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Abstract

One of the main problems in curing cancer resides in the different microenvironment existing in tumours

compared to the normal tissues. The mechanisms of failure are different for radiotherapy and chemotherapy, but

they all relate to the poor blood supply known to exist in tumours. It is therefore very important to know the

tumour microenvironmental conditions in order to devise techniques that will overcome the problems and will

therefore improve the result of the treatment.

The aims of the thesis were the modelling of tumour oxygenation and the simulation of polarographic

oxygen measurements in order to assess and possibly to improve the accuracy of the electrode in measuring

tumour oxygenation. It also aimed to evaluate the implications of tumour microenvironment for the radiotherapy

outcome.

The project used theoretical modelling as the main tool. The processes of oxygen diffusion and

consumption were described mathematically for different conditions, the result being very accurate distributions

of oxygen in tissues. A first simple model of tissue oxygenation was based on the oxygen diffusion around a

single blood vessel. A more complex model built from the basic physical processes and measurable parameters

allowed the simulation of realistical tissues with heterogeneous vasculature. This model also allowed the

modelling of the two types of hypoxia known to appear in tumours and their influence on the tumour

microenvironment. The computer simulation of tissues was also used for assessing the accuracy of the

polarographic technique for measuring tumour oxygenation.

The results of this study have shown that it is possible to model theoretically the tissue oxygenation

starting from the basic physical processes. The particular application of our theoretical simulation to the

polarographic oxygen electrode has shown that this experimental method does not give the oxygen values in

individual cells. Because the electrode measures the average oxygenation in a relatively large tissue volume, the

resulting oxygen distributions are different from the real ones and the extreme high and low values are not

detected. It has further been found that the polarographic electrode cannot make distinction between various types

of hypoxia existing in tumours, the geometrical distribution of the hypoxic cells influencing mostly the accuracy

of the measurement.

It was also shown that because of the averaging implied by the measurement process, electrode results

should not be used directly to predict the response to radiation. Thus, the differences between the predictions in

clinical tumour control obtained from the real or the measured oxygenations are of the order of tens of percents in

absolute value. A method to improve the accuracy of the electrode, i.e. to improve the correlation between the

results of the measurements and the actual tissue oxygenation, was proposed.

In conclusion, theoretical modelling has been shown to be a very powerful tool for predicting the outcome

of radiotherapy and it has the advantage of describing the tumour oxygenation in the least invasive manner.

Furthermore it allows the investigation of the invasiveness and the accuracy of various experimental methods.

Keywords: Computer simulation; Electrode; Polarographic measurements; Tumour oxygenation; Hypoxia
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Abbreviations

DMF – Dose Modifying Factor

DNA – Deoxyribonucleic Acid

LQ – Linear Quadratic

NMR – Nuclear Magnetic Resonance

OER – Oxygen Enhancement Ratio

PET – Positron Emission Tomography

pO2 – Oxygen partial pressure

SF2 – Surviving Fraction at 2 Gy

TCP – Tumour Control Probability
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1. Introduction

Tumour microenvironment is thought to be the main cause of failure for radiotherapy and

chemotherapy, although the mechanisms are different for each of these procedures (Overgaard

1994). All three components of tumour microenvironment, i.e. tumour vasculature, tumour

oxygenation and tumour metabolism, contribute to the response of the tumour to a particular

treatment. The fast growing characteristics of tumours determine a poor blood supply that disturbs

the delivery of chemotherapeutical agents to all the cells in the tumour. The lack of a lymphatic

system in tumours makes the drainage of metabolic residues from the tumours difficult leading to

increased pH. This hinders the action of some cytotoxic agents. The lack of oxygen to some tumour

cells makes them resistant to radiation. All these make an important issue of knowing the

microenvironmental conditions in tumours in order to improve the result of the treatment by

devising techniques that will overcome the problems.

Several methods with different underlying principles have been devised in order to

investigate the tumour microenvironment in general and the tumour oxygenation in particular. Thus,

tissue oxygenation can be measured with the Eppendorf electrode that uses a polarographic method

based on the consumption of the oxygen around the tip of the electrode (Vaupel et al 1991). Besides

oxygen consumption, a further disadvantage of this method is that it gives an average oxygen

tension for a moderately large measurement volume, much larger than a cell. Another method uses

the oxygen dependent quenching of the fluorescence of a luminophor deposited on the tip of a probe

that can be inserted into the tissue (Collingridge et al 1997, Young et al 1996). While having the

advantage that it does not consume oxygen, and therefore it is expected to have less of the

perturbing effects of the polarographic probe, this method also gives the average oxygen

concentration in large volumes. Very good geometrical resolution in characterising tumour hypoxia

can be obtained by inserting a chemical compound, such as the 2-nitroimidazoles, which is

metabolically reduced under hypoxic conditions, the resulting products being then observed by

fluorescence (Chapman et al 1981, Evans et al 1995, Hodgkiss et al 1995). The disadvantage of this

method is that the cell has to be in the hypoxic state long enough to allow the metabolisation of the

compound while being biochemically competent. This method is therefore unlikely to show the

cells that are only briefly hypoxic or those that are energy deprived to the point of biochemical

incompetence. Furthermore, it cannot offer information on the details of dynamics of hypoxia.

Several techniques are also available for imaging hypoxia in vivo. Thus, positron emission

tomography (PET) uses special chemical compounds labelled with positron-emitting radionuclides,

such as fluoro-misonidazole, which are selectively accumulated in the cells lacking oxygen and

which can thus give the distribution of hypoxic areas in the tumours (Chapman et al 1998, Chao et
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al 2001, Lewis and Welch 2001). Similarly, nuclear magnetic resonance (NMR) techniques can

even give information on the dynamics of hypoxia in the investigated tissues (Dewhirst et al 1990,

Mason et al 1999). These two latter methods, while being less invasive than other experimental

methods, provide a geometrical resolution that is now too poor to allow a detailed quantification of

the tumour microenvironment.

Theoretical modelling of tumour response gives very quickly precise answers, but it is

useful only if very accurate input parameters are available. Experimental assays do not generally

give results that could easily be used as input values for theoretical modelling. Furthermore, they

cannot always distinguish between different modifying processes. Treatment modelling is becoming

a very important tool to estimate treatment outcome, being considered for inclusion into treatment

plans. In order to obtain trustworthy results however, accurate models and input parameters are

needed, the tumour microenviroment and tumour oxygenation in particular being among them.

Therefore there is the need for an accurate computer model that will describe the multiple aspects of

tumour microenvironment.

In radiotherapy the most important chemical agent that can influence the biological effect of

radiation is oxygen. The oxygen effect is defined as an increase in radiosensitivity of the tumour if

its level of oxygenation increases, or an increase in radioresistance by decreasing the oxygenation.

In particular, the biological effect of radiation will be influenced by the proportion of cells having

an oxygenation level lower than a certain threshold value called hypoxic threshold.

This project aimed to model theoretically the oxygenation conditions in tumours and to

estimate and improve the efficiency of polarographic techniques to measure oxygenation in order to

improve the selection of patients for treatment aiming at overcoming tumour hypoxia. Even more

important than the patient selection is the influence of the various details of the microenviromental

conditions on the treatment simulation.
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2. Tumour microenvironment

Tumour microenvironment is essentially different from that existing in normal tissues and it

is thought to be the cause of failure for many treatment modalities. The main difference is the

absence of feedback and control mechanisms that could regulate the nutrient supply in tumours

compared to the normal tissues. Among the various micronevironmental factors that influence the

tumour response to radiation, oxygen deprivation or hypoxia plays an important role as it leads to

an increased radioresistance of cells (Hall 2000). Indeed, the existence of hypoxia in tumours has

long been demonstrated (Thomlinson and Gray 1955) as well as its relationship to the predictions of

treatment outcome (Overgaard 1994).

2.1. Tumour vasculature

Tumour vasculature is formed through two processes: parasitisation of normal vasculature

and angiogenesis. The first process, parasitisation of normal vasculature, occurs because the

tumours are parasitic structures that gradually replace the normal tissue. The second mode of

forming tumour vasculature, angiogenesis, occurs due to the biochemical signals that are sent by the

tumour cells to the nearby vessels when they outgrow the diffusion distance of oxygen (Folkman

1976). The newly formed tumour blood vessels usually originate on the venous side of vasculature.

This leads to the fact that the tumours will be from the start less oxygenated than normal tissues

with the same density of blood vessels.

Another problem that usually occurs in tumours is the large number of arteriovenous

anastomoses. Their presence in tumours may generate low-pressure shunts between arterioles and

venules that may decrease the level of oxygenation. Furthermore, due to the rapid growth of the

tumours, their blood vessels tend to be poorly or abnormally developed. The abnormality of the

tumour blood vessels consists in the fact that they have immature characteristics such as incomplete

endothelium, lack of smooth muscle and other components of the wall (Vaupel et al 1989).

All these factors result in the fact that tumour vasculature has a very particular architecture.

Tumour blood vessels are very tortuous and larger in diameter then their normal counterparts and

have poorer oxygen content.

Another important characteristic of tumours with consequences for the microenvironment is

the lack of lymphatic vessels. This leads to a decrease in the drainage of interstitial fluids and to an

increase of interstitial pressure; therefore some of the tumour blood vessels may collapse, further

increasing the lack of oxygen and nutrients supply to tumour cells. In addition, the lack of drainage

in tumours may also result in an accumulation of lactic acid in the intercellular space and in a
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decrease of the pH. The reduction of pH determines the red blood cells to release more easily their

oxygen and hence it affects the availability of oxygen at the distal regions (Vaupel et al 1989). It

also determines a decrease in red cell deformability leading to an alteration of blood flow in

capillaries (Jain 1988).

Figure 2.1 presents a 3D scanning electron microscopy image of the vascular architecture of

a normal tissue (left panel) compared to a tumour (right panel), examined by means of

microvascular corrosion casting (Konerding et al 1999).

Figure 2.1 Scanning electron micrograph of vascular corrosion casts for human normal rectum

mucosa (left panel) and human primary colorectal carcinomas (right panel). Reproduced with

permission from Prof. M. Konerding

All these particular characteristics of the tumour vasculature make the microenvironment

responsible for the failure of chemotherapy and radiotherapy. However, the tumour vasculature has

also been viewed as a potential target for some treatment strategies (Denekamp 1982, 1993).

2.2. Tumour metabolism

Tumour metabolism is characterised by a high consumption of glucose compared to non-

malignant tissues with normal metabolism (Vaupel et al 1989).

Because of the poor vascular network known to exist in tumours, the glucose supply is also

poor. Glucose diffusion into tissue is reduced in comparison to oxygen since glucose molecules are

much bigger than the oxygen molecules. Therefore, glucose availability for the tumour cells is

reduced (Gullino et al 1964) especially for those far away from the blood vessels, and for the

chronically hypoxic cells glucose starvation accompanies oxygen starvation. Thus, the high

metabolic rate of the tumours, the poor availability of glucose and the inefficiency of the glycolytic

process determine poor energy reserves for tumour cells.
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An important aspect of glucose deprivation is its relationship to cellular repair of DNA.

Denekemp and Daşu (1999) postulated that, depending on their cellular energy charge, chronically

hypoxic cells (that lack both oxygen and glucose) are more or less incapable of activating their

DNA repair mechanisms and therefore are more sensitive than the acutely hypoxic cells that were

briefly deprived of oxygen. The full magnitude of this sensitisation is determined by the extent of

repair induction and can be mathematically described by the parameters of the model chosen to

describe the response of the cells to radiation. Thus, in certain conditions, chronically hypoxic cells

may even be more sensitive than the glucose-fed, oxic cells. By contrast, acutely hypoxic cells

having high energy reserves should be capable of inducing the DNA repair mechanisms and are

thus radioresistant due to radiochemical processes (Daşu 2000).

2.3. Tumour oxygenation

The characteristics of the tumour vascular network result in an impaired oxygen supply to

the tumour cells. This is a very important aspect from the point of view of radiotherapy because the

lack of oxygen in tumours causes an increase in their resistance to radiation (Gray et al 1953).

In 1955 Thomlinson and Gray reported the first demonstration of the existence of hypoxic

cells in tumours (Thomlinson and Gray 1955). They have calculated the maximum distance of

oxygen diffusion into tissues and then they have compared this distance to the dimensions of the

viable rims of cells from the vascular stroma to the necrotic region in bronchial tumours and have

found the same values. They interpreted this as an indication of the lack of oxygenation in tumours,

as normal tissues do not have such regions.

In 1972 Tannock proposed a theoretical model that described the oxygen distribution in

tissues having a corded structure (Tannock 1972). According to this model, normal tissues have an

almost uniform distribution of oxygen because their vascular density is high and the blood vessels

are rich in oxygen. In contrast tumours show large variations in the oxygen distribution due to their

vascular characteristics.

For many years it was thought that the radiobiological hypoxia observed in various systems

in vivo was the result of the limited diffusion of oxygen into tissue described by Thomlinson and

Gray (1955). In 1979 however, Brown has suggested that transient regions of hypoxia might be

induced by local changes in blood flow that were determined by perfusion related events (Brown

1979) such as collapsing of blood vessels or temporary occlusion of capillaries by “rigid” red blood

cells. The existence of this type of hypoxia has been demonstrated experimentally with the help of

dye mismatch techniques (Chaplin et al 1987, Bussink et al 1999, Rijken et al 2000) and has been

found to have a time scale ranging from a few minutes to hours.
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Figure 2.2 Types of tumour hypoxia

Therefore, tumour tissues are characterised by the presence of two types of hypoxia. Limited

diffusion of oxygen into tissues due to the particular characteristics of tumour vasculature generates

chronic hypoxia also termed diffusion limited hypoxia. On the other hand, poor blood perfusion in

the existing blood vessels leads to the appearance of acute hypoxia also termed perfusion limited

hypoxia. Generally it is though that the two types of hypoxic cells have the same induced

radioresistance, but recently it has been suggested that the radiosensitivity may be modulated by the

metabolic energy status of the cells (Denekamp and Daşu 1999). Based on some experimental data

it has been suggested that chronically hypoxic cells are more sensitive than the acutely hypoxic

cells and in some cases even more sensitive than the oxic cells (Daşu 2000). It would therefore be

very useful if the various measuring techniques could make distinction between these two types of

hypoxia.

Another important process that influences the tumour response to radiation treatment is

reoxygenation. Due to the radiosensitivity of the oxic cells, radiation kills mostly the well

oxygenated cells close to the blood vessels rather than the acutely hypoxic ones. In this way the

oxygen and nutrients might become available to other cells, previously starved. This is a lengthy

process, but the re-opening of the blood vessels might also oxygenate regions of acute hypoxia.

Thus, previously hypoxic cells might become oxic in due time and could be killed by subsequent

treatment fractions of radiation.

Many studies have shown that poor tumour oxygenation is one of the main factors that

determine the failure of radiation treatment (Höckel et al 1993, Overgaard 1994, Nordsmark et al

1996, Brizel et al 1997, Fyles et al 1998, Movsas et al 2002, Doll et al 2003, Parker et al 2004).

Therefore it is very important to measure the oxygenation status of tumours in vivo in an attempt to

a b
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identify the patients with poor oxygen supply to the tumours and to administer them specialised

treatment methods.

2.4. Mathematical models of tumour oxygenation

There have been several attempts to model theoretically the tissue oxygenation starting from

the beginning of the 20th century.

The first mathematical analysis of the distribution of oxygen in tissue was made by Krogh

with the help of the mathematician Erlang (Krogh 1919). In his model, known in the literature as

the Krogh cylinder, he has assumed that each capillary, represented by an infinitely long, straight

cylinder, supplies oxygen to a concentric cylinder with a larger radius. The tissue consists in

extracellular fluid and respiring cells that consume oxygen at a constant rate.

In the cylindrical symmetry of the system, the process of oxygen diffusion and consumption

in a steady state is given by equation 2.1.

D
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where p is the oxygen partial pressure in the tissue at distance r from the capillary, D is the

diffusion coefficient and m is the oxygen consumption rate in tissue.

Equation 2.1 was solved by the mathematician Erlang under the boundary conditions
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
−−=

4
ln

2

2
0

22

0
rr

r
rR

D
mpp

o

(2.2)

Equation 2.2 is known in the literature as the Erlang-Krogh equation. In 1928, Hill resumes

the problem of oxygen diffusion from a single capillary and obtains a similar formula for the

outflow of oxygen from a single capillary (Hill 1928).

In spite of their simplicity, these early studies were later used by Thomlinson and Gray to

describe the first model of tumour oxygenation (Thomlinson and Gray 1955).
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Figure 2.3 Thomlinson and Gray tumour cord model. The oxygen diffuses into the tissue from the

surrounding vascular stroma

Starting from the Erlang-Krogh equation it was shown in the Thomlinson and Gray model

for tumour oxygenation that the oxygen partial pressure into a cylindrical mass of metabolising

tissue due to the process of diffusion from the surrounding vascular stroma is given by equation 2.3.
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In these equations p is the oxygen partial pressure at radius r, p0 is the oxygen partial

pressure at the surface of the cylinder with radius R, R0 is the critical value of radius R at which the

oxygen partial pressure just reaches zero at the centre, a is the radius at which the oxygen partial

pressure reaches zero when the outer radius of the cylinder R>R0. The metabolic rate is denoted by

m and the oxygen diffusion coefficient is denoted by D as in the Erlang-Krogh equation 2.2.

Using this tumour model, Thomlinson and Gray have described for the first time the

appearance of tumour diffusion limited hypoxia. They have calculated that the maximum diffusion

distance of oxygen into tissue is approximately 150 µm. Studying the histology of human bronchus

carcinoma, they have reported that tumour tissue has a cylindrical structure with vascular stroma

surrounding regions of tumour cells. If the distance from the exterior network of capillaries to the

centre of the tumour cord is larger than the maximum oxygen diffusion radius the tumour tissue

exhibited a central region of necrosis.

Another model of tumour oxygenation was developed a decade later by Tannock (1968).

Analysing the histological structures of adenocarcinomas, Tannock noticed that the characteristic
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tumour cords were centred on a capillary and that the necrotic regions appeared at the periphery.

Again, the radius of the oxygenated tumour rims was comparable to the oxygen diffusion distance.

In order to prove mathematically this experimental observation, Tannock proposed a tumour

oxygenation model based on the basic Krogh cylinder model.

Outwards
flow

Capillary

Figure 2.4 Tannock’s tumour cord model. The oxygen diffuses from a single capillary through the

surrounding rims of cells

Rewriting the Erlang-Krogh equation 2.2 using the parameter R0 conveniently introduced by

Thomlinson and Gray (1955), Tannock gave the formula describing the oxygen partial pressure p at

a radial distance r from a blood vessel as:
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where p0 is the oxygen tension in the blood vessel, a is the radius of the capillary, R is the distance

at which the oxygen concentration falls to zero and R0 is given by equation 2.5.

According to Tannock’s model, normal tissues, which are characterised by a high density of

capillaries and by high oxygen tension in the blood vessels, have an almost uniform oxygen

distribution. In contrast tumours are characterised by large variations in the oxygen distributions

due to the large distances between the capillaries and the low oxygen content of the blood vessels.

Tannock’s model to describe the spatial distribution of oxygen partial pressure around a

single blood vessel was also used by Nilsson et al (2002) who proposed a model of tumour

oxygenation intended to take into consideration the heterogeneity of tumour vasculature. A simple

two-dimensional array of blood vessels placed around nodes of a hexagonal lattice gave the

arrangement of capillaries in the tissue. The heterogeneity of the blood vessels distribution was

taken into account by the fact that the capillary position around a node could vary according to a

normal distribution with a certain standard deviation. The value of the oxygen tension in a cell was

then calculated by superimposing the contributions of all the blood vessels:
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=
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k
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1
22 )( rrr (2.7)
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where k is the number of vessels and irr rr
− is the distance from the centre of the cell to the centre

of vessel i. The pO2 contribution of each vessel was calculated from equation 2.6. The drawback of

this model is that by simply summing the contribution from different blood vessels it might happen

that for some cells the local pO2 will exceed the intravascular oxygen tension. Nilsson et al (2002)

have chosen to cut off the upper pO2 level in cells at the level of oxygen tension in the capillaries in

an attempt to minimise the effect of this artefact.

A different approach to describe the complex process of oxygen diffusion through tissue

was proposed by Secomb et al (1993). They have used the numerical method of Green functions to

solve the double differential equation describing the oxygen movement from the blood vessels to

the metabolising cells. The vasculature of the tumour was manually designed based on experimental

data.

Also quite recently Pogue et al (2001) have used a numerical approach to solve the complex

oxygen diffusion equation and to describe the oxygen diffusion from the capillaries into tumours in

order to predict the capillary oxygen supply within and near hypoxic regions of the radiation-

induced fibrosarcoma tumour RIF-1. A finite element method was used to simulate the oxygen

distribution from histological sections along with a method to iteratively estimate oxygen

concentration in the capillaries. Pathological structural data for these simulations came from tumour

sections stained with hematoxylin and eosin in order to define the positions and the shapes of the

capillaries, on which regions of low oxygen concentration imaged with hypoxic markers such as

pimonidazole were overlapped. These simulations were used to calculate spatial maps of oxygen

partial pressure and to examine the typical range of capillary oxygen concentrations in a hypoxic

tumour.

However in spite of their ability to give an oxygenation map of the simulated tissue none of

these methods is versatile enough to take into consideration the details of the vascular network and

to allow the simulation of both the chronic hypoxic regions and the acute hypoxic regions in the

same tissue, as it happens in real tumours.
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3. Polarographic method for measuring tumour oxygenation

3.1. Description of the microelectrode

The oxygen microelectrode based on a polarographic method is one of the most widely used

devices for measuring tumour oxygenation. In general, polarography is an electrochemical

technique for identifying chemical elements in which the electric potential is varied in a regular

manner between two electrodes (indicator and reference) while the current is monitored.

The polarographic method for measuring oxygen partial pressure was used for the first time

in 1897-1898 by Daneel who showed that if a small potential is applied to platinum electrodes in

aqueous media, due to the electrolysis of dissolved oxygen the electrical current that appears is

proportional to the oxygen tension (Hahn 1980). In 1925 Heyrovsky and Shikata have designed a

polarographic device able to obtain automatic records of the current-voltage curve. This method

was used for the first time by Davies and Brink in 1942 for oxygen measurements in tissues

(Collingridge 1997).

Since then various types of oxygen electrodes were developed. A major progress in

polarographic oxygen measurements came in 1953 when Clark and his co-workers improved the

electrode device by separating the cathode, anode and electrolyte from the blood sample by a

membrane permeable to oxygen but impermeable to other kinds of ions, water, proteins and blood

cells. This innovation greatly improved the performance of the electrode (Hahn 1980).

The oxygen electrode used in practice today was manufactured by Eppendorf in Germany

and is more commonly known as the pO2 histograph. This is a polarographic needle electrode

developed from the work of Fleckenstein and Weiss (Nordsmark 1997) and Kallinowski

(Kallinowski et al 1990).

Figure 3.1 The Eppendorf histograph
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The polarographic probe of the Eppendorf electrode is encapsulated in a stainless

hypodermic needle having 300 or 350 µm in external diameter. In order to facilitate the insertion of

the needle in tissue the tip is bevelled at 45º. In order to prevent the electrode poisoning, the tip of

the electrode is covered with a Teflon membrane.

Figure 3.2 Schematic drawing of electrode construction details

Figure 3.2 shows a drawing of the electrode, with all the technical details of construction.

For our modelling however we are interested only in the total diameter of the electrode and

especially in the dimension of the central electrode, that are more clearly seen in figure 3.3.

Figure 3.3 is an electron microscopy photograph of the tip of the Eppendorf electrode. The

scale is indicated below. The external diameter of the electrode is 300 µm and the central wire is

only 12 µm in diameter.
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Figure 3.3 Electron microscopy photograph of the tip of the Eppendorf electrode

The anode and the recessed cathode are encased inside the needle. The cathode is the active

electrode and is made of a gold wire having 12 µm in diameter for the early Eppendorf electrodes

and 17 µm in diameter for the most recent ones. For the measurements the cathode is polarised to

-700 mV with respect to an Ag/AgCl reference anode that is placed on the skin near the site of the

tumour.

The physico-chemical process that takes place at the cathode is the oxygen reduction to

hydroxyl ions and water following a chemical reaction, which depends on the pH of the

environment.

In an acidic media the reaction that takes place is:

O2 + 4e- + 4H+ → 2 H2O

If the environment has a neutral or alkaline pH the oxygen reaction that takes place is:

O2 + 4e- + 2 H2O → 4 OH-

Both these reactions require a source of electrons, which in practice is the anode.

The cathode is optimally polarised so that all the oxygen molecules reaching the cathode are

reduced and therefore the oxygen partial pressure at the cathode surface is zero. Therefore it is said

that the electrode “consumes” oxygen from the tissue. However, due to the continuous blood supply

from the capillaries and the time scales of the diffusion process and the electrode absorption which

are comparable, the tissue oxygenation is not affected significantly by the consumption of the

electrode.

The anode and the cathode are connected to an electrical circuit, which transforms the signal

coming from the cathode into electrical current. The intensity of this electric current is in direct

proportion to the number of oxygen molecules that reach the electrode surface during the

measurement time.
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The probe is automatically calibrated before and after each measurement in a

physiologically balanced saline solution, containing 0.9% NaCl, saturated with N2 or with 20.9% O2

as in the atmospheric air. A correction for the temperature dependence of the oxygen partial

pressure (2.4% per ºC) is also performed. The electrode drift is also corrected for by a time-

dependent linear interpolation between precalibration and recalibration.

After the probe is inserted into the tumour, the electrode is automatically moved in a

stepwise manner called “Pilgrim movement” in order to minimise the artefacts due to tissue

compression. The number of measurements depends on the tumour size and accessibility. Several

measurements per track are performed and usually between 1 and 3 tracks are achieved for each

needle insertion. Each measurement takes less than 500 ms.

3.2. Response function of the electrode

In spite of the fact that it is widely used, several questions still arise regarding the

functioning of the oxygen microelectrode and the accuracy of the electrode measurements. One of

the most important issues is concerned with the dimensions of the electrode measuring volume and

the different contributions of the various cells included in this volume to the value measured by the

electrode. The electrode measurement process is directly related to this contribution. The

relationship between the actual oxygen partial pressure in tissue and the corresponding value given

by the electrode is described by the response function of the electrode.

During the last forty years, several studies have investigated the electrode measuring process

(Saito 1968, Grunevald 1970, Baumgartl et al 1974, Fatt 1976, Groebe 1992, Groebe and Thews

1992). Because of the complexity of the process it is very difficult to solve analytically the diffusion

equation. To the best of our knowledge, the solution of the oxygen diffusion equation has been

obtained only for homogeneous systems.

From the diffusion theory, the relationship between the oxygen partial pressure, also known

as oxygen tension, time and distance from the electrode surface at any time after the electrode

begins to reduce oxygen is given by equation 3.1.

pDk
t
p 2∇=
∂
∂ (3.1)

where p is the oxygen tension, t is time, D is the diffusion coefficient and k is the oxygen solubility

in the liquid.

The oxygen partial pressure is related to the concentration C by Henry’s law:

kpC = (3.2)

The oxygen solubility in the liquid, k, is also known as Henry’s law constant.
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The electrical current that arises in the electrical circuit between the cathode and the anode

is given by equation 3.3:

nFAfi = (3.3)

where n is the number of faradays of electricity required per mole of electrode reaction, F is

Faraday’s constant (1 faraday = 96500 C), A is the area of the electrode and f is the flux of oxygen

molecules through the electrode surface. The flux of oxygen to the electrode is proportional to the

concentration gradient at the electrode surface.

Since the cathode continuously absorbs oxygen, a continuous flux of oxygen molecules

towards the electrode develops. For an optimal polarisation of the cathode, all the oxygen molecules

reaching the electrode are reduced and the number of oxygen molecules at the electrode surface,

and hence the oxygen partial pressure pO2, is zero. Under this boundary condition the pO2 in the

diffusion field developing in front of the electrode has been calculated (Saito 1968, Grunevald

1970). For a homogeneous solution, the stationary state of the oxygen molecules diffusion field in

front of the electrode, in cylindrical coordinates, is described by equation 3.4.

( ) ( ) ( ) dzzzrJapzrp )exp(,sin21, 0
0

0 λ
λ
λ

π
−⎟

⎠
⎞

⎜
⎝
⎛ −= ∫

∞

(3.4)

where p(r,z) is the pO2 in the diffusion field, p0 is the true oxygen tension in the media,

uninfluenced by the oxygen diffusion field, a is the radius of the electrode, r is the radial distance

(the distance to the central axis of the electrode in a plane parallel with the electrode surface), z is

the axial distance (the distance along the central axis of the electrode), Jo is the zero order Bessel

function and λ is the integration variable (Grunewald 1970).

The solution of equation 3.4 gives the perturbation of the local oxygen tension due to the

electrode consumption in a steady state (Fatt 1976):
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The current that arises in the external circuit due to the oxygen tension gradient is:
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Differentiating equation 3.5, imposing the condition z=0 and integrating according to

equation 3.6 gives:

anFDkpi 04= (3.7)

As stated before, these equations are valid for a homogenous media. In a real tissue, the

oxygenation is not uniform, the oxygenation map being the result of the complex processes of

diffusion from the blood vessels and of cellular consumption. Therefore, the contribution of each
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tissue cell to the final value measured by the electrode is given by the value of the oxygen tension in

that particular cell weighted by the probability that an oxygen molecule will travel the distance to

the electrode during the measurement time. Thus, the response function of the electrode can be

expressed as the probability of an oxygen molecule to reach the electrode surface during the

measurement time. We have called this probability the weighting factor (Paper I). We have also

postulated that in a steady state this probability is given by the relative difference between the initial

value of the oxygen tension and the final value after the electrode consumption and could be found

from the homogenous case as:
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The weighting factor multiplied by the value of the oxygen tension in a point is in fact

related to the perturbation of the local oxygen partial pressure due to the electrode consumption at

the electrode.

Figure 3.4 shows a three-dimensional representation of the weighting factor as a function of

the axial and the radial directions for an electrode with a central wire of 12 µm in diameter.
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the distance from the centre of the electrode
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In figure 3.4 we have marked the distances on the axis in multiples of 12 µm, assuming that

this represents the average cellular diameter. Thus, it can be seen that the weighting factor decreases

very rapidly with distance, being less than 50% after two cell layers in front of the electrode.

However by considering the measuring volume as successive cell layers and by taking into account

the spherical symmetry of the volume in front of the electrode the decrease in the weighting factor

is counteracted by the increase in the number of cells in the layers far from the electrode. Therefore,

one has to keep in mind the fact that not only the response function of the electrode is important for

the measurements but also the catchment volume of the electrode. This volume depends on the

velocity with which the oxygen molecules travel through tissue and is considered to be about 60 µm

in radius (Nordsmark 1997) equivalent to about 5-6 cell diameters.

Due to the complexity of the equation that describes the response function of the electrode

one may consider using a simplification for it. In Paper I we have investigated the implications of

using a simplified equation for the weighting factor on the simulations of measurements. As

simplifications we have considered three different functions: a step, a linear and an exponential one.

The reason for choosing a step function as a simplification for the complex function of electrode

response may not be very obvious, but it is based on the fact that the electrode measures in a

volume about 6 cell layers in radius. A misleading way of interpreting this fact is to consider that

the electrode measures everything with the same probability in this volume. This leads to a step

function as the electrode response function. A linear response function may be considered because

the probability of an oxygen molecule to reach the electrode during the measurement time decreases

with the distance from the electrode. The exponential simplification was chosen considering that the

equation of oxygen diffusion is a differential equation of second degree that may have an

exponential solution.

Comparing the results obtained using equation 3.8 and all three simplifications mentioned

above we have concluded that none of the simplifications is appropriate to be used. The oxygen

distributions obtained with each simplification are very different from the results of the

measurements performed using the full electrode response function described by equation 3.8.

Another finding of our studies presented in Paper I regarding the electrode response function

was its variation with the electrode diameter. The manufacturers changed the constructive details of

the electrode from a central gold electrode 12 µm in diameter to a 17 µm diameter electrode. Our

results presented in Paper I showed that by using an electrode with a larger diameter the accuracy of

the results is not improved. Furthermore, the results obtained with a 17 µm diameter electrode are

even more different from the real oxygenation of the tissue than the results obtained with the earlier

version of the electrode (12 µm in diameter).
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4. Particular aims of the thesis

This thesis can be divided into two major parts according to the major aims of the study.

The first major aim was the modelling of tumour oxygenation with respect to tumour

vasculature and cellular consumption of oxygen. A related objective was the investigation of the

influence on tissue oxygenation of the different parameters describing the tissue geometry.

The second major aim of this study was the simulation of polarographic measurements of

oxygen partial pressure in the theoretical tumour tissues previously modelled. The simulated

measurements were used to investigate the efficiency of the electrode in measuring tumour hypoxia

and to evaluate the implications for the outcome of radiotherapy. Due to the versatility of the

tumour model that allowed the simulation of both diffusion-limited and perfusion-limited hypoxia,

the theoretical model also allowed the study of the influences of the hypoxic pattern and its

temporal changes on the electrode measurements of tumour oxygenation. We also aimed to propose

a method for converting the measured hypoxic fraction obtained using the polarographic electrode

to the actual hypoxic fraction in the investigated tissue in an attempt to improve the accuracy of the

measurement method and to obtain a better prognosis of the treatment outcome.
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5. Summary of the results

5.1. Simulation of tissue oxygenation

Theoretical modelling is an alternative and/or complementary method to determine non-

invasively the oxygen distribution in tissues. The data thus obtained can then be used for the

quantitative description of the tissue oxygenation and its response to radiation. The data can also be

used as a reference on which the accuracy of various experimental methods for measuring tissue

oxygenation can be assessed. Indeed, instead of comparing the results of two invasive methods of

oxygen measurement, theoretical modelling allows a more accurate estimation of the differences

between the real tissue oxygenation and each of the individual methods.

This thesis presents an investigation of the efficiency of the polarographic method for

measuring pO2 values in tissue. Two different models to calculate the real tissue oxygenation have

been developed. One of them is a homogeneous model based on the oxygen diffusion equation from

a single blood vessel and the other is a heterogeneous model based on the complex process of

oxygen diffusion from multiple sources.

5.1.2 Homogeneous tissue vasculature model

The first simulations described in Papers I and II were performed starting from the oxygen

distribution around one blood vessel given by equation 2.6 proposed by Tannock (1972). Oxygen

distributions were calculated for two dimensional tissues with regularly placed parallel blood

vessels. Thus, each blood vessel is surrounded by cell cords following a regular pattern.

Figure 5.1 shows a schematic drawing of the computer simulated theoretical tissues. In this

particular case there are 14 cell cords between two blood vessels represented by white circles in the

figure. For simplification we have considered that the diameters of the capillaries are 12 µm and

that the cells are also 12 µm in diameter.

5.1. Schematic drawing of the theoretical tissue in the homogeneous vasculature model
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The gradient of the grey colour in Figure 5.1 shows the change in the oxygenation level for

the corresponding tissue regions. Starting from a blood vessel in which the oxygen is known, the

oxygenation of the surrounding tissue was calculated. In the particular case presented in Figure 5.1,

every cell is supplied with oxygen only by the closest blood vessel, due to the large intervascular

distance. In other cases, e.g., if half of the distance between two blood vessels is smaller than the

oxygen diffusion distance, some of the cells will be supplied with oxygen by more than one

capillary. The black areas in Figure 5.1 represent the regions where the distance to the nearest

capillary is larger than the oxygen diffusion distance. Therefore the cells in these regions were

completely deprived of oxygen and became necrotic.

Figure 5.2 shows another representation of the oxygen diffusion around the capillaries. The

oxygen partial pressure in the tissue around the four blood vessels was also calculated using

equation 2.6. It was assumed that each blood vessel had 12 µm in diameter, the oxygen tension in

each capillary was 70 mmHg and that the distance between two blood vessels was 200 µm.
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5.2 Oxygen gradient around four blood vessels calculated using equation 2.6.

Tissues with different structures were modelled by changing the oxygen tension in the blood

vessels and/or the distance between two adjacent capillaries. Thus, normal tissues were assumed to

have both small intercapillary distances and high oxygen content in the blood vessels while for

tumours low vascular pO2 values and large distances between the blood vessels were used for



31

calculations. These modelling parameters were chosen in agreement to experimental studies of

tumour vasculature (Vaupel et al 1989, Konerding et al 1999).

Even though the homogenous model represents a simplification of the real situation existing

in tissues, it allowed the calculation of the oxygen gradients that may appear from the processes of

diffusion and consumption and therefore it provided non-uniform oxygenation maps on which

electrode measurements could be simulated. The calculated oxygen distributions for the

homogenous tissue model also allowed a more accurate description of the range and weight of

various radiosensitivities that influence the overall tissue response to radiation. Furthermore, the

results obtained with the heterogeneous vasculature model used in the latter part of this study did

not contradict those from the homogenous model, but rather complemented them.

5.1.2. Heterogeneous tumour vasculature model

The homogeneous model in spite of providing non-uniform oxygenation maps for the

tissues is however limited by the fact that it cannot represent accurately the tumour vasculature that

is badly or even chaotically organised. In this case it could very well happen that some cells are

within the oxygen diffusion distance from two or more blood vessels and therefore their oxygen

supply comes from two or more sources. Due to non-linearity of the diffusion process, the oxygen

content in such a cell cannot be calculated from the simple superposition of the individual oxygen

distributions corresponding to each of the adjacent blood vessels. Indeed, this limitation has

prevented us to simulate the oxygen distribution in tissues with non-regular vasculature by using the

readily available equation 2.6. In order to overcome this problem and calculate the oxygen

distribution in tissues with non-regularly placed blood vessels we have decided to start from the

general equation giving the diffusion and consumption of oxygen in tissue (equation 5.1) and to

solve it for the given geometry of the capillaries.

( ) 0)( =+∇∇− pqpD
dt
dp (5.1)

where p is the local partial oxygen pressure, D is the average oxygen diffusion coefficient and q is a

general function describing the local consumption of oxygen at the cells.

We have assumed that for the particular case of mammalian tissues there is no convection or

local production of oxygen and that equation 5.1 describes only the diffusion and consumption

processes. The equation can be further simplified by taking into account the fact that the non-

stationary evolution of the system is very short (Hill 1928). Thus the differential equation that

describes the oxygen distribution in the tissue can be written as:

( ) 0)( =+∇∇− pqpD (5.2)
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This equation has analytical solutions only for very simple cases with respect to the structure

of the vasculature and therefore we had to calculate numerically its solution through the finite

element method. The finite element method is a general mathematical method that could be used for

the numerical approximation of the solution of complex differential equations. It uses simple

polynomial functions, called base functions, defined on small intervals in the solution domain. The

validity of the solution is ensured by imposing the continuity of the base functions and their

derivatives over the boundaries of their intervals of definition simultaneously with the compliance

with the original differential equation.

This method has allowed us in Papers IV and V to calculate the oxygen distributions in

tissues with various biologically relevant vascular structures. The distributions of intervascular

distances were experimentally measured through resin casting methods (Konerding et al 1999).

These distributions were fitted with log-normal distribution. A Monte Carlo algorithm was then

used to generate different patterns of two-dimensional tissues with the given distributions of

intervascular distances. The details of the procedures are given in Paper III.

After generating the geometry of the tissue we have assigned the oxygen tensions in the

blood vessels according to the characteristics of that particular tissue. Thus, tumour blood vessels

were assumed to have lower oxygen content than the normal tissue vessels. In reality different

oxygen tensions exist in various vessels for the same tissue but this adds an unnecessary

complication to the simulation and the interpretation of the results would be more difficult. We have

therefore assumed that the same oxygen tension exists in all the vessels in the tissue. This approach

allowed us to calculate the tissue oxygenation maps that reflected the limitations in the oxygen

diffusion from the capillaries and the corresponding pattern of chronic (diffusion-limited) hypoxia.

The influence of acute (perfusion-limited) hypoxia was simulated by removing a certain

fraction of the capillaries from the vasculature thus simulating their temporary closure. It may

happen that the blood flow through some capillaries will only decrease, but this is only an

intermediate case that can be bracketed by our conditions of simulation. The particular pattern of

acute hypoxia was found by comparing the oxygenation map of the new vascular configuration to

that corresponding to the case when all the blood vessels were open. The transient modification of

the acute hypoxic pattern was simulated by closing randomly and successively different blood

vessels.

The heterogeneous model that was described in Paper III and used in Papers IV and V thus

allowed us to calculate the oxygenation maps in tissues with realistical vascular networks.

Furthermore, treating separately the acute and chronic hypoxia, this model also allowed us to study

separately their influences on the predictions for treatment outcome or on the polarographic

measurement process.
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5.2. Simulation of electrode measurements

The results of the simulations of oxygenation obtained either for tissues with homogeneous

or heterogeneous vascular networks were then used to model electrode measurements. The oxygen

distributions obtained through the polarographic method were calculated by applying the response

function of the electrode to the oxygen distribution describing the tissue in which the measurement

was performed. The details of the calculations are given in Papers I and II.

Experimental measurements are obtained by inserting and advancing the electrode on

several randomly positioned tracks. However, as from a statistical point of view this is equivalent

with the placement of the electrode in a random tissue with the given distribution of blood vessels,

we have simulated the measurements by randomly placing the electrode in millimetres-sized

tissues.

 Figure 5.3 shows a schematic drawing of the positioning of the electrode in a homogeneous

theoretical tissue and illustrates the relative size of the electrode and the cell cords around blood

vessels. The white area shows the size of the measuring volume of the electrode that in our

simulation was assumed to have a radius equal to 6 times the cell diameter. The probability of the

cells included in this area to contribute to the electrode measurement decreases with the distance

form the electrode surface according to equation 3.8.

5.3 Schematic drawing of the theoretical tissue and the relative size of the electrode

Electrode measurements were modelled for tissues with different levels of oxygenation that

encompass various clinical situations. The measured values were calculated as the average of the

pO2 values in the measurement volume of the electrode weighted by the response function of the

electrode according to the distance between each cell and the electrode surface. By repeating this

procedure several times we have obtained a distribution of pO2 values similar to the ones measured

experimentally. We were thus able to compare the oxygen distributions of the theoretical tissues
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with the results of the electrode measurements in the same tissue. This comparison could give an

indication about the accuracy of the electrode measurement in tissues with various structures.

The most important finding from the simulations was the fact that the electrode

measurement is an averaging process. Thus the measured values are averages of the pO2 values in a

relatively large volume, much larger than an individual cell.

Paper II shows the results of measurement simulations in homogeneous tissues. It was found

that the electrode underestimates the expected high pO2 values and overestimates the expected low

pO2 values. This “damping-down” effect results from the contribution of adjacent cells in the

catchment volume that “contaminates” the measured value. As a consequence of this effect, in

tissues medium or well oxygenated the extreme values of the pO2 distribution are not “seen” by the

electrode. Even though the median and mean values of the measured histograms are close to those

of the real histograms, large differences are observed for the individual compartments of the

distributions and especially for the values below the hypoxic threshold that influences mostly the

cellular radiosensitivity and hence the overall tumour response to radiation. For poorly oxygenated

tumours it is even more difficult to predict the efficiency of the electrode as the “damping-down”

effect could lead both to an overestimation as well as to an underestimation of the hypoxic

compartment. This apparent paradox can be explained by the fact that these tissues have many fairly

low oxygen values and even if the contamination process leads to an overestimation of the very low

values, the resulting values are still below the hypoxic threshold. To these values the resulting low

values obtained from the underestimation of the few high values are added leading to an overall

increase of the hypoxic compartment.

Paper IV presents the results obtained from simulations performed in heterogeneous tissues.

They confirm the findings in Paper II regarding the averaging effect of the electrode measurements.

It was thus found that in tissues with various oxygenations the simulated measurements yielded

always different results for the hypoxic compartment than the real situation existing in the tissue.

Furthermore the heterogeneous model allowed the differential treatment of acute and chronic

hypoxia in order to study their individual influence on the electrode measurements. It was found

that from the point of view of the electrode the process that generated the hypoxic cells does not

influence the measurements and that the most important factor that modulates the efficiency of the

electrode is the spatial distribution of the hypoxic cells. Thus in tissues with large hypoxic areas the

efficiency of the electrode improves even though the averaging process still contaminates strongly

the measured distributions.

The influence of the temporal variation of the pattern of perfusion-limited hypoxia on the

electrode measurements was investigated in Paper IV. It was found that the electrode measurements
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are not influenced by the transient character of acute hypoxia, the presence of some hypoxia at any

moment in time appearing in the measured pO2 distribution.

Paper IV also investigated the hypothesis that the average of several electrode measurements

performed during a fractionated treatment would offer a more accurate image of the tissue

oxygenation. Although the electrode follows qualitatively the increase or the decrease of the tumour

hypoxia it was found that neither the individual nor the average electrode measurements do not

reflect quantitatively the true oxygenation of the tissue.

Thus, it was found through simulations performed both in homogeneous as well as in

heterogeneous tissues that electrode measurements are strongly affected by the averaging process in

the measurement volume and that the polarographic electrode is capable of following only

qualitatively the variations in tissue oxygenation.

5.3. Influences on treatment outcome

From the clinical point of view, the polarographic method for measuring tissue oxygenation

is used to rank the patients according to their tumour oxygenation and to use the results of the

measurement as a prognostic indicator for the treatment outcome. Sometimes electrode

measurements are even used for selecting patients for specific treatments according to their tumour

oxygenation. These led us to investigate in Papers II and IV the influences of the polarographic

electrode measurements on predictions of radiation treatment outcome. The predictions were

calculated either as cell survivals (in Paper II) or as tumour control probabilities (TCP) for

populations of 107 or 108 clonogenic cells (in Paper IV).

The surviving fraction of a cell population with various levels of oxygenation described by a

set of histograms was calculated with the linear-quadratic (LQ) model (Chadwick and Leenhouts

1973, Douglas and Fowler 1975, 1976, Barendsen 1982) given by equation 5.3.

( )[ ]2exp ddSFoxic βα +−= (5.3)

were d is the radiation dose and α and β are the LQ parameters assumed to give an oxic cell survival

at 2 Gy (or SF2) of 0.5 with α/β=10 Gy. Even though these values for the parameters do not reflect a

particular case, they are general enough to describe the response of a whole range of tumours.

The oxygen effect was accounted for by using a modified LQ formula, in which the

variation of the α and β parameters with oxygen concentration is taken into consideration. Thus for

each individual compartment i in the histogram distributions describing the tissue oxygenation, the

surviving fraction was calculated using equation 5.4.
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were αDMF  and βDMF  are the corresponding dose modifiying factors for the α and β parameters

respectively, given by the formula proposed by Alper and Howard-Flanders (1956). Thus, it has

been assumed that α and β have the same oxygen dependence and that the dose modifying factors

for both parameters are equal to the oxygen enhancement ratio (OER) given by equation 5.5.
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where OERmax is the full OER measured in extreme hypoxia, pO2 is the concentration of oxygen at

which the individual OER is measured and K is a constant that in our simulation was assumed to be

2.5 mmHg.

The total surviving fraction of cells after a dose d in the investigated tumour was calculated

as the weighted average of individual pO2 compartments, as described by equation (5.6).
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where if  is the percent of total number of values in the pO2 interval i. For fractionated treatments,

the overal cellular survival was calculated as the product of the individual cell survivals after each

treatment fraction.

Even though the individual cell survival in a tumour at the end of the treatment is a useful

indicator of the outcome, from a clinical point of view it would be more interesting to express it as

the predicted tumour control probability (TCP). Indeed, the relatively small differences between the

surviving fractions at 2 Gy are very much amplified by the repeated delivery of the fractional dose

in the full fractionated treatment and they could transform into significant differences in the

predicted TCP. Therefore, in Paper IV we have calculated the predicted tumour control probability

for a standard treatment of 33 fractions of 2 Gy each.

A Poisson model was assumed to describe the tumour response to radiation. Thus the

predicted TCP at the end of the treatment is given by equation 5.7:

( )[ ] treatment theof end at theexp tumourSFNTCP ⋅−= (5.7)

where N is the number of clonogenic cells.

The results presented in Paper IV show that for tissues well or intermediately oxygenated

the differences between the measured and the real oxygen distributions are not reflected by the

differences in the tissue response to radiation. The reason is that these tissues do not have hypoxic
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compartments. On the other hand, the poorly oxygenated tumours show large differences in the

radiation response if the outcome is calculated from the measured distributions or from the real

oxygenation. Small differences in the hypoxic compartment of the measured and of the real

histograms lead to very large differences in tumour control. This suggests that electrode

measurements should be used only as qualitative indicators of tumour oxygenation and not for

quantitative applications.

The versatility of the heterogeneous vasculature model also allowed the investigation of the

influence of perfusion limited hypoxia on predictions of treatment outcome. The focus was on the

transient character of acute hypoxia, as it is very well known that the presence of hypoxic cells

worsens the radiotherapy response of the tumour. Paper IV shows the results of comparisons

between the tumour control probabilities for a tumour in which the oxygen distribution is

characterised only by the presence of chronic hypoxia and for the same tumour in which some acute

hypoxia also occurs. The response to radiation of both chronically and acutely hypoxic cells has

been calculated using equation 5.4 based on the LQ model. We have thus assumed that there is no

difference between the radiation response of the diffusion-limited and perfusion-limited hypoxia.

We are aware that the response to radiation of these two types of hypoxia may be different, as

suggested by Denekamp and Daşu (1999), but this approach was not taken into consideration as it

would add a further complication to our model.

As expected, the results presented in Paper IV show that the presence of acute hypoxia in

the tissue leads to a decrease in TCP of the order of tens of percents in absolute value. Indeed, the

transient character of perfusion-limited hypoxia seems to have little importance for the overall cell

survival, calculated under the assumption of uniform radiation dose over the whole tumour.

We have also investigated the errors introduced by the use of the simplified histogram

distributions of pO2 values for calculating the TCP instead of the full oxygenation map in the tissue.

As a reference we have used the result of a very rigorous calculation of the tumour control

probability that took into consideration the full oxygenation maps existing at every treatment

fraction. Thus, the individual oxygenation maps were first used to calculate the probability of

survival of every tumour cell after the full fractionated treatment. These individual cell survivals

were then combined to give the overall cell survival in the whole tumour, which was subsequently

used for the calculation of the tumour control probability. The results of this calculation were then

compared to the predicted TCP values obtained from the use of average histogram distributions

(real or measured) of tumour oxygenation. Again, important differences were found between the

TCP predictions of the electrode and the real oxygenation. These results suggest that describing the

tumour oxygenation by the average of several electrode measurements does not improve the

accuracy of predictions of treatment outcome, even though such a procedure might remove the
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random variations in the data. Indeed, the averaging effect of the electrode introduces a systematic

error in the measurements that cannot be removed by performing multiple measurements. The

results presented in Paper IV therefore illustrate the complexity of the problem of predicting the

results of radiation treatment and the fact that it is extremely important to use accurate input

parameters for the modelling of tissue response.

5.4. Conversion of polarographic electrode measurements

The last part of the study was concerned with the attempt to find a relationship that could

allow the conversion of electrode measurements into values that reflect the real tissue oxygenation

and thus to improve the accuracy of electrode measurements. For this, simulations of electrode

measurements in 500 different tissues with various vascular structures were performed in an attempt

to mimic the variability that may be encountered in clinical practice. The results are presented in

Paper V. The focus was on the size of the hypoxic compartment predicted by the electrode in

comparison to the real situation existing in tissue. Three different thresholds for the hypoxic

compartment (2.5, 5 and 10 mmHg) were taken into consideration, representing the values used in

various experimental electrode studies. Considerable differences in the size of the hypoxic

compartment were found in most of the cases, thus confirming again the findings reported in the

previous papers. However, the size of the data set obtained from the simulation suggested that a

logarithmic relationship might be use to convert the electrode measurements.

We have then attempted to test this relationship on a clinical study that looked at the

correlation between electrode measurements and treatment outcome (Nordsmark et al 1996).

Unfortunately the number of patients available in the clinical study was too small to allow us to

verify the hypothesis that the proposed conversion of the electrode measurements might improve

the power of the statistical correlation between the hypoxic content of the tumour and the treatment

outcome. A qualitative analysis of the experimental data however has shown that to a certain extent

it is possible to explain the failure to respond to treatment of some patients with apparently high

oxygen content in the tumours, thus strengthening the conclusions of the original study by

Nordsmark et al (1996).
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6. General discussions

Tumour oxygenation is one of the most important factors that contribute to the clinical

response to radiotherapy. Calculating and measuring tumour oxygenation has been recognised as a

priority a long time ago. Unfortunately the accurate modelling of tumour oxygenation was not

possible until recently because of the complexity of the mathematics describing the processes of

oxygen diffusion and consumption in tissue.

The purpose of this thesis was the modelling of tumour oxygenation and the simulation of

polarographic oxygen measurements in order to assess the accuracy of the electrode in measuring

tumour oxygenation and the evaluation of the implications for radiotherapy outcome.

A first simple model of tumour oxygenation was based on Tannock’s work on the oxygen

diffusion from a single blood vessel (Tannock 1972). The model was described in Paper I as a two

dimensional array in which parallel blood vessels were placed in a regular pattern, all with the same

oxygen tension. The distribution of oxygen tensions in the cells surrounding these capillaries was

then calculated using the equation proposed by Tannock, which takes into account the oxygen

diffusion and the oxygen consumption due to cellular respiration. According to the distance

between the blood vessels the tissue was defined either as normal or as tumoural.

In order to simulate heterogeneous tissues a new model was proposed starting from the basic

physical processes and measurable parameters. It used the general differential equation that

describes the movement of oxygen in tissue under the influence of diffusion and consumption in a

two-dimensional geometry. This method, presented in Paper III, could therefore be used to quantify

the tissue oxygenation for a broad range of types or classes of tissues with vascular structures

derived experimentally.

The versatility of this advanced model allowed the investigation of the influence of the

parameters describing the distribution of distances between blood vessels on the oxygen distribution

in tissue. The distribution of intervascular distances is characterised by the mean value and by the

width of the distribution. The mean intervascular distance is a useful parameter for a qualitative

characterisation of the tissue microenvironment, but the width of the distribution of intervascular

distances is almost equally important in obtaining a quantitative characterisation of the oxygenation.

This is because a broad distribution may indicate that an important fraction of the tissue blood

vessels are sparsely situated and therefore that an important fraction of the cells in the tissue are

very poorly supplied with oxygen and nutrients, even if the average intervascular distance in the

whole tissue is relatively small. The details of the distribution are even more important for tumours

than for normal tissues. Thus, for the normal tissues, the width of the distribution is not very

important as almost all the intervascular distances are smaller than the maximum oxygen diffusion
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distance in the tissue and thus all the cells are very well oxygenated. For tumours however, the large

average intervascular distances mean that even for a regular lattice there are some cells with poor

oxygen supply. But in a real situation some blood vessels may be even more apart than others,

leading to rather large regions with cells that may completely lack the necessary oxygen supply.

The tumour model proposed in Paper III also allowed the modelling of the two types of

hypoxia, as well as their influence on the tumour microenvironment. The temporary closure of some

blood vessels determines the appearance of whole tissue regions with impaired oxygen supply.

However, the resulting oxygenation pattern depends greatly on the tissue vasculature. Regular

lattices are affected equally by the closure of any blood vessels in any region, but this is a rare case.

In practice, tumours have irregular networks that are affected differently by the blood vessels

collapsing in different regions. Obviously, regions with high vascular density are little affected by

the random closure of a blood vessel. On the other hand, collapsing vessels in regions with low

vascular densities lead to the appearance of a large fraction of acutely hypoxic cells. Therefore it is

not possible to predict the amount of tissue hypoxia at a certain moment based solely on the fraction

of closed vessels.

The computer simulation of tumours is a very useful tool not only for investigating the

correlation between the characteristics of the tumour vasculature and the oxygenation level and the

hypoxic pattern, but also for assessing the accuracy of various techniques for measuring tumour

oxygenation.

One of the most commonly used devices for oxygen tension measurement in tissue is the

polarographic electrode. It had long been used for measuring tissue oxygenation in human tumours

in order to seek correlations between tumour oxygenation and clinical outcome, or to determine

prognostic parameters that describe the tumour oxygenation. There have been many studies

concerning the functioning of the electrode since it was initially proposed as an oxygen measuring

device. Although most of the initial questions have been answered there still are some left. One of

the most important issues regarding the functioning of oxygen electrode concerns the relationship

between the oxygen partial pressure in the tissue and the number of oxygen molecules absorbed by

the electrode during the measurement time. This relationship was investigated in Paper I and a

complex function that describes the probability of an oxygen molecule in the tissue to contribute to

the measured value has been derived and called the response function of the electrode.

The most important finding of the study in Paper I was that the distribution of the measured

values was different from the real distribution due to the averaging process that is part of the

measuring procedure. Therefore, electrode measurements cannot be considered as giving an

accurate distribution of intracellular oxygen concentrations in tissue. The explanation for these

results resides in the details of the measuring process of the electrode. Oxygen molecules diffuse
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through the tissue and are then consumed by the electrode in a process that yields an electric current

with the intensity proportional to the number of absorbed oxygen molecules. However, given the

limited measurement time, the oxygen molecules will not have all the same probability of

contributing to the intensity of the electric current within the measurement time. It is obvious that

molecules situated farther away from the probe will have a lower probability of reaching the

electrode than those situated close to the probe. This decrease in probability is given by the

response function of the electrode. As described in Paper I, this function decreases steeply with

distance, creating the impression that the measured value is given only by the oxygen molecules

close to the electrode. However, the number of available oxygen molecules increases geometrically

with distance due to the spherical symmetry of the measurement volume. Therefore not only the

rate of decrease of the response function is important but also the rate of increase in the number of

oxygen molecules with distance from the electrode. Due to the complexity of the oxygen diffusion

in tissue and the absorption process at the electrode, the response function of the electrode should

not be simplified for modelling purposes. Thus, the results presented in Paper I show that none of

the simplifications studied would yield results similar to those obtained with the actual response

function of the electrode. This result applies both to the full distribution of values as well as to the

derived values characterising the distributions (such as the mean or median values).

Another finding of the modelling study presented in Paper I was the difference between the

measurements performed with electrodes of different diameters. These differences were explained

by the fact that electrode measurements are weighted averages over large volumes in front of the

electrode. Since the gradient of the electrode response function also depends on the diameter of the

electrode, the relative influence of the various layers is also modified. Thus, by increasing the

diameter of the electrode, the weight of the more distant layers is increased. This leads to an

augmentation of the averaging process that means that electrodes with larger diameters will

underestimate even more the extreme values of the distribution than electrodes with smaller

diameters.

Using the same homogeneous tumour model we have then shown in Paper II the relevance

of incorporating electrode measurements into modelling studies of tissue response. The results of

those calculations do not allow us to draw a simple conclusion about the influence of the averaging

process of electrode measurements on the theoretical prediction of treatment modelling reflected by

the surviving fraction of cells at a certain dose. In some cases (tissues well oxygenated or

containing a high fraction of poorly oxygenated cells) the results are almost identically, i.e. there is

not very much difference between the results obtained from the real distribution of oxygen in tissue

or the electrode measurements. However, for tissues characterised by broad distributions of values

(with a broad range of intermediate oxygen values) the predicted results are quite different when
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employing either the expected or the measured values. Since tissues with these latter structures are

most common for tumours it is impossible to predict in detail the biological response to radiation

starting from electrode measurements.

One of the limitations of the tissue model used in these first simulations was that the blood

vessels were regularly placed in the tissue. Although the results of those simulations were not

affected by this assumption, the model did not allow the distinction between the effects of chronic

and acute hypoxia. In order to test their effects on the electrode measurements we have simulated

the oxygen distribution and measurements in tissues with various vascular structures using the

model presented in Paper III. For these tissues we have considered both the case when all the blood

vessels are open (and hypoxia appears only due to the limited diffusion distance of oxygen) and the

more extreme case when some blood vessels have collapsed (and some perfusion limited hypoxia is

also present). We were thus able to control the amount and pattern of hypoxia in the tissue and

therefore to check the influence of these two types of hypoxia on the electrode measured pO2

distributions.

The results of these simulations are shown in Paper IV. Our previous results have shown

that the electrode measurement is inevitably modified by the averaging of the pO2 values in the

measurement volume. In fact, given a certain distribution of oxygen values in the tissue, this

averaging process determines the removal from the measured distribution of the extreme values

especially if these values appear in regions smaller than the electrode measurement volume. Based

on this observation we have concluded that generally it is not possible to use a polarographic

electrode to measure hypoxia appearing in small rims of cells surrounding a blood vessel. Using

biologically relevant parameters for the characteristics of tumour vasculature, we have then

simulated the oxygenation conditions in a whole range of tissues having all or only a fraction of the

blood vessels open. This allowed us to investigate the influence of acute hypoxia on the electrode

measurements in the simulated tissues in order to see if the measurement efficiency is affected by

the type of hypoxia.

For well oxygenated tumours the collapsing of some blood vessels does not cause the

appearance of acute hypoxia, even though the pO2 distribution is affected. Only if the oxygenation

worsens in large regions, the electrode is capable of sensing this modification, but the measured

distribution is not identical with the real one. On the other hand, if the tumour is characterised by

large regions with poor oxygenation, most of the cells belong to the hypoxic compartment even

when all the blood vessels are open. Since there are very few transitions to non-hypoxic regions, the

electrode is very efficient in measuring chronic hypoxia in these tumours. The addition of some

acute hypoxia does not improve much the detectability of the hypoxic compartment, as the whole

tissue was anyhow quite hypoxic. The situations in between these two extreme tumour tissues were
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found to be equally interesting with respect to the correlation between the electrode measurements

and the actual tumour oxygenation.

It would have been quite appealing to use the electrode as an indicator of acute hypoxia in

the tumours, as there have been indications that the two types of hypoxia may have different

radiobiological responses (Denekamp and Daşu 1999, Daşu 2000). Unfortunately, it seems that this

distinction cannot be performed with the polarographic electrode and indeed the mixing of the two

types of hypoxia may be one of the causes why the electrode yielded only some general qualitative

correlations between measurements and treatment outcome.

Another important factor that has to be taken into consideration when talking about hypoxia

in tumours is the change in time of the hypoxic pattern due to the change in the blood vessels status.

Thus, some of the blood vessels which are closed at a certain moment causing the occurrence of

perfusion limited hypoxia in tumour will reopen and the hypoxic pattern will therefore change.

Although in our simulations the percent of the blood vessels that are closed at a certain moment is

the same, the hypoxic fraction is different and this is reflected in the measured oxygen distributions.

It was also interesting to study the influence on the treatment outcome of the changes in the

hypoxic pattern due to the presence of acute hypoxia. In order to investigate this we have compared

the TCP values calculated for tumours characterised by the actual distribution of oxygen and by the

measured oxygen distribution for the same tumour but at different moments in time. The differences

between the calculated TCP values based on the real oxygenation or based on measurements show

not only that the electrode measurements are not accurate, but also that those measurements taken in

the same tumour at different moments in time could lead to different results.

In order to correct for the differences between the results obtained using the real or the

measured values we have attempted to find the relationship between the results of the electrode

measurements and the real oxygenation of the investigated tumour. The oxygen distributions given

by the electrode are always different from the real pO2 distributions, the degree of the difference

being the result of a large number of perturbing factors. The influence of some of these factors,

related to the details of the construction and functioning of the electrode, (i.e. the absorption process

of the oxygen molecules, the influence of the electrode membrane, the conversion of the oxygen

molecules into electrical current, the calibration process) was accounted for in the response function

of the electrode. The influence of these intrinsic factors on the electrode measurement process

cannot be modified without altering the electrode construction and this was not the purpose of our

research. However, some other factors, such as the actual oxygenation of the tissue, described by

the blood vessels architecture, the value of pO2 in the capillaries and the number of samples per

measurement, also influence the measuring process. The complexity of the influence of these

extrinsic factors makes very difficult to find a mathematical relationship between the measured
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oxygen distribution and the actual oxygenation of the tissue. A possible solution might be to find a

semi-empirical correlation between electrode measurements and the real pO2 values based on the

computer simulation of electrode measurements in many theoretical tissues.

In order to do this we have modelled 500 theoretical tumours in which we have simulated

electrode measurements, the results of which are presented in Paper V. The vascular architecture

characteristics of the simulated tumours range from quite well oxygenated tumours to very poorly

oxygenated tumours. The parameters describing the tumours vasculature in terms of intervascular

distance (mean and standard deviation) were taken from experimental studies.

In the 500 theoretical tumours we have performed several electrode measurements. The

result of these computerised simulations was a number of 500 full measured oxygen distributions

versus 500 full actual oxygen distributions. In order to analyse the electrode efficiency for assessing

tumour hypoxia, we have looked at the hypoxic percent less than 2.5 mmHg measured by the

electrode and we have compared it to the value in the real distribution. We have then repeated the

comparison for the hypoxic fraction less than 5 mmHg and for the hypoxic fraction less than 10

mmHg.

The correspondence between the real and the measured values was gathered into graphical

relationships. These allowed a conversion of the value of the hypoxic faction measured by the

electrode to a real value in an attempt to optimise the electrode measuring process. Given the

randomness of the electrode measurement results and due to the particularities of the measuring

process, the lower and the higher limit of the interval in which the real oxygenation is included will

also be helpful in the attempt to describe the tumour oxygenation. The fact that for intermediate

tumour oxygenations the real hypoxic fraction could be very different from the measured one in

terms of induced radioresistance, could be an explanation for the uncertainties in the prediction of

the treatment outcome based on tumour oxygenation measurements for some patients.

In order to apply the conversion of the electrode measurements on real patient data we have

used the clinical measured hypoxic fractions from a study by Nordsmark et al (1996). We have

chosen to convert some particular data that did not correlate with the treatment outcome, being

aware that the failure of the treatment does not depend only on the oxygenation of the tumour.

However, the non-agreement between the treatment outcome and the measured hypoxic fraction

may have been caused by the limitations of the electrode measurement process. Therefore we have

converted the measured hypoxic fraction using the logarithmic relationship that was found between

the measured and the real values.

Apparently there were no major differences between the original and the corrected data, the

hypoxic fractions after correction being larger than the original ones but not changing dramatically

the well or the poor oxygenation of the tumours. In order to investigate what would be the influence
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of these small differences between the original and the corrected data on the treatment outcome we

have also calculated the corresponding TCP values for tumours characterised by the measured or by

the corrected data. The differences between the TCP values are in the range of tens of percents and

they could easily explain the failure of the uncorrected measurements to predict the treatment

outcome. Therefore care should be taken when using non-converted electrode measured hypoxic

fractions for the prediction of treatment outcome.
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7. Conclusions

Theoretical modelling has been proven to be a very useful tool for the quantitative

characterisation of the tissue oxygenation in a non-invasive manner. The results thus provided can

be used both for predicting the tissue response to radiation and for assessing the accuracy of various

techniques for measuring the oxygenation.

We have proposed a theoretical model to describe the oxygenation in tissues with

inhomogeneous vasculature starting from the basic physical processes and measurable parameters.

This model also allowed the realistic simulation of the effects of the transient closure of some

tumour blood vessels that result in the appearance of perfusion limited (acute) hypoxia.

Our studies of the correlation between the characteristics of tissue vasculature and tissue

oxygenation have shown that all the tissue parameters are important when describing the

distribution of hypoxia throughout the tissue. Thus, average intervascular distance may give an

indication of the tissue oxygenation, but the width of the distribution of inter-vessel distances or

other similar parameters are equally important to characterise it.

The results of the tissue simulations were also used to investigate the efficiency of the

polarographic electrode for measuring the oxygen distribution in tissues. It was found that the

response function of the electrode leads to an averaging effect which plays an important role in the

measurement process. Thus it was observed that while the electrode measurements reflect the

general trend of tissue oxygenation, there is a systematic deviation between the actual oxygen

distribution and the distribution measured with the electrode. Simulations of tissue response to

radiation have shown that this deviation may result in differences of up to several tens of percent in

absolute value in the predicted probability of tumour control. This suggests that the raw electrode

measurements are unsuitable for the biological modelling of tumour response for treatment planning

or other types of quantitative modelling of treatment outcome.

A method to improve the accuracy of the polarographic electrode was also proposed.

Attempts to test the efficiency of a simple conversion function were unfortunately hampered by the

size of the available clinical data sets. A qualitative analysis however has suggested that it may be

possible to strengthen the correlations between electrode measurement and treatment outcome.
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