 7 until t = 0.8 was reached.
We employed the refinement threshold 6,.¢ = 0.8.

The adapted mesh that we obtained in this process is shown in Figure at the time
instances t = 0.4 and t = 0.8. Temporal movement of the Gaussian monitor function leaves
a trace on the grid. On the diagonal of the square domain where the Gaussian moves, the
cells are refined to the maximal refinement level 1 = 7. Mesh cells of level 6 occur only in the
transition to the coarser grid and are a result of the mesh regularity condition (6.1).
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6 Adaptive mesh refinement for cancer invasion models

+

Figure 6.9: Circular movement of the monitor function (6.11b) in time drives the mesh updates. The equal
refinement and coarsening thresholds employed lead to an instantaneous adjustment of the mesh to
the monitor function [99].

HTH

Figure 6.10: The mesh updates are driven by two concentrations in the moving monitor functions. The tails are
caused by distinct refinement and coarsening thresholds [99].

After the time evolution and refinement iteration, we coarsened the mesh again two times
using Ocoars = 0.8 but kept the time constant at t = 0.8. In Figure we show the mesh after
each weak coarsening procedure. The trace of the movement is completely coarsened having
performed the second coarsening. Thus, we see that few weak coarsening procedures are
sufficient to obtain a good adjustment of the mesh to the monitor function.

In a second test we considered coarsening in every time step analog to Algorithm 3| To this
end we assumed 2D RSM with lin = 3 and lpax = 7 and mesh regularity m, = 1. We started
again with a uniform mesh on the lowest level, M D?Z, and considered two time dependent
monitor functions

02(t) = exp(—100|x — 0.9(cos(0.5 7tt), sin(0.5 mt))?), (6.11b)
03(t) = exp(—100|x — 0.9(cos(m(1 —0.5t)), sin(m(1 — 0.5 £)))1%) + M2 (t). (6.11¢)

We conducted a similar procedure as in the first test using the time step size T = 0.005: we
started with t = 0 and conducted strong refinement first, weak coarsening second, a time
update t + t + T third and iterated this process.

In Figure [6.9|we present snapshots of the mesh obtained in this process for monitor function
02 and B¢ = Ocoars = 0.8. Opposed to the results of the first test in Figure we can see that
the circular movement of the Gaussian monitor is not memorized by the mesh. At each time
instance the mesh structure allows to draw conclusions about the monitor function. Moreover,
the mesh regularity leads to a stepwise decrease of the cell levels when moving away
from the center of the Gaussian of the monitor function. The center itself is refined to the
maximal refinement level.

When considering the monitor function 03 together with the thresholds 0.t = 0.8, Bcoars =
0.3 we obtained a certain memory effect of the mesh structure in the form of tails which
followed the two traveling Gaussians of the monitor function. This can be seen in the
corresponding adapted meshes shown in Figure The appearance of the tails in this
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6.7 Numerical experiments in 2D

experiment is caused by the distinct choices of the refinement and coarsening thresholds
as can be seen when comparing with Figure The tails represent a delay of the mesh
adaptation which might be beneficial in the numerical simulations of fast dynamics.

2D AMR method in a cancer invasion system

In what follows we present an adaptation of the AMR scheme to the two-dimensional cancer
invasion model (2.28) that we have augmented with cancer cell proliferation represented by a
logistic growth term. The model reads

0tc =V - (D.Ve—xcVa) + uc(1 —c¢),
0tv = —ovm, (6.12)

ogm =Dy Am+ ac — m.

We refer to Section [2.5| for further details on the modeling. For the needs of the following
numerical simulations we consider the parameters

x=2x102,D.=2x10% Dn=10"3, u=0.5 6=4, «=0.5 p=0.3. (6.13)

Numerical scheme We use a simple first order finite volume scheme for the numerical
approximation of model (6.12). The scheme is provided for a fixed RSM M ={Cjy,...,Cn}in
space dimension d = 2. The corresponding AMR method alternates between mesh update
and time evolution as Algorithm [3| Note that in contrary to the case of uniform quadrilateral
meshes, we have enumerated the mesh cells in M by a single index. By N(C;) we denote for
any 1 <1 < N the set of neighbors of the mesh cell C;. If further C; € N(C;), we denote by
0C; ; = 0C; N 0C;j the interface between the mesh cells C; and Cj. By n; ; we then denote the
unit vector perpendicular to dC; ; pointing from the mesh cell C; to its neighbor cell C;j.

We note that the derivation of a finite volume method on a 2D RSM for a scalar conservation

law analogously to and (5.28) yields

g+l
u{Url =ul' — |c{t|*‘ Z Jn J f(u(x,t))n; ; dx dt (6.14)
creN(cy) ot 0C,;
fori=1,...,N and cell averages u* = |Ci|! ‘J‘Ci u(x,t") dx. The numerical fluxes in this
setting are sought for the approximation
] g+l
Hi))' (tm, ni,)') ~ T —n) |aCi,)-| Jtn Jacm flu(x, t))ni,j dx dt. (6.15)

To design a scheme for cancer invasion system (6.12) we consider now the discrete cell aver-
ages of the cancer cells ci* = |G| Ici c(x,t™) dx and the point values of the concentrations
of the ECM and the MMPs vI* =~ v(M(C;),t™) and m* ~ m(M(C;),t™). An application of
the above approach to system leads to the scheme

: 0Ci 51, c

M =cP + el (T—cf) -t Y Tf“i,j(tn»“i»i%
CjeN(Cy)

:
VT W sy mD, (6.162)
n+1 _ _.n n n IaCi’j|HNl n
mi =m + Thxcg — T My —Tn Z G i (thmi5),

CjeN(Cy) ¢
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6 Adaptive mesh refinement for cancer invasion models

where the numerical fluxes HE). (n;;) and H%@ (n; ;) include both approximations of advection
and diffusion fluxes. We take a piecewise constant approach and use central differences to
obtain the diffusion flux which thus reads for the MMP density

HM(™ o) — D 0 =™ 6.16b
I,J(t )ek) - m |aC ‘ ( M )
i

Here ey denotes a unit versor in R? and we use this notation for the rest of this section. To
discretize the advection term we take the central upwind approach from Section |5.2| applied
to piecewise constant solutions and thus get the following numerical fluxes for the cancer cell
concentration

HC (tTl. ) D CJTL_C{L V?—V? i n V;L_V{L N n 616
i,j y€k) = —Uec |aC1)]| +X |6C1)]| ¢ —X |aC‘L))‘ Cj . ( . C)

For consistency, both numerical flux functions shall satisfy the symmetry condition

HEJ (tn>_ek) = _HE] (tn)ek)) HM (tn)_ek) = _Hi\,/g (tn)ek)° (616d)

L,j
For the well posednes of the scheme at the boundary we employ the ghost values (5.33). The

forward Euler time integration in (6.16) in combination with the discrete diffusion terms that
we use requires small time step sizes. We choose these according to the CFL condition

. [h h2
where we have used the mesh parameter h = minc,epm diam(C;) and the maximal absolute
propagation speed

. by
a = max — = -
CieM, CjeN(Cy)  [0C

Due to restrictions by the explicit diffusion terms we have not considered a localized CFL
condition like in (6.17). In the experiments we use CFL = 0.49.

The scheme (6.16)) will serve us to exhibit first numerical experiments with 2D AMR methods
in the cancer invasion model. Development of a more efficient scheme of higher order will be
subject of future work.

Monitor function The application of a monitor function that takes the gradient of the
numerical solution into account resulted in an efficient 1D AMR method for model (I), as
demonstrated in Section In the 2D case we take a similar approach that follows [49]. For
RSM M = {Cy,...,Cn}, the notations used in scheme and corresponding cancer cell
densities at a fixed time instance denoted by c;,...,cn we define the monitor function
g(Cy) lc; — cil

Ci) = max . 6.18

0(C;) =
(CJ maxj<ig<N 9(Ci)’

It is applied together with refinement and coarsening thresholds 0, = 0.2 and Ocoars = 0.1.

AMR method The full method follows the lines of Algorithm 3] We use scheme
together with the CFL condition for the time evolution step and monitor function (6.18)
in the mesh update together with the trivial projection (6.7). Again we employ the mesh
update parameters Nyef = 1, Neoars = 1, Nyer,0 = 3. The simulations are performed on an RSM
with parameters lmin =5, lmax =7 and Ngo = 1.
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Figure 6.11: Three time instances (t = 0, 2.5, 5) in the evolution of the cancer cell density over nonuniform meshes
in Experiment @ computed with the 2D AMR method. The colorbar refers to the time instance
t = 5. The cancer cells invade the ECM in the form of a wave, the mesh is adapted to the regions of
interest [99].

numerical method number of mesh cells L' error

FVFD scheme (6.16), uniform mesh, 1 =5 1024 3.989 x 102
FVFD scheme (6.16), uniform mesh, 1 = 6 4096 1.451 x 102
FVED-AMR method, 1 € (5,6, 7} 3391 1.002 x 102

Table 6.1: The L' errors (5.63), (5.64) of the uniform and the AMR method with respect to the numerical solution
on a uniform RSM of refinement level 7 in Experiment @ at t = 2.5. The AMR methods improves the
accuracy when compared to the uniform method on refinement level 1 = 6.

Numerical experiments  We split the unit square Q into two parts to define discontinuous
initial data for our numerical experiments. Consider to this end the domain

X3 21 +26 1
= > si ol BTl B
u {(x1,xz) €0, x; >sin (]25 + 5 + 20)}

and the initial data

co(x) =xulx), wvolx) =vxao\ulx), mo(x)=03xulx) (6.19)

with x denoting the characteristic function.

In our first 2D AMR simulation (Experiment da) we considered the initial condition
for v = 1. In Figure we present three time instances of the cancer cell concentration
computed by the AMR method. Similarly as in Experiment 3| shown in Figure a wave of
cancer cells emanates from the bulk of the tumor and invades the ECM. Between the main
body of the tumor and the invading wave of cancer cells a smoother part of the solution with
lower cell density develops and grows as time evolves. The mesh resolution is increased in
the area of the first cancer wave, as well as at the front of the main body of the tumor.

We noticed a gain of accuracy of the AMR method compared to the uniform method even
when using our first order scheme. To show the advantage of the adaptive scheme we chose
method on the uniform RSM on level 1 = 7 as reference solution. We considered the
finale time t = 2.5 and computed the L' error according to (5.63), for the uniform
method on the RSMs of levels 5 and 6 and for the AMR method. The computed errors
presented in Table point out that the AMR method operating on the refinement levels
1 =5, 6,7 outperforms the uniform method on refinement level 1 = 6 regarding the L! error,
albeit the uniform method employs significantly more mesh cells.
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Figure 6.12: Initial ECM density (left, precomputed by Nikolaos Sfakianakis) and two time instances (t = 1, 4) in
the evolution of the cancer cell density over nonuniform meshes in Experiment [4a| computed with
the 2D AMR method (middle and right). The cancer cell density at t = 4 ranges between 0 and 1.4.
The migration of the cancer cells is controlled by the nonuniform structure of the ECM. The mesh
adaptation follows the dynamics of the cancer cells [99].

We consider the second test case (Experiment @), where we included a nonuniform ECM
in the invasion of the cancer cells. We used the same parameters and initial data (6.19)
as in Experiment [4b|except for the choice of v*. In this experiment we used a precomputed
nonuniform density v*. We show this initial ECM concentration in Figure and refer to
Appendix [A] for more details on its computation.

The obtained dynamics of the numerical solution shown in Figure are significantly more
complex when compared to the dynamics of Experiment [fa] Again a wave of propagating
cancer cells is formed. In this experiment though the cancer cells concentrate in isolated
clusters as they move through the matrix. This is induced by the heterogeneous tissue structure.
The invading clusters separate from the main body of the tumor; a behavior that is consistent
with the biomedical understanding of cancer invasion. The mesh follows the dynamics of the
solution by increasing the resolution at the invading clusters and at the front of the main body
of the tumor. The employed distinct refinement and coarsening thresholds 0,cf and coars cause
a memory effect in the mesh evolution. The effect results in a higher density of mesh cells
at previous locations of the invading clusters. This improves the numerical resolution of the
interactions of the proteolytic enzymes and the ECM close to the invading front of cancer cells
and might be particularly useful when considering more complex models of cancer invasion.
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A mass-transport
finite element method
for Keller-Segel type
systems

In this chapter we propose yet another approach to the numerical approximation of cancer
invasion systems in 1D. We formulate the idea of the method for a general two equation
KS-type systems with reaction terms. In the method derivation we propose a splitting of the
system and separate a mass conservative part of the system from the rest. The corresponding
subsystem allows for a particular transformation of variables that we discuss in Section
The numerical scheme that is described in Section [7.2) couples both subsystems by an operator
splitting approach and employs finite differences and finite elements in different coordinates.
We elaborate on the stability of the scheme in Section [7.3|and present numerical experiments
in various biological models in Section The numerical results exhibit the mesh adaptation
to the solution that is included in the scheme by its design. This motivates a comparison to
the AMR method derived in Chapter [, which we consider in the same section.

The chapter is based on a joint work with José Antonio Carrillo and Méria Lukacova-
Medvidova. A modified version of the following was recently submitted for publication, see
[28]]. The computations in this chapter were conducted using both the Python programming
language and MATLAB.

7.1 Splitting and coordinate transformation

In the present chapter we focus on the numerical study of one-dimensional ADR systems of
the following type

0¢c = 0y (DcOyxc —xcOxa) + Re(c)  inIxRT,
edra = Dgd2a+ Ra(c,a) inl xR,

0xc=0xa=0 in 0 x RT,
c(+,0)=co, a(-0)=ap.

(7.1)

We consider nonnegative initial data cp,ap > 0 and reaction terms R, R, that are taken
in such a way that the solution stays nonnegative for all t > 0, e.g., Lipschitz continuous
with R¢(0),Rq(c,0) > 0. We set Q =1 = (ar,by). System can be understood as an
augmentation of system in 1D. We refer to Section [2.4{ for the corresponding modeling
and to Section for analytical properties of the system without reaction terms. Recall
that ¢ denotes the concentration of a particular cell species and a the concentration of a
chemo-attractant.

The scheme that we are going to derive is motivated by [17]. In this work a new mass-
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7 A mass-transport finite element method for Keller-Segel type systems

transport steepest descent scheme was proposed to resolve numerically a modified 1D Keller-
Segel model for the log interaction kernel introduced in [25]. The method satisfies a discrete
free energy dissipation principle and by considering the problem in transformed variables the
method can resolve areas of high concentrations accurately without any mesh refinement. In
this chapter we extend the mass-transport approach to the general class of systems (7.1). We
will test different scenarios that feature particularly the splitting, traveling and emerging of
concentrations, which occur in cancer invasion models and which constitute a challenge for
classical numerical methods, see Section |6.1

In our adaptation of the method we will employ the technique from [17] to the part of the
system being similar to the Keller-Segel model (i.e. the first equation of with R. = 0).
The remaining system of an ODE and a diffusion-reaction equation will be decoupled and
solved by a suitable finite element method.

More precisely, we consider the splitting of into two subsystems. Then the solution of
the full system, i.e. system (7.1)), will be approximated by an appropriate combination of short
time solution of the subsystems. We firstly introduce the diffusion-advection subsystem given
as

0¢c = 0y (Dc0yxc —xcOxa) inIxRT,
0ta=0 inl xR,
0xc =0 in 9l x R,

C(')O) = Cé) Cl(',O) = aOA'

(A)

This system assumes a steady chemo-attractant density a and transport in the cell density c
due to advection and diffusion. Note that the mass of the cells is conserved in this system.
Secondly, we consider the reaction-diffusion subsystem

dic = Re(c) inl xR,
dta =Dgd2a+Re(c,a)  inIx R, ®)
0xa=0 in 0 x R™,

c(0,-) =cf, c(0,-)=c§

that contains the remaining terms of system (7.1).
In the next step we derive another formulation of diffusion-advection subsystem (A). To
this end we consider the cumulative distribution function of the cell density

y
F(y,t) :J c(x,t)dx, yel, (7.2)

which is monotonically increasing in the variable y by the nonnegativity of the density c. The
pseudo inverse function of F to which we will henceforth refer to as the inverse cumulative
distribution is given by

Yy

V(w,t) = inf {y : J c(x,t) dx > w} , we (0,m). (7.3)

ar

It is defined for positive values of w that do not exceed the total mass of cells

m= J COA dx. (7.4)
I
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7.2 Numerical method

The mass (7.4) remains constant in time when considering only subsystem isolated. The
function V is, in particular, a right inverse of F, i.e. F(V(w,1),t) = w. Thus, we have

0 (V(W) t)) t) = atv(w) t) C(V(W) t)) t) + atF(V(W) t)) t))

=—F
dt
which implies

\% \%

c(x,t)dx = —J Otc(x,t) dx. (7.5)

ar

C(V, t) atV = —atF(V, t) = —% J

ar

Here we have assumed the continuity of the density function c and its time derivative to
derive the latter equation. Substituting system into (7.5) and applying the homogeneous
Neumann boundary conditions yield

Vv
c(V,t) 0¢V = —J Ox (Dcdxe — xcdxa) dx = — [Dcdye — xcdxaly,

ar

= —Dcdxc(Vyt) +xc(V, t)dxalV, t). (7.6)

Since it holds d%c(V(w,t),t) = 0, V0xc(V,t) by the chain rule and 0,,V = ﬁ by the
inverse function theorem, we obtain the evolution equation for the inverse distribution

3.V = ~Dedw (DwVI™") +x2xa(Vs b), (7.7)
Diffusion-advection system can consequently be rewritten as

3.V =—Dcdy (0w VI ) +Xx2xa(Vot) in (0,m) x RY,

0ta=20 inl xR,
V(O) ) = ary, V(m)) = bI)
V()O) = VA) 0.(',0) = aa,

(A)

where m is given by (7.4) and VA is the pseudo inverse distribution (7.3) corresponding to
density ca in system (A).

7.2 Numerical method

In this section we describe a numerical treatment for system that makes use of the
splitting into subsystems and (B). We consider the inverse distribution function V for the
cells on the mass space (0, m), whereas the chemo-attractant a is considered in the Eulerian
coordinates in Q. This leads to two meshes that the proposed numerical method employs.

To start with we discretize the normalized mass space (0, 1) on which the inverse distribution
V resides uniformly by

O=wo<wy <---<wm=1 wj=jAw, j=0,...,M (7.8)

with a mesh length M € N and point distance Aw = 1/M. Since the mass of the cells m
changes throughout the computation, it is more convenient to consider here the unit interval
instead of (0, m).
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7 A mass-transport finite element method for Keller-Segel type systems

The second mesh partitions the physical space interval I for the chemo-attractants concen-
tration a into

ar =% <x1 <---<xNy =Dby, xx=a7+kAx, k=0,...,N, (7.9)

which results in N mesh cells of size Ax = (by — ay)/N.

We denote the point values of V by Vj(t) = V(my(t) wj, t) for j =0,...,M and introduce
the linear spline in w, connecting the discrete values, that we denote by Vy,(t, mu(t) w). Here
we have used the discrete mass of the cells

ma(t) = L enlx, 1) dx,

(7.10)

where cy, is a discrete representation of the cell density to be defined later on.

For the chemo-attractant density a we employ a linear finite element representation. Let
{dx, k=1,...,N — 1} be the basis of piecewise linear hat functions on the grid (7.9), which
satisfy the homogeneous Neumann boundary conditions in (B). In particular, we have

(x —xx—1)/Ax if x7 <x < x
br(x) = < (X1 —x)/Ax if xp <X <Xpep1y k=2,...,N—=2
0 otherwise
in the center of the domain and
1 if a < x < xy,
d1(x) = (x2 —x)/Ax if x1 < x < %2,
0 otherwise,
(x —xn—2)/Ax if xn—2 <X <XN-1,
dn_1(x) = if xn—1 <x < b,
0 otherwise

near the boundary. By using the basis functions we can define the approximate chemo-
attractant density as

N
an(,t) = D ai(t)di(x). (7.11)
k=1

For the construction of the splitting method we define solution operators for both systems
and (B). This is done similarly as in the formulation of the STRANG method in Section
We first construct T to be a numerical solution operator of system (A’). In particular, if
(Vi (1), an(t), mn(t)) is a numerical solution at t = t then T;(Vy (1), an(t), mn(t)) will be a
numerical solution of system at time t = t + 1. In the same manner, we will define a
solution operator S for system (B)) afterwards.

7|

The advection-diffusion operator T for system (A’)
For a discretization of the system we need to evaluate the derivative of the chemo-

attractant concentration in the state variable V. To this end we consider a cubic spline
interpolation of the discrete density of the attracting species.
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7.2 Numerical method

Let (Vi (t), an(t), mn(t)) be given initial data. By @n we denote the cubic spline over the
data points (xk, an(xk,t)) for k =1,..., N that satisfies the boundary conditions dxan(a) =
0x0n(b) = 0. We use this spline for the approximation of the advection term. Concerning
the time integration we split again the advection and the diffusion terms, as motivated in
Section In this way we allow for both large time steps and stability of the scheme. For this
purpose we apply the IMEX midpoint scheme, see Section It reads here

V;(t) — V5 (t) D. D.

-2 = — — — - —x0xan(V;(t)), (7.12a)
T Vi (t) = V() Vj(t) — Vi (t) mY
TTV]' (t) - vj (t) Dc Dc AV
— == - — = = —x0xan(V;(t)) (7.12b)
T Vi (t) = Vj(t) V(1) = Vi (t) Y
forj =1,...,M — 1. We have used the central difference formula for the diffusion terms

analogously to [17]. The intermediate stage V;(t) is given by the nonlinear implicit equation
and we use Newton’s method for its computation. For computation of the taxis terms
in (7.12a) and (7.12b)) we evaluate the afore determined spline @j. At the boundaries we keep
Vi fixed, i.e. we set T:Vy(t) = a; and T Vpm(t) = by.

The chemo-attractant density and the mass of the cells do not change when we prescribe their
evolution according to subsystem (A’). Thus, we define the numerical operator accordingly by

TTah(t) = ah(t)) T’rmh(t) = mh(t)-

The special attribute that distinguishes this scheme from the methods discussed in Chap-
ters 5| and [f] is that it discretizes system obtained after the coordinate transformation.
We will henceforth refer to methods like that operate on inverse distributions as mass-
transport methods.

The reaction-diffusion operator S for system (BJ)

In the overall splitting method we apply the reaction-diffusion operator S starting with the data
(TeVn(t), Tran(t), Ttmn(t)) obtained from a previous evaluation of the advection-diffusion
operator T. For simplicity though we describe here the numerical operator S for general initial
data (Vn(t), an(t), mn(t)).

PDE system (B) is formulated for physical densities of cells. To provide adequate initial
data using the given approximations (Vi (t), cn(t), mn(t)) we transform the discrete pseudo
inverse distribution V4, (t) on (0, 1) to a finite volume representation of c(-,t) on (a,b). Since
we assume that the approximate density cy, satisfies

Vi (t)
J Ch(x,t) dx = mp(t)Aw (7.13)
Vi1 (t)
forall j =1,...,M, we can define the cell averages and the piecewise constant function cy, as
mp(t) Aw .
cj(t) = h i=1,...,M,

Vi(t) — Vi1 (1)’

M
ch(t) =D ci(t)Xivy, (1),v;(0) (%) (7.14)
=1
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7 A mass-transport finite element method for Keller-Segel type systems

with x denoting the characteristic function. This approximation of the cell densities resides on
the physical space Q). Note though that the cell averages are given on a nonuniform mesh,
which differs from the mesh of the chemo-attractant a given in (7.9).

After the discrete variable transformation we are in the position to write down the scheme
for system . Again we split diffusion from reaction and apply the IMEX midpoint scheme,
which reads for the intermediate stage

T
&(t) = ¢; (1) + 5 Rel; (1), (7.15a)
~ . by br
2¢ Blt) — ax(t) J by dx = —dk(t)DCJ 0P 0 4,
T a a; Ox 0x
b
+ | Ralenftl, an(0)gr dx (7.15b)
ar
forj=1,...,Mand k,1 =1,...,N — 1. The full update is then obtained by
Seci(t) = ci(t) + % Re(5(1)), (7.15¢)
— bI b[
Sl Z O [T gy gy ax = —a(Da | 00 g
T a a; Ox 0x
br
+ | Raentt), ane)ordx (7.15d)
ar

forj=1,...,Mand k,l =1,...,N — 1. As usual, we employ precomputed integrals of the
basis functlons f PPy dx and fb‘ aad;k 9% dx in the computation of linear systems (7.15b)

and (7.15d). The 1ntegrals of the form fa Re(ch(t), an(t))d1 dx are dependent on Vi (t). For
their computation we use suitable quadratures together with an indicator function to identify
the position of a particular point x € Q on the grid corresponding to the cell density cy,. The
reaction update in the cell density cy, alters the mass of the cells over the interval I. To take
that into account we update my,(t) by

Semp(t Z Secj(t —V;_1(t)). (7.16)

In order to be able to apply the advection-diffusion operator after the reaction diffusion update
we transform S.cp(t) to its inverse distribution representation S.Vj(t). Therefore, we use the
formula

SV (
LV ZSTCJ (0),v; (1)) (X) dx = Semp ()Aw, j=1,...,M. (7.17)
j— l

Since we assume S.Vj(t) to be monotonically increasing in j, formula (7.17) allows for an
efficient update of the inverse distribution Vi,.

The splitting method

To resolve system (7.1) numerically we propose the Strang operator splitting method us-
ing both numerical operators defined above. Initially, we assume given nonnegative and
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7.3 Monotonicity preservation of the diffusion-taxis operator

sufficiently smooth initial data cop and ag for system (7.1) and deduce discrete initial data
(Vh(0), an(0), mn(0)). To compute the discrete representation V},(0) of the normalized con-
centration c¢o/mp (0) we employ successive integration as in (7.17).

We define the fully discrete Strang splitting scheme for system iteratively by

(V™) an (™), min (£1) = Te /28, Te, /2 (Vi (E™), an(t), mn (7)) (7.18)

for n = 0,1,2,... and for a discretization of the time axis by 0 = t°® < t™ = Y I' | 7;.
Scheme (7.18) alternates between applying the diffusion-advection and the diffusion-reaction
operator. The symmetrical structure leads to the second order splitting error and thus to an
expected consistency order of two in time for the overall scheme [110]. We will henceforth
refer to the full method as mass-transport finite element (MTFE) scheme.

To optimize the efficiency we adapt the time increment T in each time step. Since the
discretization of system is more sensitive to instabilities that are caused by large time
increments T compared to the discretization of the diffusion-reaction system, we start the
method in each time step with the numerical operator T in which we determine T,,. We will
elaborate on the choice of T and the stability of the scheme in Section We note moreover
that the spline interpolations in the scheme needs to be computed only once per time
step after the update by the reaction-diffusion operator S.

The scheme (7.18)) is not limited to the case of a single pair of a cell and a chemo-attractant.
An extension to multiple chemo-attractants as in model (I) is straightforward. The case of
multiple cells such as in model can be treated as well. Note though that each additional
cell species in the PDE system brings along another nonuniform mesh for the space domain
Q which requires in turn further projections in the numerical operator S.

In addition, a more general reaction term in the cell concentration that also depends on the
chemo-attractants can be handled by projecting cy, to the finite volume grid before applying
the updates (7.15a) and (7.150).

Concerning an adaptation to higher space dimensions, we note that the adopted mass-
transport scheme in [17] was derived by considering the Keller-Segel model as a gradient flow
of the free energy [6] and by applying the general steepest descent scheme from [88] to the 1D
case. An adaptation of this method to the Keller-Segel model in 2D that involves evolving
diffeomorphisms was proposed in [26]]. However, the effort is delicate and associated with
high computational costs [17]. For these reasons an adaptation of the MTFE scheme to d > 1
is out of the scope of this thesis.

7.3 Monotonicity preservation of the diffusion-taxis operator

In this section we consider a stability issue that arises in numerical schemes for the approxi-
mation of inverse distribution functions. The concept confers the idea of positivity preserving
schemes to mass-transport methods.

We already discussed the importance of preserving the positivity of a numerical solution
when dealing with densities. To this end we developed a scheme that preserves the non-
negativity in the computed cell averages, see Section A nonnegative density ¢ implies a
monotonically increasing inverse distribution V by its definition (7.3). Thus, mass-transport
methods should preserve the discrete monotonicity of V.

In particular, we call a method monotonicity preserving if from V;j(t) — Vj_1(t) > 0 for all
0 <j < M follows that V;j(t+1) —Vj_1(t+1) > 0 also holds for all 1 < j < M. Here T denotes
the time increment of the method.
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7 A mass-transport finite element method for Keller-Segel type systems

The analysis of the full scheme regarding the monotonicity preserving property is
challenging due to the nonlinearity in (7.12) introduced by the diffusion terms. In the rest
of this section we will instead consider a simplified problem that motivates a way to adapt
the time increment T in such a way, that the instabilities due to nonmonotone solutions are
avoided. We consider, in particular, the system

0tV =x0xa(V,t) in (0,1) x RT,
V(O,) = ar, V(],) :bl) (719)
V(') O) = Vo,
where a € C'(ay, by). This is a diffusion free version of (A)). To discretize (7.19) we combine

our approach for the advection-diffusion operator in Section with the forward Euler
scheme and obtain

Vi (t+1) = Vj(t) + Txdxa(Vj(t)) (7.20)

forj =1,...,M — 1. The approximated point values above are given as defined in Section
Again, we keep Vj and V) fixed. Contrary to the scheme we assume that function a
does not evolve in time. Thus, we do not consider any spline interpolation in this case. We
can easily find a bound on T that makes the scheme monotonicity preserving. Note that
a similar result to the one that follows was already derived in [63]].

Proposition 7.1 The scheme (7.20) is monotonicity preserving in Vy, if the CFL condition

n . (Vi1 (™) = V5(t™))
TS 08T X [3xalVier (1) — dyal(V; ()]

(7.21)

is satisfied.

Proof. We consider a single time step T and drop the superscript n in this proof for clarity.
For 2 <j < M — 2 we compute

Vipr (t+1) = Vi(t+1) = Vi1 (t) = V(1) + X (0xalVjr1 (1) — 0xa(Vj(t))

> (Vi (1) = V5(0) (T —txIL4120), (7.22)

where Ly, 1/, = (0xa(Vj11(t)) — 0xa(V;(t)))/(Vj11(t) — V;(t)). By assuming the condition
(7.21) and using the monotonicity at time instance t, the positivity of the right hand side of
(7.22) follows. O

The point values of the inverse distribution Vj(t) for 1 <j < M — 1 coincide with the mesh
cell interfaces of the nonuniform mesh corresponding to the cell densities cy, (t). Hence, the
quantity L, in the proof of Proposition|/.1{can be understood as a finite difference formula
for the second derivative of the chemo-attractant density a. Thus, the above CFL condition
motivates to choose the time increment 1™ according to

—1
™ (x sup Iaia(x)l> . (7.23)

{xel}

In our numerical experiments with the more elaborated scheme (7.18) we computed the
time increments by

™ = CFL min{ min Vi1 (t7) = V3 (t7)) KAW} (7.24)

0<G<M X [dxa(Vji1(t) — dxal(V;(t)]’
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for constants CFL, K > 0. The choice is motivated by Proposition The additional
bound proportional to Aw balances the temporal and the spatial errors; large values of K
can be used in practice. Whenever not otherwise stated we chose CFL = 0.49 and K = 100 in
our numerical experiments. Using this condition we did not observe any instabilities due to
nonmonotonic numerical solutions.

7.4 Numerical experiments

In this section we consider various test cases for the MTFE scheme derived in Section We
exhibit that the method is capable to resolve accurately the splitting and moving phenomena
often observed in KS-type systems and demonstrate the “automatic” mesh adaptation that is
included in the method. Further, we study the experimental convergence of the scheme and
compare it to the AMR method that we derived in Chapter [6|

The parabolic-elliptic Keller-Segel model with logistic growth

As our first test case we consider an application of our method in the modified Keller-Segel
model from [25] with added logistic growth

0¢c = 0y (De0yxc —xcoxa) + pe(l —c) inR x R,

alx,) =~ | loghx—yely, ) dy  inRx R, (7.25)

C(’)O) =co = 0.

An adaptation of system to two dimensions with p = 0 is equivalent to the simplified
system from [84], where the chemo-attractant density a is determined by the Poisson equation.
In the case d = 1, which we consider here, system is an interesting toy model to study
the blowup phenomenon. The logistic term that we have added accounts for cell growth that
is locally limited by resources and space modeled according to (2.9).

The chemo-attractant density a in the second equation of is determined by the
convolution term. Therefore, we did not need to use finite element approximations in our
numerical simulations. Instead, we proceeded as in [17] and used a diffusion-taxis operator
expanded as follows

_2\7]' (t)—Vj (1) _ D¢ B D,
T Vipi(t) = Vi(t) V() — Vi (1)
XAw 1
+ mp(t) o Z m» (7.26a)
LIV () Vi (1) >e
TTV] (t) — vj (t) o Dc o Dc
T Vi =V Vi(t) = Vi (t)
XAw 1
+ mp(t) e Z ma (7.26b)

LIV (1) Vi (1) >e

where we employed ¢ = 10~7 in the computations. The intermediate stage of the scheme, given
implicitly by (7.26a), was computed by Newton’s method. Throughout the corresponding
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0.0 0.2

0.5
1.0 0.0 t

Figure 7.1: Numerical results (cell concentration and inverse cumulative function in space and time) in Experi-
ment 4.3.1 in [17] with model (7.25). The cell concentration blows up.

iteration we controlled the convergence by the comparison of subsequent iterates [68]. In case
the Newton iteration failed to converge, we aborted the computation and assumed blowup
of the numerical solution. Time increments were adapted in such a way, that the Jacobian of
(7.26a)), which occurred in the Newton iteration, were strictly diagonally dominant.

The reaction-diffusion operator for system approximates only the logistic growth
term in the evolution equation for the cell density. Therefore, we only needed to fix initially a
single mesh for the discretization of V},. To account for the infinite domain length we used
the Neumann boundary conditions

1 1

Vi — Vo) ~ Va0 — V(0

Moreover, the discrete concentrations at the boundary co(t) and cp(t) were omitted in the
reaction-diffusion operator. In our numerical simulations we used a mesh with only M = 50
points.

We considered the parameters D. = 1, x = 2.57 and initial data given by the inverse
distribution

w—0.5
Vo) = o0 (ToT =) 7-27)

This experiment was studied for p = 0 in [17] and blowup in finite time around t = 0.33
was obtained numerically. We confirmed the same phenomenon using the splitting method,
compare Figure Blowup occurred and was indicated by our method in the computation.

When we conducted the experiment with altered i1 = 1, no blowup occurred, as can be
seen in Figure In the numerical results, the aggregation stops and reverses and the cell
concentration seems to approach a stationary state. The CFL condition given by caused
an increase of the time increment over the computation time.
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Figure 7.2: Numerical results (cell concentration, inverse cumulative function and mass) for the parabolic elliptic
Keller-Segel model with added logistic growth (7.25). The blowup was prevented by the additional
reaction term.

The parabolic-parabolic Keller-Segel model

Next, we consider simulations by our scheme for the parabolic-parabolic Keller-Segel model
in 1D, which reads

{atc = 3 (Dcdxc —xcdxa) inIxRY, (7.28)

dta=Dcd2a+c—a inIxR",

As assumed in the generic model (7.I), we consider with positive initial data and
homogeneous boundary conditions. Opposed to the parabolic-elliptic case, this system
features an additional parabolic equation that we treated by the splitting method.

In order to exhibit the phenomena that the scheme can resolve we considered two test cases
with distinct initial chemo-attractant densities controlling the cell movement. In both tests we
assumed initial data for the inverse distribution V given by (7.27).

Peak movement In our first numerical experiment with system (7.28) we used the param-
eters D, = 0.1, D = 0.01, x = 2.5, « = 0.5, B = 1 and the domain I = (a, by) with
boundaries chosen a; = Vp(0) =~ —1.58, by = V(1) ~ 1.58. As initial chemo-attractant
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1.5 } 1
0.0 a
1.5 F 0
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Figure 7.3: Numerical results (cell concentration, inverse cumulative function and chemo-attractant density in space
and time) for the parabolic-parabolic Keller-Segel model (7.28) in the “peak movement” experiment.
The movement and aggregation that model (7.28) dictates are accurately resolved using only M = 45
grid points.

0.0

0.0
w 1.0

concentration we chose the logistic function

B 1

= Tre
For the simulation we used meshes with M = 45 and N = 230 points and the CFL condi-
tion (7.24).

Figure present the cell dynamics, showing their movement to the right side of the
domain. As the cells produce the chemical with density a, an additional negative gradient is
created. This gradient leads to additive cell aggregation which counteracts the movement. We
point out that both the migration and the growth are well resolved by our simulations.

co(x) x € L.

Peak splitting In another test we used the parameters D, = Dy =0.1, x =5, a =3 =1
and considered the computational domain (ay, by) with boundaries chosen as in the “peak
movement” experiment. The initial chemo-attractant density is given by

ao(x) =1—e 2% x e (ay,by).

Figure shows the computational results for the discretization parameters M = 90 and
N = 450. The cells move out of the center of the domain on which the most part of the
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Figure 7.4: Numerical results (cell concentration, inverse cumulative function and chemo-attractant density in
space and time) for the parabolic-parabolic Keller-Segel model (7.28) in the “peak splitting” experiment.
The grid of the cell densities adapts to the two splitting peaks.

chemo-attractant is already consumed. The symmetrical movement to both sides of the
domain leads to a splitting of the initial concentration into two peaks. The mesh points for
the approximation of the cells on the density level concentrate at the locations of both peaks
and adapt to the solution over time.

In the setting of the above experiment we study the convergence of the introduced splitting
scheme experimentally. For a fixed instance in time and M given, let V' fori=1,...,M — 1
denote a numerical solution corresponding to the mesh discretization parameter M. Then we
define the following approximate L' finite difference error

1 M—1 /2

\ h h

EM =11 2 ‘Vi —V;
j=1

: (7.29)

where we have used a numerical solution on a finer mesh with 2M points, V].h 2 for j =
1,...,2M — 1, as the reference solution. The EOC for the discretization error in Vy, can now
be defined by

EOCY (M) = loga(Exy) —log, (Exy /) (7.30)

for any even integer M. Similarly, we define the EOC for the cell densities on their nonuniform
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M/ Mref e1r1rorE,\\/,l EOCY error E§, EOCC

20 / 40 | 7.231e-04 1.360e-02
40 / 80 | 7.427e-05  3.283 | 1.719e-03  2.984
80 /160 | 1.416e-05 2.391 | 2.768e-04  2.635
160 / 320 | 4.698e-06  1.592 | 7.085e-05  1.966
320 / 640 | 1.615e-06  1.541 | 2.591e-05 1.451
640 / 1280 | 6.919e-07  1.223 | 1.554e-05 0.738

Table 7.1: Mesh convergence in the peak splitting experiment up to T = 0.01 with respect to the discretization
parameter M. We adapted the number of points on the finite element mesh by N = M. The EOCs
approach two in the inverse distributions as well as in the corresponding densities. Yet, for large M the
EOC drops which is probably due to limitations by the finite element mesh.

finite volume mesh. To this end let c{‘ fori=1,..., M denote the finite volume representation
corresponding to V' fori =1,...,M — 1 and consider the error E¢(M) given by (5.63), (5.64)
where we employ as reference ¢ for i =1,...,2M the finite volume representation of th/ 2

forj=1,...,2M — 1. Then we define for even integers M
EOC*(M) = loga(Ex) —log, (ERy /2)-

In Table [7.1| we exhibit the errors and EOCs computed at the final time T = 0.01 and with
constant time increment T = 10~* when doubling the mesh resolution on the mass space
mesh iteratively. We coupled the resolution of the finite volume mesh to the number of points
for the inverse distribution using N = M. We can clearly see that the method converges as
the mesh size is refined. The EOCs indicate a convergence order of two in both the inverse
distributions and the densities. However, we see that the EOC decreases as the grids becomes
very fine. We suppose that this is caused by the finite element mesh that is only uniformly but
not locally refined. As M increases the number of mesh cells on the nonuniform finite volume
mesh for the cell densities aggregates around the positions of the peaks. For the MTFE scheme
the finite element solution ay must thus be interpolated in many points in a small physical
area which leads to a loss of accuracy as the number max; [{j : x; < Vj < xi4.1}| increases.

Moreover, Table [7.1| shows that the method delivered accurate numerical results using only
a few mesh points. We suppose that even higher accuracy can be obtained if necessary with a
higher resolution in the finite element mesh or an adaptation of the finite element mesh to the
initial data V.

A simple cancer invasion system

In the next step we address the numerical resolution of a cancer invasion model. In more
detail, we consider model that we used already in Section [6.7] to study our 2D AMR
scheme. The system expands the pioneering model in [8] with a logistic growth term. We refer
to Section [2.5| for the model derivation. Converse to our numerical study in Experiment
we take here the 1D case into account, which reads

0¢c = 0y (De0yxc —XcOxv) +uc(l —c) inI xR,
v = —dvm inl xRT, (7.31)

d¢m =DpmdZm + ac — pm inI xR".

142



7.4 Numerical experiments

\/\/\\ Joo

0.0 2 0.0 2

-

Figure 7.5: Numerical results (cell concentration, inverse cumulative function, tissue and MMP density) in Experi-
ment [4d with model using only N = M = 45 mesh points. A high concentration of tumor cells
emerges and invades the tissue. The grid of the tumor density omits the part of the tissue that is not
yet invaded.

We assume positive initial data co, Vv, mp and homogeneous boundary conditions together
with system (7.31).

The adapted MTFE method discretizes both the ECM density v and the MMP concentration
m on the same finite element basis. The corresponding approximations are updated in the
reaction-diffusion operator of the splitting method. The interpolations are only needed with
respect to the ECM density v. We resolve the migration of the cancer cells in transformed
variables with the advection-diffusion operator and the cell proliferation with the reaction-
diffusion operator.

For our numerical experiment, namely Experiment 4c, we used the computational domain
I = (0,1) and the following initial conditions

co(x) = e*"z/", vo(x) =1—-0.5 e*"z/s, mo(x) = 0.5 e x'/e

with ¢ = 1072. Moreover, we used the parameter D, =2-107%, x =5-1073, n=0.2, D, =
1073, § =10, « = 0.1, B = 0. We applied the splitting scheme using meshes of
M = N = 45 points and the CFL condition (7.23).

This numerical experiment simulates the propagation of cancer cells to the right side. To
account for the corresponding temporal expansion of the support of the cancer cell density
¢ we adapted the treatment of the right boundary. In more detail, we ignored the discrete
cancer cell density entry adjacent to the right boundary (cm (t)) in the proliferation update
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7 A mass-transport finite element method for Keller-Segel type systems

v/t | error EY, EOC! M/M™t | error EY, EOCY
0.1/ 0.05 | 2.244e-04 10 / 20 | 7.867e-03
0.05/ 0.025 | 4.728e-05  2.247 20 / 40 | 1.919e-03  2.035
0.025 / 0.0125 | 1.107e-05 2.094 40 / 80 | 4.475e-04  2.100
0.0125 / 0.00625 | 2.766e-06  2.001 80 / 160 | 1.514e-04  1.563
Table 7.2: Experimental convergence in time (left) and in space (right) in Experimentat T = 1. In all computations

we set N = M. The EOCs suggest a convergence of second order in time and space.

(7.15). However, the corresponding boundary entry in the cumulative function, Vyp_1, was
not excluded from the diffusion and haptotaxis updates of the scheme.

We present the numerical results in Figure Apart from the propagation of the cells
into the tissue, we observe a build up of cancer cells at the leading front of the tumor. The
degradation of the tissue and the MMP production are also visible in the simulation results.
Throughout the considered timespan the not invaded part of the tissue is resolved by a single
mesh cell in the cancer density.

In the current experiment we also studied the convergence of the scheme experimentally.
Along with the errors in space, we computed the errors in time by the formula

M—1
1
EXe=qg 2 [Vt =2y, (7.32)
j=1
where Vih> At for i = 1,...,M — 1 denotes a numerical solution computed on M mesh

points with constant time increment At. For the computation of the temporal errors we
considered a fine spatial resolution with M = N = 600. The corresponding EOC is given
by EOC' = log,(EX,) —log, (EY,,). The spatial errors and EOCs were computed according
to and with constant time increment At = 2 x 10~% and coupled N = M. Both
temporal and spatial errors were computed at the final time T = 1.

In Table |7.2| we present the computed errors and EOCs in the invasion experiment. We see
that the method converges as either the mesh size or the time increment is refined. The EOCs
in time and space range around two which confirms our expected second order. As in the
“peak splitting” experiment, the EOCs decreases slowly as the mesh is refined. We note that
previous numerical tests which did not employ our proposed boundary treatment yielded
only a spatial EOC of one.

The uPA model

Lastly, we consider an application of the MTFE scheme to the full uPA model (I). In particular,
we apply our method to resolve again Experiment [1| that we studied in Sections and
We refer to Section 2.6 for the model and the parameters and to Section for the initial
conditions. We conducted the experiment on the domain I = (0, 10).

The corresponding adaptation of the MTFE method uses a single finite element basis
to discretize the concentrations of the ECM (v), of uPA (u), of PAI-1 (p) and of plasmin
(m). The cubic spline in the advection-diffusion operator interpolates the linear combination
XvV + Xul + XpPp. Similar as in the case of models and the scheme approximates
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Figure 7.6: Numerical results (cancer cell concentration, inverse cumulative function, ECM, uPA, PAI-1 and plasmin
density in space and time) in Experiment [I] computed by the MTFE scheme. The dynamics, particularly
the steep peaks in the cancer cell density, are well resolved by the scheme. We used M = N = 400 grid
points on both meshes.

the cell proliferation in Eulerian coordinates but diffusion and advection in transformed
variables. The scheme employs the same boundary treatment as used in Experiment [4c]

In Figure [7.6| we present the simulation results obtained by the MTFE scheme with mesh
resolution M = N = 400. The method is capable to approximate accurately the dynamics
that we saw and discussed in Sections [5.1T) and [6.1| including the emergence and movement
of multiple steep peeks. The present simulation clearly demonstrates the reliability and
robustness of the newly developed MTFE scheme.
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Figure 7.7: Relation between the CPU time and the error (left) and between the average number of cells and the
error (right) for the FVFD, the AMR and the MTFE scheme in log-log scale in Experiment [T} The new
MTFE method seems to be most efficient in terms of error per CPU time, its relation between the error
and the average number of cells is similar as for the FVFD scheme.

In the situation of the current numerical experiment, we further studied how the new
method compares in efficiency to the more conventional FVFD scheme introduced in Chapter [f]
and to the AMR method developed in Chapter [fl We considered the following two particular
methods for the comparison: on the one hand we chose scheme for uniform 1D meshes
endowed with STRANG time discretization (see Section[5.7). On the other hand we considered
its AMR counterpart described in Section For the AMR method we chose the gradient
monitor function together with the threshold values O, = 10, Ocoars = 2.5, which
delivered the best results in our comparison of AMR methods in Section Further we chose
the AMR parameters Nyt = Neoars = 1, Nyet,0 = 3 and lpin = 0, lmax = 2. For brevity, we will
refer to the adaptive method as AMR and to the uniform method as FVFD.

For our comparison we took the set S = {40, 80, 160, 320, 640, 1280} and ran the AMR method
for No € S, the MTFE method for M € S and the FVFD method for N = 6k for any k € S. We
coupled the two meshes in the MTFE scheme by N = M. We did not consider finer resolutions
due to restrictions by the uniform reference solution in the error computation of the MTFE
scheme. All numerical solutions were computed on the domain Q = (0,5). For comparison
reasons we consider the average number of cells N that we defined for the AMR method in
Section 6.6l Note that for the FVFD method and the MTFE method it holds that N = N.

We used a reference solution that employed a uniform mesh with a cell size of h =
1.25 x 107 in the relevant part of the domainﬂ The discrete L' error was then computed
with respect to the densities using a suitable projection of the reference solution according
to (5.63), (5.64). We considered the numerical solutions and the reference solution only
at the time instance t = 23 that features two steep peaks in the cancer cell concentration,
compare Figure Note that the results that follow are dependent on our (nonreference)
implementation of the numerical methods.

The results of the comparison are shown in Figure[7.7 where we present the relation between
the error and the computation time as well as the relation between the error and the average
number of cells for all three methods. We see that for all tested methods the error decreases
as either the cell number or the CPU time increases. Figure (left) exhibits an advantage

!We computed a uniform solution in (0, 2) with the STRANG method using N = 160 000 mesh cells. For the rest
of the considered domain we used the reference solution considered in Section computed by the method
of Dormand and Prince.
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Figure 7.8: Relation between the CPU time and the error (left) and between the number of points in the discretiza-
tion of V and the error (right) for the MTFE scheme in log-log scale in Experiment|l} Three distinct
relations between finite element and mass space mesh are compared.

of the new MTFE method over the other schemes in efficiency for most of the conducted
simulations. This is because the MTFE method achieves in most cases lower errors than the
FVED or the AMR scheme using the same CPU time. As the runtime increases the MTFE
method approaches the efficiency of the AMR method with the new method being at a slight
advantage over the mesh refinement method. Clearly, the AMR and the MTFE scheme both
outperform the FVFD method for sufficiently large CPU times.

Figure 7.7 (right) shows that the AMR method achieves the lowest errors when compared
with simulations by the FVFD and MTFE scheme employing the same average number of
cells. The error of the MTFE scheme has a similar dependence on the number of cells as the
error of the FVFD scheme. We thus conjecture that the better efficiency of the MTFE scheme
in terms of CPU time, seen in Figure [7.7] (left), is probably caused by the CFL condition in the
MTEFE scheme allowing for larger time steps compared to the FVFD method.

To address the question, if the finite element mesh should be taken coarser or finer than
the mesh over the mass space in the MTFE method, we considered another comparison.
Here we computed further numerical solutions by the MTFE scheme choosing the relations
N = [04M| and N = [2.5M]. We used the same cancer invasion experiment as above.

Figure [7.8| (left) reveals a slightly lower error per CPU time when employing finer finite
element meshes but only for low CPU times; for larger CPU times and thus more accurate
simulations it seems that coarser finite element meshes are more efficient. However, we see
only a small advantage of the N = |2.5M| over the M = N strategy for large CPU times.
In Figure (right) we show the error dependence on the number of points on the mass
space M for the three considered strategies. We see that the finer finite element mesh leads to
lower, and the coarser finite element mesh lead to larger, errors per M when compared to the
strategy M = N. However, these benefits and drawbacks over the M = N strategy decrease as
M increases and become negligible for large M in the range of 10%. These results suggest that
we can choose coarser finite element meshes for larger M without sacrificing the accuracy
of the numerical solution. Also, our initially chosen relation M = N has been a reasonable
compromise for the considered test cases.
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Numerical
Investigation

The present chapter is devoted to numerical experiments with the contractivity model and
with the haptotaxis EMT/invasion model. We study the model dynamics and focus on the
characteristic novelties that both models bring along, being the delay term in the contractivity
model and the nontrivial EMT coefficient in the haptotaxis EMT/invasion model. To this end
we investigate the sensitivity on the model parameters.

To begin with we demonstrate the experimental convergence of our numerical method in
Section Afterwards we present numerical experiments and parameter studies for model
(I1I) in Section |8.2|and the same for model (LI} in Section To ease the presentation we have
moved the technical details with respect to the parameters used in the numerical experiments
to Appendix[Al The computations we present were conducted using MATLAB.

8.1 Experimental convergence of the numerical method

All numerical simulations that follow were realized by the FVFD scheme presented in Chap-
ter[§] In more detail, we used the scheme for the treatment of model and the scheme
to resolve the dynamics of model (II). Due to its good performance, as demonstrated
in Section we chose the IMEX3 scheme for the time integration of both models. In
the case of the contractivity model we further employed the modifications discussed in
Section For the haptotaxis EMT/invasion model (lI) we used the positivity preserving
IMEX-EULER scheme as fallback in the case of occurring negative solutions with the IMEX3
scheme, see Section As in the experiments with system (), we always used the Courant
number CFL = 0.49. All our 1D simulations in the following sections were conducted on
a uniform finite volume mesh consisting of N = 7000 cells. The 2D simulations employed
a quadrilateral Finite Volume mesh consisting of L = M = 250 mesh cells in both space
directions.

In what follows we present the EOCs of the chosen methods for both models. For that
purpose we consecutively refined the full mesh and computed the discrete L' error E(h)

cP cm
mesh cells | L'-error EOC | L'-error EOC
25%x25/50%x50 | 2.399e-02 4.195e-02

50x50/100x100 | 6.067e-03 1.983 | 1.088e-02 1.948
100x100/200x200 | 1.514e-03 2.003 | 2.751e-03 1.983
200x200/400%x400 | 3.785e-04 2.000 | 6.912e-04 1.993

Table 8.1: Experimental convergence of the numerical approximations of the migratory and proliferating cancer
cells in Experimentwith system at time instance t = 1.
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8.2 Study of the contractivity model

DCCs CSCs DCCs
mesh cells L' error EOC L' error EOC mesh cells L' error EOC
512/1024 | 1.953e-05 8.625e-03 16x16/32x32 | 1.020e-01
1024/2048 | 4.430e-06 2.140 | 3.614e-03 1.255 32x32/64x64 | 3.090e-02 1.723
2048/4096 | 1.061e-06 2.062 | 1.193e-03 1.599 64x64/128x128 | 8.453e-03 1.870
4096/8192 | 2.569e-07 2.046 | 3.639%¢-04 1.713 128x128/256x256 | 2.180e-03 1.955

Table 8.2: Experimental convergence in system (II) for the DCC and CSC concentrations in the 1D Experiment
(left) and for the DCC densities in the 2D Experiment [6q[right). The errors are computed at the time
instance t = 15 in the 1D case and at the time instance t = 10 in the 2D case [151]).

according to using a numerical solution with mesh discretization parameter h/2 as
reference. The EOCs were then computed by EOC = log, (E(h)) —log, (E(h/2)).

In this way, we have studied the experimental convergence in Experiment [5a| with system
at the fixed final time T = 1 with results shown in Table The computed EOCs clearly
verify our expected second order of convergence in the considered 2D experiment for the
computed densities of both cell types, migratory and proliferating cancer cells. Similarly, we
computed the EOCs in the case of model (II). We present the results for the 1D Experiment
and the 2D Experiment |6c|at the final time instances t = 15 and t = 10 in Table Again, the
decrease of the errors as the mesh is refined and the EOC of two confirm the suitability of our
proposed method for the present models.

The EOCs and the observed drops in the errors in Tables |8.1|and |8.2| along with the fine
resolution that we chose for the numerical experiments attest that the simulation results in the
following sections are not dominated by numerical artifacts but display the actual dynamics
of the cancer invasion models.

8.2 Study of the contractivity model

This section is based on our numerical experiments in [98]. We restrict our study of the
contractivity model to a single numerical experiment, namely Experiment |5b| in which
we explore the role of the delay parameter 1. The corresponding initial data and parameters
were jointly identified with Nikolaos Sfakianakis and Bettina Wiebe. For a deeper study of the
dynamics of and related models, we refer to 121} [175].

In our experiment we assumed that the initial density of both proliferating and migratory
cancer cells is concentrated at the center of the computational domain, with the migratory cell
density being the larger one. As in Experiment [3|the ECM was initially assumed homogeneous
and degraded at the position of the cancer cells. Following [121], both integrin density and
contractivity were initially only increased in an annular area around the center of the domain.
The initial data and numerical results are shown in Figure All initial densities, and
therefore also the numerical solutions at any time instance, are radially symmetric. Thus, we
present only radial cuts of both the numerical solutions and the initial conditions.

As time evolves, a steep front of migratory cancer cells forms and invades the tissue. Further,
the integrins located at the bulk of the tumor unbind from the ECM, while almost all the
integrins outside of the invaded center of the domain bind to the ECM. The contractivity of
the cells in turn develops a similar spatial profile as the density of the ECM bound integrins
y. Figure 8.1 exhibits the numerical solution at the time instance t = 0.5 for two different
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initial condition t=0.5, t=15 t=0.5 t=30

- - - proliferating cells — migrating cells -+ ECM
integrins bound to the ECM contractivity

Figure 8.1: Radial cuts of the spatial concentrations in the initial condition and in the numerical solution of
Experiment . Time instance t = 0.5 is considered for two different delay parameters T in the
contractivity model ([I). For both choices of the delay parameter the migratory cells invade the tissue
similar as in Experiment|1| The integrins outside of the center of the domain (here on the left border)
attach to the ECM [98].

102 |
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Figure 8.2: Total mass of the proliferating and migratory cancer cells (with densities c? and c™) and the propagation
of the tumor in Experiment [5b| when varying the delay parameter T in the contractivity model ([I). An
increase of the delay elevates the mass of the migratory cells but slows down their propagation [98].

choices of the delay parameter. This parameter accounts for the time it takes the integrin
bindings to translate into changes with respect to the contractivity. We tested the parameter
values T = 15 and 1 = 30. The increase of the delay parameter has a significant impact on the
tumor, as the propagation of the migratory cells is apparently slower in the case of a larger
delay. In this case we therefore observe the emergence of a pronounced secondary cluster
of migratory cancer cells. The longer time that the integrin binding takes to influence the
migration capabilities of the tumor in the case of the larger delay (T = 30) also diminishes the
contractivity when compared to the case of the smaller delay (t = 15).

For a deeper insight in the influence of the delay parameter we ran Experiment 5b| multiple
times while varying T € [0, 33]. In each simulation we computed the total mass of proliferating
and migrating cancer cells over the full domain as well as the propagation of the migratory
cellsﬂ at the time instance t = 0.5. The results presented in Figure |8.2/ show that an increase of
the delay T decreases not only the propagation speed of the migratory cells, but also increases
their mass while the mass of the proliferating cells does not seem to be significantly affected
by changes in . Thus, as expected from the model, the following context is predicted: the
longer the ECM/integrin binding triggered pathway needs to affect the contractivity, the more
the tumor will stay in place and proliferate rather than propagate into the tissue.

1To measure the propagation of the migratory cells into the tissue, we considered a radial cut of the domain, cf.
Figure Then we computed the location of the discrete local maximum of the migratory cancer cell density
that was the closest to the right boundary of the interval.
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Figure 8.3: Experiment Dynamics in space and time in model in 1D. We present the spatial concentrations
of DCCs, CSCs and the ECM in consecutive time instances. The CSCs evolve from the DCCs via EMT
and invade the tissue, exhibiting merging and emerging concentrations and promoting the growth of
the main tumor consisting of DCCs [151].

8.3 Study of the haptotaxis EMT /invasion model

The present section is based on a part of [151]. Except for the new Experiments and
the model parameters and the initial conditions of the particular numerical experiments were
identified jointly with Nikolaos Sfakianakis.

For a first insight into the model dynamics of system we consider a simulation on a
1D domain (Experiment[6a). Similar as in Experiment [l we assumed an initial concentration
of DCCs along with a small amount of MMPs at the left boundary of the domain and a
uniform initial ECM that is degraded at the position of the tumor. We did not assume any
present CSCs or fibroblasts at the initial time instance. Figure 8.3| exhibits the dynamics of
the numerical solution: the DCCs quickly (i.e. after a few hours) undergo EMT and form a
concentration of CSCs that escapes the bulk of the tumor and invades the ECM. The main
tumor consisting of DCCs disseminates and slowly invades the tissue following the more
motile CSCs. While migrating into the tissue, the CSCs, unlike the DCCs, show the dynamical
mergig and emerging behavior that we also saw in Experiment

In Figure we present the numerical results of an analog experiment in 2D, namely
Experiment|6b] Comparably with Experiment[6a] the DCCs break out of the main tumor and
invade the ECM in dispersing waves. At the same time the DCCs spread following the CSCs
and form a growing tumor while degrading the ECM.

Figure 8.5/ contrasts our modeling approach of the EMT with the common trivial model of a
constant EMT rate. Therefore, we considered a space independent situation without migration
terms and simulated how the number of both cancer cell types DCCs and CSCs evolve in
time when we initially assume only a few DCCs and no CSCs. We fitted the EMT rate in
the trivial model, such that the dynamics in 1D roughly matched those in a simulation with
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Figure 8.4: Experiment @ Numerical solution of the concentrations of DCCs, CSCs and the ECM in consecutive
time instances on a square domain. The colorbar ticks refer only to the densities at the time instance
t = 80. The CSCs that develop from DCCs via EMT invade the tissue in waves [151].

our EMT model, compare Experiments [7aland [7b} Figure [8.5/shows that in the case of the
trivial model the number of CSCs quickly rises over the number of DCCs. Thus, the CSCs
reach a detectable quantity even before the DCCs can be detected. The situation is reversed
in the case of the proposed EMT model: here the DCCs are the first to grow to a detectable
number before the CSCs start to augment. Hence, the prediction of our EMT model assorts
well with the observation that the CSCs make up only a small part of the tumor [143], while
the prediction of the trivial EMT model does not.

To explore the particular roles of the EMT related model components in the model dynamics,
we conducted a parameter study similar as in the previous section. More precisely, we
considered Experiment [6a| and computed the numerical solution at time instance t = 15
while varying the model parameters one at a time. For each numerical solution we then
computed a) the mass of the DCCs over the full domain, b) the mass of the CSCs over the full
domain, c) the distance between the propagating fronts of the CSCs and the DCCEEI and d) the
concentration at the invading cluster of CSCs. Figure [8.6] visualizes the effect of varying the

2To measure the distance between the propagating fronts we computed the propagation of both the DCCs and
the CSCs, as done to obtain the propagation of the migratory cells, c.f. Figure and computed the respective
difference.
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Figure 8.5: Time evolution of the numbers of DCCs and CSCs in the EGF driven EMT model (Experiment [7a} left)
and in the trivial EMT model (Experiment [7b] right). Conversely to the trivial model, the EGF model
predicts that CSCs are not produced until the DCCs have proliferated to a larger quantity [[151].
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Figure 8.6: Dependence of the mass of cancer cells, of the height of the invading front and of the distance between
the DCC and the CSC front on the EMT related parameters in Experiment An increase of both the
EMT factor o and the number of EGF molecules I" promotes the tumor aggressiveness by strengthening
the EMT. Varying the critical EGF density 1/, has the inverse effect [151].

EMT related parameters in model (II). We can clearly see that the model reacts to parameter
changes as expected by its construction. An increase of the EMT factor py promotes the
production of CSCs from DCCs as the mass of CSCs raises while the mass of DCCs drops.
Thus, also the stem cell invasiveness, quantified by the front peak distance, increases. A
raise of the amount of EGFs over the domain, i.e. an increase of the parameter I', has a
similar effect. However, the influence of I on the CSC mass, propagation and front height
stagnates once a certain amount of EGF molecules on the domain is reached. This is caused
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parameter DCCmass CSCmass front distance front height
Dp diffusion coeff. of DCCs +1.2342e+01 -8.1722e+00  +1.3714e+02  -7.3024e+01
Ds diffusion coeff. of CSCs +9.4182e-02  -3.2915e-01 0 -9.5376e+03
D¢ diffusion coeff. of fibroblasts -2.2642e-02  +2.1300e-03 0 +3.9125e-01
D.,, diffusion coeff. of MMPs -2.9334e-01  -9.5195e-02  -2.8800e+01  -1.6365e+02
Xxp haptotaxis coeff. of DCCs +8.9096e-01  -3.4507e-01  -1.3500e+01  -3.1985e+00
Xs haptotaxis coeff. of CSCs -9.4425e-03  -3.5106e-03  +1.5600e+00  +4.9956e-01
Xr haptotaxis coeff. of fibroblasts -7.0482e-03  -8.6437e-04 0 -1.6845e-03
AP EGF receptors per DCC -3.2691e-02  +4.6710e-02  +5.4000e-01 +7.5617e-01
AS  EGF receptors per CSC +5.123%-04  -6.5509e-04 0 -1.4768e-02
kp EGF unbinding/binding +5.1703e-02  -7.4019e-02  -8.6400e-01 -1.1744e+00
' average of total EGF -2.1830e-01  +3.1164e-01  +3.6000e+00  +5.0090e+00
o EMT factor -6.6859e-02  +9.5767e-02  +1.1345e+00  +1.5432e+00
Wi 2 critical EGF density +1.7618e-02  -2.5178e-02  -2.8800e-01 -4.0878e-01
up proliferation rate of DCCs +2.3304e-01 +3.9116e-02  +1.2000e-01 -6.8597e-04
us proliferation rate of CSCs +2.2971e-04  +4.9220e-02 0 +4.6599¢-03
ur  proliferation rate of fibroblasts | -1.3865e-04  -5.2592e-05 0 +1.1644e-03
KLy ECM remodeling rate +5.2516e-02  +1.0917e-02  +6.6000e-01  +2.4808e-01
Br apoptosis of fibroblasts +1.2117e-03  +4.8903e-04 0 -7.7809e-03
Bm decay rate of MMPs -4.7396e-02  -9.1276e-03  -4.9200e-01 -8.6865e-01
ap  MMP production rate of DCCs | +3.6965e-01  +2.6936e-02 0 +7.9042e-01
s MMP production rate of CSCs | +6.4883e-03  +6.6901e-03  +6.6000e-01  +1.3518e-01
5y, ECM degradation rate -6.8955e-06  -4.4457e-06 0 -4.8110e-05
ur transdifferentiation rate -2.0113e-01  -6.7081e-01 -1.2000e+01 -3.6641e+01
Table 8.3: Parameter sensitivity in Experiment [6a| Large absolute value in the table indicate a high influence of the

parameter (row) on the corresponding attribute (column) [151].

by the limited number of available EGFRs on which the EGF must bind to trigger the EMT.
Altering the critical EGF density w; ,, has an converse effect: an increase diminishes the tumor
aggressiveness and promotes the production of DCCs.

For an in-depth look on all the model parameters, we computed the parameter sensitivities

F _
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—F t=15
ap (wn =)

(8.1)

in Experiment where p denotes an arbitrary model parameter and wh=12(p = p’) denotes

the numerical solution at time instance t = 15 with the particular parameter p modified to
p’. Moreover, F(wy) denotes either the mass of DCCs or CSCs over the full domain, the
distance between the propagating fronts or the density at the invading cluster of CSCs for the
numerical solution w,. We chose dp relative to the considered parameter value by ép = p/100.
We provide an overview on all computed sensitivities in Table The sensitivities show that
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Figure 8.7: Concentrations of the CSCs and the ECM in the cases of no remodeling (Experiment @i self remodeling
(Experiment[8b) and fibroblast driven remodeling (Experiment [6b) at time instace t = 90. Contrary to
the other modeling cases, the fibroblast remodeling allows most of the mesenchymal cells to break out
of the main tumor [151].

the model exhibits the expected behaviour: the haptotactic sensitivites of both cancer cell
types influence the CSC migration significantly and their proliferation rates strongly affect
the tumor mass. We can further see that a raise of the transdifferentiation rate from CSCs to
fibroblasts decreases the tumor mass, the relative CSCs aggressiveness and the concentration
at the invading front.

But the results in Table [8.3|also provide less expected information. In fact, the simulated
tumor becomes more malignant as the ECM remodeling rate is increased, since the cancer cell
mass and the relative aggressiveness is raised in this case. Moreover, the apoptosis of fibroblast
cells affects the tumor mass positively while increasing their proliferation rate diminishes
the proliferation of cancer cells. Our model thus predicts a twofold role of the fibroblasts
on the tumor: on the one hand their remodeling of the tissue allows for a larger haptotactic
motility of the cancer cells but on the other hand the fibroblasts restrict the resources and free
space that promote the proliferation of the cancer. By raising the number of EGF receptors on
the DCCs the EMT is strengthened as the CSC mass and relative aggresiveness increases in
response. On the contrary, altering the EGF receptors on the CSCs weakens the EMT but to a
smaller extent.

Following from the results of the parameter study in Figure 8.6/ and Table our model
suggest the following therapy approaches to limit the tumor growth: firstly, according to our
model, tumor growth and metastasis can be decelerated by either reducing the amount of
EGF in the tissue or by blocking the corresponding EGF receptors on the DCCs in the tumor.
A second treatment strategy suggested by the dynamics of (II) would involve a reduction of
the number of fibroblasts or a suppression of their remodeling capability.

In Figure |8.7| we take a closer look at the fibroblast driven remodeling of the ECM that we
assumed in model (). To this end, we compared a 2D simulation with our model where
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t=35 t=70 t =100

DCCs

CSCs

ECM

Figure 8.8: Experiment@ Numerical solutions for the concentrations of DCCs, CSCs and the ECM in consecutive
time instances on a square domain in the case of a heterogeneous initial ECM. The tissue concentration
was precomputed by Nikolaos Sfakianakis. The colorbar ticks refer only to the densities at the time
instance t = 100. The maximal CSC density increased from approximately 0.1 in t = 35 over 0.45
int=70to 1int = 100. The CSCs break out of the main tumor and invade the tissue along the
heterogeneous ECM gradient [151].

we assumed either no remodeling at all, the common self remodeling of the ECM or our
proposed fibroblast driven model, compare Experiments and [6b] Then we visualized
the simulated spatial CSC and ECM densities at the same time instance. We can see that the
tissue remodeling by fibroblasts allows for a faster migration of the mesenchymal cells into
the tissue when compared to the other two cases. Further, only in the fibroblast model the
majority of CSCs breaks out of the bulk of the tumor as suggested in [165].

Figure 8.8 shows the simulation results in another numerical experiment in 2D where we
assumed a heterogeneous ECM that accounts for the presence of further cells and structures
in the tissue (Experiment[J). In this case the invasion of both DCCs and CSCs is significantly
affected by the nonuniform ECM. Thus, the growing tumor adapts to the structure of the tissue.
In particular, we see the appearance and the interactions of waves in the CSC concentration.
These waves propagate along the gradient of the ECM.

Another kind of pattern in the numerical simulations with model ([) can be obtained
without assuming a structured ECM but by altering the model parameters. To this end we
considered a modified set of parameters that induces an advection-diffusion-driven instability.
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Figure 8.9: Dispersion relations for three parameter sets in the haptotaxis EMT/invasion model @D The parameter
sets correspond to Experiments [6al, [6b] and [T0B] The positive region in the case that the parameters
are given by Table[2.T]and (A-2) indicates an advection-diffusion-driven instability.

---DCCs —CSCs  --:-- ECM

Figure 8.10: Experiment[10a} Space and time dynamics in model ([I) in 1D with parameters modified by (A.2). We
present the space dependent densities of DCCs, CSCs and the ECM in consecutive time instances. A
spatial pattern forms in the invaded area of the tissue that stabilizes in time.

The corresponding parameters are provided in (A.2) in the Appendix. They feature, in
particular, reduced diffusion coefficients for the cancer cells that can be understood as the
assumption of a stiffer tissue when compared to the previous numerical experiments.

An advection-diffusion-driven instability refers to a linearly stable steady state of the reaction
terms in an ADR system that is destabilized by small perturbations due to advection and
diffusion terms. To identify these instabilities, which are commonly studied in pattern
formation, one considers the perturbation of a spatially uniform steady state W by the
Fourier mode with wave number k on a periodic domain. The perturbation grows in time,
if the amplification factor A\ (W) is positive, while it is damped otherwise. In more detail, the
amplification factor Ay (W) refers to the maximal real part of all eigenvalues of the matrix
Jr(W) — k?Ja47(W). Here Jg and Ja,p denote the Jacobian of the reaction terms and the
Jacobian of the sum of the advection and the diffusion terms. If there is a positive k with
Ak(W) > 0, one speaks of an advection-diffusion-driven instability. In reaction-diffusion
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Figure 8.11: Experiment Numerical solutions for the concentrations of DCCs, CSCs and the ECM in consecu-
tive time instances on a square domain with parameters modified by (A-2). As the ECM is invaded
the DCCs and the CSCs develop a spatial pattern.

systems the corresponding counterparts are known as Turing instabilities. For more details
we refer to [22, 166]. This kind of instabilities triggered pattern formation in various cancer
models in 1D and 2D, see, e.g., [7].

Consider the parameters in Table used in Experiment [pb] a modification of these
parameters by used in the 1D Experiment [6al and the new parameters consisting of
Table 2.1] and (A-2). In all three cases we identified a single, stable and nonnegative steady
state of the reaction terms in system ([I). In Figure 8.9 we show the dispersion relations, i.e. the
relation between the wave number k and the amplification factor Ay (W) in the three cases. We
can see that there is an advection-diffusion-driven instability when using the new parameters
while this does not seem to be the case for both other parameter sets which we considered.

Figure shows the numerical results for the new parameters (Table 2.T/and (A.2)) in a
1D simulation (Experiment [I0a). In the invasion process a pattern consisting of a series of
peaks in both cancer cell concentrations forms in the invaded area and it spreads over the
domain as time evolves. Contrary to the results in Experiment (I} the cancer cell concentrations
and thus also the pattern stabilize in the invaded area of the tissue. No further dynamic
merging/emerging behavior occurs in the regions that were invaded earlier (i.e. several
weeks ago). This can be seen, e.g., when comparing the left side of the domain in the time
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8.3 Study of the haptotaxis EMT/invasion model

instances t > 270 in Figure Recall that we saw an analogical behavior of the cancer cell
concentration in Experiment (2) with model (I).

We observe similar dynamics when employing the same parameters in 2D (Experiment [10b):
the DCCs and CSCs leave a structure in the invaded tissue that does not evolve in time
any further. The corresponding numerical results are shown in Figure Note that the
obtained patterns resemble images of in vitro examinations of tumor invasion and images

from histopathology shown, e.g., in Figures[2.1]and
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Conclusion

In this thesis we have derived and studied a mathematical model of cancer invasion that takes
the EMT into account and we have developed and tested several schemes to resolve this and
similar models numerically. For the numerical tests we have also considered the uPA model
and the contractivity model from the literature.

In the modeling part we have followed the Keller-Segel approach as done in the derivation
of the first mathematical model of tumor invasion. This model has then been extended by an
additional evolution equation that describes the behavior of the CSCs. The focus has been
layed on the coupling term between both cancer cell types that models the transition from
DCCs to CSCs via the EMT. We have considered Michaelis-Menten-like binding dynamics
between EGFRs on the DCC membrane and EGF in the stroma to model this term. In this
process we have scaled the microscopic dynamics on the level of individual cells to the density
representation in another time scale. A further novelty of the new model, namely model ,
is the inclusion of fibroblast cells for the remodeling of the ECM. Fibroblasts are both involved
in the tissue reconstruction in tumor invasion [16] and related to CSCs [89], which makes their
addition to the model particularly interesting.

From an analytical point of view, we have considered a simplification of our model that
does not include fibroblasts. For this model we have shown that a unique classical solution
exists globally in time. We have proven this result under the assumption of a two-dimensional
spatial domain and sufficiently large proliferation rates of both DCCs and CSCs. In the
proof we have firstly verified the local existence and afterwards established a series of a priori
estimates similar as done in the earlier works [161, (162, [164]. We have eventually finalized the
proof using a boot-strapping argument.

Concerning the numerical methods we have proceeded in three major steps. In the first
step, we have developed a FVFD scheme that uses the central upwind approach from [104].
We have generalized this scheme for nonuniform meshes in 1D and quadrilateral meshes in
2D. Moreover, we have adapted the scheme to all three models under consideration. For the
time integration we have proposed different implicit-explicit splitting strategies: a scheme
employing the Strang splitting and several IMEX RK methods. All these time integration
schemes treat the diffusion terms implicitly but the remaining terms explicitly. We have
shown that the first order IMEX RK approach applied to the new model (Il) yields a positivity-
preserving method. Further, we have conducted several tests with the uPA model: both a third
order IMEX RK method (IMEX3) and the Strang splitting scheme (STRANG) have performed
very well in accuracy and efficiency. Both have clearly exhibited a spatial EOC of two when
the time increments were chosen in O(h) according to a CFL condition, with h denoting
the maximal diameter of the mesh cells. While IMEX3 has delivered slightly more accurate
numerical results, STRANG has preserved the nonnegativity of the solution throughout the
computations unlike the other tested schemes.

Since in particular situations the implicit-explicit FVFD schemes on their own are not

160



accurate enough, we have endowed them with an AMR method in the second step. Our
proposed technique developed for numerical simulations in 1D and 2D alternates between
mesh updates and time integration. For the mesh update we have employed mesh cell
bisection. In 1D we have further used the nonuniform formulation of the FVFD-STRANG
method for the time integration. We have demonstrated a gain of efficiency of the 1D AMR
scheme over its uniform counterpart in applications to the uPA model. The best results have
been obtained when the mesh refinement has been driven by the gradient of the cancer cell
concentration. The development of AMR methods in 2D is significantly more complex. In
this regard, we have proposed a bookkeeping technique that allows for a fast refinement,
coarsening and identification of neighbor cells with low memory requirements via a suitable
enumeration of all possible mesh cells. Due to complications that arise because of hanging
nodes in the mesh, we have considered only a basic numerical scheme of first order for the
time integration step in the 2D AMR method. Yet, we have demonstrated that the 2D AMR
scheme is more efficient than its uniform counterpart in an application to a simple cancer
invasion system.

In the third step concerning the numerical methods we have developed a new 1D scheme
for the class of KS-type PDE systems. This method separates a mass conservative part of the
PDE system from the rest. In the mass conservative part of the system, the cell density has
been transformed to a representation in its pseudo inverse cumulative function, which has led
to uncommon finite difference approximations for the diffusion and the chemotaxis terms. For
the remaining part of the system we have used a discretization by linear finite elements. Both
systems have then been coupled by the Strang splitting. We have demonstrated the automatic
mesh refinement that is included in this method in various numerical experiments, among
others with the uPA model. Further we have verified temporal and spatial EOCs of two.
As a last point, we have tested the efficiency in terms of the relation between computation
time and error of the new scheme (MTFE) and compared it to the efficiency of the uniform
FVFD-STRANG scheme and its AMR counterpart in an experiment with the uPA model. In
our test the MTFE scheme has outperformed both other methods and the AMR method has
been more efficient than the uniform method.

Having prepared the new model and suitable numerical methods, we have considered a
series of numerical experiments. In these experiments we have qualitatively reproduced the
outbreak of the CSCs from the primary tumor after they have developed from the DCCs via
the EMT. This process is considered an important first step in metastasis [19} 87, (89, 100].
In our model the CSCs have formed highly dynamic merging and emerging concentrations
while propagating into the tissue, similar as in the models [29, 30]. The new transition
rate for the EMT that accounts for the binding dynamics of EGF has not only included
more biologically relevant details (see, e.g., [120, 171]) to the model, but it has also led to
more realistic predictions in the growth of a small tumor when compared to the previous
modeling using constant EMT rates. In addition, the inclusion of fibroblast driven remodeling
of the ECM has enabled the fast escape of the CSCs from the main tumor, while previous
models have resulted in most CSCs staying confined in the main tumor. Through a parameter
sensitivity study we have moreover seen that the model predicts that both a suppression of
tibroblasts or an inhibition of EGFRs might lead to a reduction of the tumor growth. The
latter strategy has been also discussed as a possible cancer therapy in the medical literature
[34]. In the numerical experiments, we have further obtained spatial patterns of cancer cells in
the tissue that are qualitatively similar to medical images from biopsy. We have generated
these either by using a heterogeneous ECM or by employing model parameters that cause a
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9 Conclusion

Turing-like instability.

We must note that macroscopic models of cancer growth, including the new model presented
here, have their limitations. Due to the complexity of biochemical systems and also since
not all processes in cancer are known and understood, there is at this time no such model
to our knowledge that can withstand quantitative comparisons to growing tumors in vivo.
For this reason the application of mathematical models in the diagnosis of cancer remains a
long term goal until the crucial underlying biochemical processes are better understood. The
current models, such as model (II), rather aim to contribute in the understanding of these
processes. The insights that the models provide might also assist in the development of cancer
therapies. We mention here indicatively [138] where the authors used a model similar to those
considered here to optimize doses and scheduling of a combined chemo- and radiotherapy
for cancer treatment. Model (II) might thus be used to study the impact of a EGFR inhibitor
therapy (see [34]) in silico in a future work.

Other possible future investigations might involve a comparison to biomedical data of in
vitro tumor progression in cooperation with experimentalists. This might on the one hand
verify the dynamics that the model provides and on the other hand assist in the identification
of bio-relevant model parameters. One could moreover augment the model and include
further scales that are involved in the invasion and in the EMT. For instance, it would be
interesting to study the role of morphological changes in the cytoskeleton during the EMT
(see Figure in more detail or to consider the fiber orientation of the ECM, as done in [73],
in the remodeling by the fibroblasts.

Apart from the modeling, one can study in a future work the existence of solutions for the
full model ([). We have discussed the complications involved in this process in Section
Another issue that is still open is the development of a higher order scheme to be used in the
constructed 2D AMR method. To discretize the diffusion terms implicitly on the corresponding
meshes one could employ here a wider finite difference stencil as in [49] or a discretization by
finite elements. Another promising approach relating to the AMR methods is the derivation
of a posteriori error estimates. The use of such an error estimator as monitor function for the
mesh adaptation could significantly improve the accuracy of the AMR method. These error
estimates have been derived in the framework of the relative entropy for other systems, such
as hyperbolic conservation laws, in [41, 59, |60]. An application to systems of KS-type remains
still open.
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Technical details on
the numerical
experiments

This appendix contains details on the parameters and on the initial conditions for the numerical
experiments considered in this thesis.

Experiment 1: the uPA model in 1D A 1D experiment with model (). We employ the
parameters from [7] that read

D.=35x%x10"%  xu.=3.05x10"2, p; =0.25,
Dy =25x1073, xp=375x10"2, u; =0.15,
Dy, =35x1073, %, =285x10"2, §=238.15,

Dm =491 %1073, ¢, =0.75, $22 = 0.55,
$31 =0.75, ¢33 =0.3, a1 =0.75,
b42 = 0.55, 52 = 0.11, ¢s3 = 0.75,
X3 = 0215, Xgq = 0.5, X5 = 0.5

and we refer to [7, 29| 114] for their derivation. The initial condition and the used computa-
tional domains are described in Section and the dynamics are shown in Figure We
use this numerical experiment to compare various time discretization methods in Section [5.11}
to test the 1D AMR scheme in Section [6.6]and also the MTFE scheme in Section

Experiment 2: the uPA model in 1D, less aggressive cancer cells Another 1D experiment
with model (). The parameters and the initial condition are the same as in Experiment
except that we assume less random motion of the cancer cells, i.e. we have changed the
diffusion coefficient of the cancer cells to D = 5.3 x 1073, In Section we compare several
splitting schemes with this setting. The dynamics are shown in Figure

Experiment 3: the uPA model in 2D A 2D experiment with model (f). The parameters are
the same as in Experiment|l, We provide the initial conditions in Section where we also
show the simulation results in Figure

Experiment 4a: the invasion/proliferation model in 2D A 2D experiment with model (6.12).
Both model parameters and initial conditions are provided in Section [6.7]in and (6.19).
We use this experiment to show the capabilities of our 2D AMR scheme. For the corresponding
simulation results we refer to Figure[6.11]

Experiment 4b: the invasion/proliferation model in 2D, nonuniform ECM  Another 2D

experiment with model (6.12). As in Experiment #a] we use the parameters (6.13) and the
initial data (6.19). In this experiment we employ a heterogeneous ECM concentration v* which
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was precomputed by Nikolaos Sfakianakis using another ADR system. The simulation results
computed by the 2D AMR method are shown in Figure

Experiment 4c: the invasion/proliferation model in 1D A 1D experiment with model (7.31)
serving as test case for the MTFE method (7.18). We provide the used model parameters along
with the initial conditions in Section [7.4]and show the simulation results in Figure

Experiment 5a: the contractivity model in 2D, smooth initial data A 2D experiment with
the model ([II). Both parameters and initial data are inspired by [156]. We employ the

computational domain Q = [-2,2]2. The parameters are given by
wp =1, np = 0.05, v =0.055, A =0.076,
Dg =0.001, Dy, =1,
oy =10, w, =03, n,=0.9,
ki =2, k_ = 0.06,
q=23, M =1,

e = 0.01, T=0.04
and the initial conditions read
Cg (X) = 0-4673/2 leZ) Cgl(x) = 673/2 lez) Vo (X) =1- Cgl(x))

. -1
Yyol(x) =20 (152J tet dt) 5[x|2e 315 Ko = 2Yo,
0

for any x € Q. This experiment is used in the EOC study in Table

Experiment 5b: the contractivity model in 2D, study of the delay parameter Another 2D
experiment with model ([II). We use the same domain, initial data and parameters as in
Experiment [5a| except for the modified parameters

A=0.152, D4q=0.01, Dn=10, &, =5

and the altered initial concentrations of ECM bound integrins and contractivity

00 —1
Yo(x) =15 (73 Jo t?et dt) 802|x|26_80‘x‘/7, Ko = 2Yo, x € Q.

We present the corresponding numerical simulation results in Figure

Experiment 6a: the haptotaxis EMT /invasion model in 1D A 1D experiment with model
(). We use the parameters in Table 2.T] except for

mo =0.55, kp =0.5, T'=2/15. (A1)
As computational domain we use Q) = [0,7.5] and the initial conditions are given by
Px)=e 2 Sx)=ck(x) =0, vo(x)=1—-05e 2% my(x)=02e 20

for any x € ). We show the results in Figure This experiment is also used in the parameter
study with sensitivity results in Table
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Experiment 6b: the haptotaxis EMT /invasion model in 2D A 2D experiment with model
(). We use the parameters from Table the computational domain Q = [-5, 5]? and the
initial data

sin (arctan(x,/x1)), if x| <4, x1 > 0,x2 <0,
clo)(x) = { sin (m+ arctan(xz/x1)), if [x|? <4, x7 < 0,%x2 <0,

0, otherwise,
Ax)=cix) =0, vox)=1-c5(x),  mo(x)=0.05¢c5(x)

for any x € Q. The numerical experiment results are shown in Figure

Experiment 6c¢: the haptotaxis EMT /invasion model in 2D, smooth initial data  The same
as Experiment[6b}, but with smooth initial conditions

co(x)=e—x%, x)=cf(x) =0, wvo(x)=T1—cQ(x), mo(x)=0.05c5(x)

for any x € Q. This setting is used for the experimental study of convergence in Table

Experiment 7a: the haptotaxis EMT /invasion model without translocation The same as
Experimentwith modified parameters uo = 0.034, u;,, = 0.4, kp = 0.2, AP = 3. We also
neglect advection and diffusion terms and use the initial data c](:)) =103, c(s) = cg =0,vg=1,

mo = 10~°. This experiment is used in the comparison of EMT models in Figure

Experiment 7b: the haptotaxis EMT /invasion without translocation and with constant
rate EMT The same as Experiment but with the EMT modeled by a constant rate
upmt = 0.017. The experiment is used in the comparison of EMT models in Figure

Experiment 8a: the haptotaxis EMT /invasion model in 2D, no ECM remodeling The
same as Experiment [pb] but without ECM remodeling, i.e. u, = 0. The experiment is used in
the study of the ECM remodeling in Figure

Experiment 8b: the haptotaxis EMT /invasion model in 2D, self remodeling of the ECM
The same as Experiment [6b but with self remodeling of the ECM, i.e. we have replaced the
fibroblast remodeling term +, cf R in () by +, vR*. The experiment is used in the study
of the ECM remodeling in Figure

Experiment 9: the haptotaxis EMT /invasion model in 2D, nonuniform ECM  The same
as Experiment [6b} but with the initial ECM v, replaced by a nonuniform ECM. We use the
same precomputed ECM as in Experiment [4b|scaled to the larger domain Q = [-5,5]2. The
simulation results are shown in Figure

Experiment 10a: the haptotaxis EMT /invasion model in 1D, spatial pattern The same as
Experiment [6a| with modified parameters

(A.2)

Dp=2x10"% Dsg=38x10"% xs=0.8, PBr=03, pnr=0.1,
uy, =5, ap =0.3, as=0.1, po=0.25 T=1/15 kp =0.5.

We show the corresponding numerical results in Figure
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A Technical details on the numerical experiments

Experiment 10b: the haptotaxis EMT /invasion model in 2D, spatial pattern A 2D exper-
iment with model on the computational domain Q = [-5,5]2. We use the parameters
from Table 2.T| modified by as in Experiment Moreover, we use the initial conditions
from Experiment 3| The numerical results are shown in Figure
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