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Abstract

In many medical treatments there can occur resistance to the used therapeutic agents. Un-
fortunately this happens to be one of the major issues dealing with cancer via chemother-
apy. This of course leads to a lower medical response or even to treatment failure. In
the cancer case often the resistance is not a pre-existing factor but arises due to the
chemotherapeutic pressure.

In order to analyse this behaviour Gevertz et al. set up a model in [7]. They used a
hybrid discrete-continuous mathematical model to describe the events in a cancer popu-
lated slice of tissue over time. The aim was to analyse the effects of the different kinds of
resistance on the tumor development and finally find the causes why treatment inefficiency
or failure occurred.

The objective of this thesis was to enhance the analysis of the Gevertz et al. devel-
oped model by examining clone development. To achieve this, the basic model had to be
modified to allow an output capable of reconstructing the clonal evolution retrospectively.
Furthermore routines were developed for processing the generated data. The outcome of
the analysing routines supports the suggestion from Gevertz et al. regarding that the
spatial location is significantly important for the clonal development of resistance. Tu-
mor heterogeneity can be examined through the cell lineages. By following a single long
surviving cell lineage, it is clear that there is often a fine line between death and survival

of a lineage/clone.







Zusammenfassung

In vielen verschiedenen medikamentosen Behandlungen kommt es zur Resistenz des Or-
ganismus gegen das eingesetzte Arzneimittel. Ungliicklicherweise ist dieses Verhalten
eines der grofsten Probleme bei der Krebsbehandlung durch Chemotherapie und fiihrt zu
einem schlechten oder sogar erfolglosen Therapieergebnis. In der Krebstherapie ist dabei
diese Resistenz oftmals ein Ergebnis der Therapie selbst und nicht ein bereits vorhandener
Zustand.

Um diesen Verhalten zu analysieren haben Gevertz et al. in 7] ein hybrid diskret-
kontinuierliches mathematisches Modell entwickelt um die zeitliche Entwicklung des Tu-
mors zu beschreiben. Das Ziel dieses Modells lag in der Analyse der verschiedenen Arten
von Resistenz und deren Auswirkungen auf die Entwicklung des Tumors um schliefslich
die Griinde fiir das Versagen der Therapie zu finden.

Der Zweck dieser Bachelorarbeit lag darin, die Analyseméglichkeiten des bisherigen
Modells zu erweitern um die Entwicklung einzelner Zellen untersuchen zu konnen. Dafiir
musste einerseits das zugrundeliegende Modell verdndert werden fiir einen feineren Out-
put um die klonale Entwicklung riickwirkend genau rekonstruieren zu kénnen, andererseits
mussten zusétzlich Programme geschrieben werden um die Output Daten aufzubereiten.
Die Analyse unterstiitzt die bereits in der Abhandlung von Gevertz et al. aufgestell-
ten Hypothese iiber die Wichtigkeit der raumlichen Struktur fiir das Uberleben mancher
Klone. Ebenso kann die Heterogenisierung des Tumors durch die Beobachtung der einzel-
nen Zelllinien begriindet werden. Bei der Betrachtung vieler langlebiger Zelllinien wird
einem bewusst, dass oftmals ein schmaler Grat zwischen dem Tot und dem Uberleben

von Zellen oder gar ganzer Klone liegt.
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1 Biological background

Cancer describes a large family of diseases which generates lots of different afflictions and
symptoms. All in common is the elementary problem. Unlike normal cells, cancer cells
are strictly spreading due to their anormal division control mechanisms. This leads to
a steady enlarging cell lump called tumor. Additionally cancer cells have in contrast to
normal cells no fix allocation and so can spread and invade neighbouring tissue which in
the long run leads to a complete system breakdown of the organism. Depending on the
sort of cancer cells there are many different tools for medical treatment. Some of them
are surgery, chemotherapy, radiation therapy and immunotherapy. These treatments are
often combined, but in this work we will focus on the most common treatment, i.e. by
a chemotherapeutic agent. The model we consider uses an agent which produces DNA
damage over the time until the cell dies as a consequence of the damage.

Like in many medical treatments (e.g. HIV or antibiotic medical treatment) in the
chemotherapy occurs medical resistance. There are mainly three different cases. The
first case is the impact of chemotherapy on healthy, sensitive, cells. They cannot stand
the therapy and certainly die after a long enough period of time. Second, there are
resistant cells. Here one can find two types of resistance, the pre-existing and the acquired
resistance. As the naming suggests, pre-existing resistance directs to a subpopulation of
the cancer cells that was already resistant before the start of the treatment. On the other
hand acquired resistance stands for the observation that cells were not resistant prior
to the treatment and gain a certain degree of immunity due to the chemotherapeutic
pressure. From a medical point of view it is difficult to determine which sort of resistance
prevails, but this would be necessary to choose the right treatment plan. Regardless
of which resistance occurs, the worst case would be the treatment failure in which the
cancer cells could not be erased completely and will recur more resistant and vigorous.
This phenomenon was also observed by Frei and Freireich after a high dose treatment
against leukemia. At first the study showed good results but at once many patients were
in a much worse medical condition and a second chemotherapeutic treatment did not have
any results. The problem in this case was that the cancer cells colonized the brain and
that is a part of the body where chemotherapy often fails because the blood-brain barrier
is a natural defense system of the body against foreign substances. [11]

This work aims to analyse chemotherapy resistance development by tracking surviving
clones back on a model by Gevertz et al. [7] which involves two mechanisms of resistance.

The ability of drug resistance is most likely related to the evolution. In order to survive,

mammals have evolved mechanisms to protect cells against cytotoxic compounds. These
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Figure 1: Some mechanisms of drug resistance [13]

mechanism often are activated as a natural protective reaction when a medical drug is
administered because these are unfamiliar substances to the human body. This could be a
problem when using a particular treatment and even more considering that often drugs are
used in combination. Hence over coming resistance to one medicament could lead to no
or less response to another treatment of a complete different disease. This phenomenon
is called multi-drug resistance. So it is important to know about the mechanisms of
resistance in order to switch to other therapies with other modes of action to gain a
reaction.

Of course there can be many reasons why the drug cannot work properly. For example
an irregular tumor vasculature which has areas not reached by the drug or because it is
absorbed by the cells in between. Another reason why the medicament does not reach the
cell could be areas with high fluid pressure in between which operate like a barrier without
passage. Also low serum levels can occur as a result of rapid metabolism or excretion of
the drug. There are more external possibilities, some intrinsic mechanisms how resistance
is generated are shown in figure 1 with important implications for drug designing and
therapy decisions.

One obvious way to prevent damage is not letting the drug in or dock. There are mainly
three ways a cell exchanges nutrients/molecules/etc. with its environment: Diffusion of
fluids across the plasma membrane, transport via receptors or transporter proteins (piggy
backing) and endocytosis. Completely terminating the traffic is not possible for the cell

as it also needs goods for a living. Hence the cell tries to reduce the drug input (or
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even all input) through mutations or modification of the cell surface molecules or have
defective endocytosis. If the drug either way managed to get into the cell there are
energy depended efflux pumps. They work with a cassette of binding transporters which
normally are there for moving nutrients or biological important molecules. But those can
also detect different kinds of substrate (e.g. hydrophobic natural drugs) entering through
the cell membrane. If it is a undesirable substance, they bind it to themselves and guide
them to the extracellular space. Afterwards the transporters restore to their original
structure and are operational again.

Once a anti-cancer drug achieved to get into the cell, many of them have to undergo
a specific metabolic activation in order to acquire clinical efficacy. So one way of the
cell to protect against the drug is a very strong enhancement of the drug metabolism to
degenerate the activated drug before it can work. Another way is the reduced activation
of drug and wait for its eflux without impact. A third possibility is the inactivation of the
drug by modification. This could be done by partially degrading the chemical substance
or complexing the drug with molecules/proteins with the result that the key-lock pair
does not match any more. This method also can be used on the target side of the drug
leading to a less effective or no impact.

Especially DNA /RNA damaging drugs are resting until a certain cell cycle checkpoint
is reached and then interact in every run and the damage is rising step by step. The DNA
damage response mechanisms can not work that fast or even do not recognize a defect
and so the cell will die when a threshold is exceeded. Known mechanisms in this case are
that the cell cycle is slowed down so that it is enough time for the DNA repair or the
checkpoint signals are altered so that the drug does not get active. Another resistance
factor in this case is simply a higher tolerance of DNA damage which mostly is pre-existing.
Further, cells of a multicellular organism are an organized community also regarding cell
number regulation. The process of the programmed cell death is called apoptosis (Greek
for "falling off" like leaves on a tree). Some drugs aim to activate this natural process
but mutations of the activation sequence or modulations of this pathway are observed
techniques of the cell to protect itself from the treatment. The environment in which the
cells live plays an important role. For example if the environmental conditions are bad
(e.g. drug exposure) often a subpopulation of the cells are shifted in a quiescent state.
This means that the cell ceases the exchange with the environment, stops proliferation
and rests until better environmental conditions are reached.

Usually in current practice a mixture of drugs with different modes of action are
used as a "backup" if one agent has no effect because cells are resistant to a mechanism.

Otherwise independent cells can develop the different presented modes of resistance to the
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treatment (in case of acquired resistance). Often cells of the same clone generate similar

phenotypes. This motivated us to the analysis of lineage trees of single clones. [3,5,15]

2 Mathematical modelling

At first we have to point out the difference between a system, a model and a simulation.
Generally speaking a system is a theoretical construct to understand processes in the
world. A system consists out of two basic parts. A set of objects and the relationships
between them. Additionally if it is not an isolated system; there exist interactions between
the system and its environment. The delimitation of a system is given by boundary
conditions which vary depending on the task to solve.

In the ancient Rome the Latin word "modulus" described a small scale replica of a
building. These can be transferred to the term model. A model is a simplified representa-
tion of a real system through specifying it in some formalism. The aim is to emphasise the
important aspects and neglect the unimportant features for the task by abstracting. This
may reflect in loosing a certain degree of accuracy. Also, there are many possible models
for a system and one cannot declare one superior to the other as its accuracy depends on
the question to answer.

The motivation of setting up models for real world problems is to predict the future
state of a system. This leads to the third term, the simulation. This simply means
numerically or computationally running the model for a certain initial state of the system.
Here the importance of neglecting aspects of no interest for the better performance may
be relevant. [2]

So far we dealt with the terminology in general. As we here are interested in mathe-
matical modelling this means that our model formalism is represented by functions and
equations. In the following we introduce two types of "bottom-up" models. In contrast
to the "top-down" models, which try to describe the global processes and transitions as
a whole, the "bottom-up" principle proceeds from describing microscopic views which

together form the macroscopic entirety.

2.1 Cellular automata

While there is a present popularity in research and application, the concept of cellular
automata (abbr. CA) dates from the mid 20th century. Around 1950 the idea of CA
was introduced by Stanislas Ulam, John von Neumann, and Konrad Zuse. This abstract

object provides a possibility to simulate systems and processes by the discretization of
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(a) Neumann (b) Moore

Figure 2: Classic neighbourhoods for CA in two dimensions [14, p.29]

time, state and space. At first it was developed for one dimensional problems but most
of its applications today are in two or three dimensions. Generally a d-dimensional CA

consists out of four components:

e A regular, discrete, infinite network representing the space structure. The individual
parts of this network are called cells. Mathematically you can represent this by
74 =: Q.

e A finite set of elements (V) representing the possible cell states.

e A finite subset w C 2 where |w| = n for every cell in Q. This is called the neigh-

bourhood and is temporally and geometrically uniform.

e An update function or local transition rule § : ¥+ — W. It is a local, deterministic

and uniform function.

Assume the current timestep to be t. The transition to timestep ¢ + 1 is done syn-
chronously for all cells in 2. As the update function is deterministic and the update is
done synchronously the global evolution of the CA will always be the same provided that
the initial configuration is identical. [10, 14|

Every finite subset of {2 could define a neighbourhood but the classic neighbourhoods
are the nearest neighbourhoods depending on which norm is used. Let us consider a cell
z € Q. At first have a look at the l-norm (||z|; = Zf:o |z;])' and its corresponding
distance function dist;. On the basis of that, the Von Neumann neighbourhood is defined

as Nyn(z) = {z € Q: disty(z,x) < 1}. Analogously the Moore environment is defined by

1d is the dimension of a general CA, d € Z
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the oco-norm (||z||ec = max{|z;| : i € {1,...,d}}) as Nyo(z) = {z € Q : dist(z,2) < 1}.
Both are graphically illustrated for a two dimensional CA in figure 2. [14]

CA have many applications like in traffic simulation or fluid simulation but certain
capabilities are limited. As the complexity in modern times raised (e.g. robotics, social
science, server-client simulation) and also the computational possibilities increased, a new

type of model was necessary.

2.2 Agent-based modelling

The agent-based model (abbr. ABM) is a very young discipline in contrast to the CA. It
originates from the artificial intelligence research and describes a kind of an evolution of
the CA. A ABM is structured by the environment and individual entities, called agents,
situated in the given environment. Now the term agent is characterized in a general way
as there is no explicit definition so far.

An agent is a system in an environment. The environment is not just the spatial space
the agent is located in, there can be interaction between the agent and the environment.
The latter allows for the usage of the resources of the environment (e.g. input of data
or goods) and consequently the manipulation of those in the environment. Further, an
agent can move freely (depending on the implementation) in space and is an autonomous
object. This means that at every timepoint the agent can decide which option would be
the best (in the implemented sense).

As there are usually many agents in an ABM there arise two questions. Are the single
agents different from each other and do they have relationships? For the first question the
most important fact is that the agents are diverse and heterogeneous. So primarily you

can say every agent is a unique entity but on the other hand there can exist more agents
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with the same or partly the same properties. Those form groups and are (normally)
important for observations concerning e.g. the dominance of different types of agents.
The second question depends on the implementation of a model. The theory allows every
possible scenario, from no relationship to interactions and exchange of goods with other
agents. A graphical summary can be seen in figure 3. Every agent has a limited point
of view, they do not see the whole system, only a part of it in their periphery. If in an
agent based model the agents are computed asynchronous, the simulation of such a model
can generate different outputs in different runs although the initial conditions were the

same. [4,8]

2.3 Cellular automata vs. agent-based models

After a short introduction in the two types of models we continue by a comparison in
order to work out their important differences. This could also be helpful for choosing one
of the two models for a given task.

So first starting with the environment. The CA always has to be structured in a grid-
like way (transferable on Z4) whereas the ABM does not need any given grid structure.
Second the cells in a CA are locally fixed and only can attain one state. A movement
can only be modelled by the "movement" of a state from cell to cell. This leads also
to a limited movement possibility (usually 1 unit). In contrary, agents can move in the
environment freely and can carry a lot of information / data.

Evolution of the model in a simulation is a time-dependent process. The CA dictates
that this is a discrete step-by-step process following fixed rules which are applied simulta-
neously. This may lead to a deterministic behaviour. On the other hand in an ABM it is
no specified if the time is considered discrete or continuous. However one has to mention
that as the model has to be computed it is only a virtually continuous time scale. The
state transition in this case depends on many factors, just to mention a few like spatial
positions, agent properties, etc.. Because of the asynchronous computation of the agents
in the model this cannot be deterministic.

In general you can work out two "CA vs. ABM statements" describing the main
differences pretty well: standardised strict rules vs. degrees of freedom, simplicity vs.
adequate accuracy. The main questions of interest in both models are the same. Will a
specific model form (agents types or cell states) dominate in the future? Will simulations
have a stable mix of agents in the future, or respectively, will there be a steady state in a
CA? So in the end it is all a question about complexity which model you will choose for

a appropriate representation of a system.
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Figure 4: In (a) one can see a exemplary starting configuration where the 65 different
initial cells are marked with different symbols to graphical track the different clonal evo-
lution. In (b) one can see an exemplary drug gradient with the described niche. |7, p.31]

2.4 Agent-based hybrid model

After some theoretical presentation of possible ways for modelling systems, now the hybrid
discrete-continuous mathematical model used in this thesis is introduced. It was developed
and presented by Gevertz et al. in 7] and aimed to model cancer growth processes
while treatment with a DNA damaging chemotherapeutic agent. Thereby, the interaction
between the cells and the different types of resistance is regarded. In the following the
model under study is abbreviated by WhAM.

WhAM is a two-dimensional ABM where the environment is a small slice of tissue with
four fixed points to represent the blood vessels. These are necessary for the oxygen and
drug supply. Their location is fix in every simulation to allow us to draw conclusions about
the different resistance types or drug protocols. Otherwise results could be associated to
the different positioning of the vessels. Also always the same amount of 65 initial cells
are observed, only the mode of resistance and their initial location can be changed in the
case of pre-existing resistance. Then, resistant clones can be placed either very near the
vessels for good oxygen and drug supply or at a intermediate distance. It is also possible
to place them in a position between the vessels to investigate niche formation. The spatial
configuration can be seen in figure 4. All other influences around the tissue and all other
tissue components are neglected for simplicity.

The model is declared as a hybrid model because it has two types of modelling compo-
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nents. The ABM with discrete time steps and variables and parallel the system’s supply
of oxygen and drug is modelled by a reaction-diffusion partial-differential equation. The
resulting continuous gradient is evaluated at the discrete time points during the simula-
tion.

Previous to the presentation of the model equations we shortly mention here the
main results gained from the model simulations. In the case of pre-existing resistance it is
observed that with a low DNA damage repair term the tumor is eradicated, with a medium
DNA damage repair term resistant clones survive whereas sensitive clones die and with a
high DNA damage repair term all clones survived regardless their phenotype. Similarly in
the acquired resistance case. With slow increase of the death threshold all cells died; with
an intermediate increase some of the clones died but a resistant subpopulation emerges
and with high increase the treatment fails as (nearly) all clones survive. Also spatial
dynamics are observed. Cells near the vessels are killed very fast otherwise cells far away
from the vessels or in drug/oxygen niches survive much longer or rest in quiescent states

and emerge later in a resistant tumor.

2.4.1 Model equations

From now on let = (z,y) denote the location of continuous variables and (X,Y") defines

positions of discrete objects.

Oxygen kinetics

As declared above all nutrients including oxygen are delivered by the vasculature V;? with
a constant rate of Se. The oxygen concentration £ at location z = (z,y) at timepoint ¢
depends on the supply by the vasculature if it is close enough (see equation (1)) as well as
the diffusional inflow with diffusion coefficient D;. Additionally we consider the cellular
uptake by the tumor cells Cy, ® at this location (see equation (2)) with rate pe. All this is

unified in the following equation:

9¢(x, 1) :
e D AE(x,t) —min §(x,t),p§ZXck(m,t) —i—SgZXVj(x,t).
P k J
dif fusion N -~ _ -—
uptake by the cells supply

In this equation appear two characteristic functions for determining the neighbourhood

which are defined below. Ro and Ry thereby stand for the fixed cell radius respectively

24 indexing over the the vessels Vj(X’Y)

3k indexing over the cancer cells C{*Y)

21



vessel radius.

Lif lz = (@) < Re,
0 otherwise.

Lif [l = V@) < Ry,
XV; <x7 t) = . ’ (2)
0 otherwise.

In order to get a unique oxygen gradient one has to define boundary conditions. So in
this case sink-like boundary conditions are used: Vx € 0f : % = —wé(z,t) *. The
initial oxygen concentration &(x,ty) was determined to get a stable gradient for a healthy

tissue or a tissue with cancer population but no chemotherapeutic treatment.

Drug kinetics

The modelling of the drug supply equation is pretty similar to the oxygen kinetics. Like
the drug concentration ~ at location z = (z,y) and timepoint ¢ firstly depends on the
inflow of near vessels and the diffusion. Therefore the diffusion coefficient is depicted by
D, and the supply rate by S,(t). Here can be remarked the first difference. The supply
rate of the vessels is not necessarily constant in order to have the possibility to test drug
protocols with no constant supply over time. Secondly we have to consider the eflux term.
We have a cellular uptake with a rate p, but also a proportion of the chemotherapeutic

agent decays represented by the decay rate d,.

0y(z,t) :
ot = DVA'.)/(:E? t) - d77<x7 t) —nmn <7($a t): P~ Z XCy (1’, t)) + S’Y<t) Z XV; (:Ea t) :
dif fusion decay N k AN J _
uptake by the cells su;;ly

(3)
The boundary conditions for the drug equation are the same as for the oxygen and the

initial condition is the start of the treatment which means that drug is only found at the
blood vessels. This leads to: Vo € Q \ Vi : y(x,ty) =0, VVk(X’Y) cy(x,to) = S, (o).

Cell mechanics

In WhAM a cell is represented by its center C’,iX’Y) (t) and a fixed cell radius R¢o. Cells
do not have a fixed position, when cells collide ®, two repulsive forces f;; and —f; ; are
applied to cells C’i(X’Y) (t) and C’J(X’Y) (t) to move the cells apart. If cells leave the tissue

4n inpointing normal, Q the whole model domain

5For i, j cell indices: [CXY)(t) — C(1)]| < 2Re

22



C’,gX’Y) (t) | cell position C“ge(t) cell age

cprat cell maturation age ( ) level of sensed oxygen
Cl(t) level of accumulated drug C’ezp (t) | time high drug exposure
Cdam (t) level of accumulated DNA damage C’d“‘th( ) | death threshold
C’,gIDC’IDm) (host cell index, mother cell index)

Table 1: Legend for (5). Values are observed at timepoint ¢ if it is a time dependent
variable.

domain ¢, they disappear in the model. To simplify notation we let X; := CZ-(X’Y) (t) and

F denotes the constant spring stiffness. Then the most simple case is about just two cells:

_ F(2Re — || Xi — X; H)Hx X, T if 1 X — Xl < 2R, ()

0 otherwise.

0,

But nearly always there are more cells involved. So let N be the set of all indices where
the associated cells are in the neighbourhood of X;, then the resulting force F; acting on

X; results out of simple vector addition of the forces betwen X; and X; Vj € N \ 7.

Fi=>fi

JEN

The whole mechanic scheme can be seen as a system of overdamped springs connecting
the neighbouring cells. The Newtonian equations control the cells dynamics. This leads
to a representation of the force with a damping constant v and a location tracking within

a small interval At:

dX;

F = -
b

1
(%

The tumor would achieve a stable state the moment when the neighbourhood of every
cell is empty. According to equation (4) every sub forces equal to zero and consequently

the resulting force equals zero, too.

2.4.2 Model dynamics

XY age ma ex am ea IDc, 1D
Cult) = { CF W), CRe(1), e, CEW), L), G2 (1), e (), Gt o), € P17
(5)
In equation (5) you see all the attributes/values of the cell with index k at timepoint

t. Speaking in terms of "sensed" oxygen or drug, the neighbourhood of C} is defined as

Snucleus once crosses the domain border
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ni’. In the following the update cycle of a cell (see figure 5) is described and the update
of the cell attributes is defined. This cycle is repeated for every cell in every timestep
in a random order as the agents are computed asynchronous and no cell should have
advantage/disadvantage by positioning.

First step is to determine the oxygen and drug uptake. Thereby the oxygen level is
equal to the oxygen uptake because all of it is used in every iteration. This simply leads
to the summation over the oxygen concentrations in the neighbourhood n,. The drug
uptake is slightly more complicated. First one ensures that the drug does not decline.
Then for every location z in the neighbourhood ny, the uptake is the difference between
the maximal possible uptake and the drug decay. If the uptake sum overall x leads to a

negative uptake this is set to zero in order to hold the steady rising drug level condition.

CE(t4At) = Zf z,t), Cl{t+At) = C/(t)+ [max | 0 me x,t),py) — d, O (1)
———

N uptake decay

sensed & used

These two values decide the further course. The C¢ regulates if the cell oxygenation
falls under a threshold and consequently changes into a quiscent state which inhibits cell
division. The change of the C” value in combination with the duration of drug exposure
determines the DNA damage. This is calculated under consideration of the repair rate as
follows:
Com(t4-At) = Ofom™(t)+ At—pC™(t) . (6)
—

repair

max( me (x,t),py) — dWC,Z(t))

If the DNA damage exceeds a certain fixed death threshold (C9") the cell dies. In
the case of pre-existing resistance the death threshold of some cells is higher by a factor
compared to the others, but this value cannot change over time. In the case of acquired
resistance this value is not fixed. Under given conditions the threshold can be computed

as follows: 8

CiP(t) + At if CY(t) > Yeaps

CLP(t+ At) =
Cieat(t) otherwise.

Tny = {x e — C’,ﬁX’Y)H < Rc}

8tmp: minimal time of high drug exposure for more resistance, ve.p: barrier of high drug exposure
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The cell age is updated respectively by the timestep if it does not die. So there is a last
case to discuss, the cell division. This happens if the cell reached its mature age, it is well
oxygenated and not overcrowded. The latter means that only a certain amount of cells
can be located in a surrounding of the potentially dividing cell. If these conditions are
fulfilled, the cell will undergo mitosis and will place one daughter cell at the location of
the mother cell and the other at a random angle around the mother cell. At this point
the cell mechanics start working to stabilize the tumor. In this proliferation process the
mother passes the DNA damage and the death threshold but naturally the amount of
drug is bisected.

Some last words about the initial configuration of the cells which is set as follows:

Ck(t()) = {(Xka Y;c)7 07 Mka Z 5(1'7 t0)7 07 Oa 07 Tka (k’ O)}
k

Going through the values, the cells have a predefined location (X, Yy) and start with age
zero. The maturation age My, is drawn from a uniform distribution [0.5 X Age, 1.5 x Age]
with Age being the average maturation age. The initial sensed oxygen level is set to the
cell neighbourhood of the stable gradient and all drug concerning attributes are set to
zero. All cells start with the same death threshold 7} and the unique cell index is set to

(k,0) as the mothers of the initial cells are unknown.
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2.5 Comparison with an evolutionary model

The model we will analyse has been introduced in detail, now follows a short overview
over another approach dealing with the problem of drug resistance. A model dealing with
evolutionary dynamics of cancer in response to targeted combination therapy is presented
in [6]. Unlike than in WhAM the model neglects the spatial structure and environmental
influence factors and focuses on the tumor size and the treatment with more than one
drug (to target different pathways). It is a multitype branching process in continuous
time based on empirical obtained probabilities. In comparison to the WhAM model,
which focuses on empirical values (e.g. biological data), probabilities (e.g. the order
the agent update is executed) and fixed cell rules, the evolutionary model only stands
on probabilities. For the sake of convenience the cross-resistance phenomenon and the
loosing of resistance by mutation is neglected.

We shortly summarize the major results for a dual treatment. Comparison with the
WhAM model will be neglected as this does not focus on therapy with more than one
agent. Even though in medical practise for economic or medical reasons a sequential
therapy is used, the model precludes any chance of cure even in the case that there is no
possible mutation that confers cross resistance. One would assume that the simultaneous
therapy would deliver a promising outcome but only if there is no mutation the dual
simultaneous therapy will eradicate the tumor. Even if there is only one possible mutation
conferring cross resistance there is nearly no chance for tumor eradication. If still this
unlikely eradication happens, the remission is only shortly living. Furthermore simulations

with three therapeutic agents led to the same result.

Model

The possible combinations of resistance in the system with D different ordered drugs are
modelled with a binary string of length D. 0 stands for sensitivity and 1 for resistance.
So let m < D define the quantity of resistant drugs for a cell and let D, = {iy, ..., 0y, :
1 <i; <...<i, < D} be the set of the indexing drugs a cell is resistant to (but not to
the other D — m). Then for all sets s € P(D \ D,) the ng describes the number of point
mutations that have the potential to confer resistance to all drugs in s and w« is the point
mutation rate. A point mutation is a single nucleotide base change, insertion, or deletion
of the genetic material and the point mutation rate is a measure for the frequency how
often a point mutation occurs over time. Point mutations happen during the cell division
and the model assumes that the resistant mutation occurs in one daughter cell and the
other stays in the same state as the mother cell. If both daughter cells should have the

possibility of mutation, in the model the mutation factor simply is doubled.
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Figure 6: Illustration for the 4 possible resistance state proceedings in a model concerning
two different drugs. co. describes the complement of 1 and the sum of all the other
probabilities of the possible next state for a current state.

The model contains two stages. Stage 1 is the pretreatment where the model is
initialized with only sensitive cells (s = (0,...,0)) in place and the tumor expands at
rate r = b—d’. The second stage starts the treatment when the cells reached a number of
M. In this stage fully resistant cells (those with resistance profile (1,...,1)) continue with
rates b respectively d, all the other get new rates ' = b’ — d’ < 0. The paper continues
with analysing the different branches, especially concerning the existence possibilities for
a total multi resistant clone (resistance profile (1,...,1)) which is equal to the treatment

failure.

3 Analysis and results

Treatment (or also without pressure) leads to the development of new cell features, for ex-
ample resistance or the possibility of spreading by metastatic behaviour. This may result
in differentiated cells with new phenotypes. Ultimately, this causes a heterogeneous cell
population and consequently difficulties in the therapy. The phenotype diversity causes
different responses of the subpopulations to the chemotherapeutic pressure. Our aim is
to understand the multiple cell lineages and to analyse how the surviving subpopulations
should have been treated. [1]

The aim of this work is to develop a routine analysing the output of WhAM to generate

9b defines the cell division rate and d the death rate
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lineage trees. This hierarchical structure is often used in biology and medicine to encode
cell division events over time. The function generates among others the complete lineage
trees of the tumor initiating cells (TIC). Every single branch of a tree describes one
specific lineage. In contrast to the structures displaying the complete tumor growth, the
partition into the single TIC for illustration and analyse gives the possibility to distinguish
between the several subpopulations (phenotypes) and their behaviour. Particularly, in this
work, the advantage of analysing the lineage trees is to draw spatial conclusions why this
specific clone behaved as simulated. To compare cell attributes one can define a domain
partition. The key aspect is to partition the tissue space in spatial levels describing areas
with similar supply of oxygen and drug to analyse the impact of niches or far distances
to vessels on the clonal evolution. There are of course more possible distance functions
assigning to each location in the tissue a value for the just mentioned purpose. So let d be
the euclidean norm in two dimensions, X = (X,Y) an arbitrary location in the tissue and
let V' = {vy,...v04} be the set of the locations of the four vessels. Then the used distance

function dist is as follows:

dist : [—65,65] x [~65,65] — R, X min( d(X,v)). (7)

veV

Vv
tissue space

The reason why the square root of the Euclidean distances (or the minimal distance)
between a point and the vessels are taken is because in a healthy tissue the oxygen/drug
firstly spreads in an area of a circle, consequently the drug/oxygen is distributed quadratic
concerning the radius. From now on the term distance describes the outcome of dist for
the position of a cell in the tissue. This holds in the text as well as in the illustrations.
This distribution of the distance function is illustrated in figure 7. As the maximal value
that can result out of the dist function (this value is taken as the tissue is represented
with a compact set) is 7.9774, for the analyse the domain is partitioned in eight different
intervals respectively defining the eight categories cells are ordered to. Except of the last
interval, all of them evenly cover 1 distance unit (meaning [0,1) refers to category 1, [1,2)
refers to category 2 and so on). The higher is the distance category (depends on in which
interval the distance value (equation (7)) is located) of a cell, the lower is the drug/oxygen
uptake and so the cell is located in a spatial niche. The higher the total population around
the vessels, the lower is the category number already touched by the niche phenomenon

as the drug/oxygen is broadly used by the cells near the vessels.
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(a) Distance distribution (b) Used distance levels

Figure 7: The figures are generated with the use of the implementation of function dist
(see appendix). (a) Graphical illustration of the dist function. (dist(30)) (b) The used
levels of distance (in the sense of equation (7)) in this paper to categorize cells. It is a
partition of the domain in nearly 8 equidistant intervals. (dist(8))

3.1 No drug resistance

In order to analyse the behaviour of the tumor evolution in resistant systems during the
therapy with a chemotherapeutic agent one also has to document the case of no resistance.
Otherwise no conclusions can be drawn of the impact of the different types of resistance
on the clonal evolution with anti-cancer medication. Therefore WhAM was run in the no
resistance mode and with a DNA repair rate of 0.015% (same repair rate in all cases).
The simulation in this and all other cases is considered until iteration 20000.

In figure 8 you can see shots of the tumor tissue at certain time points. In figure
8(a) you can see the distribution after the first pass of the loop. So in the beginning the
tumor grows steady with many different clones (see illustration 8(b)) until the cells near
the vessels are killed and the cells in the drug niche for now survive (compare figure 8(c)).
The tumor is diminished further until one strong clone (clone 25) arises from the drug
niche and starts spreading which can be seen in figure 8(d). But in the end this clone
dies out as well because there is no resistance to the drug which is equal to the complete
tumor eradication (iteration 6607).

At the beginning the tumor can grow quickly because it is well oxygenated (see figure
5: the cell has to be non-hypoxic in order to proliferate, in the WhAM tissue plots hypoxic
cells are represented by a white circle around them) and drug has not reached all cells.
The latter takes more time in average if the tumor, like in this case, grows fast because
the drug is distributed over more and more cells. The drug is indeed halved but as the
rise of damage depends on the change in drug and the current DNA damage there is no

gain from the drug halving (compare equation (6)). In figure 9(a) we can see that the
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Figure 8: No resistance: Illustration of the tumor evolution.

first clones are dying out around iteration 2500. In this plot there is a noticeable trend.
The higher the distance to the nearest vessel, the more likely the clone survives longer.
The initially surviving of the cells in the niche refers to the less drug uptake but why
the tumor can recover and grow again and why are they eradicated later? The reason is
the diminished number of cells. This leads to a further diffusion of the drug because it
is not used by cells in between. As a result the area of low drug supply shrinks and the
incremental term of the DNA damage equation essentially overpowers the repair term.
Now have a closer look on the clone 25 as the longest surviving. Its lineage tree (or
trace tree) can be seen in figure 9(b) (and also its symbol in the other plots). There
may be three reasons why this clone survived that long. The first is the optimal initial
position concerning the complete tissue In figure 8(a) we can see that the initial the cell
25 is placed right in the middle of the niche between the four vessels. This is important
for the primary surviving of the cell and for the growth of the clone. The second reason

is the protection of the clone by the clones represented via the blue and pink diamonds in
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Figure 9: No resistance: (a) Illustration of the relationship between the distance of the
initial cell (in the sense of equation 7) of a clone and the extinction of the complete clone.
(b) Lineage tree for the initial cell 25. It is the longest surviving before tumor eradication.

the WhAM tissue images 8. They broadly absorbed the drug before it could invade in the
niche and reach clone 25. The last point is coincidence. The new cells and consequently
the movement of the tumor by the cell mechanics lead cell 25 completely in the niche.
Afterwards, approximately from iteration 3000 on, the clone strongly increased which can
be seen in the trace tree. This is a result of the cease of the other clones so there is
much less overcrowding. Nevertheless this only prolongs the survival of clone 25. The cell
protection is lost, the drug is invading in the niche and the number of cells is not rising

fast enough.

3.2 Pre-existing resistance

As already addressed in section 2.4, the pre-existing resistance in WhAM is modelled so
that two of the 65 initial clones have a higher death threshold (five times higher) than the
others. This ability is inherited and during the treatment the death threshold cannot be
heightened. Moreover there are three possible initial configurations (near, intermediate
and far away from the vessels) where the resistant clones are located at. Since in all the
three simulated initial configurations the same progress and result was observed, only the
case of the resistant cells near the vessels is presented.

At first all the clones evolve like in the case of no resistance. They spread and remain
in the niche until they die except for the two resistant clones. Those do not response
to the drug treatment and eventually populate the complete tissue space. We present a
similar analysis as in the case of no resistance, both in terms of resistant and non-resistant

cells evolution.

31



2107 distance - survival disgram Initial cells of the surviving clones andlor the three dead but longest surviving clones.

ns until death

#iterafior

=]
o & Sofw B
] 4 5 B

(a) (b)

Ini tal || 54
Initial cells of the first eradicated clones 3 Tracelreec inginputcellls): Al descendants alive in final iteration

Immﬁ“uﬁ it

U2 il ||

Wi

Figure 10: Pre-existing resistance: (a) Illustration of the relationship between the distance
of the initial cell (in the sense of equation (7)) of a clone and the extinction of the complete
clone. (b) Location of the initial cells of the long surviving clones. (c) Location of the
initial cells of the short living clones. (d) Trace tree of resistant cell 54.

The same picture of the relationship between the distance to the nearest vessel and
the clonal survival is observed. In figure 10(a) one can see the exact same trend as in
the non-resistant case but the two resistant clones (those with the lowest distance to
the vessels) survive until the end of the simulation. In the tissue space one can see in
figure 10(b) the location of the longest surviving clones and in 10(c) the shortest surviving
clones. The clones dying first are located at the vessel (see figure 8(a)). The trace tree
of one of the resistant surviving clones, namely clone 54, can be seen in. 10(d). The first
sign of resistance was the rather constant iteration (except generation 1 due to display
problems) until proliferation and no cell death until about iteration 8000. This speaks
for the division right after the maturation age is reached. Afterwards the cell division
gets irregular and also some cells "disappear". The term is set in quotes because most of

the cells do not die but are not considered in the trace tree any more because the cells
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Figure 11: Pre-existing resistance: Digram plotting the number of cells in the DNA
damage levels against the death threshold levels of the cells in the last three generations
of cell 54. (a) pre-previous iteration; average cell age: 1664 iterations. (b) previous
iteration; average cell age: 2419 iterations. (c) generation in last iteration; average cell
age: 4364 iterations.

are pushed out of the watched domain. In the introduction of WhAM this was equal to
the death of the cell. This explains the ending of some lineages. There are two possible
explanations why the reproduction cycle concerning the number of iterations has become
unrhythmic. Both of them are related to the rapidly growing population. On the one
hand at the margin of the tissue the cells slip in a quiescent state as result of the low
oxygen supply (according to figure 5 this blocks the potential cell division), on the other
hand the overcrowding of the space. In figure 11 the distribution of the cells according
to their DNA damage level in final iterations is presented together with two ancestor
generations. So for example in figure 11(b) are considered only the ancestor cells of the
cells alive in final iteration. Speaking of the generations in time we see a rising generation

age and also a small shift of the damage level towards the death threshold. But even if
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Figure 12: Pre-existing resistance: (a) Lineage tree of longest surviving clone without
resistance, cell 25. (b) Histogram of the first 10 generations of cell 25 according their
participation in the distance levels 1-8 presented in figure 7(b). (c) Lineage tree of cell
45. (d) Generation distance level histogram for cell 45.

the DNA damage comes near the death threshold level or even exceeds it, the dying cells
would be immediately replaced by new cells. As a result of the high population number,
there will be cells which are slightly or not at all reached by the drug and so cells with a
low DNA damage will be generated. Consequently the pre-existing resistance results in a
complete treatment failure.

Now comparing this resistant tree to two non resistant clones, the longest non resistant
surviving (clone 25) and a short living (clone 45). In figure 12 the lineage trees are
illustrated. Initially focus on the less complex tree of cell 45 (figure 12(c)). The cell starts
dividing but all the cells of the clone die nearly at the same time. This shows that the
cells of the clone got the same amount of drug and because of no resistance they died very
early. Now the more interesting lineage tree of 25 (figure 12(a)). Here in the beginning a

regular reproduction is observed but earlier than the resistant clone 54 (about iteration
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1000) this order disappears. This results because clone 25 was in a spatial niche and
also the surrounding clones are long living (see figure 10(b)). The low drug supply in
the niche generates a low death rate and leads to an early overcrowding. Until there is
more space again, the process of cell division is inhibited. In the early iterations of tree
54 this behaviour is not observable. As the initial cell is placed near the vessels and the
non resistant clones around it die very early (figure 10(c)) space is free and the dividing
is continued. The first cells of clone 25 are dying from iteration 3000 which is identical to
the non resistant case. This fact as well as nearly the complete lineage tree is so similar
to the non resistant case because clone 25 never came into contact with the resistant ones
and died before they spread over the tissue.

Additionally to the previous observations in subsection 3.1 of clone 25 and clone 45
we want to point out the spatial "movement" of the generations. For clone 54 this
consideration is not that interesting, because of the resistance, the clone survives anyway.
The diagram plots for the first 10 generations (if it survives that long) of the spatial
distribution of the generation in 8 distance levels (according to figure 7(b)) is shown in
figures 12(b) and 12(d). In the simple case of clone 45, as a representative of fast dying
clones, we see in figure 12(d) that the initial cell is located relatively near the vessels,
namely in distance level 3. In the following two generations the cells move in higher
distance levels (4,5,6) but this was not fast enough and the clones could not escape the
high drug supply. The last generation is located in level 5 and the clone perishes there.
Now comparing to figure 12(b) which displays the same plot for cell 25. As we already
know it starts in the niche (level 7) and in the early beginning (since generation 2) already
populates the highest distance level 8 and never really reaches level 5 or lower. As one

can see the cell explosion after generation 5.

3.3 Acquired resistance

Acquired resistance, the second possible kind of resistance implemented in WhAM, was
modelled as follows. The death threshold level (the DNA damage a cell can manage) is
not like in the other case fixed, but a variable (once gained resistance cannot be lost for
example by another mutation). The rise is attached to the condition that the exposure
time with drug higher than a level exceeds a certain duration. For the sake of convenience
the step the threshold rises is at all times and for all cells the same constant Ageqn. Now
we discuss two cases, differing in the amount of threshold gained per step, as they deliver

completely different results.
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Figure 13: Acquired resistance case 1: (a),(b) Tissue image at iteration 3500 respectively
iteration 10500. (c) Illustration of the relationship between the distance of the initial
cell (in the sense of equation (7)) of a clone and the extinction of the complete clone.
(d) Spatial movement of the longest lineage of 25. The first green circle stands for the
beginning location, every further red circle is the position after 500 iterations later. The
second green circle stands for the end position.

Case 1: Agearn, = 0.000025

Comparing the figure 13(a) to the illustration 8(c) in case of no resistance the timepoint
when the first wave of death kicks in delays about 500 iterations. Occasional some cells
survive also in the drug exposed regions at first. But gradually the same course is pursued
which means that step by step all but one clone dies out, clone 25 recovers temporarily
but in the end also is diminished further and further. The main difference so far is
the timescale which is prolonged. This also reflects in the distance-survival plot (see
illustration 13(c)). The survival trend concerning the distance (in terms of equation (7))
and also the level of first deaths nearly stays the same as in the non-resistant case, but

there is a wider distribution regarding the surviving iterations. In the simulation the clone
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Figure 14: Acquired resistance case 1: (a) Death threshold plotted against DNA damage
for the longest surviving lineage of clone 25. (b) Death threshold plotted against DNA
damage for the longest surviving lineage of clone 54.

25 survives until the end but only with one hypoxic cell which is located in the highest
distance class and consequently deeply in a drug niche. In figure 13(b) you already can
see the final tissue overview already at iteration 10500. Because in this class of resistance
the death threshold additionally varies to the DNA damage it is interesting to have a look
at the relationship between them for some certain lineages. Maybe this also could give
clues why clone 25 has not died so far.

In figure 14 the information is shown for the surviving lineage of 25 and the longest
surviving lineage of a dying cell 54. The circles in the plot stand for the initial cell at
the beginning, a proliferation within or death at the end of the cell lineage. The graph
is generated out of the given data from WhAM. In the used simulation the data was
saved to portrait the current state of the tissue and cells every 100 iterations. Between
these data points every 100 iterations the graph is linearised. This accuracy is absolute
adequate for this reflection, if not the simulation has to be done with more saving steps.
Naturally this leads to a worse runtime of the simulation and the analysis. First discuss
the plot for the clone 54 (see figure 14(b)) as a representative for a clone with a initial
position near the vessel. As a result of this, the clone (and so the cells of the considered
lineage) from the beginning and the complete lifetime is under high drug exposure. This
leads to a sustained death threshold increase right from the beginning. The needed drug
exposure level of 0.01 is overrun right away and at a high level, so that halving after
proliferation does not decrease the level. This increase is not fast enough to escape death
and so the lineage and the clone dies. Interesting is that the slope of the DNA damage

graph slowly falls within time in 14(b). The earliest decrease after the first proliferation
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is related to the rising number of cells and so less drug can be sensed by the lineage. The
second decrease after the second proliferation is the result of a greater minimal distance to
vessels, although there are less cells around the considered cell. This also is an indicator
that location (respectively distance to the nearest vessels) is the most important factor
for drug supply and DNA damage. In the end, clone 54 had an advantage over other cells
as it is located slightly further for longer survival, this is because the instant resistance
gain was superior to the faster DNA damage which led to slightly longer survival.

Now have a look at the longest lineage of clone 25 (see illustration 14(a)). In the early
time the death threshold curve as well as the DNA damage curve do not join. This is
justified by the fact, that the drug needs time to diffuse to the cells in the niche. Important
to notice is the earlier (but minimal) rise of the DNA damage because the drug exposure
must be high and long enough to develop resistance. After the drug has accumulated
strong enough, the lineage over the whole time linearly acquires resistance. In the early
segment also a frequent proliferation can be seen accompanied by a strongly rising DNA
damage. Both stops after iteration 2000 where the DNA damage further declines. The
cell is surrounded by other cells/clones and so shielded from the drug. On one side, the
cell cannot divide due to overcrowding, on the other side the fraction of repaired DNA
damage is greater than the gained drug in this period of time. Remarkable is that the drug
input is not zero, in this scenario the DNA damage would fall stronger. This trend finds
an abrupt end (near iteration 4000) when the first death wave clears the tissue around the
niches. The protective shield is destroyed and immediately the cell can divide as there is
enough space and the maturation age of course already was reached. The death wave of
the other clones leads to more drug input which instantly leads to an increase of DNA
damage. This same process can be seen later around iteration 6000 but only with cells
of clone 25 as all the others are eradicated already. This second decline stops at after
500 iterations for the simple reason that there are not enough cells as a shield. At this
point the cell already reached its final position which can be seen in the plot of the spatial
movement of the watched longest cell line (see figure 13(d)). Here it is also clear that the
longest cell line walked through the entire niche in the most distant area. The cell from
now acts in a hypoxic state which prohibits the proliferation. After this timepoint one
indirectly sees a stabilisation of the drug gradient. At iteration 11000, the drug uptake
nearly was sufficient enough to kill the cell and at iteration 14000 the fraction of repaired
DNA damage was higher than the sensed and used drug in the process of stabilization.
At the end of the process the drug gradient will have approximated the same state as
if there would be no cells in the tissue (see illustration 4) and not more drug will arrive

to the cell because of the drug decay (metabolism). The cell is going to regenerate to a

38



#iterations until death

Figure 15: Acquired resistance case 2: Illustration of the relationship between the distance
of the initial cell (in the sense of equation (7)) of a clone and the extinction of the complete
clone.

level that the repaired fraction of the current damage is equal to the constant sensed drug
uptake.

As only one cancer cell is left, it appears that the treatment was successful (remission)
but as soon as more oxygen in this tissue area would be supplied a very highly resistant
clone will spread and lead to a very dangerous recrudescence.

But how could the last cell have been eradicated? First idea is to diminish the resis-
tance gain. This would only be possible by reducing the drug supply to a level that the
cells would not even get in danger to die. This would lead to a worse result. The second
option is a higher drug supply after the other clones were eradicated. This would lead to
a further diffusion (if the decay rate would stay the same) and so the drug uptake (and
consequently the DNA damage) would rise and the death threshold would be exceeded
for a successful treatment. In order to protect the organism, a high dosage would only be
used at the end for a short period of time. This short high dose treatment for example
would be sufficient in iteration 10500 as the cell nearly died.

Again as in the other cases three factors were responsible for the survival: initial

position, protection by surrounding cells and the spatial niche.

Case 2: Agean, = 0.000059

As the heading of the paragraph already notes we discuss in this segment the case of
acquired resistance but with a higher amount of resistance gained in each step. In this
mode of resistance we know that the initial distance (see equation (7)) does not play the
same role as in the other modes (see 15). Nevertheless all the last surviving clones started

in the upper half of the complete distance interval. Explicit in 16(c) and 16(d) one can
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Drug & Clones; cell #:374 hypo:77 iteration:6000 Drug & Clones; cell #:944 hypo:328 iteration:20000

(a)

Initial cells of the first eradicated clonss

Figure 16: Acquired resistance case 2: Tissue condition over time.

have a look at the first dying and the longest surviving clones. Here one sees how both
close and far distant initial clones die in the early stage of the simulation. Of course the
first deaths still survived longer than in all other modes. The same in the case of long
surviving clones whereas all the final living clones started around the niche. In illustration
16(a) we can see the results of the first stronger death wave. This could not strike as in
the other cases as a result of the stronger death threshold gain. In the further course a
very strong heterogenization took place which lead to the final picture of the simulation
in iteration 20000 in figure 16(b).

At first the longest lineage of clone 46 (see illustration 17(a)) is compared to that in
case 1 with longest lineage of clone 54 (see figure 14(b)). The clones nearly have the same
initial position and both hardly moved in the tissue. This results in a similar DNA damage
and death threshold graph. Here one can nicely see that the stronger death threshold gain
resulted in a longer survival of about 1000 iterations. The second presented lineage (and

also the longest lineage of the clone) also shows more clones but are "killed" from the

40



deaththreshold{ DM damage plot forthe longest ineage deaththreshold DMa damage plot forthe longest lineage
of clone: 46 of clone: 62

— deaththreshold — deaththreshold
——DhA damage ——DNAdatnage
F 4 141

threshold/ damag:
S
threshold/ damag:

500 1000 1500 2000 25000 3000 35000 4000 4500 5000
iteration

(a) (b)

death threshold! DM damage plot forthe longest ineage death threshold! DM damage plot forthe longest lineage
of clone: 18 of clone: 25

1.6 T T T T T T T 1.6 T
— deaththreshold — deaththreshold
15 [L——Dhadamage 15 [L——Dhadamage

threshold/ damage
threshold/ damage

iteration w107 iteration w107
() (d)

Figure 17: Acquired resistance case 2: Death threshold plotted against the DNA damage
graph for lineages for one longest (or the longest) lineage of the clone.

simulation. Therefore from figure 17(b) and 18(a) one can view that the DNA damage
is far away from the threshold level. The reason can be found in the movement plot of
the lineage. There you can see that the lineage is slightly pushed out of the watched
domain and consequently is no longer considered in the simulation. This happens not for
a single clone but several, which means the tumor is much more aggressive from what the
simulation shows.

Now an example for a weakly surviving clone can be found in illustration 17(c). We
neglect the early behaviour as this was already described with a sample clone before. The
interesting part is the period of the impending death between iteration 6000 to 12000.
In this period the cell is located in the wild area south of the vessel in the spatial plot
18(b). The lineage "fights" for survival and finally escapes the almost sure death because
the highly proliferative clone 25 pushes just a little bit further from the vessel. This was

sufficient enough to stop the rise of the DNA damage and at last generates a location
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Lineage of: 1123 Lineage of: 5751
Initial cell: 62 Initiel cell: 18

Figure 18: Acquired resistance case 2: Movement of explicit lineages of clone 62 respec-
tively clone 18.

where the DNA damage and the repair is balanced. The reason why this lineage survived
is the high proliferation rate, so the drug is partitioned every time in more clones. This
rapid division bisects every time the drug level but never deceeds the level for death
threshold gain. The constant reproduction of the cells of clone 18 in the late phase delays
the process of killing by the drug until clone 25 is saved. In this critical phase hardly
a lineage survived. Just consider the respective trace tree in figure 19(a). Little before
iteration 6000 it is clear that nearly all lineages die out. As the cells are not scattered,
they nearly have the same DNA damage - death threshold plots but in the critical phase
most (especially the edging and less distant) were not affected.

Now let us consider the strongest clone in the tissue, clone 25. As in all the other
simulations this clone invades the niche and from then on completely spreads through the
tissue. In figure 19(c) one can see between iteration 6000 to 14000 a population explosion.
From then on the proliferation rate is much less. Only if the tissue is not overcrowded due
to the death of other clones, mechanical movement or when scattered cells die, the cells
divide to fill up the tissue again. In figure 17(d) one can see the diagram for a lineage
completely moving through the niche and staying in the highest distance level. One can
recognize the often observed "wave phenomenon" due to overcrowded protection and the
drug niche. The lineage never was in danger of dying because of how its death threshold
advance against the DNA damage gained in the niche before population spread.

We now present a comparison between the location of the first 10 generations for clone
18 and 25 (histograms see figure 19). Both clones start at a similar position, 6 respectively
7. We already see for the strongest surviving clone little advantage. The most important

proliferations are the first ones, they strongly decide in which direction the clone will
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Figure 19: Acquired resistance case 2: (a) Lineage tree of clone 18. (b) Histogram of
the first 10 generations of clone 18 according their participation in the distance levels
1-8 presented in figure 7(b). (c) Lineage tree of clone 25. (d) Histogram of the first 10
generations of cell 25 according their participation in the distance levels 1-8 presented in
figure 7(b).

evolve. As we see in figure 19(d) already in generation 1 clone 25 settles the highest
distance level and not until generation 5 levels lower than 7 are colonized. As we would
extend this histogram for all generations, all the levels would be touched by the strongly
dominating clone. In the weakly surviving clone 18 we see in figure 19(b) the exact
contrary movement in the early stadium. Already in generation 1 the movement towards
the vessels begins with the advance in level 5 and in generation 5 in level 4. In the higher
levels (5-6) since iteration 8 the number of cells decline. If we would further protocol
these histograms over generations we would observe a further shift of the histogram to

the lower left side.
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3.4 Discussion

In this work clonal and lineage analysis were performed on a modified output of model
WhAM. The idea was to challenge that mostly all the cells of a clone behave the same way.
Simulations were performed and evaluated. All of them differ in the combination between
the mode of resistance, the DNA damage repair rate, the initial positioning in case of
pre-existing resistance and the gain of death threshold in case of acquired resistance. In
the presented variations all possible final outcomes occurred. The successful treatment in
case of no resistance, the nearly successful treatment in case of weak acquired resistance
and the treatment failure in the pre-existing and strong acquired resistance case.

We found that clone 25 is quite strong, indeed we compared its lineage trees in the
different cases. The trees can be partitioned in three segments. In a first one all trees
are nearly identical in the early phase. In the mid phase they differ concerning the
proliferation rate or survival time. The end phase is the most different. Graphically
this means more dense cell points/lineages, but in general the proportions of the trees
preserve in the different cases. The first segment is mainly controlled from the initial
positioning as in every case the cells can tolerate some DNA damage. Since this is always
the same, the early stage results in nearly identical trees. The second segment is driven
by ability. The ability (the type of resistance) additionally to the early positioning leads
to a different survival in the most critical mid phase. In the late phase we only recognize
the manifestation of the actions in the critical phase. Important is that this is not a clone
25 exclusive observation.

A strong focus was the local positioning of the initial clones with respect to the clonal
evolution. The outcome showed different key points depending on the mode of resistance.
In the pre-existing case, the position of the initial clone plays no role. All the clones except
of the two resistant ones behave the same way as in the case of no resistance. So the local
movements and positioning do not affect the result because in the no resistance case all
clones died. The opposite occurs in the acquired resistance case. Initial positioning and
movement is important for the survival and the strength of the surviving clones. The
death threshold gain plays a key role.

Two general statements that at more opportunities came up. The first one is the more
likely survival of high proliferative clones. To point out is that this is not owed to the drug
halving during division. It does not matter how high the drug level is already. The second
annotation is, that in all the observed lineages in the case of pre-existing resistance, once
the death threshold rise started it never stops. This is founded on the fact that the needed
drug level is so minimal and even in the niche more drug arrives than the halving could

get rid of.
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4 Prospect

In this thesis lineage trees were generated based on model WhAM and these trees were
analysed. The quantity of trees one can compare is strongly limited and secondly human
activity is error-prone. Another problem is the displaying of complex trees, one would
need really large surfaces to spot details. In order to solve problems it would be great to
transfer the analysing of lineage trees on a machine routine. This would give the possibility
to compare much more and complex lineage trees without mistakes (if the routine is
implemented correctly) and thereby can recognize patterns. The main difficulty is to
develop a proceeding to compare lineage trees. One possible solution is presented in [12] by
introducing a metric and in the end remains one ratio classifying the similarity /difference
between two lineage trees. We now describe briefly the method developed in that paper.

First step was to define the space of labelled but unordered trees (7) for the algorithm.
Therefore an unordered but labelled tree T' = (V, E, v, 0, %) was defined whereas V and E
describe the nodes (cells) respectively, the directed edges. The function v : V — Py (V)
allocates every node its descendants. 3 is the set of all possible labels and o : V — X
assigns every node its label (cell attributes). Second was to define a metric M axSimilarity
(computation of maximal similarity common subtree) on 7 to obtain a metric space
(T, MaxSimilarity). In the paper they experimented with different types of metrics.
After underlying conditions are formalized the tree clustering algorithm is reviewed by
using a k-mean/k-median algorithm. The aim of this algorithm is dividing a dataset
A ={ay,...,a,} into non-empty and disjoint subsets B; (i € {1,...,k}) with U;B; = A.
Accompanying to the subsets there is a set of centroids ¢;. This partition is done by
minimizing the squared sum of the distances between the a; € B; and its belonging
centroid ¢;.

This strategy could be transferred to lineage trees produced here. One could for exam-
ple define the centroids as trees with a different long survival or different high proliferation
rate and then let the algorithm work on the set of all initial cell trees. What we get as a
result are clusters with the same properties and so afterwards conclusions can be drawn
for example if the spatial structure is the reason for the resulting development of cells or
the type of resistance or both. A key role also would be that the conclusions we draw
from the lineage trees are more representative as a result of the much higher amount of
analysed data.

In the paper and also in the analysis of WhAM in [7| so far was only dealt with
a continuous drug supply of one single therapeutic agent. We saw that in nearly all

cases that the treatment with the drug develops resistance and gives rise to a resistant
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subpopulation and the tumor cannot be eradicated. In section 2.5 a model approach
was presented trying to avoid these problems by the usage of more than one drug with
different pathways, so if the cells gain resistance to one drug the other can still kill the cells.
The results of this model were not promising either. Once there is one single possibility
for a mutation generating cross-resistance to all drugs, there is nearly no chance for the
treatment success. Beside the number of different drugs the second possibility of change is
the time treatment protocol. The model WhAM allows different drug treatment protocols
with respect to time and dosage of the drug. This can be seen in equation (3) because the
drug supply rate is time dependent. Who is further interested in this kind of modification
of WhAM should have a look at [9].
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5 Appendix

This section contains the generated MATLAB code for the analysis of the lineage trees.
Therefore also the model WhAM was modified by the introduction of two new data

storage matrices containing the history of important attributes by cell which are saved in

the end. The following functions work on this new data and the anyway existing output

of model WhAM. Also the code of the function generating the illustration for the distance

levels/gradient is added.

function draw_cell_trace_my_version_2( cells, pathname, fig_mod,

o0 o° o oo oo oe

o\

0 ° A 0 A A O O o N 0 N o A A A N o oo o° o°
| | | | |

o\°
|

fig_mod_2,

cells

pathname

fig_mod

fig_mod_2

save_mod

text_mod

doc_mod

save_mod, text_mod, doc_mod )

Function for analysing the output of the modified model WhAM
("modelWhAM_updated_my_version.m") regarding the clonal evolution. The
function delivers the lineage trees containing the input cells and

generate further data of interest.

Input arguments:

1xn vector with cell ID's of the cells to be tracked

If a empty vector is given the surviving clones are used.
default [] All cells alive in final iteration.
path of the output folder of

"modelWhAM_udated_my_version.m"

0 every tree has its own figure

1 one figure containing all trees
default 0

0 not

1 tree edges have same color as in model
default 1

in case of fig_mod = 0

0 normal

1 x — axis stretched

2 y — axis stretched

3 grand

default 0

0 off (text and colored input values)

1 all cellID's

2 cellID's, threshold, damage of the last branch cell
3 both 1 and 2

default 0

document showing data for last three generations
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oo o°  oe

o\

o

if(

end
1f(

end
1f(

end
1f(

end
1f(

end
1f(

end

Q

if(

end

and overview for important inital cell values

0 off
1 on
default 1

set defaults

~exist ('fig_mod', 'var'))

fig_mod = 0;

~exist ('fig mod_2', 'var'))
fig_mod_2 = 1;

~exist ('save_mod', 'var'))

save_mod = 0;

~exist ('text_mod', 'var'))

text_mod = 0;

~exist ('doc_mod', 'var'))

doc_mod = 1;

~exist ('doc_mod_2"', 'var'))

doc_mod = 1;

% cells a row vector

~isrow(cells) )

cells = cells';

% get constants

ncc = load ([pathname,
Niter = size (ncc,2)-1;
paramInt = load([pathname,
num_init_cells = paramInt (5);

[

bdh
tdh

% loading files

= load ([pathname,
= load([pathname,

' /number_cancer_cells.txt']);

'/paramInt.txt']);

'"/birth_death_history.txt']);
'/threshold_damage_history.txt']);
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cells_mother = load([pathname, '/cellsMotherID_', num2str (Niter),

Ltxt']);
% cells default
which_cells = 0; % information for naming the plot

if( isempty(cells))
% cells alive in last iteration
cells = find(bdh(3,:) == 1);
which_cells = 1;
if( isempty(cells))

% tumor is eradicated: last surviving cell (s)

cells = find(bdh(2,:) == Niter);
which_cells = 2;

end

end

% get initial mother for every cell ID

init_mothers = find_init_mothers( cells, cells_mother );

init_mothers_unique sort (unique (init_mothers));

[

% main

if(fig_mod == 1)
m = floor (sgrt (size(init_mothers_unique,2)));
n = ceil (sqgrt(size (init_mothers_unique,2)));

subplot (m,n,1);

for i = l:size(init_mothers_unique, 2)
if (which_cells == 0)
help_vec = cells(init_mothers_unique (i) == init_mothers);
help_vec_str = sprintf('$.0f,"' , help_vec);
help_vec_str(l:end-1); % strip final comma
elseif (which_cells == 1)

help_vec_str

help_vec_str

'All descendants alive in final iteration.';

else

help_vec_str = 'Tumor eradicated. Last surviving cell(s).';
end
help_string = ['Initial cell: ',

num2str (init_mothers_unique (1)),

'\n Trace tree containing input cell (s): ', help_vec_str];

subplot (m,n, 1)

o1



119 title(sprintf (help_string))

120 hold on

121

122 [data, pointer_storage] = tree_gen(init_mothers_unique (i),

123 bdh , cells_mother , Niter);

124 plot_tree(data, pointer_storage, text_mod,tdh, fig_mod_2,

125 init_mothers_unique (i));

126 end

127 clear help_string;

128 clear help_vec;

129 clear help_vec_str;

130

131 path_result = save_data_1l (pathname);

132

133 % create document

134 if (doc_mod == 1)

135 doc_gen (path_result, init_mothers_unique, bdh, tdh,

136 cells_mother, Niter);

137 DrawTissue (bdh, path_result,Niter, pathname);

138 end

139 else

140 for i = l:size(init_mothers_unique, 2)

141 if (which_cells == 0)

142 help_vec = cells(init_mothers_unique (i) == init_mothers);
143 help_vec_str = sprintf('$.0f,"' , help_vec);

144 help_vec_str = help_vec_str(l:end-1); % strip final comma
145 elseif (which_cells == 1)

146 help_vec_str = 'All descendants alive in final iteration.';
147 else

148 help_vec_str = 'Tumor eradicated. Last surviving cell(s).';
149 end

150 help_string = ['Initial cell: ',

151 num2str (init_mothers_unique(i)),

152 '\n Trace tree containing input cell(s): ', help_vec_str];
153

154 figure_storage (init_mothers_unique (i)) = figure;

155 title(sprintf (help_string))

156 hold on

157 [data, pointer_storage] = tree_gen(init_mothers_unique (i),

158 bdh , cells_mother , Niter);

159 plot_tree(data, pointer_storage, text_mod, tdh, fig_mod_2,

160 init_mothers_unique(i));

161 end
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e

e

[,

clear help_string;

clear help_vec;

clear help_vec_str;

path_result = save_data_2(init_mothers_unique, figure_storage, ...

[)

pathname, save_mod);

% create document

if (doc_mod == 1)

doc_gen (path_result,init_mothers_unique, bdh, tdh, ...
cells_mother, Niter);

DrawTissue (bdh, path_result,Niter, pathname);

end
nd
nd % end main
defined help functions
990000000000000000000000000000000000000000000000000000000000000000000
OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™O
function creating and saving a document for all trees in order %
to display data for every tree %
©9999900000000099900000000009909000000000099000000000090900000000000909000
OO0OO0OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO™O
unction doc_gen( path_result, init_mothers_unique, bdh, tdh, ...
cells_mother, Niter )
final data _matrix = [];

[)

fid = fopen([path_result, '/doc_file.txt']l, 'w');

% title

sl = 'Document summing up important data for the cells in last ';

s2 = 'generation and its two progenitors in every trace tree.\nThe '
s3 = 'data is formatted by the following pattern:\n\ncell ID\nmother
s4 = 'cell ID\nage\nfinal threshold\nincrease of threshold\nfinal ';
s5 = 'damage\nincrease of damage\n\n';

fprintf (fid, [sl,s2,s3,s4,s5]);

clear sl

clear s2

clear s3

% open a file for writing
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clear s4
clear s5
% write data for every initial mother cell
for i = init_mothers_unique
fprintf (fid, ['Data for trace tree with initial cell ',

num2str (i), ':\n\n'l);

last_cells = [];
stack = 1i;
while (~isempty (stack))
if (bdh (3,stack (1)) ~=2)

last_cells(end+l) = stack(1l);
stack (1)=[];
else
stack (end+1l:end+2) = [bdh(4,stack(l)), bdh(4,stack(1l))+1];
stack (1)=[];

end

end

o\

{

% In case you want to have the last cells over all initial mothers
last_cells = find(bdh(2,:) == Niter); % tumor died out

if (isempty (last_cells))

last_cells = find(bdh(3,:) == 1); % cells survived

for j = last_cells

data = zeros (3,3);
data_2 = zeros (4,3);
help = 3;
for j3 = 1:3
if (bdh (2, help) == -1)
data(:, Jj) = [help;cells_mother (help);
Niter-bdh (1, help)];
else
data(:,3J) = lhelp;cells_mother (help);
bdh (2, help) -bdh (1, help)];
end
data_2(:,33) = [tdh(l,help);tdh(3,help)-tdh(l,help);

tdh (2, help);tdh (4,help)-tdh(2,help)];
help = cells_mother (help);

end
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289

end

Q

fprintf (fid, "sd\t\t\t\tsd\t\t\t\t%sd\n',data");

fprintf (fid, '$.4£\E\E\E\tS. 4 \t\t\t\t%.4f\n"',data_2");
fprintf (fid, '\n");

final data_matrix(end+l:end+7,1:3) = [data;data_2];

% seperation between initial mother cells

final_data_matrix (end+l:end+7,1:3) = ones(7,3)*—1;
fprintf (fid, "\n\n");

Q

% generate and save hist for threshold/damage diagram considering

% surviving cells

cells_diag_1 = last_cells(bdh(3,last_cells) == 1);
if (isempty(cells_diag_1))
cells_diag_1l = last_cells(bdh(2,last_cells) == max(bdh(2,last_cells)));
end
one = sum(Niter - bdh(l,cells_diag_1(bdh(2,cells_diag 1) == -1)));
two = sum(bdh(2,cells_diag_1(bdh(2,cells_diag_1) ~= -1))

average_age = round( (one+two) /numel (cells_diag_1));
diagraml = figure;
sl = 'final death threshold —-- DNA damage diagram for initial mother
s2 = '\nDiagram is considering surviving cells in last iteration or
s3 = 'the last surviving cell in case of tumor eradication.\nAverage age:
s4 = ' iterations’';
title(sprintf([sl, num2str(i),s2,s3,
num2str (average_age), s4l));
clear sl

- bdh(1l,cells_diag_1(bdh(2,cells_diag_ 1) ~= -1)));

clear s2

clear s3

clear s4
hold on
fin_thr = tdh(3,cells_diag_1);
fin_dam = tdh(4,cells_diag_1);

xXva

1

= linspace (min([fin_thr, fin_dam]),max([fin_thr, fin_dam]), 20);

hist (fin_thr, xval);

plotval = histc(fin_dam, xval);

Xva

1

= xval (plotval ~= 0);

plotval = plotval (plotval ~= 0);

scatter (xval,plotval, 'MarkerFaceColor','r'"');

xlabel ('threshold / damage');

ylabel ('# cells');

legend ('# cells with threshold', '# cells with damage',
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'Location', "Northwest');
hold off

average_thr_dam = zeros(2,3);

14

average_thr_dam(:,1) = [sum(fin_thr),sum(fin_dam)]/numel (fin_thr);
cells_diag_2 = unique(cells_mother(cells_diag_1));
one = sum(Niter - bdh(l,cells_diag_2(bdh(2,cells_diag 2) == -1)));
two = sum(bdh(2,cells_diag_2 (bdh(2,cells_diag_2) ~= -1))

- bdh(1l,cells_diag 2 (bdh(2,cells_diag 2) ~= -1)));
average_age = round((one+two) /numel (cells_diag_2));
diagram2 = figure;
sl = 'final death threshold —-- DNA damage diagram for initial mother ';
s2 = '\nDiagram is considering cells of the previous generation of ';
s3 = 'the surviving cells in last iteration or the last surviving cell
s4 = '"in case of tumor eradication.\nAverage age: ';
s5 = ' iterations’';

title(sprintf([sl, num2str(i),s2,s3,s4,
num2str (average_age),s5]1));

clear sl

clear s2

clear s3

clear s4

clear sb5

hold on

fin_thr = tdh(3,cells_diag_2);

tdh(4,cells_diag_2);

xval = linspace(min([fin_thr, fin_dam]),max([fin_thr,fin_dam]), 20);

hist (fin_thr, xval);

plotval = histc(fin_dam, xval);

fin_dam

xval = xval (plotval ~= 0);

plotval = plotval (plotval ~= 0);

scatter (xval,plotval, 'MarkerFaceColor','r'"');

xlabel ('threshold / damage');

ylabel ('# cells');

legend ('# cells with threshold', '# cells with damage',

'Location', "Northwest');

hold off

average_thr_dam(:,2) = [sum(fin_thr),sum(fin_dam) ]/numel (fin_thr);
cells_diag_3 = unique(cells_mother(cells_diag_2));

one = sum(Niter - bdh(l,cells_diag_3(bdh(2,cells_diag 3) == -1)));
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two = sum(bdh(2,cells_diag_3(bdh(2,cells_diag_3) ~= -1))
- bdh(1l,cells_diag_3(bdh(2,cells_diag 3) ~= -1)));

average_age = round((one+two) /numel (cells_diag_3));

diagram3 = figure;

sl = 'final death threshold —-- DNA damage diagram for initial mother
s2 = '\nDiagram is considering cells of the pre-previous generation
s3 = 'of the surviving cells in last iteration or the last surviving
s4 = 'cell in case of tumor eradication.\nAverage age: ';

s5 = ' iterations’';

title(sprintf([sl, num2str(i),s2,s3,s4,
num2str (average_age),sb5]));
clear sl
clear s2
clear s3
clear s4
clear sb5
hold on
fin_thr = tdh(3,cells_diag_3);
fin_dam = tdh(4,cells_diag_3);
xval = linspace(min([fin_thr, fin_dam]),max([fin_thr,fin_dam]), 20);
hist (fin_thr, xval);
plotval = histc(fin_dam, xval);
xval = xval (plotval ~= 0);
plotval = plotval (plotval ~= 0);
scatter (xval,plotval, 'MarkerFaceColor','r');
xlabel ('threshold / damage');
ylabel ("# cells');
legend ('# cells with threshold','# cells with damage',

'Location', "Northwest');

hold off

average_thr_dam(:,3) = [sum(fin_thr),sum(fin_dam)]/numel (fin_thr);
diagram4 = figure;

sl = 'Average threshold/damage of the last three generations for ';

s2 = 'surviving cells.';

title([sl,s2]);

clear sl

clear s2

hold on

xval = 1:3;

plot (xval, average_thr_dam(1,3:-1:1),'r");
plot (xval, average_thr_dam(2,3:-1:1), 'b");
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377 legend('avg threshold', 'avg damage');

378 set (gca, 'XTick',1:3, 'XTickLabel"',

379 {'pre-previous', 'previous', 'last'});

380 xlabel ('generation');

381 ylabel ('threshold / damage');

382 hold off

383

384

385 fname = [path_result, '/threshold_damage_hist_',num2str(i),'_1'];
386 saveas (diagraml , fname, 'epsc')

387 saveas (diagraml , fname, 'fig')

388 fname = [path_result, '/threshold_damage_hist_',num2str(i),'_2'];
389 saveas (diagram2 , fname, 'epsc')

390 saveas (diagram2 , fname, 'fig')

391 fname = [path_result, '/threshold_damage_hist_',num2str(i),'_3'];
392 saveas (diagram3 , fname, 'epsc')

393 saveas (diagram3 , fname, 'fig')

394 fname = [path_result, '/average_generation_threshold_damage_',
395 num2str (i) ];

396 saveas (diagram4 , fname, 'epsc')

397 saveas (diagram4 , fname, 'fig')

398

399 end

400

401 % close the file

402 fclose (fid);

403

404 % save matrix

405 save ([path_result, '/doc_matrix.mat'], 'final_data matrix');

406

407 end % doc_gen

408

409

410 5555555555555 %5%5555%5555%5%555%5%5555%5%555%5%55%5%5%5555%5%5%5%5%5555%5%55%5%5%555%5%5%5%5%5%5%5%5%%
411 % function plotting the data generated by tree_gen %
412 5585555555555 55555%5 5555555555555 %58555555%5%5%555%5%55%5%%%5%5%5%55%5%%%5%5%5%%5%5%%

413 function plot_tree( data, pointer_storage, text_mod, tdh,
414 fig_mod_2, mother )

415

416 % determining color/symbol

417 Ncolors=6;

118 colors=[(0,0,1;1,1,0;1,0,1;0,1,1;1,0,0;0,1,07;
419 Nsymbols=12;
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455
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457

458

459

460

461

462

SymbOlSz['O','>','V','p','d','*','<','h','A','S','X','+'];
ccol=1l+mod (mother,Ncolors) ;

ssym=1+ (mother-mod (mother, Ncolors) ) /Ncolors;

for cell = unique(data.cellNr)
rootpath = [];
help_cell = cell;
while( help_cell > 0 )
rootpath = [help_cell rootpath];
help_cell = floor (help_cell/2);
end
clear help_cell;
% determining x position
x = 0;
for i=2:numel (rootpath)
step = 1/27(i-1);
if mod(rootpath (i), 2)==0
% even number, left branch
X = X — Step;
else
% odd number, right branch
x = x + step;
end
end
% determining y position

time = data.timepoint (data.cellNr==cell);

Ypos

[min (time) ,max (time) ];
% plot life current mother

line([x x], ypos,'color','k','linewidth',0.1);

% plot color/symbol
if(fig_mod_2 == 1)
plot (x,ypos(1l),symbols (ssym), 'MarkerFaceColor',
colors(ccol,1:3), 'MarkerEdgeColor',colors(ccol,1:3),
'MarkerSize', 3)

end

% plot connection if there are children
cl = cell«2;
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464
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473

474
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488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

c2 = cellx*2+1;

if (numel (find(data.cellNr==cl))>0 ||

numel (find (data.cellNr==c2))>0)

x+(1/2"floor (log2 (cell)+1));

x—(1/2"floor (log2 (cell)+1));

line([x1 x2], [max(time) max(time)], 'color',
'k',"linewidth',0.1);

x1
X2

if (text_mod == || text_mod == 3)
text (x2,max (time), sprintf ('%d',
find(pointer_storage == cellx2)), 'VerticalAlignment',
'baseline', 'HorizontalAlignment', 'left"', ...
'color','r', 'FontWeight', '1light', '"FontSize"',10);

text (x1,max (time), sprintf('sd’',

find(pointer_storage == cell*2+1)), 'VerticalAlignment',

'baseline', 'HorizontalAlignment', 'right', ...
'color','r', '"FontWeight', '1light', 'FontSize',10);

end
else
current_cellID = find(pointer_storage == cell);
if (text_mod == || text_mod == 3)
sl = 'cellID: %d \n final threshold: %d \n final damage:
s2 = '%d \n threshold increase: %d \n damage incease: %d

text (x,max (time) + 10, ...

sprintf ([sl,s2],...
current_cellID,tdh (3, current_celllID),

tdh (4, current_cellID),tdh (3, current_celllID) -
tdh (1, current_cellID),tdh (4, current_cellID) -
tdh (2, current_cellID)), 'EdgeColor', 'r"',

T .

4

L

4

'VerticalAlignment', 'top', 'HorizontalAlignment', 'center', ...

'color', 'k', '"FontWeight', '1ight', 'FontSize',10);
clear sl
clear s2

end

end

end

Q

set (gca, 'YDir', 'reverse'); % reverse timescale

set (gca, "XTick', []) % remove x-axis

[)

end $ plot_tree
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function finding the initial mother cell for a vector of cell ID's %

°

[
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)

r2))

cells_mother

init_mothers

4

)

4

p_cells

cells,
)
< size(

(

)

init_mothers

(

4

init_mothers

(

init_mothers

find_init_mothers

cells_mother

cells_mother
init_mothers

cells;

cells;

init_mothers

help_cells

init_cells are the mother cells of hel

while (sum(help_cells
find_init_mothers

init_mothers
init_mothers

help_cells

o

Cl
end
o

Cl

function init_mothers

end
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function saving the data
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4

#rows
#columns

<)
<

', datestr (now, "HHMMSS ') ]
y_widthl]);

14

61

( pathname )

14

0 0 x_width

[

subplots))
subplots))
'inches')

'/trace_trees']

save_data_1
size (get (gcf, 'Children'),1);

[pathname, ' /trace_trees

4
4

'PaperPosition’',

plots
'PaperUnits’',

n*8

[path_result,
mx5

floor (sgrt (number

set suitable size
ceil (sgrt (number

save_data_1

y_width

set (gcf,
saveas (gcf , fname, 'epsc')

mkdir (path_result)
saveas (gcf , fname, 'fig')

path_result
number_sub
set (gcf,
x_width

fname

o

e
m
n
<

[)

function path_result

end
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Niter)

4

cells_mother
every cellID is

4

bdh

tree_gen( mother,
62

contains which "plotID"

<)
<

[1;

4

pointer_storage]

mother

[tree,
stack contains cellsID's you havent't considered so far

pointer_storage =

stack

°

[)

function
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629

630

631

632

633

634

tree.timepoint

[

=1, % pointer

initialize tree

tree.cellNr = []1;

[1;

tree.identifier = ['trace tree with mother ',num2str (mother)];

while (isempty (stack) == 0)

if (bdh (1, stack(l)) == -1) % #iterations alive
num_entries = bdh(2,stack(l))+1;
else
if (bdh (2, stack(l)) == -1)
num_entries = Niter-bdh(1l,stack(l))+1;
else
num_entries = bdh(2,stack(l))-bdh(l,stack(1l))+1;
end
end
pointer_storage (stack(l)) = 1i;
cellNr = ones (l,num_entries) *i;
if (bdh (2, stack (1l))==-1)
timepoint = Niter-num_entries+l : Niter;
else
timepoint = bdh(2,stack (1)) —num_entries+l : bdh(2,stack(l));
end
tree.cellNr (end+1:end+num_entries) = cellNr;
tree.timepoint (end+1:end+num_entries) = timepoint;

% add children to stack

if (bdh (4, stack (1)) ~= 0)

% add children to stack

stack (end+1l:end+2) = bdh(4,stack(l)) :bdh(4,stack(1l))+1;
end

[

% update pointer for next iteration if it isn't the last one
if (size(stack,2) > 1)

if (cells_mother(stack(l)) == cells_mother (stack(2)))
i = 1+1;
else
i = pointer_storage (cells_mother (stack(2)))*2;
end
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stack (1) = [1; % clear processed cell off stack

end

% tree_gen

function DrawTissue (bdh,path_result,Niter, pathname)

[)

% define draw input values

Q

cellSize=8; % size of the cell marker

xmin=-75; xmax= 75;
ymin=xmin; ymax=xmax;
hb = 23

Source_drug=1;

o\

Ngx=1+floor ( (xmax—-xmin) /hb) ; number of grid points - x axis

o

Ngy=1+floor ( (ymax—-ymin) /hb) ; number of grid points - y axis

o\

xgg=xmin:hb:xmax; data for drawing

o\

ygg=ymin:hb:ymax; data for drawing

drugDom=zeros (Ngx, Ngy) ;

vessel=[-20,-40;-40,20;20,-20;60,601];

cell _xy=[0,0;5,5;-5,2;-1,7;-5,6;-10,5;-11,-2;-7,-6;-3,=-7;3,-7;7,-2; ...
11,1;9,6;4,8;2,11;3,-1;0,-4;,-4,-2;-9,1,-13,2;-13,7;-8,9;-3,12; ...
1,15;5,13;7,11;12,9;13,4;15,0;11,-4;6,-8;2,-10;-4,-10;-10,-10; ...
-14,-3;-11.9366,10.9859;-12.1479,12.4648;-18.9085,4.4366;-18.2746, ...

13.3099;-22.7113,10.1408;-25.4577,2.3239;-17.0070,21.3380;-22.5000, ...
17.5352;-30.1056,13.9437;-31.5845,21.1268;-36.0211,12.8873;-41.5141, ...
10.5634;-37.7113,5.0704;-33.6972,-1.6901;-27.5704,-3.3803;-47.4296, ...
16.4789;-48.4859,24.9296;,-41.5141,26.4085;-32.8521,18.1690;-28.2042, ...
42.4648;-39.4014,39.0845;-55.4577,33.8028;-55.8803,26.8310;-55.0352, ...
16.4789;-47.8521,13.3099;-50.1761,30.6338;-42.3592,28.7324;-30.7394, ...

5.0704;-27.5704,7.8169;-40.4577,0.4225];
Ncolors=6;

colors=[(0,0,1;1,1,0;1,0,1;0,1,1;1,0,0;0,1,07;
Nsymbols=12;
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SymbOlS=['O','>','V','p','d','*','<','h','

o° oo

o\

o
°

A

I,ISI,VXI’I+I];

Determine the initial clones to draw
lst row: celllID

2nd row: clone death iteration

if -1 stll alive

init_clones_death = find(bdh(1l, :)==-1);
for i=init_clones_death

stackl = 1i;

stack2 = 1i;

while (isempty (stackl)==0)
if (bdh (4, stackl (1)) ~=0)

stack2 (end+1l:end+2)=[bdh (4, stackl (1)), bdh(4,stackl(1l))+1];

stackl (end+1:end+2)

end
stackl (1)=[1]1;
end
if (min (bdh (2, stack2) )==-1)
init_clones_death(2,i)= —-Niter;
else

init_clones_death(2,1i)= max (bdh (2, stack2));

end

distances = [norm(vessel(l,:)-cell_xy(i,:)),norm(vessel(2,:)~—
cell_xy(i,:)),norm(vessel(3,:)— cell_xy(i,:)),norm(vessel (4, :
cell_xy(i,:))1;

Q

% item describing if a position lies in a niche

init_clones_vessel_distance (i)=min (distances.”(1/2));

end

sort_iterations = unique (sort (init_clones_death(2,:)));

last_iterations = sort_iterations (end-2:end);

sort_iterations = sort_iterations(sort_iterations>=0);

first_iterations = sort_iterations(l:4);

last_init_cells = init_clones_death(:, ...
init_clones_death (2, :)==last_iterations (1) |
init_clones_death (2, :)==last_iterations (2) |
init_clones_death (2, :)==last_iterations (3) |
init_clones_death (2, :)==-Niter);

last_init_cells = sortrows(last_init_cells',2)';

last_init_cells = [last_init_cells(:,end-2:end),

last_init_cells(:,l:end-3)1];
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721 first_init_cells = init_clones_death(:, ...

722 init_clones_death (2, :)==first_iterations(l) |

723 init_clones_death (2, :)==first_iterations (2) |

724 init_clones_death (2, :)==first_iterations(3) |

725 init_clones_death (2, :)==first_iterations(4));

726

727 overview_last = figure;

728 axis ([xmin, xmax, ymin, ymax])

729 axis equal

730 hold on

731

732 contourf (xgg, ygg,drugDom', [0:0.05:Source_drug], "edgecolor', 'none'");
733 colormap (bone)

734 caxis ([0,0.35+«Source_drug])

735 colorbar

736

737 for z = last_init_cells (1, :)

738 ccol=1l+mod(z,Ncolors);

739 ssym=1+ (z-mod (z, Ncolors)) /Ncolors;

740 plot (cell_xy(z,1l), cell _xy(z,2),symbols (ssym),

741 'MarkerFaceColor',colors(ccol,1:3), 'MarkerEdgeColor',

742 colors(ccol,1:3), 'MarkerSize',cellSize)

743 end

744 set (gca, 'Color', 'k'");

745 h = legend(strcat (num2str (last_init_cells(1l,:)"),{" / "},

746 num2str (abs (last_init_cells(2,:)"'))), 'Location', 'southeast');
747 set (h, 'TextColor', 'w')

748 set (h, '"EdgeColor', 'w')

749

750 % plot vessels

751 plot (vessel(:,1),vessel(:,2), ' 'ro', "MarkerFaceColor', 'r', '"MarkerSize', ...
752 2xcellSize, 'LineWidth', 2)

753

754 % title plot

755 sl = 'Initial cells of the surviving clones and/or the three dead but
756 s2 = 'longest surviving clones.';

757 title(sprintf([sl,s2]) , 'FontSize',12)

758 clear sl

759 clear s2

760

761 saveas (overview_last, [path_result, '/long_initial _cells'], 'epsc')
762 saveas (overview_last, [path_result, '/long_initial_cells'],'fig")
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overview_first = figure;
axis ([xmin, xmax,ymin, ymax])
axis equal

axis ([xmin, xmax, ymin, ymax])
hold on

contourf (xgg, ygg,drugDom', [0:0.05:Source_drug], "edgecolor', 'none');
colormap (bone)
caxis ([0,0.35+«Source_drug])

colorbar

for z = first_init_cells (1, :)
ccol=1l+mod (z,Ncolors);
ssym=1+ (z-mod (z, Ncolors)) /Ncolors;
plot (cell_xy(z,1l), cell xy(z,2),symbols(ssym),
'MarkerFaceColor',colors(ccol,1:3), 'MarkerEdgeColor',
colors(ccol,1:3), 'MarkerSize',cellSize)
end
set (gca, 'Color', 'k'");
h = legend(strcat (num2str (first_init_cells(1l,:)"),{" / "},
num2str (first_init_cells(2,:)"')), 'Location', '"southeast');
set (h, 'TextColor', 'w')

set (h, '"EdgeColor', 'w')

% plot vessels

plot (vessel(:,1),vessel(:,2), ' 'ro', "MarkerFaceColor', 'r', '"MarkerSize', ...

2xcellSize, 'LineWidth', 2)

% title plot
sl = 'Initial cells of the first eradicated clones';
title(sprintf(sl) , 'FontSize',12)

clear sl

saveas (overview_first, [path_result,'/first_initial cells'], 'epsc')

saveas (overview_first, [path_result,'/first_initial cells'],'fig")

% plot distance - death iteration
overview2 = figure;
hold on

bol = init_clones_death (2, :)<0;

scatter (init_clones_vessel_distance (~bol), init_clones_death (2, ~bol))

scatter (init_clones_vessel_distance (bol), init_clones_death(2,bol) .*x(-1),'r")

ylabel ('# iterations until death')
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xlabel ('distance')
title('distance - survival diagram')

legend('dead clones', 'surviving clones', 'Location', "'northeastouts

saveas (overview2, [path_result, '/dist_survival'], 'epsc')

saveas (overview2, [path_result, '/dist_survival'], 'fig")

cell_xy_history = load([pathname, '/cell_xy_history.txt']);

[)

% categorizing the cells in 8 distance zones

[

% nearly the value 8 is gained out of the maximum of the distance

[)

% function over the complete tissue space
bins = 0:1:8;

[)

% spatial histograms per clone

for 1 = first_init_cells (1, :)
stackl = 1i; % ID of current generation
stack2 = []; % ID of next generation

for 3 = 1:10
if (isempty (stackl)==1)

break
end
dl = cell_xy_history(stackl,:) - repmat (vessel(l, :),size(
d2 = cell_xy_history(stackl,:) - repmat (vessel(2,:),size(
d3 = cell_xy_history(stackl,:) - repmat (vessel(3,:),size(
( ) ( (4,1) (

d4 = cell_xy_history(stackl, :
for z=l:size(dl,1)

- repmat (vessel (4, ,Size

dll(z) = norm(dl(z,:));
d22(z) = norm(d2(z,:));
d33(z) = norm(d3(z,:));
d44 (z) = norm(dd(z,:));

end

gen_dist = min([d11;d22;d33;d44]).7(1/2);
% columns describe generations
bincounts(:, j) = histc(gen_dist,bins);

% update neue generation

while (isempty (stackl)==0)

if (bdh (4, stackl (1)) ~=0)

stack2 (end+l:end+2)=[bdh (4,stackl (1)) ,bdh(4,stackl(1l))+1];

stackl (1)
else
stackl (1)

end

[1;

[1;

end
stackl = stack?2;
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end

for

st
end
% plot
figure
bar (bi

ack2 = [];

histogram

ncounts (l:end-1, :))

legend('generation 0', 'generation 1', 'generation 2', 'generation 3',

'generation 4', 'generation 5', 'generation 6',

'generation 7', 'generation 8', 'generation 9',

'n

ortheastoutside"')

'Location',

title(['location histogram for the first 10 generations of ',

num2str (i) ])

ylabel
xlabel

("#cells in distance category')

('distance category')

saveas (gcf, [path_result, '/hist_first_ ',num2str(i)], 'epsc’)

saveas (gcf, [path_result, '/hist_first_',num2str(i)],'fig")

hold off

clear dl

clear d2

clear d3

clear d4

clear dl1l

clear d22

clear d33

clear dé44

clear bincounts

i = last_init_cells (1, :)

stackl = 1i; % ID of current generation

stack2 = []; % ID of next generation

for 3 = 1:10
if (isempty (stackl)==1)

break

end
dl = cell_xy_history(stackl,:) - repmat (vessel(l,
d2 = cell_xy_history(stackl,:) - repmat (vessel (2,
d3 = cell_xy_history(stackl,:) - repmat (vessel (3,
d4 = cell_xy_history(stackl,:) - repmat (vessel (4,
for z=1l:size(dl,1)
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)
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,Size (stackl, 2
(stackl, 2
(
(

,Slize
,size(stackl, 2

,Ssize (stackl, 2

)
)
)
)
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14

14

1
1
1
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dll(z) = norm(dl(z,:));
d22(z) = norm(d2(z,:));
d33(z) = norm(d3(z,:));
d44 (z) = norm(d4(z,:));

end

gen_dist = min([d11;d22;d33;d44])."(1/2);
% columns describe generations
bincounts (:, j) = histc(gen_dist,bins);

% update neue generation

while (isempty (stackl)==0)

if (bdh (4, stackl (1)) ~=0)

stack2 (end+1l:end+2)=[bdh (4, stackl (1l)),bdh(4,stackl (1))+1];

stackl (1)=1[];
else
stackl(l)=[1];
end
end
stackl = stack2;
stack2 = [];

end
% plot histogram
figure

bar (bincounts (l:end-1, :))

legend ('generation 0', 'generation 1', 'generation 2', 'generation 3',

'generation 4', 'generation 5', 'generation 6',
'generation 7', 'generation 8', 'generation 9',

'northeastoutside')

title(['location histogram for the first 10 generations of

num2str (i) ])
ylabel ("#cells in distance category')

xlabel ('distance category')

saveas (gcf, [path_result, '/hist_last_',num2str(i)], 'epsc')

saveas (gcf, [path_result, '/hist_last_',num2str(i)], 'fig'")

hold off

clear dl
clear d2
clear d3
clear d4
clear dll
clear d22
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936 clear d33

937 clear d44
938 clear bincounts
939 end

940

941 end % DrawTissue

1 function thres_dam_lineage_2( pathname, cellID, final, step)

©
o\

function determining and plotting the death threshold against

3 % the DNA damage for a longest lineage of a initital cell celllID or a exact
4 % defined lineages for not eradicating tumors

5 %

6 % pathname: path of the saved data from WhAM

7 % celllD: ID of a initial mother cell

8 % => output: arbitrary longest surviving lineage

9 % ID of a cell in final iteration

10 % => output: exact the lineage with final of cellID

11 % final: final iteration

12 % step: save step out of WhAM

13

14 bdh = load([pathname, '/birth_death_history.txt']);

15 tdh load ([pathname, '/threshold_damage_history.txt']);

16 cellsMotherID = load([pathname, '/cellsMotherID_',num2str (final),'.txt']);

17

18 1f(sum(cellID == 1:65)==1)

19 % determine all cells of clone

20 stackl = celllID;

21 stack2 = celllD;

22 while (isempty (stackl)==0)

23 if (bdh (4, stackl (1)) ~=0)

24 stack2 (end+1l:end+2)=[bdh(4,stackl (1)), bdh(4,stackl(1l))+1];
25 stackl (end+1l:end+2)=[bdh (4, stackl (1)), bdh(4,stackl(1l))+1];
26 end

27 stackl(1l)=[];

28 end

29

30 % determine longest lineages and select one lineage

31 if (min (bdh (2, stack2))~=-1)

32 last = find(bdh (2, :)==max (bdh (2, stack2)));

33 else

34 last = find(bdh (2, :)==-1);

35 end
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78

while (sum(stack2 == last (1l))==0)
last (1) = [];

end

last

last (1) ;

else

last = celllD;

end

o
°
)
<
o
°

)
<

data?2 is a storage matrix. In the first row the death threshold is stored,
in the second the DNA damage of the current lineage. datal parallel
stores the attendant number of iteration. Generally this is only the data

at specific timepoints, when a cell dies or proliferates.

help = last
if (bdh (2, help)==-1)

datal = final;

else

datal = bdh(2,help);

end
data2= tdh(3:4,help);
while (cellsMotherID (help)~=help)

help = cellsMotherID (help);

datal (end+1l) = bdh(2,help);
data2(:,end+1l) = tdh(3:4,help);
end
datal (end+1) = 0;
data2 (:,end+l) = tdh(1l:2,help);

)
<
o
°
o
o

o
°

data describes the development of the death threshold and damage in
the steps of the output of WhAM.

l1st row: death threshold

2nd row: DNA damage

help = last;
if (bdh (2, help)==-1)

data = [];

for i = final:-step:0

cell_damage load ([pathname, '/cell_damage_',num2str (i), '.txt']);
cell_death = load([pathname, '/cell_death_',num2str (i), '.txt']);

cell_1ID load ([pathname, '/cell_ID_',num2str(i),'.txt']);

if(sum(cell_ID(1l,:) == help) ~= 1)
help = cellsMotherID (help);
end
data(l:2,end+1l) = [cell_death(cell_ID(1l, :)==help), ...

72



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

104

105

106

107

109

110

111

112

113

114

115

else

end

cell_damage (cell_ID (1, :)==help)];

end

iterations = O:step:final;
data=[];

data(l:2,end+1l) = tdh(3:4,help);

final_help = floor (bdh(2,help)/100)*100;
for i = final_help:-step:0

cell_damage = load([pathname, '/cell_damage_',num2str (i), '.txt']);
cell _death =
cell 1D = load([pathname, '/cell ID_',num2str(i),'.txt']);
if (sum(cell_ID(1l,:) == help) ~= 1)
help = cellsMotherID (help);
end
data(l:2,end+1l) = [cell_death(cell _ID(1l, :)==help),...
cell_damage(cell_ID (1, :)==help)];
end
iterations = O:step:final_help;

iterations (end+1)=bdh (2, last) ;

x=figure;

plot (iterations, data(l,end:-1:1), 'b')
hold on

plot (iterations, data(2,end:-1:1), 'r')
scatter (datal (end:-1:1), data2(l,end:-1:1),
scatter (datal (end:-1:1), data2(2,end:-1:1),

legend ('death threshold', 'DNA damage', 'Location', 'northwest')

xlabel ('iteration'")
ylabel ('threshold / damage')

title(sprintf (['death threshold / DNA damage plot for the longest lineage',

end

function spatial_lineage_track( pathname,

o\

o\

'"\n of clone:\t',num2str (cellID)]))

celllID: ID of a cell in final iteration
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load ([pathname, '/cell_death_',num2str(i),'.txt']);

celllD,
% Function tracking the movement of a lineage in time.

pathname: path of the saved data from WhAM
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[

% final: final iteration

% step: save step out of WhAM

vessel=[-20,-40;-40,20;20,-20;60,60];
xmin=-75; xmax= 75;

ymin=xmin; ymax=xmax;

cellsMotherID = load([pathname, '/cellsMotherID_',num2str (final),'.txt']);

bdh = load([pathname, '/birth_death_history.txt']);

help_cell = cellID;
while (cellsMotherID (help_cell)~=help_cell)
help_cell = cellsMotherID (help_cell);

end

help = celllD;

data = [];

if (bdh (2, help)==-1)
final_help = 20000;

else

final_help = floor (bdh(2,help)/100)x100;

end

for i = final_help:-step:0

cell_xy = load([pathname, '/cell_xy_',num2str (i), '.txt']);
cell_1ID = load([pathname, '/cell ID_',num2str (i), '.txt"']);
if(sum(cell_ID(1l,:) == help) ~= 1)
help = cellsMotherID (help);
end
data(end+1,1:2) = cell_xy(cell_1ID(1, :)==help,:);
end
iterations = O:step:final_help;
x = figure;

plot (vessel(:,1),vessel(:,2), ' 'ro', "MarkerFaceColor', 'r', 'MarkerSize', ...

2%2,'Linewidth"', 2)
hold on
scatter (data(l:5:end,1),data(l:5:end,2), 'r'")
scatter (data([l,end],1l),data([l,end],2), 'g', 'ro')
plot (data(:,1),data(:,2), 'b'")
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19

20
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22

23

axis ([xmin, xmax,ymin, ymax])

axis equal

title(sprintf (['Lineage of: \t',num2str(celllD),
num2str (help_cell)]))

end

function dist (plot_accuracy)

[
[

[

% presented.

[-20,-40;-40,20;20,-20;60,601;
xdata repmat ([-65:65],131,1);

ydata = repmat ([65:-1:-65]"',1,131);
data zeros (131,131);

vessel

for i = 1:(131%131)

co = [xdata(i),ydata(i)];

dl = norm(co-vessel (1l,:));

d2 = norm(co-vessel (2,:));

d3 = norm(co-vessel (3,:));

d4 = norm(co-vessel(4,:));

data(i) = min([dl,d2,d3,d4] (1/2)

end
data(l:end, :)=data(end:-1:1, :);

grad = figure;

contourf ([-65:65], [-65:65],data,plot_accuracy);

end

5

'"\nInitial cell:

% Function generating figure for the distance gradient as presented in the

% paper. plot_accuracy defines in how many levels the plot should be



