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Chapter 1

Introduction

15 20 25 30 35 40 45 50 55 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Dose to tumor (Gy)

P
ro

ba
bi

lit
y

TCP
NTCP
p+

Figure 1.1: The relations between tumor control probability (TCP), normal-
tissue complication probability (NTCP) and the probability of complication-free
cure (p+). An increase in difference between the normal-tissue tolerance and
the required tumor dose can be seen to result in an increase of p+.

1.1 Radiotherapy

In the Netherlands, cancer is the second cause of death after cardiovascular
diseases. In 1999, 27% of the deaths were primarily caused by cancer [1]. The
probability of developing cancer before the age of 75 years, is approximately 1
out of 4 for men and 1 out of 3 for women [2]. In cancer treatment roughly
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2 CHAPTER 1. INTRODUCTION

50% of the patients receive radiotherapy, often combined with other treatment
modalities like surgery or chemotherapy. This means that during a lifespan
about 1 out of 7 people receives radiotherapy, which makes it a very important
treatment modality.

The objective in radiotherapy is to kill tumor cells by ionizing radiation.
The tumor control probability (TCP) is dose dependent and in most clinical
situations increasing the tumor dose will increase the TCP. However, in most
cases it can not be prevented that also healthy tissue is irradiated. In general,
the dose that can be safely given to the tumor is limited by the tolerance of the
normal tissue.

The probability of a complication of the normal tissue (NTCP) is also dose
dependent. In figure 1.1 an example of the probability of tumor eradication
(TCP) is plotted as a function of radiation dose. In figure 1.1 also an example
of an NTCP curve is shown. Note that the NTCP is plotted vs. the tumor dose
and calculated for the corresponding normal-tissue dose, which is usually lower
than the tumor dose. By doing this the NTCP and TCP that are plotted at any
tumor dose do occur in the same treatment plan and can be used for calculation
of the probability of tumor control without normal-tissue complication.

The maximum probability of complication-free cure (p+)[3] depends strongly
on the horizontal distance between the TCP and the NTCP curve. This distance
is determined by the difference in dose needed to kill the tumor and the tolerance
dose of the healthy tissue, and also on the difference in dose to the tumor and
dose to the healthy tissue.

In figure 1.2 the cure rate achieved in different cancer therapies is shown.
Looking at all types of cancer, about 50% of the patients is cured and radiation
therapy plays an important role in this achievement. However, in the group of
patients that is not cured, 17% of them dies without metastasis. In case of the
application of radiotherapy, the dose to the tumor for these patients is often
limited by the risk of normal tissue damage. If the accuracy of the radiotherapy
treatment is improved, the volume of irradiated healthy tissue is reduced. This
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Figure 1.2: The outcome of cancer treatment, grouped by treatment modality.
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is expected to allow an increase of the applied dose to the healthy tissue and
consequentially a higher tumor dose. It is, however, often not known how much
the dose can be increased.

In this thesis a study is presented in which an extensive set of experimen-
tal data is obtained with which mathematical models, that should predict the
NTCP, are tested.

1.2 Volume effects

For many normal tissues the tolerance dose (dose above which a complication
occurs) increases if the irradiated volume decreases [4]. An increased tolerance
dose for healthy tissue will move the NTCP curve shown in figure 1.1 to the
right. As a result the maximum value of p+ increases as well.

The behavior of the tolerance dose as a function of irradiated volume is
strongly organ(structure) dependent [4, 5]: if only a small section of the spinal
cord is destroyed it may already not be able to conduct vital signals anymore,
whereas destruction of a small part of the lung or salivary gland may not result
in a significant decrease in its capacity to function.

Two types of responses to radiation in terms of organ function can be dis-
tinguished: graded and binary responses [6]. These responses are related to
the type of function tested. It may be an all or nothing reaction like paralysis
after spinal-cord irradiation. This is a binary response. Graded responses occur
when, for instance, a secretion function is measured, as in the salivary gland,
whose residual capacity after irradiation depends on the dose. In section 1.1 the
p+ was adopted as a figure of merit for the treatment. For calculation of the p+,
the NTCP needs to be found first. Measurement and calculation of an NTCP
is only meaningful for a binary end point. For graded responses an additional
step is required. It has to be specified at which level of impairment of function
the response is considered to be a complication. This transforms the graded
response into a binary response. In the example of the salivary gland, one could
define a 40% loss of saliva production at a certain time after irradiation to be the
endpoint to score for radiation tolerance. For each dose the probability of the
saliva production to drop below this threshold can be measured, which yields
the NTCP curve.

In the literature, the definition of volume effects is vague. In a review paper
by Hopewell and Trott [4] it is stated that: “The severity of normal tissue
injury may depend on irradiated volume.” In a radiobiology textbook [6] the
author defines volume effects to be the “Dependence of radiation damage to
normal tissues on the volume of tissue irradiated”. In a graded response the
situation could arise that the decrease in organ capacity is simply proportional
to the volume irradiated. This response would, according to the approach given
above, be a volume effect although it simply obeys the rule of proportionality.

From a radiobiological perspective it is desired that the term “volume ef-
fect” only refers to situations in which a change in volume results in a non-
proportional change in response, which indicates sensitizing or protective mech-
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anisms in the organ. Therefore, a graded response is defined to show a volume
effect if the change in response is not proportional to the change in irradiated
volume.

For clinical applications of volume effects usually only the binary response
is of interest. For binary endpoints the volume effect can simply be defined to
be the change in ED50 (50% effective dose , dose for which the NTCP is 0.5)
for a binary endpoint as a function of change in irradiated volume. Note that,
according to this definition, when a proportional graded response is converted
to a binary response, using a fixed drop in capacity, the binary response does
show a volume effect. This is not a real contradiction as for clinical applications
one is interested in the binary response and its change with volume, regardless
of the underlying mechanisms.

Recent developments in radiotherapy (IMRT, hadron therapy) are mainly
aimed at improving conformation of the high-dose region to the tumor contour.
As a consequence often a small volume of normal tissue is irradiated to a high-
dose. Based on the expected increased ED50 because of the decreased volume,
this will allow for a higher dose to the tumor, which will improve the patient’s
p+. For many organs, however, there is insufficient knowledge of the relationship
between the shape of the dose distribution and ED50. Especially knowledge of
the effect of a high dose to small volumes is needed to be able to fully exploit
the advantages of new irradiation techniques. In this thesis volume effects in
the spinal cord of the rat will be explored.
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Figure 1.3: Histological picture of a transverse cross section of the cervical spinal
cord of the rat as seen through a microscope.
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1.3 The spinal cord

Experiments with different kinds of animals have demonstrated that paralysis
due to spinal-cord irradiation shows a volume effect [7, 8, 9] if the irradiated
volume is small. Most of the available data were obtained with radiation types
that do not allow for well-defined dose distributions for field sizes that are below
4 mm (see also section 1.6.) Therefore, in the current investigation the volume
effect of radiation-induced paralysis due to spinal-cord irradiation in very small
volumes will be studied using protons.

Many mathematical models exist to describe dose-volume effects. Most of
them do have some basis in biological mechanisms or structures. Therefore, in
this section an overview of anatomical and physiological properties of the spinal
cord that are important for its functioning will be given.

In figure 1.3 a transverse cross section of the rat cervical spinal cord at level
C4 as seen with light microscopy is shown. In the cross section two regions can
be clearly distinguished. The butterfly-shaped gray matter is surrounded by
the white matter. In the ventral horns of the gray matter mainly large motor
neurons are present, while the dorsal horns contain the sensor functions [9]. The
white matter consists of long myelinated fibers ascending to and descending from
the brain.

Axon

Dendrites

Cell body

Nucleus

Figure 1.4: Schematic drawing of a neuron. (Modified from [10])

Many different cell types play a role in maintaining the functionality of the
spinal cord [12]. The cell type responsible for the conduction of the signal is the
neuron. A neuron consists of a cell body, a long axon and a number of short
dendrites [9]. In figure 1.4 a schematic picture of a neuron is shown. The neuron
receives impulses on the dendrites and the cell body and transmits impulses via
its axon.

In figure 1.5 a section of the human spinal cord is depicted schematically. It
can be seen that the cell bodies are located in the gray matter, while most of
the axons are merely located in the white matter. Most axons are covered by
a myelin sheath, which is created and maintained by oligodendrocytes (see also
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Figure 1.5: A schematic drawing of a section of the human spinal cord. The cell
bodies can be seen to be located in the gray matter, while the axons are located
merely in the white matter. (Modified from [11].)

Figure 1.6: An oligodendrocyte myelinating three neural fibers. (Copied from
[10])



1.4. RADIATION RESPONSE OF THE RAT SPINAL CORD 7

figure 1.6). Oligodendrocytes originate from O-2A progenitor cells by differenti-
ation [13, 12]. The proliferation and differentiation of the O-2A progenitor cell is
influenced by growth factors excreted by astrocytes [14]. The astrocyte is a cell
type that fulfills many other functions in the central nervous system (CNS) as
well [15] like maintenance, protection [16, 17] and generation of the blood-brain
barrier. The blood-brain barrier itself separates the nervous tissue from the
blood, thereby regulating the possibility of molecules and immune cells entering
the nervous tissue [18, 19]. This protects the CNS from molecules released by
activated leukocytes. This is important because in the CNS these molecules
are, for example, also used for control of glial function and differentiation [18].
Astrocytes and microglia form an innate immune system capable of activating
and regulating an immune response of inactive T-cells (cell derived from the
thymus that plays a major role in a variety of cell-mediated immune reactions),
present in the CNS tissue [18].

1.4 Radiation response of the rat spinal cord

In this thesis the endpoint studied is paralysis after a single dose, within 210
days after irradiation. Paralysis occurs when the signaling in the nervous tracts
between the brain and the limbs is below a certain level. If the cut-off period of
210 days is used, the paralysis is caused by white matter necrosis [9].

The white matter lesion of radiation myelopathy is characterized by de-
myelination, loss of axons, focal necrosis, and ultimately liquefactive necrosis
[20]. Demyelination suggests that disappearance and non-renewal of oligoden-
drocytes occurs. The disappearance may be due to radiation-induced apoptosis
and the lack of replacement from differentiating stem cells. In the work of Li et
al. [21], it was found that approximately 1% of the glial cells in the irradiated
spinal cord (22 Gy) are undergoing apoptosis within 24 hours after irradiation
and that these cells are most likely oligodendrocytes. Another radiation target
that has been suggested is the O-2A progenitor cell, from which the oligoden-
drocytes differentiate [15, 22]. The latter hypothesis assumes that irradiation
depletes the O-2A progenitor cell population. So even if the oligodendrocyte
is not directly killed by radiation, but still shows normal turnover, in time the
result will be a shortage of functional oligodendrocytes [12, 22].

In a recent work by Chari and Blakemore [23] it was found that after irradia-
tion of 7 mm of the thoracic spinal cord of the rat to 40 Gy, the oligodendrocyte
pool is depleted in the irradiated section. In the same study it is shown that
within 6 weeks this region is completely repopulated by cells from adjacent
healthy tissue [23]. This fast response is consistent with the results of Van der
Maazen [22] and confirms that O-2A progenitor cells are not the main target
for irradiation.

Further evidence of this statement was found in a boron-neutron capture
(BNC) study. In that study employing borocaptatesodium (BSH) as a boron
capture agent, a dose corresponding to the ED90 was administered. BSH is
known not to pass the blood-brain barrier, which means that most of the dose
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is deposited in the vasculature, eventually killing endothelial cells. This is nicely
reflected by the surviving fraction of the O-2A progenitor cells: 80 % after 120
days [24]. The same surviving fraction was found after X-ray irradiation to a
dose of 15 Gy, which is well below the ED50 for white matter necrosis. This
implies that if the O-2A progenitor cell population is the target for irradia-
tion, white matter necrosis should not have occurred in the BNC experiment.
Therefore, the progenitor cell can not be the target.

In a different hypothesis the vascular system is put forward as the target for
radiation-induced white matter necrosis [15, 12]. In this hypothesis it is assumed
that white matter necrosis is a secondary effect caused by a local loss of blood
flow (ischemia), as a result of a damaged vasculature [12]. This hypothesis is,
however, challenged by the fact that the neuron is the most ischemia-sensitive
CNS phenotype. Furthermore, its cell body is located in the gray matter while
the gray matter seems histologically intact at doses of 39 Gy, even though white
matter necrosis can occur for a lower dose [9]. Therefore, if the white matter
necrosis would be caused by ischemia, the gray matter is expected to show
damage as well. This reasoning casts doubt regarding ischemia as the single
cause of white matter necrosis. There are, however, far more blood vessels
in the gray matter which might be an alternative explanation for absence of
necrosis in the gray matter.

If ischemia is not a determining factor in the mediation between radiation-
induced vascular damage and secondary white matter necrosis, other factors
must play a role in this process. The involvement of cytokines has been men-
tioned in this respect [24, 25, 26, 5]. These cytokines may induce oligoden-
drocyte apoptosis and also inhibit differentiation of O-2A progenitor cells [27],
which consequently leads to demyelination. The role of cytokines and growth
factors in radiation-induced white matter necrosis is, however, not clear at the
moment.

For the sake of simplicity, as a (starting) hypothesis we assume one primary
radiation target, being the endothelial cell. In one way or another this vascular
damage leads indirectly to white matter necrosis. Latency of expression (paral-
ysis) depends, among others, on the radiation dose applied and is related to the
cascade of events (cytokines and growth factors) which mediates between the
vascular damage and the white matter necrosis.

1.5 Volume-effect modeling

In sections 1.1 and 1.2 the potential for improving the p+ by exploiting volume
effects was shown. This requires two developments. The most obvious require-
ment is a sufficiently accurate irradiation technique to allow for a decreased
irradiated normal-tissue volume, while maintaining sufficient tumor coverage.
As a second requirement, optimization of the p+ in treatment planning requires
the description of the NTCP as a function of the dose distribution in a mathe-
matical form.

Many mathematical models of dose-volume effects exist. However, before
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one can use them for clinical treatment planning their correctness needs to
be verified by comparison to dose-volume-effect data. Furthermore, all models
depend on parameters that have to be established from fitting to data.

In this work dose-volume data will be gathered from experiments on the rat
spinal cord. These data will be used for verification of several dose-volume-
effect models. In the rat spinal cord, volume effects are only of importance
for irradiated lengths smaller than ∼10 mm. For field sizes below 10 mm a
very steep increase in the ED50 occurs. Therefore, it is very important to use
a radiation type that offers a sufficiently good spatial resolution to be able to
irradiate with field sizes in the range from 2 mm to 10 mm.

1.6 Different types of ionizing radiation

In most dose-volume experiments on the rat spinal cord, photons of various en-
ergies were employed. In the energy range used, the most important interaction
of photons with matter is Compton scattering. In Compton scattering the pho-
ton collides with an electron, resulting in a scattered electron and a scattered
photon. The maximum possible electron energy is the energy of the primary
photon. The mean energy of a 6 MV photon beam (i.e. bremstrahlung photons
from a 6 MeV electron beam) is approximately 2-3 MeV [28]. For a given photon
energy and scatter angle, the energy transferred to the electron and the cross
section of the interaction can be calculated. For all emerging electron energies
the range in water can be estimated. Now the mean range of the electrons is
given by the cross-section-weighted average of these ranges. For 2 MeV and 3
MeV photons the mean range of the secondary electrons is 5 mm and 3 mm,
respectively.

In a photon beam the actual dose deposition occurs by the slow-down process
of the secondary electrons. This means that the best obtainable penumbra
of dose distributions created with photons is comparable to the range of the
secondary electrons. In section 1.5 the field-size range to be used was given to
be 2-20 mm. It is clear that 6 MV photons can not create a sufficiently sharp
dose distribution to investigate volume effects in the specified range.

If lower energy photons are used, the range of the secondary electrons de-
creases. Therefore, the lateral penumbra improves, but the dose-depth curve
also becomes steeper. This then results in a non-uniform dose distribution
along the beam axis. The uniformity along the beam axis can be improved
by irradiating from two sides. This, involves repositioning the animal, which
increases the penumbra again, due to positioning uncertainties.

Because of the complications discussed above for irradiation with photon
beams, the experiments discussed in this work were carried out using high en-
ergy (>100 MeV) protons. The advantage of protons is that the energy of the
secondary electrons is very small. For 200 MeV protons, less than 1% of the
secondary electrons has an energy larger than 0.1 MeV [29]. Electrons of 0.1
MeV energy have a range of approximately 0.1 mm . As a result the spatial
resolution of a proton irradiation will not be limited by the proton interaction
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with matter like photons do.

It is well known that the dose, which leads to a certain probability of cell
death, depends on the radiation type (more specifically: the linear energy trans-
fer (LET) of the radiation) used [6, 30]. This difference in radiobiological ef-
fectiveness (RBE) is quantified by the ratio of the iso-effective doses of the
non-standard radiation type and gamma rays produced by 60Co. For protons
generally a correction factor of 1.1 is used with respect to 60Co to account for
the different RBE values along a proton track. For low-energy protons (Bragg
peak protons) the RBE can be as high as 1.2 [31]. For protons with energies
higher than 40 MeV the correction factor is very close to 1.0 [31]. The RBE
of 1.1 arises from a combination of Bragg peaks and plateaus that is used for
treatment. In the experiments presented here, 150 MeV protons were used.
There was 3 cm of water-like material upstream the spinal cord. In figure 1.7 it
can be seen that the target region is in the plateau of the Bragg curve. There-
fore, we assume that, in the experiments reported here, the RBE is close to 1.0,
since no Bragg peak protons are used. Hence the reported dose values will be
physical dose, not corrected for the RBE. Small RBE deviations from 1.0 will
not change the conclusions on the volume effects as all experiments were done
using the same radiation type with the same RBE.
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Figure 1.7: The dose-depth distribution of 150 MeV protons, measured in the
setup used for the experiments
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1.7 The aim of this work

In this work dose-volume effects of white matter necrosis in the rat cervical
spinal cord are studied. Different mathematical descriptions of the NTCP will
be tested for their validity. Currently in the mathematical modeling of the
NTCP, it is generally assumed that the dose distribution, or in most of the
cases even only the dose-volume histogram (DVH) contains all the information
needed to calculate the NTCP.

Experiments specifically designed to challenge this assumption will be de-
scribed and their results discussed.

The contents of this thesis can roughly be divided in three subjects. The
first subject will be the description and validation of statistical tools needed for
the analysis of the dose-volume-response data. A methodology for analyzing
NTCP models with binary data will be described.

The second part will be focused on the technical realization of the experi-
ments. This includes an overview of the setup and the properties of the dose
distribution. In chapter 7 an overview of lateral non-uniform irradiations and
the positioning technique needed for them will be given.

The most important subject to be discussed, is the dose-volume-effect data
and the fitting of mathematical models to these data. In chapter 6 the informa-
tion given in paragraph 1.3 and 1.4 will be used to give insight into the biological
meaning of the mathematical models, presented in chapter 6.
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