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Abstract

This thesis aims to investigate theoretically how parameters such as vessel density,
blood oxygenation, blood velocity, spatial oxygen variation along vessels, tissue oxy-
gen consumption and their distributions influence the radiosensitivity of tumours.

Numerical calculations are made in MATLAB using voxel-based models. Direct and
indirect Monte Carlo based methods are used, e.g. kernels for dose calculations and
random-based models for simulation of in oxygen and activity distributions in tu-
mours. Oxygen diffusion is calculated using a Green’s function based method and
oxygen consumption follows the Michaelis-Menten kinetic model. Cryosectioning
and immunostaining of insulinoma from mouse is done for model development.
The linear quadratic cell survival model , including the oxygen effect, is used to cal-
culate tumour control probability (TCP) and absorbed doses. Convolutions, with dif-
fusion and dose kernels, are preferably made in frequency space for computational
reasons.

By raising the oxygen pressure (pO-), through antiangiogenic treatment, in tumours
and retaining TCP, radiation damage to normal tissues can be strongly reduced. Vari-
ation of blood pO, affects the position of the pO, distribution while altered vessel
density affects the distribution shape. The greatest increase in radiosensitivity by
increased pO; is achieved for 50% relative vessel density. In tumour oxygenation
modelling, pO- of the blood must vary along the vessel and a random distribution of

pO2 in incoming blood is used to get realistic results.

Combining improved oxygenation and radionuclide uptake shows great potential of
improving radionuclide treatment. There is an optimum region of vessel density
where the highest increase in radiosensitivity is achieved by increasing blood pOs.
It appears to be possible to determine the cause of hypoxia from the shape of the
pO. distribution. To make a good estimate of treatment result, it is crucial to know
the full pO, distribution and not only the mean or the hypoxic fraction. Improving
oxygenation of partly necrotic tumours is not always beneficial for radiation treat-
ment.

Small spherical tumours are more sensitive than larger ones to the shape of the pO;
distribution. This is likely because a hypoxic region of a small tumour is more af-
fected by its location relative to the tumour centre, given constant thickness, due to
the relatively greater difference in radius and therefore volume.






Sammanfattning

Denna avhandling syftar till att kartldgga hur olika parametrar sdsom kérltithet, syre-
niva i blodet, blodets hastighet i kdrlen, syrevariation ldngs med kirlen, syrekon-
sumtion i vdvnaden och hur fordelningen av dessa parametrar och korrelation mel-
lan dem pdverkar stralningskdnsligheten hos tumoérer. Berdkningarna utférs med
numeriska, voxelbaserade, modeller i MATLAB. Direkta och indirekta Monte Carlo-
baserade metoder anvinds, sdsom kernlar for dosberdkningar och slumpbaserade
modeller f6r simulering av variation av syrenivaer och aktivitetsfordelning i tumo-
rer. For berdkning av syrediffusion anvdnds Greens function-metoder och for syre-
konsumtionen anvidnds Michaelis-Mentens kinetikmodell. Fryssnitt och infargning
gors av insulinom frdn mus, som underlag fér modellutveckling. Den linjarkvadratis-
ka modellen for celloverlevnad, inklusive syreeffekten, anvdnds for berdkning av tu-
mour control probability (TCP) och névédndiga straldoser. Faltning, med diffusions-
och doskernlar, sker mestadels i frekvensrummet av berdkningstekniska skél.

Genom en hdéjning av syretrycket (pO2), genom behandling med antiangiogeneti-
ka, i tumérer och bibehallen TCP kan man kraftigt minska skadeeffekter p& normal-
vidvnad vid bestrdlning. Variation av pO, i blodet paverkar syrefordelningens ldage
medan dndring av kérltdthet paverkar formen. Den storsta stralningskédnslighetsho-
jande effekten av hojt pO, atstadkoms vid halverad karltdthet. Vid modellering av
syrefordelning i tumorer méste pO, i blodkérlen varieras logitudinellt och en slump-
madssig fordelning av pO, i inkommande blod tillampas for att fa verklighetstrogna
syrefordelningar.

En kombinerad h6jning av syreupptag och radionuklider ger stor forbattringspoten-
tial vid radionuklidbehandling. Det finns ett optimalt spann av kérltidthet for att nd
maximal stralkédnslighetshojande effekt av 6kad syreniva i blodet. Det forefaller ock-
sa vara moijligt att skilja mellan olika typer av hypoxi utifran syreférdelningens form.
For att prognostisera resultat av bestralning dr det nodvandigt att kdnna till hela sy-
reférdelningen och inte bara medelnivén eller den hypoxiska fraktionen. Férbattrad
syresdttning av tumorer med nekrotiska fraktioner ger inte alltid bdttre férutséttning-
ar for bestralning, sdsom i fallet fér icke nekrotiska tumorer. Sma sfariska tumoérer
tenderar att vara kinsligare @n stora for syrefordelningens form. Detta boér bland an-
nat bero pd att en hypoxisk region i en mindre tumor paverkas mer av sitt 1age relativt
tumorens centrum 4n vad som &r fallet i en storre tumor givet konstant tjocklek, pa

grund av den relativt storre skillnaden i radie och ddarmed volym.
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Chapter 1

Introduction

There is nothing difficult about killing a tumour with radiation. The challenge is
doing it without killing the entire patient or causing the patient avoidable damage.
This is what motivates research on radiation treatment against cancer. Mathemat-
ical modelling may provide an efficient way of estimating the influence of different
properties. Like English statistician George Box said: “Remember that all models are
wrong; the practical question is how wrong do they have to be to not be useful”.!
Our intention is to make them sufficiently accurate for some conclusions about real-
ity to be drawn. In this section I will explain some of the principles, theories and

assumptions that provide the basis of the models described in this thesis.

1.1 Tumour control and the oxygen effect

If we had only the tumour to worry about, the entire process would be a simple mat-
ter of delivering an absorbed dose high enough to kill it, but since the tumour is
inside the patient, radiation will have to pass through healthy tissue on its way to
its target. Unfortunately, healthy tissue is generally just as sensitive to radiation as
tumour tissue. In this context, the concept of tumour control becomes interesting.
Tumour control means killing every cell of the tumour and tumour control probab-

ility (TCP) is the probability of killing every cell of the tumour, obviously.

There are ways to estimate TCP and the most widely used is the Linear-Quadratic cell

survival model (LQ-model). The expression reads thusly:
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SF = ¢~ (aD+pD?) 1.1)

SF is the surviving fraction of a population of cells exposed do the absorbed dose D
(Gy). For a single cell SF may be interpreted as the probability of survival. a and 8
are radiation sensitivity parameters that are specific to each tumour type and pos-
sibly even to each individual tumour. What makes radiation toxic to cells is its abil-
ity to irreparably destroy their DNA, stopping them from proliferating and causing
them to self-terminate. The probability of radiation to cause damage to (hit) DNA
is considered proportional to absorbed dose. The fundamental assumption of the
LQ-model is that irreparable damage to DNA may require one or two hits. ¢ and \/E
may then be thought of as probabilities in some sense per unit of absorbed dose for
a lethal damage to be caused by one or two hits. The values of a and § and the rela-
tionship between them is an interesting matter when it comes to strategies for dose
delivery. In essence, when radiation is delivered slowly, single hit processes domin-
ate cell killing and vice versa, since there are continuous damage repair processes

taking place in the cells.?

If SF is the surviving fraction of a population of cells, then 1 - SF is the non-surviving
fraction. Consequently on a cellular level, if SF may be interpreted as the probability
of survival, then 1 - SF = 1—e~(@P+FD*) may be interpreted as the probability of non-
survival. Assuming that we have a population of N tumour cells, then the probability
of none of them surviving the dose D is (1 - SF;) (1 - SF,)---(1 — SFy) which, if the

cells are identical, equals

N
(1-SHN = (1 S ) I (1.2)
This is the TCP. The absorbed dose for which TCP is 0.99 is called Dgg.

Oxygen plays an important role in the process of destroying DNA.? If irradiation oc-
curs in the presence of oxygen, oxygen molecules are dissociated, forming highly
reactive radicals. When DNA is hit, before repair processes have initiated, oxygen
radicals bind to the damaged molecule, fixate the damage and prevent reparation
from taking place. Under these circumstances, the same level of cell kill can be ac-
complished at a lower absorbed dose. This oxygen enhancement increases the effect
of the radiation up to three-fold for well oxygenated compared to anoxic cells.® This

has been experimentally confirmed by Carlson et al.> This effect is important only
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with sparsely ionising radiation, since the damage caused by densely ionising radi-
ation is too extensive for reparation. When the oxygen enhancement ratio (OER) is

included in the TCP-formulation, the expression becomes

(1= SF)Y = (1 - ¢ (@OER-D+pOERD)) Y, (1.3)

1.2 Brownian motion and diffusion

In 1827, Scottish botanist Robert Brown was looking at pollen grains in his micro-
scope and noticed that they were moving back and forth in the water surrounding
them. This phenomenon, which at the time nobody was able to explain, was named
Brownian motion.® It remained a mystery until Albert Einstein in 1905 concluded
that the particle movements were caused by constant collisions with molecules in
the liquid, due to their thermal vibration. Because these collisions occur very often,
the result of individual collisions is not observable, but the particle trajectory will be
the sum of many consecutive collisions that may be regarded as independent of each
other (random). According to the central limit theorem, the sum of many random
events, of the same distribution, will follow a normal (Gaufian) distribution.” This
means that a particle in a gas or fluid will, during each macroscopic time step move
some distance. The probability of the distance travelled is distributed according to
the GauBian function. If there are many particles, the particle concentration, in the
volume surrounding each source of particles, will follow the same distribution. Al-
though there are exotic circumstances under which these assumptions are not valid,?
this line of reasoning holds for a majority of applications, of which oxygen transport
in tissue is one. This transport phenomenon is known as diffusion. If the transport
conditions in a medium are homogeneous, the distribution will be constant in space
(different of course for each particle type due to size, weight etc.). Diffusion always
causes a net transportation from higher to lower concentrations. This was described
by Adolf Fick already in 1855, and is known as FicK’s first law of diffusion.’

Diffusion is governed by the diffusion equation, a partial differential equation, which

in an environment that is homogeneous with respect to diffusion is written

ic(r ) = DV?c(r, 1) (1.4)
at ) - M ) .
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(also known as the heat equation), where D is the diffusion coefficient (or thermal
conductivity), a material specific parameter, essentially the velocity of the diffusing
substance and c is the concentration (or temperature) and V2 is the laplace operator,
which is the same as the sum of all second order partial derivatives (in this case r =
2 [ 02 02 2 . . he diffusi . b
(x,y,2) so V= = Freis 37 +32 ). In many situations, the diffusion equation may be
solved analytically if the circumstances are right. In many situations, however, this is
tedious or even impossible and in those situation one can make use of the GaufSian
function, which is a solution to the diffusion equation, to come up with a numerical

solution. The GaufSian is

2

e’ (1.5)

_3
2.

cirnt)=k-t

1
k is a normalisation constant, ¢ is time and in three dimensions, r = (x2 + y2 + zz) z 10

1.3 Oxygen transport

In the blood, haemoglobin (Hb) acts as a buffer of oxygen. Haemoglobin binds an
amount of oxygen (forming oxyhaemoglobin, Hb(0O»)4) that depends on the oxygen
partial pressure of the blood, so that, in well oxygenated blood, all but a few per cent
of the oxygen in the blood is bound. As free oxygen diffuses from the blood, the
equilibrium changes and oxyhaemoglobin dissociates, releasing more oxygen into
the plasma. This feature drastically increases the oxygen transportation capacity of
the blood, evens the oxygen levels of tissue and reduces sensitivity to variations in
the inspired oxygen concentration. Since nearly all oxygen in the blood is bound
to haemoglobin, the concentration of haemoglobin (Hb value) is essentially propor-
tional to the oxygen transportation capacity of the blood. Normal Hb value is around
14 g per 100 ml of blood and every gram of Hb carries a maximum of 1.34 ml of oxy-

gen.!!

The volumetric oxygen concentration in dry air is 20.93%. At an air pressure of 760
mmHg, this corresponds to a pO, of 159 mmHg. When air is inhaled it becomes
warmer and saturates with water vapor (pH,0=47 mmHg), leading to a relative de-
crease in oxygen content and a pO, of 149 mmHg.'>!3 This is what applies to the
air that enters the lungs with every breath. Since the ventilation of the lungs is not
complete and due to the dead space, there is always residual air, further lowering

the pO; in the lungs. Inside the alveoli, where gas exchange between air and blood
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takes place, the oxygen pressure is fairly constant at an average of 104 mmHg due
to simultaneous supply of oxygen through limited alveolar ventilation and removal
to the blood. While the partial pressure of a gas in gas simply is its contribution the
total pressure, the partial pressure of a gas in liquid is determined by its solubility;

the higher the solubility, the lower the partial pressure for equal concentrations.

The alveoli are very small, on the order of 200 um, hence with a large surface area
per volume. They are essentially covered in pulmonary capillaries, with poorly oxy-
genated (about 40 mmHg) blood slowly passing by. The initial pressure difference of
around 64 mmHg will cause oxygen to rapidly diffuse from alveoli to capillaries. As
the difference decreases, so will the diffusion rate. When the blood leaves the lungs,
oxygen pressure will nearly have reached equilibrium and therefore be almost 104
mmHg. Hereafter, the blood leaves the lungs, moves towards the heart and com-
bines with blood that has provided oxygen to lung tissue, not reached by inspired air,

to an oxygen pressure of about 95 mmHg.!!

After passing the heart, the blood enters the arterial system and is transported through
a number of bifurcations to reach capillaries in the entire body. The capillaries are
permeable, allowing for fluids to pass through the vessel walls to and from the ex-
tracellular space. Since the concentration of oxygen is higher inside the vessel than
outside, diffusion will cause a net transport of oxygen into the tissue. On its way to-
wards areas of lower concentration, oxygen will gradually be consumed by the cells,
as they strive to perform whatever task they were assigned, since the oxygen is neces-
sary for the cells to exercise their metabolism and thereby gain energy and dispose
of garbage. Oxygen consumption varies between tissue types. This will affect the
distance that oxygen can diffuse and in consequence, the capillaries will be spaced

accordingly so that, in healthy tissues, the oxygen requirements of all cells are met.'*

1.4 Tumour growth, vasculature and angiogenesis

Blood vessels have the purpose of delivering oxygen and nutrients to, and waste
from, the entire body. The blood starts in the aorta, continues through the smal-
ler arteries and via arterioles to the capillaries. On the venous side, the capillaries
turn into venules, veins and finally the venae cavae. The exchange of nutrients and
waste occurs in the capillary network. While the capillary wall is highly permeable to
liquids and small molecules, larger molecules cannot pass. Through pressure differ-

ences, liquid is drawn out of the capillary and into the interstitium on the arterial end



6 Introduction

until the pressure evens. Then, due to the excess of large molecules, plasma proteins,
inside the capillary, an osmotic pressure is built up, forcing liquid to return to the
capillaries and continue its journey back to the heart. Excessive fluid and escaped
proteins are transported back to the heart by the lymphatic system. As previously
mentioned, different types of tissue have different oxygen demands and the distance
between capillaries is individually regulated for each type of tissue. There are several
ways to quantify vascularisation. Vascular density may be expressed as vessels/mm?,
mean vessel distance or vessel proximity (um) is sometimes used as well as vascular
fraction, which is total vessel volume in relation to the tissue volume. These meas-
ures are not fully interchangeable since for example the oxygen distribution in tis-
sue is highly dependent on the distance between vessels while flow resistance varies

strongly with vessel diameter.!!

The above description applies to tissues with a normal vascular system. In tumours,
however, there is a different situation. Because tumours expand while their blood
vessels essentially do not, they eventually outgrow their vascular supply; more tu-
mour cells are added, contributing to a higher oxygen consumption, and the distance
between microvessels changes as they are pushed apart by the tumour tissue. This
causes insufficient oxygenation (hypoxia) among the tumour cells. Lack of nutrients
due to poor blood supply (ischaemia) as well as long-lasting hypoxia may cause the
cells irreparable damage and lead to uncontrolled cell death (necrosis). It is common

for larger tumours to have one or several necrotic regions.'> 16

Tumours grow through division of cells and with proper supply of nutrients and oxy-
gen, the entire cell population is able to divide which makes the growth rate propor-

tional to tumour volume,

ov
37 =SGR-V (1.6)
and thus the growth is exponential
V(1) = VoeSOR =) (1.7)

where V(1) is the tumour volume at time ¢, V; is the volume at time f, and SGR is
the specific growth rate (time™!) of the tumour. Once the tumour becomes partly

hypoxic, ischaemic or necrotic, not all of the cells contribute to the growth, which
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becomes damped and no longer fits the purely exponential growth as in equation
1.7, but rather a size-limited model such as the Gomperzian which has a sigmoid
growth curve; the shape is exponential at first, but then the tumour asymptotically

approaches a maximum size.'”

In order to continue to expand rapidly, the tumours need a way of overcoming ischaemia.
When a tumour cell becomes hypoxic, this activates the secretion of angiogenic factors
from the cell. These factors are a form of signal peptides, of which the vascular en-
dothelial growth factor (VEGF) is an important example, that trigger angiogenesis.
Angiogenesis is a process of vessel formation, first described by American patholo-
gist Arthur Tremain Hertig already in 1935,'® that has an important role for example
in wound healing and in forming the placenta. What happens in the tumour when
angiogenesis is stimulated is that existing vessels develop holes in the lumen and
new vessels grow like sprouts from the existing vessels towards the hypoxic areas
from where the signal substances originate. Because in larger tumours hypoxia is not
generally concentrated only to a small volume, the angiogenic factors do not come
from a point source, but from a larger region. This leads to a chaotic organisation of
the new vascular structure with poorly functioning vessels. In addition, angiogenesis
makes the existing vessels leaky and increasingly permeable to all sorts of molecules,
which is bad since it destroys the vessels ability to reabsorb fluids through osmotic

pressure difference.! 14

Due to the dysfunctional vessels of the tumour, the ingenious regulation system for
fluid exchange between capillaries and the interstitium becomes ruined. This, in
combination with inadequate venous and lymphatic drainage, results in elevated
interstitial pressure, with impairment of perfusion as a consequence. It is possible
to counteract angiogenesis by inhibition of receptors for angiogenic factors. This
treatment can temporarily reduce the interstitial fluid pressure in the tumour and

increase perfusion and thereby drug uptake and treatment effect.'6 19-22

1.5 The Monte Carlo method

Stanislaw Ulam was a mathematician of Polish origin who, in 1946, started work-
ing in the Manhattan project for Los Alamos National Laboratory in the USA. Within
this project, the first atomic bomb was developed. When Ulam was playing “Can-
field solitaire” (a form of patience) the same year he started thinking about the prob-

ability of winning the game. He discovered the hard work of theoretically working
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out all possible outcomes and figured there had to be a less time consuming way
of estimation, for example by playing the game a hundred times. By this time, the
computer evolution had set off and Ulam realised that computers could utilise the
same method to make various sorts of calculations. He presented the idea to his
colleague, John von Neumann, and together they started planning calculations on
neutron diffusion. In order to keep the project a secret at first, they needed a code
name and von Neumann suggested the name “Monte Carlo” after the casino where

Ulams uncle gambled with borrowed money.?®

The Monte Carlo method is still widely used today, within economics, physics and
mathematics to solve problems that are impossible, excessively laborious or time
consuming to master analytically. Within radiation physics we use the method mainly
to predict how different types of particles interact with their surroundings. Instead of
measuring, we can use probabilities and cross-sections to calculate how the particles
will behave. About individual particles we can say nothing but about many we can
say a lot. The more the particles, the more accurate the estimate, but accuracy has a

price; simulation times increases with the number of particles.

When sampling from a distribution one may choose between two main methods:
the rejection method and the inverse transform method. The two may also be com-
bined into something called mixed methods, useful for sampling functions of sev-
eral stochastic variables. The rejection method is very effective (all samples are ap-
proved) but requires that the probability density function (pdf), f(x), can be integ-
rated to form the distribution function, F(x), and that this in turn can be solved for

x. Arandom number {R|a < R < b} is drawn and F(x) = R is solved for x (Figure 1.1).

The rejection method on the other hand is always possible to use, but may be very
ineffective if the pdf is far from constant. For each sample, two random numbers,
Ry and Ry, are drawn. If the coordinate (Ry, Ry) is under the pdf-curve, Ry is an

approved sample (Figure 1.2). If not, the process must be repeated.
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y=R

F(x)

Xr

FIGURE 1.1: Inverse transform method. A random number, R (horizontal line),
is drawn and set equal to F(x), which is solved for x (vertical line).
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FIGURE 1.2: Rejection method. Upper panel: Random coordinates, (Ry ;, Ry, ;), are drawn.
Lower panel: Ry ; are accepted samples if , Ry, ; < pdf(Ry).
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1.6 Green’s functions, kernels and convolutions

Bethink the partial differential equation Lu(x) = f(x), where L is a linear differential
operator. One way of solving this is to find the inverse operator, L™!, so that u(x) =
L7 f(x). Let there be a function, G such that L™! f(x) = [ G(x, ) f(y) dy, then this
function is the Green’s function of the operator L or the fundamental solution of the

differential equation.

If the operator L is translation invariant, that is independent of x, then G can be con-
sidered the impulse response function of the dynamic system, which means that it
describes how the system reacts to a small disturbance in one point (such as a §-
function). G may then also be used as a convolution kernel, in convolutions, obvi-
ously:

(F+g) ™ f " O g-de. (1.8)

This essentially means moving the function g through every point, calculating the
product of f and g everywhere and superposing the results. This process is com-
mutative and either f or g may be considered the kernel. The Green’s function for
the diffusion equation (Equation 1.4) is the GaulSian (Equation 1.5). This provides
that the concentration after any time of a substance diffusing from a point source
is described by the Gaullian and that the change in time and space of a volumetric
distribution can be calculated by convolving the distribution with the appropriate

GauRian kernel 2426

Another application of convolutions, used in radiation physics, is dose calculation
with dose kernels, mainly point dose kernels. This is an indirect Monte Carlo method.
A dose distribution is rendered using Monte Carlo for one particular particle (often
electrons) in one particular element or compound (often water) and the impulse re-
sponse, in this case average volumetric dose distribution per emitted particle, is re-
corded and stored as a kernel that can be used to quickly generate accurate dose
results in similar situations by convolving it with for example distributions of cumu-

lated activity, weighted by number of emitted particles per decay.

A typical situation is the convolution of two finite three-dimensional matrices (called
matrix and kernel). The desired spatial resolution and dimensions then determine
the number of elements in the matrices. A doubling in length causes an 8-fold in-

crease in the number of elements of the matrix and a doubling in spatial resolution
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causing an 8-fold increase in size of both the matrix and kernel and since calcula-
tions are performed individually for every combination of matrix and kernel ele-
ment, this leads to a tremendous increase in the required number of calculation
steps and thereby time. For this reason convolutions are preferably made with rather
small matrices or at least kernels. Fortunately, according to the convolution the-
orem, a convolution in the spatial domain is the equivalent of multiplication in the
frequency domain. Therefore it is possible to calculate the fourier transform (in all
three dimensions) of the matrix and kernel, multiply the resulting matrices element-
wise and then calculate the inverse fourier transform. If the matrices are sufficiently
large the time saved on the calculations exceeds the time spent on transforms. Math-

ematically, the expression looks like
fxg=F YF()-F(©) (1.9)

where % and % ! are the fourier transform operator respective the inverse fourier
transform operator. When working with matrices, that is finite data sets, however
it is not possible to calculate continuous fourier transforms, but one has to switch
to the discrete version, or the digital analogue if you will. In this form, the general

expressions for &% and % ~! become

N-1
F(fK)=Fm) =Y fk)-e ' Fnk (1.10)
k=0
and
]. N-1 27
FHFm)=flo) = N F(n)-e*innk, (1.11)
n=0

where F(n) is the fourier transform of f(k) and N is the number of available data
points. The fourier transform is based on the fact that all functions can be expressed
as a sum of many periodic functions, such as sines and cosines. The result of a dis-
crete fourier transform of a set(/V) of real numbers(k) is a set(/N) of complex numbers(n)
that carry information about the amplitude and phase of the periodic functions that
sum up to the original data. The required frequency and phase information only
needs % numbers, but as a result of the fourier transform, every frequency is gen-
erated in pairs, one positive and one negative frequency. Due to some redundant
calculations in equations 1.10 and 1.11, it is possible to make clever algorithms that
for example omit some steps and can save a considerable amount of time for large

sets of data. These algorithms are commonly known as fast fourier transforms(FFT).
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Further increase in time efficiency may be achieved by splitting the data into subsets

and perform parallel calculations on separate cores or processors.>’

One consequence of the discretisation, or rather of not including an infinite number
of frequencies, is aliasing or folding artifacts. This means that frequency components
in the data, higher than the cut-off frequency are interpreted as low frequencies, that
are “folded over” on the low end of the frequency span. This effect presents itself
in fourier transform-based convolutions as a spill-over of data from one end of the
matrix to the opposite and vice versa. In practical use, a way to get around this is to
either pad the matrix with nonsense data (preferably minimising the gradients) or

simply be aware that data near the edges may not be valid.






Chapter 2

A

11m

The aims of this work were

to characterise the distribution of oxygen in a tumour, by finding the prob-
ability density function best suited to describe it and to use this information
to model alterations in the distribution to simulate anti-angiogenic therapy in

order to quantify the effect of combining this treatment with radionuclide ther-

apy,

to simulate the effect of modifying the oxygen content of the blood in terms of
Hb value and to evaluate in which vascular contexts this may be beneficial for

radiation treatment,

to evaluate the influence on estimated radiation therapy outcome of including

longitudinal oxygen variations along vessels, due to oxygen consumption and

to include variations of the input variables in tumour oxygenation modelling
and to investigate the effect of hypothetical correlations between these vari-

ables by utilising a novel Monte Carlo approach.
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Chapter 3

Methods

This section explains merely the methods that [ have used in the four papers. Meth-
ods, concerning tissue preparation, used by my co-authors are omitted, but described
in paper II. Trivial or self-evident calculations are also excluded from this section. I
try to keep a streamlined approach, focusing on the essence of the methods. Meth-
ods used several times are described jointly with reference to their applications in
the papers, where they are found in context. The reader is assumed to be acquainted

with the terms and concepts of the introduction (Chapter 1).

3.1 Characterising oxygen distributions

The previously published experimental data (I, Figure 1) showing the distribution
of pO, in a tumour before and after antiangiogenic treatment,?° was fitted by log-
normal distributions, that is a distribution whose logarithm is normally distributed.
The agreements of the fits are best viewed through cumulative summation (I, Fig-
ure 2). The root mean square deviations, RMSD and correlation coefficient, R? (r?),
were compared for the assumed distribution and the best normal distribution fit,
to ensure that log-normal fit was the appropriate choice (I, Table 1). A third, fully
oxygenated, fictive scenario was added, following the same type of distribution, but
shifted toward higher values (Figure 3.1).8 Table 3.1 shows the mean (u) standard

deviation (o) of the logarithms of the distributions.

17



18 Methods

— Without anti-VEGF antibodies
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FIGURE 3.1: pO> distribution with and without anti-VEGF treatment, as well
as a fully oxygenated case, fitted by log-normal distributions. Reprinted with permission from the American Asso-
ciation of Physicists in Medicine.

TABLE 3.1: Parameters of the fitted distributions.

Distribution 7} o

Untreated 2.483 0.711
Anti-VEGF treated 2.946 0.689
Fully oxygenated  3.689 0.330

3.2 Distributing activity and oxygen in a spherical tumour model

Oxygen according to the three distributions of section 3.1 was spatially spread out in
a spherical 10 g tumour (10'° cells, radius 1.34 cm) following two different patterns:
One randomised (Monte Carlo) and one radially increasing towards tumour surface.
The cumulated activity of 9°Y, 1311, 1771y, and 2!! At followed the same relative distri-
bution as the oxygen, but the levels of the activity were adjusted (brute force) to give
Dagg.

In the randomised scenario, the distributions (discretised) are sampled radially along
voxels of the tumour using the rejection method (Section 1.5) with the additional
restraint that the frequency of the selected value must be sufficient to fill the entire
shell (10 pm thick) of the tumour represented by the current voxel. This means that

spherical symmetry was assumed in order to strongly reduce simulation times.
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In the radially depending scenario, the tumour was “filled up” from the outside in
going from higher to lower values of the distribution. The values were used in as

many shells as required to best represent the frequency of the distribution.

3.3 Calculating oxygen enhancement ratios

The distributions of oxygen enhancement ratios used in I,II,IIl and IV, have been cal-

culated using the following formula:*®

0.81- (pOZ)O.GIG

1+0.324-(pOy

OER=1+ (3.1)

)0.616

where p O, is the distribution of oxygen partial pressure.

3.4 Calculating absorbed dose from cumulated activity distribution

The spatial cumulated activity distributions of section 3.2 were collapsed to a column
or “drill core”, from the surface to the centre of the tumour. This column was pad-
ded on all sides with surrounding voxels from the tumour setup. The thickness of
the padding exceeded the range of the emitted particles from the simulated nuc-
lides. This ensured that the column was “unaware” of having been extracted from
the complete tumour model. The padded column matrix was convolved with beta
point dose kernels,®’ scaled and sampled to fit the nuclides and voxel size, for *°Y,
1T and 7“Lu. For 2!!At, an alpha point dose kernel was used, made from stopping
power data.3! OER (equation 3.1, only for the S-emitters) and TCP (equation 3.2)
were calculated. The cumulated activity distribution was scaled and the calculations

repeated until Dgg was found.

3.5 Estimating response to irradiation

Based on the LQ-model, TCP was calculated using a special version of equation 1.3
in II, IIl and IV, since the oxygen level of the tumours was not homogeneous and in [,

neither was the absorbed dose. The expression used was>?
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TCP = ﬁ 1 — o~ (€(OER;:-D)+p(OER;-D;?) , (3.2)

i=1
where OER; and D; were the individual (cell by cell) values of OER and D and N
was the total number of cells in the tumour. @ and § were the radiation sensitivity
parameters of the LQ-model and their values are presented in Table 3.2. The para-
meter values are not critical, but have been selected within reasonable limits to give

clinically relevant Dgg values.®?

TABLE 3.2: Radiation sensitivity parameters used in the calculations.

Paper a B
(&) (&)
I 0.35 0

I 0.01 0.001
III 0.01 0.001
v 0.02 0.002

TCP was calculated iteratively until Dgg was found.

3.6 Building an expandable 3D vessel distribution module

Tissue samples of insulinoma from mice were immunostained, sliced and photo-
graphed by my co-authors Eliane Cortez and Kristian Pietras, at the time operating

at Karolinska Institutet.

Using the microscopy images of 12 um thick serial slices of tumour tissue®* (n = 14)
with green coloured vessels, binary images of the vessels were created by threshold-

ing the images (II, Figure 1).

These images were aligned by translation and rotation for maximum visual and nu-
merical agreement; two adjacent binary slice images were combined with a third
dummy-layer of zeros to form a three-layer matrix the size of the image. The matrix
was then displayed as an RGB-image, where the two binary images represented the
red and blue layers respectively and pixels corresponding to matrix ones in both lay-
ers therefore became magenta colored. This was used as a visual tool for measuring

overlap.

The matrix layers were also multiplied element-wise and the sum of the resulting

product matrix was divided by the lowest of the sums of the two layers. The result
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was a numerical measure of the vessel overlap between the two layers where 0 means
no overlap and 1 means full overlap. The aligned stack of images was then cropped

to form a 3D image entirely representing the tumour tissue.

Individual vessels were separated through segmentation. Vessel voxels were con-
sidered part of the same vessel if they belonged to the same 26-connected neigh-
borhood. All vessels were individually identified and labelled and every vessel not
connected to at least two vertices of the 3D matrix was rejected in order to avoid
using dysfunctional vessels in the calculations. The images were down-sampled to

cubic voxels with all sides equal to slice thickness.

In order to negate the influence of a lack of oxygenation around the edges of the
sample, the 3D image matrix was enlarged by mirroring in all directions and concat-
enation into a cube twice the original matrix size in each direction. This approach
created an expandable module that could be extended in any direction and to any

size without losing vessel continuity.

3.7 Simulating altered vessel density and oxygen tension

The expandable 3D vessel distribution module from the previous section was expan-
ded to a 2x2x2 mm? cube of tumour tissue which was then used to simulate oxygena-
tion, assuming a constant vessel pO, of 40 mmHg. Various cases of diffusion-limited
hypoxia were simulated by randomly reducing the fraction of vessels in the tumour
matrix. This was possible since the tumour type used is considered highly vascular-
ised. As well the removed as the remaining vessels were entire and connected. The

fraction of vessels removed was 10, 20,...,90 %.

The model was also used to simulate anemic hypoxia by altering the vessel pO,, cor-
responding to an equal change in Hb concentration from 14 to 7 (50 % decrease),
10.5 (25 % decrease), and 17.5 (25 % increase) g/dl. All 40 combinations of the above

parameters were simulated.

3.8 Calculating oxygenation-induced dose amplification

The oxygenation-induced dose amplification (ODA), defined in I, is a relation between
Hb concentration and Dgg. The reference used is Dgg at Hb concentration 7 g/dl (not

70 mmHg as mistyped in II, page 4) such that
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D99,ref

ODA(Hb) = ———,
(HD) Dqgg(HD)

(3.3)
that is a measure of how many times higher absorbed dose is required for TCP=0.99 at
the reference Hb concentration compared to the current value. ODA was calculated

for each of the 40 scenarios of II.

3.9 Modelling oxygen diffusion

Diffusion was modelled in II, ITI and IV, using a Green’s function approach.* A tissue
and vessel matrix was convolved with a Gaulian kernel (Equation 1.5). The kernel
was scaled with the time step and sampled using the voxel size of the model setup.
Table 3.3 shows the parameter settings. The values were selected based on physical

properties, such as tissue slice thickness and acceptable simulation times.

TABLE 3.3: Parameters settings used in the diffusion simulations.

Paper Time-step Voxelside Diffusion coefficient

(s) (um) (pm?s71)
II 0.01 12 2000
11 0.1 10 2000
v 0.1 10 2000

The convolution was repeated once every time-step and between each step, oxygen
consumption was applied and vessel values were adjusted. In II, the oxygen con-
tent of the vessels was kept constant at 40 mmHg, while in III and IV, vessel oxygen
started high and successively was consumed, whereas the blood was flowing in the
vessels, bringing more oxygen into the system. In these cases, the oxygen buffer in

the haemoglobin had to be taken into account.
In II, the diffusion simulations were done as described above (Section 3.7).

In III, the blood velocities used were 1500 and 2500 um/s, the initial vessel oxygen
tension was 100 mmHg and the vascular fraction was varied between 0.02 and 0.12.
Two scenarios, constant and variable vascular fraction, were compared against a ref-
erence scenario with constant vessel pO;, of 40 mmHg. The simulations were done
for parallel vessels entering the tissue in one end, in order to create a depth oxygen-
ation curve (DOC) and the corresponding oxygen gradients for use in further simu-

lations (Section 3.12).36
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The simulations in IV were done on all 27 combinations of the parameters in table
3.4. These results were then fitted to analytical expressions and used in simulations
(Section 3.14).

TABLE 3.4: Parameters simulated in IV.

Vessel pO, Blood velocity Vascular fraction

mmHg (ums™)
60 1500 0.0400
80 2000 0.0625
100 2500 0.1111

3.10 Modelling oxygen consumption

Oxygen consumption in II, IIl and IV was simulated using the Michaelis-Menten kin-
etics model, which is very widely used as a better alternative to constant consump-

tion,

Co-pOo

= — (3.4)
pO2 + Ky

where C is oxygen consumption per unit volume of tissue, Cj is the oxygen consump-
tion at unlimited supply and K, is the Michaelis constant, that is the oxygen partial
pressure at which C = 0.5- Cy.3” In these studies, Cy = 15 mmHg/s3%333% and K, = 1
mmHg.3® This means that when oxygen is low, the cells consume less. The total con-
sumption is calculated per time-step for each voxel and subtracted from the volu-

metric tissue oxygen distribution at every step.

3.11 Calculating haemoglobin saturation

In IIT and IV, where vessel pO, was dynamic, haemoglobin saturation had to be cal-
culated. The haemoglobin saturation curve used is based on the Hill equation with
corrections for increased validity (Figure 3.2). The data describes the ratio of bound
oxygen to the carrying capacity of the haemoglobin as a function of blood p0,.%? At
every simulation step, the total amount of oxygen (bound and solved) in the blood

was calculated according to equation 3.5
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O2,101a1 = 1.34-Hb-0.01- S+0.000031 - pO,, (3.5)

where O ;14 is the total volumetric fraction of oxygen in the blood at standard pres-
sure, 1.34 ml/g is the oxygen carrying capacity of haemoglobin, Hb is the haemo-
globin concentration (g/dl), 0.01 is dl/ml, S is the saturation and 0.000031 mmHg_1

is the solubility coefficient of oxygen in plasma.'!

The pO; of the vessel before and after diffusion convolution (Section 3.9) were com-
pared and the difference was subtracted from the value of total amount of oxygen
in the vessel voxels. The resulting oxygen amount was then redistributed between
bound and solved using equation 3.5 and the saturation curve. These calculations
were done voxel by voxel. The saturation curve is slightly affected by parameters
such as pH, temperature and concentrations of CO and CO,. These variations are

beyond the scope of this study.
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FIGURE 3.2: Haemoglobin saturation vs. pO3 of the blood.

3.12 Modelling oxygenation in spherical tumours

Spherical tumour models in III were constructed of 10x10x10 um? cubic voxels to
create a total mass of 1, 10, 100, 1000 and 10000 mg, which corresponded to 108, 107,

108,10?, and 1019 tumour cells. Vascular fraction was set at the surface of the tumour.
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Surface VF was varied between 0.02 and 0.12. Three scenarios of variation of vessel

oxygen pressure and vascular fraction were examined:

CVO The simplest scenario, using constant vascular fraction and constant vessel
oxygen levels with a blood pO, of 40 mmHg in the vessels, a common value

used in models.

CVF The more advanced scenario with constant vascular fraction and longitudin-

ally (spatially) variable vessel oxygen levels.

VVF The most advanced scenario with variable vascular fraction and longitudinally
variable vessel oxygen levels. This is to evaluate whether it is plausible that the
longitudinal decrease of vessel oxygen content could be compensated for by an
(hypoxia driven) increase in VF along the vessel. In this scenario, VF increased
along the vessel direction (towards tumour centre), proportional to the square
of the distance from tumour surface, to a maximum of 0.22 (corresponding to
an vessel spacing of about 21 ym) and thereafter remained constant to avoid

physiologically unreasonable vessel spacing.

The DOC and gradient curves generated in the simulations described in section 3.9
were used for the simulations. The surface value was determined from the DOC
curve and the gradients were used as a lookup table to determine the radial oxygen
difference, voxel by voxel, depending on the vessel spacing. This information was

then used to calculate the pO, profile of the tumour, according to equation 3.6:

00
0; =r7|Oi-1+ (ri—rim1)  =——— (3.6)
0Tvd;,0;
where O; is the pO; value of the i:th voxel, r; is the radial position of that voxel, and

vd; is the vessel spacing.

Assuming spherical symmetry, each voxel value along this profile line was weighted
based on its distance from tumour centre so that it represented all voxels in the
sphere on the same radial position to form homogeneous spherical layers. This was
to create a distribution of oxygen that represented the entire sphere. We also calcu-
lated the necrotic fraction, which we defined as the regions where the pO, value fell

below 1 mmHg.
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3.13 Verifying vascular heterogeneity

The RCC image used in IV (Figure 1 a of IV) was transformed from Cartesian to polar
coordinates, with the centre of the necrotic core as reference point and samples of
pixel value histograms were collected along horizontal (angular direction) and ver-
tical (radial direction) profiles (Figure 3.3). Because the circumference varies with
radius, the distance between points in the transformed image appear stretched in
the angular direction. This, however, does not distort the shape of the pixel value
histograms. High pixel values indicate high contrast uptake, likely to be part of a
vessel, the higher value, the larger vessel, whereas the width of the distribution is a
measure of the heterogeneity of size. From the image itself and from the difference
in shape between the histograms it is obvious, however, that the vascular intensity of
the tumour varies with angle and radius. Therefore it is likely that the oxygenational
status of tumours varies with position. This is rationale for the modelling of varying

pO2 of incoming blood, blood velocity and vessel spacing.
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FIGURE 3.3: RCC angiogram in polar coordinates, with radius vertically and angle horizontally. The centre point of

the necrotic core in the original image corresponds to the top of the image and the angle starts and ends between

the second and third quadrant (i.e. on the negative x-axis) and the direction from left to right is clockwise. The

histogram curves on the left hand side (a through e) correspond to the horizontal profile lines and those on the
right hand (f through j) represent the vertical profile lines from left to right.
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3.14 Modelling vascular and oxygenational heterogeneity

In IV, a spherical tumour was inscribed in a cube. A coordinate P = (x, y,z) was
randomly selected within the cube. If P is inside the tumour, the shortest distance

between P and the tumour surface was calculated.

This model was used to compare the oxygen distribution from the primary DOC (re-
ferred to as the ideal or “no variation” scenario), to six other oxygen distributions
generated by randomised selection of initial blood pO,, blood velocity (BV) and ves-
sel proximity (VP), with and without correlation between the variables, for tumour
radii of 5, 10, 20 and 30 mm. Vessel proximity was here defined as a conceptually
inverted numerical equivalent to vessel distance. This circumlocution was used to
give an intuitive understanding of the correlations. Table 3.5 shows the correlation
conditions of the six scenarios. The correlations are perfect, that is R®=1or —1.
This means that the parameters were selected from the same (or mirrored) positions

of their respective distribution, in terms of mean value and standard deviation.

TABLE 3.5: Correlations between vessel pO2, blood velocity and vessel proximity
in the different scenarios. 1 and 1 means correlation coefficient RZ = 1,
1 and —1 means correlation coefficient R% = —1, while 0 means uncorrelated parameter.

Scenario pO, BV VP
1 0 0 0
2 1 1 0
3 1 0 1
4 0 1 1
5 1 1 1
6 No variation
7 1 0 -1

Oxygen profile functions for interpolation were selected by sampling from three GauRian
distributions specified in table 3.6, where all distributions were truncated at +2 SD.
The oxygen level of P was then determined by interpolation between the selected
functions for the distance between P and the tumour surface. An oxygen distribu-

tion was constructed from 10000 point values.

TABLE 3.6: Mean (u) and standard deviation (o) for the normal distributions
of pO2, blood velocity and vessel proximity used in the simulations.

Variable U o
pO2 (mmHg) 80 10

BV (um/s) 2000 250
VP (um) 40 5







Chapter 4

Results

4.1 Combining antiangiogenic treatment with radionuclides

The oxygen distributions in I, are best described by a log-normal distribution, both in
terms of coefficient of determination (R?) and root mean square deviation (RMSD).
For comparison, Table 4.1 shows goodness of fit for normal and log-normal distri-
butions. The three log-normal distributions (untreated, anti-VEGF treated and fully

oxygenated) are shown in Figure 3.1.

TABLE 4.1: R% and RMSD from cumulative sum of oxygen
distribution fit for anti-VEGF treated and untreated tumour.

Normal distribution Log-normal distribution

Case R? RMSD* R? RMSD
Untreated 0.979 0.038 0.997 0.017
Anti-VEGF treated 0.931 0.078 0.996 0.019

*JRoot mean square deviation: The mean of the squared deviation
between each model prediction and the corresponding data point.

The absolute Dgg values are highly dependent of the number of tumour cells (tumour
size) and the chosen radiation sensitivity (o« and f), since the TCP is the product
of the probabilities of killing each single tumour cell (Eq. 3.2), whereas the relative
differences in Dgg due to oxygen enhancement are independent of tumour size and

radiation sensitivity. Therefore this is an interesting measure.

Since the distribution of radionuclides depends on e.g. perfusion of the tumour
tissue and due to the limited particle range, their dose distributions may be highly

nonuniform. Right-shifted oxygen distributions cause left shifted Dgg values. In the

29
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fully oxygenated scenario with homogeneous irradiation, the absorbed dose reduc-
tion is as high as 33% compared to the untreated case, while in some of the radionuc-
lide comparisons, the relative decreases are as high as 96 per cent. For the complete
result, se table 4.2. All absorbed doses are relative to untreated case with radially

dependent distribution.

TABLE 4.2: Average reduction in Dgg, for each radionuclide and for homogeneous irradiation,
relative to untreated case with radially dependent distribution.

0y 181 1771y, 211At  Homogeneous

Radial distribution Untreated 0.00 0.00 0.00 0.00 0.00
Anti-VEGF treated 0.35 0.28 0.35 0.19 0.08
Fully oxygenated 0.86 0.92 0.92 0.82 0.33
Random distribution Untreated 0.75 0.71 076 0.53 0.00
Anti-VEGF treated 0.79 0.75 0.82 0.65 0.08
Fully oxygenated 0.93 096 0.96 0.93 0.33

It is obvious that the required absorbed doses are lower in the case of randomly dis-
tributed activity and oxygen tension than in the radially dependent scenario. This is
due to cross dosage from hot areas, compensating for lower activity in colder areas
within range. Further it can be noticed that the difference between random and ra-
dially dependent distributions decrease with antiangiogenic treatment. This is be-
cause the tumour response is highly influenced by cold spots. Because the effect of
a-emitters is very local compared to electron emitters due to lack of cross irradiation
and because of the absence of oxygen enhancement and dose distribution synerget-
ics, the intratumoural dose variations remain bigger and the Dgg reduction is more

modest.

4.2 Modification of blood oxygenation - effects on radiation response

The results from the simulations in II show that as the vessel density decreased, the
oxygen distribution broadened and shifted to the left, showing a log-normal distinc-
tion, while the result of decreased pO, of the blood appeared to be a shift to the left
of the entire original distribution in which there was no pronounced log-normality.
The combined scenarios caused left-shifted, narrow distributions with explicit log-
normal characteristics. In the cases where 50% vessel reduction was combined with
a 25% increase in blood pO; (Figure 4.1 H), the distribution was centered at about

the same value as in the reference case (Figure 4.1 C), only wider, due to the lack of
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vessels. A selection of distributions are shown in Figure 4.1. Figure 4 of paper II adds

information on the spatial distribution.
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FIGURE 4.1: Simulated pO histograms. Abscissa: 50%, 75%, 100%, and 125% of relative Hb concentration. Or-
dinate: 30%, 50%, and 100% of relative vessel density. Permission obtained from the American Association of
Physicists in Medicine.

Figure 4.2 presents the results from the Dgg calculations. The influence of a 50%
decrease in blood pO; on the required absorbed dose was slightly higher than that
of an equal decrease in vessel density when both were compared to the reference
case (100% vessel density). This result is due to the oxygen distribution in the former
case being shifted further to the left but still narrow, which puts a major part of the
distribution in the pO, region where OER is low (Equation 3.1). The Dgg and TCP
values for the scenarios with increased pO, and decreased vessel density were rather
similar to those of the reference case, as the means were similar but the distribution
width at such high values had a limited effect on the OER values.

Figure 4.3 shows the corresponding ODA values.



32 Results

160

~~~~ ~--- 50 % relative Hb concentration

T 75 % relative Hb concentration
ol N - — 100 % relative Hb concentration| |
. —— 125 % relative Hb concentration
120
5
Vg 100
[a)
80
60
40

10 20 30 40 50 60 70 80 90 100
Relative functional vessel density (%)

FIGURE 4.2: Dgg for various combinations of relative Hb concentration and relative functional vessel density. Solid,
dashed, dotted, and dashed-dotted lines represent 125%, 100%, 75%, and 50% relative Hb concentration, respect-
ively. Permission obtained from the American Association of Physicists in Medicine.
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FIGURE 4.3: The oxygen-induced dose amplification (ODA) curves for different relative Hb concentrations as a
function of relative functional vessel density. Solid, dashed, and dotted lines represent 75%, 100%, and 125% relat-
ive Hb concentration, respectively. Permission obtained from the American Association of Physicists in Medicine.

4.3 Oxygen variations along vessels — effects on radiation response

Constant Vessel Oxygen

Dgg values for tumour masses from 1 mg to 10 g in the CVO scenario of III, were
determined through simulations with a constant oxygen content of 40 mmHg in the
blood vessels. We found that large vascular fractions could reduce the Dgg by up to
10%, and that the Dgg vs. vascular fraction dependence is similar for the different
tumour masses (Figure 4.4). In the this scenario, the necrotic fractions are 0, even for

large tumours.
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FIGURE 4.5: Dgg values from the CVF model for tumor sizes from 1 to 10000 mg.

(a) Blood velocity: 1500 um/s. (b) Blood velocity: 2500 pm/s. Permission obtained from the American Association
of Physicists in Medicine.

Constant Vascular Fraction

In the more realistic CVF scenario, variable vessel oxygen due to consumption was
included in the model, which generates a continual decrease in oxygen content along
the blood vessel. This model demonstrates a clear difference from the CVO model.
There is a modest effect on Dgg of increased blood velocity, 2500 ym/s compared to
1500 pm/s (Figure 4.5). This is most evident in the 10 g tumour of the CVF scenario.

Corresponding necrotic fractions are shown in Figure 4.6.

Variable Vascular Fraction

Generally, the differences between CVF and VVF scenarios are minor. When com-
paring blood velocities, we found that Dgg tends to decrease with increasing blood
velocity and that this appears less size dependent in the VVF than in the CVF scen-

ario (Figures 4.5 and 4.7). For all tumour sizes, the necrotic fraction decreases with
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FIGURE 4.7: Dgg values from the VVF model for tumor sizes from 1 to 10000 mg.

(a) Blood velocity: 1500 um/s. (b) Blood velocity: 2500 pm/s. Permission obtained from the American Association
of Physicists in Medicine.

increasing blood flow. This effect is best observed at low vascular fractions. There is
a clear difference between the CVF and VVF scenarios in the sense that the necrotic
fractions of small tumours decrease more with increased vascular fraction in the VVF
scenario. The same tendency of difference in oxygenation also shows clearly in the
Dgg where for example the value for the 1 mg tumour at VF= 0.04 drops from about
70 Gy to about 55 Gy between the CVF and VVF scenarios. Necrotic fractions for VVF

scenario are shown in Figure 4.8.

General observations

The vascular fraction provides the most profound influences, for the VVF as well as
the CVF scenarios, on the Dgg and the necrotic fraction, slightly stronger on smal-
ler tumours. The results show that an increased vascular fraction could eliminate

the necrotic fractions in all tumours sizes tested, but the necrotic parts of the larger
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tumours (i.e. the 1 and 10 g tumours) are considerably persistent compared to smal-
ler tumours. Where there are large necrotic regions in the tumours we can observe
some fluctuations in Dgg values vs. vascular fraction. Where these regions disappear,
at higher VE the Dgg values tend to stabilise. At high vascular fractions (above 0.12),

the difference in Dgg values between all scenarios becomes less evident.

4.4 Correlation between variables in tumour oxygenation models

From Figure 4.9 we can see that the shape of most of the distributions sampled from
varying depth oxygenation curves, with exception of corr(pO-, vessel proximity)=-
1 (scenario 7) are quite different from the ideal curve (scenario 6), and also more

similar to oxygen distributions measured in vivo, with a normal or log-normal profile.

The shape of the six distribution based curves and the no variation scenario vary
between themselves and appear to be more or less divided into three groups: a)
scenarios 1,2 and 4; b) scenarios 3 and 5; c¢) scenario 6 and 7, referring to the no-
menclature used in section 3.14. This is most clearly visible in the cumulative pO,
distributions in Figure 4.9 b and d. Because of this observation, the further analysis
was focused on scenarios 1, uncorrelated parameters (UP); 3, vessel proximity oxy-
gen positive covariance (PVO+C); 6, Depth oxygenation curve (DOC) and 7, vessel
proximity oxygen negative covariance (VPO-C). Figures 4.10, 4.11 and 4.12 show the
hypoxic fractions, mean oxygen levels and Dgg values respectively for each distribu-

tion as a function of tumour radius.
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Chapter 5

Discussion

5.1 Combining antiangiogenic treatment with radionuclides

Radiation damage to normal tissue is often the limiting factor when it comes to
therapeutic dose levels. Consequently this also limits the damages to tumour tissue
and thereby the probability of tumour control. An increase in tumour response gives
a therapeutic gain without additional damage to normal tissue. Our results show a
potential for improving radionuclide therapy by increasing tumour oxygenation and

uniformity of activity distributions.

The observed log-normal distribution of oxygen tension in this study may not seem
very intuitive at first, although this type of distribution often is observed in in vivo
measurements.*! The log-normal distribution is to multiplicative processes as the
normal distribution is to additive and there are physical arguments in support of this
type of distribution.*? Apart from this, there are studies showing that radionuclides
tend to distribute log-normally among cells even in vitro, which points at biological

causes.*

The volumetric distribution of oxygen in the tumour appears to highly affect the res-
ults of antiangiogenic treatment, as demonstrated in these simulated scenarios. Be-
cause of cross-irradiation, the distribution of the radionuclides is less important the
longer the range is. This may lower the required absorbed doses but also cause more
normal tissue damage, especially in small tumours. Our modelled scenarios are sim-
plifications; in real treatment situations, it is likely that the distribution of radionuc-
lides differs from the distribution of oxygen since many radiopharmaceuticals target

either antigens or receptors, which may distribute differently.

39
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The oxygen distribution of the ideal scenario was centered around 40 mmHg, which
is approximately the mean for normal tissues. The distribution shape is not critical
here, as replacing it with a §-function causes a relative shift of the TCP-curve by 0.01,
assuming homogeneous absorbed dose. For scenarios with a higher prevalence of
low pO, values, the distribution shape is of higher importance. In e.g. the untreated
scenario, there is a relative TCP shift of 0.07 for the two level model compared to
the continuous distribution. This is an example of why the often used hypoxic frac-

44-47

tion is a poor indicator of oxygen effective dose.*3

Today, radiopharmaceuticals such as radiolabelled somatostatin analogues,49 anti-
bodies,”® and microspheres,®! show beneficial values for patients — in terms of pro-
longing life and improving quality of life. Although cure usually is not obtained, there
is great potential of improvement in this area. This study exemplifies the synergism
that can come from combining radiopharmaceuticals with antiangiogenic drugs,
thereby increasing uptake of oxygen as well as radionuclides. The effect is highly
dependent on time of administration as there is an optimal time window, due to the
temporal effects of the antiangiogenic drugs.?> Additional factors complicating the
issue is for example difference in kinetics between large molecules such as anti-VEGF
and small, such as radiopharmaceuticals, which may introduce time shifts, blur the

cumulated activity distribution and cause uncertainties in biological half lives.

5.2 Modification of blood oxygenation - effects on radiation response

The log-normal characteristics of the simulated distributions agree with the obser-
vations in our previous study (I), in which measured oxygen tension fields were best-
fitted by the log-normal distribution. The great variations in distribution shapes em-
phasise the importance of considering the entire oxygen distribution in OED estim-

ates.

In this three-dimensional approach, every layer of the tumour matrix is unique re-
garding the blood vessel pattern, which results in a flow of oxygen between tumour
layers and an averaging of oxygen levels throughout the tumour, whereas two-dimensional
models describe one single tumour layer.3®°? This is equal to a three-dimensional
model where all layers are identical, that is an unrealistic model where all vessels are
perfectly parallel and no "cross-talk" of oxygen between layers exists. All changes

applied to such a model will therefore effect every layer. This probably results in an
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overestimation of the average distance to nearest vessel and thereby of the hetero-

geneity of the oxygen distribution.

At the interfaces of model modules, there is a mirroring, in order not to lose continu-
ity of vessels. The resulting effect of the similarity of vessel structure on both sides
of the border and of the repetitive pattern in the fully vascularised scenarios on the

volumetric oxygen distribution in the tissue is negligible.

According to our results, the differences in Dgg and ODA between different Hb con-
centrations are quite small for both high and low vascular densities (Figures 4.2 and
4.3). In the intermediate region, however, a considerable difference was found. For
example, at 50% relative vessel density, Dgg is 63 Gy higher, for the least compared to
the most favourable Hb concentration. Thus, the ODA at 125% relative Hb concen-
tration equals 2. Because the tumour type (insulinoma) used in this model is densely
vascularised, it is a reasonable assumption that many tumours have a vascular dens-

ity that falls within this intermediate region.

The in vivo material used in the study stems from a genetically engineered mouse
model that develops an initially well vascularised tumour (pancreatic neuroendo-
crine carcinoma/islet cell tumour). Eventually, however, the tumours transform into
invasive multifocal carcinomas and become fully comparable to several other pre-

clinical mouse tumour models used in similar studies.>>

Hypoxia is associated with less favourable treatment results.”* Further, low Hb con-
centration is considered an indication of poor tumour oxygenation. Increasing Hb
concentration improves overall oxygenation although unnaturally high values are
not believed to further strengthen the oxygenational status of tumours but may even
have a bad influence.®® Adjustment of low Hb levels by blood transfusion prior to
treatment has not been demonstrated to improve treatment outcome.*® Erythropoi-
etin treatment of anemic patients in combination with radiotherapy also provides

ambiguous results.>”

5.3 Oxygen variations along vessels - effects on radiation response

The simulation results from the simplified models show no necrosis, regardless of tu-
mour size, and no dependence on either tumour size, or blood velocity unlike the ad-
vanced models, which provided that increasing the oxygen flow into a tumour resul-

ted in improved oxygenation. We also found that well-oxygenated tumours are more
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radiosensitive than poorly oxygenated tumours and therefore required a lower ab-
sorbed dose for sterilisation. This, however, is strictly true only for tumours without

necrotic regions.

In the presence of necrosis, however, better oxygenation will not always result in a
lowered required absorbed dose. Even though the living cells become more sensit-
ive to radiation, it may be necessary to kill more cells, for equal TCP, due to a smal-
ler necrotic fraction. In a hypothetical, spherical tumour with a necrotic core there
would be hypoxia as well and if the tumour were spherically symmetric, the hypoxic
region would be shell shaped. Increasing the oxygen tension of such a tumour would
cause different behaviour depending on the location of the hypoxic shell. If the hyp-
oxia were close to the surface (typically large tumours), its volume will depend less
on the radial location than if it were more centrally located, why increased oxygen
penetration depth in the former case would cause less of a shrinkage of the hypoxic
region than in the latter case. The normoxic regions would increase and the anoxic
would decrease in both cases. The increased radiosensitivity is then more likely to
be cancelled by the increased number of living cells in the former case, which in turn
would be more likely to occur in a large tumour, while in a small, the shrinking hyp-
oxic region would work together with the increased normoxic region to lower Dgg.
This effect may show up as fluctuations in Dgg vs. vascular fraction where one ex-
pects a strictly rising curve (Figures 4.5 and 4.7). The importance of this effect is also
highly dependent of necrosis threshold and therefore very imprecise in the results.
In the simulations, it was assumed that all tumour cells became necrotic when the
pO fell below 1 mmHg. This assumption is a simplification that may also overes-
timate radiosensitivity, as some of these cells may be quiescent but alive, and hence,
very radioresistant. However, the pO- is the best parameter available for modelling
necrotic regions, and 1 mmHg appeared to be a reasonable limit. There are different
examples available in the literature of values used for hypoxic and necrotic fractions.
To our knowledge, no pO- level threshold for necrosis induction has been determ-

ined.

Administration of absorbed dose at a single exposure as in the simulations is not
standard procedure, for various reasons. In the clinical setting, the dose is usually
administered during an extended time period, using one of several available mod-
alities. During this time period, cells are cleared from the tumour resulting in de-
creased overall tissue oxygen consumption, which might improve tissue oxygena-

tion and thereby tumour response. A more clinically relevant estimate of the Dgqg
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would require the inclusion of for example proliferation and cell death dynamics in

the model, which is beyond the scope of this study.

Milross et al. investigated three different tumour models and found that the necrotic
fraction was almost doubled when tumour sizes were increased from 200 mg to 1400
mg.>® These results are in accordance with our simulations, demonstrating rapidly
increasing necrotic fraction. The work by Khalil et al. provided similar results, but
with different increments in necrotic fractions.®® The difference might be caused by
differences in oxygen consumption, vascular fraction, blood velocity or vessel archi-

tecture used in the models.

In the work by Espinoza et al., the influence of applying variable vascular fraction to
a model with a mean pO, of 40 mmHg and parallel vessels, was investigated.®® The
results showed that increased variation in VF shifted the oxygen distribution to lower
values and slightly increased the hypoxic fraction. However, when the mean oxygen
tension was set to values below 30 mmHg, the increase in hypoxic fraction became
more pronounced. Their findings also demonstrated the importance of including a
continuously declining oxygen tension in the vessels and indicated that the vascular
fraction was the parameter with strongest impact on hypoxic fraction. Vascular frac-
tions of 7%, 4%, and 1% were simulated, resulting in hypoxic fractions of around 2%,
35%, and 85%, respectively. We also noticed a similar tendency in our simulations
of II, where a decrease in vessel density broadened the distribution, considerably in-
creasing hypoxic fraction, especially in combination with a lowering of blood pO»
(Figure 4.1).

The impact of vessel architecture on oxygen status and radiosensitivity was inquired
into through the variable vascular fraction model, with vascular fractions that in-
creased radially toward the tumour center. The rationale for implementing this model
architecture was that a constant reduction in oxygen towards the tumour centre might
as well increase angiogenic activity as eliminate tumour tissue due to anoxic cells
undergoing apoptosis. These activities would result in increased microvessel density
and restored oxygenation.!* Results were compared to simulations from the con-
stant vascular fraction model but provided only a minor beneficial effect on tumour
oxygenation. This seems consistent with the presumed weak oxygen gradient due
to the less oxygenated blood of the tumour centre, likely to cause a modest oxygen

diffusion.
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In the current model, square cross-section vessels, side of 10 um were used, area-
equivalent to a diameter of 11.3 um in a circular vessel, which was within the smallest
known range of tumour vessel dimensions.®! 2 Typically, the small arteries entering
a tumour bifurcate successively as they approach the tumour centre, yielding smaller
vessels. An experimental study recently demonstrated that the mean vessel diameter
of aggressive tumours was 20 um in the periphery and in the central region, after
up to four bifurcations, the mean diameter had dropped to 5 um.%! Less aggressive
tumours exhibited larger peripheral vessels, undergoing up to eight bifurcations. The
inclusion of this type of vessel architecture in our simulations might influence the
results. However, based on the minor impact of vessel architecture, it is unlikely that
the influence of a more detailed description of vessel size distribution on our results

would be of considerable importance.

This model assumed that the vessels were functional, isotropic, evenly distributed,
perpendicular to the tumour surface and essentially able to reach the tumour core,
when in fact tumour vessels often are leaky, malformed and sometimes even re-
flected backwards, thereby reducing the number of vessels in the tumour core and
thereby the vascular fraction.®® Intravital microscopy has shown that the vessel ar-
rangement for a breast carcinoma is highly dependent on the host tissue, with organ-
isations ranging from uniform vessel distributions within tumour tissue to a situ-
ation with lower vessel density in the tumour core.®® The latter may be caused in-
directly by an increased interstitial pressure, either through compression of the ves-

sels® or through induction of necrosis.

For tissue oxygen demand (Cp), a value of 15 mmHg/s was used. The actual con-
sumption varied with oxygen supply in a sense that is likely to reflect the relative
metabolic activity of the tissue. Our simulated necrotic fractions, relatively high for
large tumours, indicated that the consumption parameters may have been a bit off.
Compared to large clinical tumours, the simulated fractions appeared to be over-
estimated.,”® > Possible reasons for overestimation of oxygen consumption are low
metabolic activity in living cells and/or overestimation of the number of living cells

per volume of tissue.

5.4 Correlation between variables in tumour oxygenation models

This novel Monte Carlo approach manages to generate results for clinically relev-

ant tumour sizes. The overriding factor in determining the time performance of a
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numerical model is the number of calculations. This can be strongly modified by in-
cluding some smart simplifications and carefully selecting methods. Nevertheless,
there is a trade-off between accuracy and speed. Accuracy in this situation mainly
refers to space and time resolution and tolerance levels. This is a qualitative study
and the model is somewhat rough, for example oxygen transport through mem-
branes is excluded as well as the modelling of binding times, environmental factors
influencing chemical reactions etcetera. The assumed distributions of model vari-
ables are hypothetical estimates and likely to differ between clinical or preclinical

situations.

Initially, three parameters were studied in seven scenarios altogether. Positive cor-
relations were examined for all parameter combinations and an invariant scenario,
spherically symmetrical and strictly dependent on radial position (DOC) was ad-
ded as well as a negative correlation (VPO-C). DOC was to represent a perfect an-
giogenesis situation, where a centrally located hypoxic region was in full control of
angiogenesis throughout the tumour. This being unrealistic of course as all clinical
situations show variations in biological parameters with location and even time. As
the oxygen distributions showed virtually an independence of blood velocity correl-
ations the further studies focused on only three of the correlated scenarios, namely
UP, VPO-C and VPO+C plus the invariant DOC scenario. VPO-C, meaning that high
vessel proximity occurs together with low oxygen tension and vice versa has an ob-
vious biological relevance as there is a self-regulating function of vessel proximity
where there is not enough oxygen to keep the cells functioning, the cells will go into
apoptosis, leading to an increased density of vessels.'* Also the VPO+C scenario,
however, can be biologically motivated as there are reports about hypoxic cells redu-
cing their apoptotic potential,®* % thereby resisting apoptosis, leading to decreased

vessel proximity as proliferation continues close to the vessels,®® %7

while no hypoxic
cells are cleared. This pushes the vessels apart and may even clamp them, generat-
ing acute hypoxia.%® If this continues, endothelial cells may actually undergo apop-
tosis due to hypoxia, which obviously further decreases vessel proximity. All of the
scenarios studied have a noticeably log-normal distribution, similar to what we have
previously encountered (I,II). Judging from the fractions of hypoxia or necrosis (Fig-
ure 4.10), however the ideal scenario seems the most unlikely as large tumours often

present considerable volumes of low oxygenation.

It is well established, and supported by our studies, that in general, a smaller tumour
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requires a lower absorbed dose for sterilisation. That is because there are fewer tu-
mour cells to kill and it is a natural consequence. Improving tumour oxygenation
should decrease the number of hypoxic cells and therefore lower Dgg. The fluctuat-
ing behaviour of Dgg versus tumour size, mentioned in section 5.3 is highly depend-
ent on the selected threshold separating hypoxia and necrosis, which determines
whether a cell is already dead or hard to kill. In this study, the threshold is set to 0
mmHg in order to minimise this effect. We have demonstrated a size-dependent be-
haviour of hypoxic and necrotic fractions, similar to what has been experimentally
observed.’®>? In the VPO-C scenario, the low values indicate that there is in the in-
terest of the tumours to be able to correlate vessel proximity to oxygen level in this
manner in order to grow as big and fast as possible.®? Analysis of this interplay re-
quired the use of physiologically realistic models, which the simplest model was not,

due to the constant oxygen levels along the vessels and constant vessel density.
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Conclusions

6.1 Combining antiangiogenic treatment with radionuclides

Adding antiangiogenic drugs to radionuclide treatment is likely to provide increased
effect due to the synergistic effects of increased drug uptake and improved oxygena-
tion, leading to a more even dose distribution and a lower average while maintaining
or increasing probability of cure and sparing normal tissue. This leaves room for
additional treatments. Moreover it is important, in order to make a good estimate
of oxygen effective dose, to consider the entire oxygen tension field of the tumour,

rather than the hypoxic fraction.

6.2 Modification of blood oxygenation - effects on radiation response

Our modelling results indicate that the effects of a decrease in vessel density, that
is, induction of diffusion-limited (chronic) tumour hypoxia, may be neutralised by a
comparatively smaller up-regulation in blood oxygen concentration and that an in-
termediate vascular density region exists where enhanced blood oxygen concentra-
tion may be beneficial for radiation response. The distribution characteristics clearly
differ between diffusion-limited and anemic hypoxia; the width of the distribution is
related to the vessel density but not to oxygen levels in the blood, whereas both forms
of hypoxia result in a shift of the entire distribution towards lower values. Therefore,
distinguishing between the forms should be possible by studying the pO, distribu-

tion. However, utilising this potential in the clinical radiotherapy setting remains
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a challenge. Recent improvements in assessing tumour hypoxia, such as hypoxia-

70,71

specific PET imaging, may assist in the clinical application of the findings.

6.3 Oxygen variations along vessels - effects on radiation response

As oxygen transport in tissue is mainly driven by concentration gradients, the hyp-
oxia caused by poorly oxygenated blood is not easily compensated by increased ves-
sel density. Information on spatially longitudinal oxygen content variations of the
vessels is important as its influence on estimated necrotic fractions and radiosensit-
ivity cannot be neglected, especially for poorly vascularised tumours. The finding
that constant vessel pO, did not generate necrotic fractions even in large tumours,
independent of blood flow, emphasised the inappropriateness of using a mean oxy-
gen tension value to represent the oxygen content of a vessel in calculating tumour
oxygenation. Our simulations demonstrated that a model with a constant oxygen
level was likely to overestimate radiosensitivity and that, in larger tumours, radio-

sensitivity did not strictly decrease with increased tumour oxygenation.

6.4 Correlation between variables in tumour oxygenation models

Apparently, blood velocity is the least important parameter, within the ranges stud-
ied, when it comes to influencing the oxygen distribution. Of the scenarios studied,
anegative correlation between vessel density and pO; of the blood (VPO-C) provides
by far the best oxygenation conditions for a successful treatment outcome. This
scenario has a biological relevance in angiogenesis and the proposed self-regulating

vessel spacing, determined by metabolic activity of the tissue.



Chapter 7

Future perspectives

The Achilles’ heel of mathematical modelling, a very time and resource efficient tool
for gaining knowledge of complex systems, is the lack of distinct connection to reality
and therefore the need for validation. Used properly, however, it may provide many
valuable insights into, for example, optimisation of cancer treatment. Highly evolved

models will undoubtedly be able to improve treatment strategies in the future.

The principal modelling methodology of these studies; involving three-dimensional
voxel-based models with a Green’s function approach and a touch of Monte Carlo
has great potential. It is robust, straight forward, can easily be expanded to problems
of different scales and it dodges the problems caused by collapsing the models to two

dimensions, as often encountered.

As often in similar situations, one major limitation is computational performance.
By using more powerful computers, more sophisticated models can be built, without
restraints such as symmetry, modest dimensions, simple boundary conditions and
poor time resolution and further details such as extravasation times, convective trans-
port and effects of chemical properties could be included. Modelling performance
would be dramatically increased if the models were multi-threaded, that is, split up

and simultaneously run piece-wise in parallel on several processors.

As imaging methods improve, more information will be available on distributions of
radionuclides. This will further improve modelling results. A more realistic picture of
spatial oxygen distributions could be achieved if various vessel sizes and directions
were used and branching vessels were investigated in more detail, preferably based

on in vivo data. In future studies, model parameter setting should also be improved
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using available clinical and pre-clinical information. An interesting aspect would
also be to include fractionated radiotherapy in the models, thereby extending the
modelled time period and including proliferation as well as temporal variations in

vascular and oxygenational properties.
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