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Abstract

Modem treatment planning systems are able to conform more adequately to
tumors, but the large volume of data that needs to be processed in 3-dimensonal
conformal radiotherapy renders the precise reporting and analysis of doses actually
delivered to irradiated organs and volumes of interest very difficult. A new method of
summarizing and reporting non-uniform dose distributions, better known as the EUD
method, is described in this work. The EUD concept assumes that any two dose
distributions are equivalent if they cause the same radiobiological effect. In this thesis,
the EUD concept is applied to normal tissues, as they are rarely avoided during
irradiation. Since normal tissues, unlike tumors, vary from one another in their
architecture and therefore behave differently to radiation, only the most fundamental
normal tissue architectures, serial and parallel, are considered in this work. Extensions of
the idealized EUD concept to include nonuniform density of clonogens, dose per fraction
effects, absolute volumes, intra-patient inhomogeneity, and inhomogeneity of patient
population are also presented in this work. The application of the basic EUD concept for
tumors, and serial and parallel architecture organs is demonstrated with a number of

simple dose-volume histograms and relevant clinical dose distributions.
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Introduction

1. INTRODUCTION

1.1 Cancer Management

Cancer is the second leading cause of death due to diseases in Alberta, the first
being heart disease. According to studies conducted by the Alberta Cancer Board, one in
three Albertans will develop cancer during their lifetime.! Conventional therapies such as
surgery, chemotherapy and radiation therapy are considered the primary treatments for
cancer. Of the three conventional therapies mentioned above, radiation therapy and
surgery are considered the most effective treatments for cancer. In the majority of
localized cancers, surgery is the primary form of treatment. However, surgery used in
conjunction with radiation therapy usually yields improved result. For other kinds of
cancer, such as inoperable localized cancers or Hodgkin's disease, radiation is the
predominant form of treatment. Radiation therapy can also be used to control the disease
rather than cure it. This is known as palliative treatment, and it is used primarily to

decrease symptoms such as pain when the cancer metastasizes.

1.2 Three Dimensional - Conformal Radiation Therapy Planning

1.2.1 Volume Assessment

Ideally, one would like to deliver a prescribed dose to the planning target volume
and spare all normal tissues. However, because of the characteristics of radiation beams,
limitations associated with radiotherapy equipment and uncertainties in patient setup and
true spatial extent of the disease, a certain amount of normal tissue irradiation is
unavoidable. Delineation of target volumes and critical structures are therefore important
steps in treatment planning. The 50™ International Commission on Radiation Unit and
Measurement report® or ICRU 50 recommends that certain volumes, such as the gross
tumor volume, clinical target volume, planning target volume, organs at risk, treated
volume and irradiated volume be defined prior, during and as a result of treatment
planning (see Figure 1.1). The volume which denotes the gross tumor volume or GTV

plus any marginal spread of the disease is defined in ICRU 50 as the clinical target
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volume or CTV. In order to achieve cure, the clinical target volume has to be treated
adequately. The planning target volume or PTV consists of a volume that includes the
gross tumor, any microscopic spread of the disease and a margin to account for the
following factors:*

1) movements of the tissues which contain the CTV,

2) patient movement during irradiation,

3) size and shape variations of the tissues which contain the CTV,

4) variations in the characteristics of the beam.

Proper delineation of the planning target volume is crucial to the proper treatment of the

clinical target volume.

Gross Tumor Volume

Clinical Target Volume

Planning Target Volume

N
Treated Volume ' \\
/

/1 / \ Subclinical involvement
Irradiated Volume K /

Figure 1.1: Volume delineation for treatment planning as recommended by ICRU 50.

After delineation of the PTV, the treated volume is specified. The treated volume

is defined, in ICRU 50, as the volume enclosed within a specified isodose envelope that
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adequately covers the PTV. This isodose value represents the minimum required target
dose to achieve tumor eradication. The treated volume is usually larger than the PTV
because of the differences in treatment technique and equipment. Reduction between the
treatmeni volume and the PTV has been made possible in the past few decades with the
advent of three-dimensional conformal radiation therapy or 3-D CRT. 3-D treatment
planning allows one to direct and shape radiation fields so as to achieve greater
conformation to the PTV.

Next in importance to the delineation of the planning target volume is the
localization of the critical structures. This is an important initial step in the treatment
planning process as critical structure radiosensitivities can limit delivery of the
prescribed dose to the tumor. As with planning target volume delineation, margins must
be imposed to account for patient and organ movements during treatment as well as
uncertainties in the set up and limitations of the radiotherapy equipment. The overall
volume of tissue which receives a dose that is considered meaningful with regards to

normal tissue tolerance is defined as the irradiated volume.

1.2.2 Treatment Plan Evaluation

Treatment plans have traditionally been evaluated by reviewing simple dose
distributions for a few cross sections (often one) of the patient's anatomy and a limited
amount of quantitative information, such as minimum tumor dose and maximum dose to
normal organs. Comparison between rival plans was guided by tradition and clinical
experience. This conventional approach to treatment plan evaluation is being eclipsed by
modern practice as the amount of data available for evaluation in 3-D conformal
radiotherapy is considerably greater and the dose distributions generated may be
considerably different and more complex than those of the traditional methodology and
are therefore more difficult to evaluate. To aid in the evaluation of 3-D treatment plans,
new quantitative tools, such as dose-volume histograms and biological indices have been
developed. These new quantitative tools are being used more and more in modern
radiation therapy to evaluate treatment plans along with dose statistics and other

qualitative tools, such as beam's eye view and color wash dose distribution technique.3
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Despite the fact that they facilitate the evaluation of complex treatment plans, these new

quantitative tools have to be used carefully due to current limitations.

1.2.2.7 Dose-Volume Histograms or DVHs

The dose-volume histogram or DVH is certainly the most popular plan evaluation
tool used in treatment planning today. Since the large volume of information in 3-D CRT
planning may make it difficult to interpret and assimilate the data, condensing the 3-D
dose distribution data into a dose-volume histogram enables one to graphically
summarize the radiation distribution throughout one or several volume of interests
(VOIs).

There are two types of dose-volume histogram: the differential dose-volume
histogram or DDVH and the cumulative dose-volume histogram or CDVH (see Figure
1.2). The differential histogram is a plot of the accumulated volume of those elements
within the volume of interest receiving dose in a specified dose interval. The cumulative
dose-volume histogram is, on the other hand, a plot of the volume receiving a dose less
than or equal to a given dose. In most papers and literature, the cumulative dose-volume
histogram is simply referred to as a dose-volume histogram or DVH.

DVHs are powerful tools in treatment planning as they reduce the amount of data
that a planner has to deal with and they help in the identification of hot spots, cold spots
and other dose heterogeneities that would be otherwise difficult to assess rapidly and
consistently from a large set of dose distributions. Dose-volume histograms also serve as
precursors to certain normal tissue complication probability and tumor control probability
models. Finally, DVHs aid the planner in comparing rival plans in order to decide on the
best possible one. Unfortunately, when DVHs for rival plans intersect, it becomes
difficult to choose the best plan by visual inspection and other means must be taken to
complete the task.

Even though DVHs drastically reduce the amount of data in 3-D CRT, they should
not be the sole criterion for plan evaluation as they eliminate the spatial information of
the dose distribution within a volume of interest and they are solely based on physical
dose.  Furthermore, DVHs assume that each voxel within a sub-volume is

radiobiologically identical. Since the ultimate goal of radiation therapy is to achieve

4
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uncomplicated tumor control, quantitative tools that can assess the biological outcome of
a radiation scheme must be designed. Biological indices, such as tumor control
probability (TCP) and normal tissue complication probability (NTCP), have been
developed in the recent decades to aid in the evaluation of treatment pians, but at the

present these biological indices rely on unreliable clinical data and must therefore be used

cautiously.

Differential DVH
—— Cumulative DVH

Relative volume

0 5 10 15

Dose (Gy)

Figure 1.2: Schematic of a cumulative dose-volume histogram and a differential dose-
volume histogram.

1.2.2.2 Biological Indices

Unlike DVHs, which are based entirely on the physical dose, biological indices
attempt to provide a quantitative biological measure of the effectiveness of a dose
distribution. The most popular biological indices used in modern radiation therapy are
TCP and NTCP values. TCP predicts the likely biological response of irradiated tumors
while NTCPs measure the likelihood that a given dose distribution will lead to serious
complications in the patient. The probabilities of both tumor control and tissue
complication are believed to be sigmoidal functions of dose.

Models of tumor control are generally based on the assumption that a tumor is

destroyed only when all viable clonogens within it are killed. Because all clonogens are

5
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assumed to be independent, the probability of eradicating all of them is simply a product
of individual probabilities. Thus,

rcp = [ [(1-sF(D,)" (L)
i=l

where n = number of voxels,
k;= number of clonogens in the i voxel,

and SF(D;) = probability that a single clonogen survives a dose D;. This simple
model of TCP assumes that all voxels are characterized by the same dose-response
relationship. It also assumes that the response of individual patients is the same as that of
the patient population. Clinical studies have shown that this is not the case and that
clonogenic cells both within the same tumor, and among patients, differ in their
radiosensitivity.* These differences in radiosensitivity are believed to be one of the
factors responsible for the flattening of the tumor control probability curve obtained from

> It is therefore important to allow for factors such as these when

clinical studies.
modeling tumor control probability.

Numerous models for predicting normal tissue complication probabilities of non-
uniformly irradiated tissues and organs have been suggested. Some, such as Lyman's®’
four-parameter model, are empirical or phenomenological in nature. Others are statistical
and are based on tissue architecture.®’

Lyman'’s four-parameter model describes the NTCP for uniform dose irradiation

through the following error function of dose and volume:

I ¢ 2
NTCP= «/E_J;CXP( ! A)dt (1.2)
_(D-TDy(v))
where = (m*TDm(v)) s 1.3)
TDg (1) =TDg(v) *v7", (1.4)
and

v=yv”f. (1.5)
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TD,y(1) is the tolerance dose yielding 50% complications for whole organ irradiation,
whereas TD,,(v) is the tolerance dose to partial volume v producing a similar
complication probability. The arbitrary parameters m and n are empirically obtained from
normal tissue tolerance data. Tue parameter m is the slope of the dose response function
at TD, and is thus a measure of the dose sensitivity of the organ. The parameter n is, on
the other hand, a measure of the volume effect. When n is near unity (e.g. lungs and
kidneys), the volume effect is large, and when it is near zero (e.g. brain and colon), the
volume effect is small. As will be seen later in the statistical models, an organ with a
large n is a parallel architecture organ, and one with a small n, a serial organ. The most

recent determinations of n and m are provided in Table 1.1.

Organ Vier n m TDs, Endpoint
(Gy)
Brain Whole |[.25 |.15 60 Necrosis/Infarction
Kidneys Whole |.70 .10 28 Clinical nephritis
Lungs Whole | .87 |.18 24.5 Pneumonitis
Colon Whole (.17 |.11 55 Obstruction/perforation/
ulceration

Table 1.1: Normal tissue complication end points and tolerance parameters.'°

Extension of this model to inhomogeneous irradiation is accomplished by
converting the non-uniform dose-volume histogram into an equivalent uniform
histogram, using either the interpolation'" or the effective volume method.'> Both these
dose-volume histogram reduction schemes attempt to calculate a biologically equivalent
dose or volume for each tissue that contains dose heterogeneities.

Empirical models are simple and flexible to use for computing normal tissue
complication probabilities for whole or partial organ irradiation, but they have their
downfalls. The main drawback is that these models rely on clinical data (e.g. TDsp) that,

for a vast majority of tissues, is unreliable and poorly documented.'® Inconsistencies in
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dose and volume reporting methods are believed to be responsible for the poor quality of
clinical data.'*!® The issue of consistent dose prescription, specification and reporting in
radiation therapy has been addressed in ICRU 50. However, the proposed methodology
has not been universally accepted and there continues to be a lack of rigor and
compliance worldwide.'®

Another downfall of these empirical models is that they relate partial volume
tolerance doses through a power law in volume as per equation 1.4. This implies that
there is always a partial volume dose for which a given probability of complication
occurs. For organs with a large volume effect, such as lungs and kidneys, this does not
apply, as no complication occurs in these organs if less than their functional reserve is
irradiated. Lastly, the reduction schemes used to convert the non-uniform dose-volume
histogram into an equivalent uniform one are not sufficiently biologically orientated.

In the last few decades, biologically-orientated theoretical models for predicting
NTCP and TCP have been proposed. These more complex models use binomial statistics
in combination with the assumption that normal tissues and even tumors are composed of
independent functional sub units (FSUs). Since these models attempt to incorporate the
underlying architecture of the irradiated structures, they are thought to represent more
closely the radiation response (i.e. the volume effect).

Two types of functional organization are modeled statistically: serial and parallel.
Serial models assume that certain organs (e.g. spinal cord) are organized like chains, and
that damage to one of the links will damage the whole chain. Organs with such an
architecture have a small volume effect. Parallel models assume, on the other hand, that
certain organs (e.g. lungs) have functional reserves. Thus, a complication does not arise
in these organs until a significant fraction of independent functional sub units have been
eradicated. Organs of parallel architecture exhibit a large volume effect. A more
detailed description of these models is given in Chapter 3.

Until recently, relative TCP and NTCP were thought to be very useful tools for
treatment plan ranking. However, a recent study'’ revealed, through several theoretical
tests, that plan rankings are not uniquely determined by relative tissue complication

probabilities as is widely claimed. The study also revealed that uncertainties in calculated
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NTCP values do affect plan ranking when exchanging one complication for another.
Thus, one may conclude that proper plan ranking can not be achieved if TCP and NTCP
calculations are based upon relative complication data. The use of TCP and NTCP
functions to arrive at the best possible plan can be rendered more accurate by reducing the
errors that exist in calculated NTCP and TCP values. The large errors in NTCP and TCP
values arise mainly, as stated earlier, from poorly documented clinical data. This is
especially true in the case of normal tissue irradiation where the dose distributions are

very complex and non-uniform.

1.3 The Concept of EUD

In order to reduce these large errors in the NTCP and TCP values and concurrently
improve dose reporting methods, a recent model which eliminates the need to report
several doses during documentation has been proposed by Niemierko. The proposed
model, better known as the Equivalent Uniform Dose or EUD model is a new method of
summarizing and reporting non-uniform dose distributions. The main feature of the EUD
is its uniformity, which allows one to describe an entire dose distribution, within a
volume of interest, with a single number. The concept of EUD assumes that any two
dose distributions are equivalent if they cause the same radiobiological effect.'®
Therefore, any non-uniform dose distribution can be transformed into an equivalent
uniform dose.

The concept of equivalent uniform dose proposed by Niemierko can more than
facilitate communication between centers and improve the quality of the collected
biological data. It can biologically summarize the data and thus reduce the amount of
data a planner has to face without losing too much biological information. Furthermore,
the EUD can serve as a precursor to the NTCP and TCP models and thus improve the
quality of their values. By reducing the errors in the NTCP and TCP values, the EUD can
render the clinical application of these biological indices more significant.

1.3.1 Overview of Thesis:

Most of the work on equivalent uniform dose performed by Niemierko has been

directed at tumors. The main objective of this thesis is to apply Niemierko's EUD
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concept in order to develop EUD models for normal tissue irradiation. In order to carry
this through one must attempt to include tissue architecture into the model. However,
before attempting such a task, one must take a closer look at Niemierko's EUD model and
its assumptions. Furthermore, one must be aware of the effects of radiation on biological
matter.

This work therefore begins, in Chapter 2, with a review of the basic physics of
ionizing radiation, with specific focus on the different possible interactions with
biological matter. A description of the most important radiation quantities and units is
also presented in this chapter. In Chapter 3, a description of the chemistry and biology
of radiation absorption at the molecular, cellular and tissue levels is given. In Chapter
4, the concept of Equivalent Uniform Dose is introduced and EUD models for both serial
architecture and parallel architecture organs are developed. Chapter 5 is dedicated to the
testing of the simple models presented in the previous chapter. The thesis concludes, in

Chapter 6, with a brief summary and discussion of the results.
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2. THE BASIC PHYSICS OF IONIZING RADIATION

Since their discovery by Roentgen in 1895, x-rays have played a major ruie in
medicine. Their first major application was in diagnostic imaging. However, not too
long after this discovery, x-rays became therapeutic tools in cancer therapy. Subsequent
studies of the underlying physics of ionizing radiation have lead to major improvements
in the treatment of cancer. Because of the importance of radiation physics in the
treatment of cancer, this chapter will concentrate on the basic physical interactions of
ionizing radiation with biological materials and also the physical quantities frequently

used in radiation therapy.

2.1 The time-scale of radiation effects

During and after irradiation of any biological system, several events occur that
differ quite widely in their time-scale. For convenience, these processes are generally
divided in three phases, namely the physical, chemical and biological phases'®.

The physical stage is characterized by the interactions of radiation with the atoms
of the biological system irradiated. The end result of these interactions is either
ionization or excitation. The time-scale over which these interactions occur is extremely
short (10°'® to 10™"7 sec) and varies with the velocity of the particle, the dimensions of the
atom or molecule and the amount of energy transferred in the process.

The chemical stage describes the period in which free-radicals, radical-ions and
energetically excited molecules are formed and then engage in a succession of reactions
with neighboring cellular components in order to restore the electronic charge
equilibrium. Most free-radical reactions are completed within times much less than a
millisecond. However, some may take somewhat longer.

The biological stage encompasses all subsequent events such as enzyme reactions,
DNA repair processes, and early and late effects. Failure to repair critical DNA lesions
eventually leads to cell death and the manifestation of early effects in the days and
months following irradiation of normal tissues. These early reactions result from the

killing of stem cells and their subsequent loss of progeny.

11
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2.2 lonizing Radiation

Ionizing radiation can be defined as any radiation capable of ejecting electrons
from the atoms or molecules with which they interact. To be considered ionizing, the
radiation must carry sufficient kinetic or quantum energy to cause a valence electron to
escape an atom. [onizing radiation can be broadly divided into two categories:
particulate, in which the individual energy carriers have rest mass and may be electrically
charged, and electromagnetic, where the energy carriers are photons which have neither

charge nor rest mass.

2.2.1 Electromagnetic Radiation

Electromagnetic radiation, used in radiation therapy, consists primarily of x-rays
and y-rays. These rays behave identically and differ only in the way in which they are
produced. The physical properties of x-ray and y-ray radiations are best described if these
radiations are considered to have a dual nature, in that they sometimes behave as waves

and sometimes as particles.
2.2.1.1 Wave nature
Electromagnetic waves can, under the wave model, be represented by spatial

variations in the intensity of an electric field (E ) and a magnetic field (1} ) as shown in

Figure 2.1. At any given time the fields are always at right angles to each other.

Figure 2.1: Schematic of an electromagnetic wave.

12
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Due to their wave nature, these radiations undergo interference, diffraction,
reflection, refraction and polarization. They travel with a velocity ¢ of 3.0x10® m/sec in a
vacuum. The velocity of an electromagnetic wave can be related to its wavelength A and
frequency v by the following relation:

VA=c=3x10°m/sec. (2.1)

2.2.1.2 Quantum nature

The quantum nature of electromagnetic radiation is based on the observation that
the energy carried by such radiation is absorbed and emitted in the form of discrete
bundles called quanta or photons. The amount of energy carried by a quantum or photon
depends upon the frequency of the radiation and is given by:

E=hv= % (2.2)

where E is the energy in Joules carried by the photon and 4 is the Plank’s constant of
6.62x10* J-sec. The above equation indicates that as the wavelength of electromagnetic
radiation becomes smaller or the frequency becomes larger, the energy of a quantum

becomes greater.

2.2.2 Particulate Radiation

Particulate radiations, just as electromagnetic radiations, also exhibit a dual nature
and therefore sometimes appear to behave like waves. There are many types of particulate
radiation, each varying in mass, charge, and method of production. The most common

elementary particles used in radiation physics are listed in Table 2.1.

Particle Symbol Charge Mass
Electron e -1 0.000548 amu
Positron e’ +1 0.000548 amu
Proton p. \H* +1 1.00727 amu
Neutron n, 0‘,1 0 1.00866 amu

Table 2.1: Elementary particles used in radiation therapy.

13
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2.3 Photon Interactions with Biological Materials

The International Commission on Radiation Units and Measurements (ICRU)
recommends that photons be classified as indirectly ionizing radiations since their
deposition of energy in matter is a two-step process. In order to deliver their energy to
matter, photons first transfer, in a few relatively large interactions, their energy to charged
particles of the matter through which they pass. The resulting fast charged-particles then,
generally, deposit their energy to the matter through many Coulomb-force interactions.

There are five major types of photon interactions by which a photon beam may be
attenuated:

1) Photoelectric effect

2) Compton scattering

3) Rayleigh scattering

4) Pair production and triplet production
5) Photo-nuclear disintegration

Each of these processes can be described by a mass attenuation coefficient which
is proportional to the fraction of photons removed per unit thickness by the given process.
The mass attenuation coefficient of an individual interaction is also numerically equal to
the probability of such an event occurring when a single photon passes through this unit
thickness. The mass attenuation coefficient has units of cm” per g. The total mass
attenuation coefficient (Wp), in a given medium, is the sum of all these individual
coefficients:

bt

where 1,0,6.04,7, and k are the linear attenuation coefficients for the photoelectric effect,

Compton scattering, photo-nuclear disintegration, Rayleigh or coherent scattering, and
pair production respectively.

At the energies under consideration in conventional radiotherapy, the
photoelectric effect, Compton scattering and pair production are the dominant photon
interactions in biological materials, as they contribute significantly to the absorbed dose,

D. The relative importance of these three processes depends on both the characteristic Z

14
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of the absorbing medium and the photon quantum energy E as depicted in Figure 2.2.%°
A brief description of all three dominant photon interactions is presented in the following

sections.

2.3.1 Photoelectric Effect

The photoelectric effect is the predominant interaction in biological tissue at low
energies. In this process, a photon of energy E=hv interacts with an atom and transmits
its entire energy to one of the orbital electrons as shown in Figure 2.3. This atomic
electron or photoelectron is then ejected with a kinetic energy E:

E=hv-E,-E

atom

24)
where E} is the binding energy of the electron and E, _ is the negligible kinetic energy

given to the atom.
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Figure 2.2: Relative importance of photoelectric effect, Compton scattering and pair
production.
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VW WA

Figure 2.3: Schematic of the photoelectric effect.

When an electron is removed from an inner atomic shell, the vacancy is promptly
filled by an outer orbital electron. For any shell vacancy, this transition is either
accompanied by the emission of characteristic x-rays or the emission of Auger electrons.
The probability of characteristic x-ray emission is called the fluorescence yield, Y, and is
dependent upon the atomic number of the absorbing medium. For biological material, the
chance of fluorescence x-ray emission during the filling of any vacancy is negligibly
small.

Consequently, the Auger effect is the dominant mechanism by which an atom can
dispose of the excess energy in biological materials. The Auger effect is the process by
which an atom ejects, with sufficient kinetic energy, one or more of its relatively shallow
outer shell electrons to account collectively for the excess energy not removed by
characteristic x-rays. The total energy carried away by all Auger electrons and/or
characteristic x-rays equals the original shell binding energy. One thing to note is that
when no characteristic x-rays are emitted, the Auger electrons account collectively for all
the original shell binding energy.

The probability of photoelectric absorption depends on both the energy E of the
photon and the atomic number, Z, of the absorbing medium. In the energy region E< 0.1
MeV, where the photoelectric effect becomes important in biological materials, the mass
attenuation cross section for this effect is approximately*':

t (ZY
{2

where 7 is the sum of the cross section values for the different shells.
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For energies beyond 0.1 MeV,

.7z
p (hv)"

(2.6)
where n gradually rises to =3.6 at 3 MeV and m gradually decreases to 1 at 5 MeV.

2.3.2 Compton Scattering

Compton scattering is the dominant process in biological materials over the wide
range of 50 keV to 20 MeV. In the Compton scattering process, a photon interacts with
an atomic electron as though it were a “free” electron. To be considered free, the binding
energy of the struck orbital electron must be small compared to the incident photon
energy. In this type of elastic interaction, an incident photon transmits some of its energy
to an orbital electron and subsequently scatters at an angle ¢ with reduced energy.
Having acquired sufficient energy, the recoil electron departs the atom at an angle 8 with

an energy E, as shown in Figure 2.4.
Unbound or Free Electron

K
.\\.\_4/‘
MWWMM»/

Incident Photon
E=hv

Figure 2.4: Schematic of a Compton scattering interaction.
By applying the laws of conservation of energy and momentum to this elastic
collision, one can derive the following equations:

. a(l-cos¢)
Ec=hv (1+a(1—cos¢))' @7
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. 1
=hv. . 2.8
and hv =hv [l+a(l—cos¢)] (2.8)

where hv, hv'and E, are the quantum and kinetic energies of the incident photon,
scattered photon and recoil electron, respectively, and a = E/mc’, where mc’is the

electron’s rest mass energy.

If a photon makes a direct hit on an electron, the electron will travel straight
forward (¢ = 0°) and the scattered photon will be backscattered (6 = 180°). Thus, in this

type of collision, maximum energy transfer occurs with

2a
—hy. 2.9
B =hv- 154 (2.9)
1
and kv, =hy- (2.10)

1+2a
The probability of Compton collision can be described by several differential
cross sections™ derived by Klein-Nishina, one being the differential cross section for

photon scattering at angle ¢, per unit solid angle and per electron:

do r2 (WY (hv hv )
g _5n |2V cin? 2.
2 [ ) (hv Ty TS0 ¢) (2.11)

where r, is the classical electron radius.

Another useful Klein-Nishina formula, is the differential cross section for electron

scattering at angle 6 , per unit solid angle and per electron:

do ¢ 1 ? . o1-cosg) |
g__e . : , 2.12
dQ, 2m;' [l-i-a(l—cose)] [l+cos o+ 1+ a(l-cos) (212)

[n order to find the total electron cross section for Compton scattering, formulas
(2.11) and (2.12) must be multiplied by the element of solid angle, and integrated over all
angles. One can conclude, without performing this task, that the electron cross section
for Compton scattering is independent of the atomic number (Z) of the absorbing material
since the electrons involved in the Compton process are assumed to be free and
stationary. Therefore all materials will absorb about the same amount of radiation per

electron by this process. Since the electron density is almost constant for most material,
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the mass attenuation coefficient for Compton scattering (o7p) is nearly the same for all

materials, except for hydrogen which has no neutrons.

For low incident photon energies, one must take into account that energy is
required to eject orbital electrons. Thus, a multiplicative correction factor, which takes
into account the binding of the atomic electrons, must be added to the Klein-Nishina
differential cross section formulas. The main effect of this binding correction is to

decrease the differential cross section at low incident photon energies as shown in Figure
2.5.
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Figure 2.5: The effect of binding energy on the Klein-Nishina differential cross section.

2.3.3 Pair and Triplet Production

Pair production is a process that can occur when a high energy photon passes
sufficiently close to the nucleus of an atom. By interacting with the Coulomb-force field

of the atomic nucleus, a high-energy photon gives up all its energy, disappears and gives

19



The Basic Physics of Ionizing Radiation

rise to a positron (e*) and an electron (e7) as shown in Figure 2.6. The photon energy
threshold for such an interaction is 2m,c>. If the photon has energy in excess of 1.022
MeV, the excess energy is shared between the positron and the electron.

If the interaction occurs in the field of an atomic electron rather than in the field of
the nucleus, triplet production results. The threshold for such an interaction may be

shown to occur at twice the threshold of the pair production, thus 4mc*. In this process

one positron and two electrons, one being the host electron that provided the Coulomb

field, are ejected from the site of the interaction (See Figure 2.6).
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Figure 2.6: Schematic of pair and triplet production processes.

The atomic cross section for pair production increases rapidly with photon energy
above the threshold of 1.022 MeV as shown in Figure 2.7. Since the probability of triplet
production is small compared with pair production, the total cross section for pair and
triplet production is approximated by the pair production cross section. The mass
attenuation coefficient for pair production increases rapidly with atomic number since the

interaction occurs with the electromagnetic field of the nucleus.
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Figure 2.7: Pair production cross section as a function of photon energy.>

2.4 Charged Particle Interactions with Matter

Electrons and positrons generated by the photoelectric effect, Compton scattering
and pair production loose their energy through either collisional or radiative interactions
with the surrounding medium. Collisional interactions are mediated by the Coulomb
force between the electric fields of the traveling electron/positron and the electric fields of
orbital electrons, whereas, radiative interactions are mediated by the Coulomb force
between the electric field of the traveling electron/positron and the electric field of the
atomic nuclei. Collisional interactions can be classified as either “soft” or “hard”,
depending on the relative size of the classical impact parameter, b, and the atomic radius,

a, as shown in Figure 2.8. Collisions between the traveling charged particle and the
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nucleus (i.e. radiative interactions) result in radiative loss of energy better known as
bremsstrahlung.  Another mode of kinetic energy dissipation, known as in-flight
annihilation does exist. However, this mechanism of energy dissipation is only available

to positrons.
Undisturbed Trajectory

> e

Figure 2.8: Important parameters in charged-particle interactions with atoms: the
classical impact parameter, b and the classical atomic radius, a.

The total energy lost (dE), by a charged particle in traversing a path length (dx) in
matter of density p is known as the total mass stopping power, which has units of MeV
cm’/g. Since collisional and radiative interactions account for the energy imparted to the
medium, the total mass stopping power can be divided into a collisional term and a

radiative term as follows:

dE dE dE
(dx)-(dxl*(dx), @13)
dE .. .
where (Z) = collision stopping power,

[+

dx

r

dE - :
and (-—) = radiative stopping power.

If one divides the stopping power by the density of the absorbing medium, one

gets a quantity called the mass stopping power:
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dE
(p—dx) (2.14)

typically in MeV cm*/g or J rnzlkg. Mass stopping powers vary with the energy of the
particle, the particle type and the atomic number of the mcdium through which the
particle is traveling. Tabulated tables of mass stopping powers can be found in many

radiation physics textbooks.

2.4.1 “Soft” Collisions

“Soft” collisions are, by far, the most common type of charged particle
interaction. They occur when charged particles interact with atomic electrons from
distances that are greater than the atomic radius (b>>a). “Soft” collisions are responsible
for the transfer of roughly half of the energy deposition even though only minute amounts

of energy are transferred to the medium per interaction.

2.4.2 “Hard” Collisions

“Hard” or knock -on collisions are less common than soft collisions, but the
energy transferred to the medium by these few collisions is comparable to the energy
transferred by the greater number of “soft” collisions. For a knock-on collision to occur,
the impact parameter must be in the range of the atomic nucleus (b~a). When b~a, a
traveling charged particle is more likely to interact with a single atomic electron. In a
collision of this type, the struck electron is ejected from the atom with considerable
kinetic energy. If the recoil electron has enough energy to produce further ionization or
excitation it is usually referred to as a delta ray. As mentioned earlier, the vacancy caused
by the ejection of an atomic electron is eventually filled and characteristic x-rays and/or

Auger electrons are emitted as a result.

2.4.3 Coulomb-Force Interactions with the External Nuclear Field

This type of interaction is predominant for positrons and electrons. It occurs
when the impact parameter is much less than the atomic radius (b<<a). The small
impact parameter causes the Coulomb-force interaction to take place with the nucleus of

the atom. In the majority of these interactions, the electron or positron is elastically
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scattered and no energy is transferred to the medium. However, in about 2 or 3 % of the
cases, inelastic interactions occur which result in radiative losses or bremsstrahlung

radiation.

2.4.4 In-Flight Annihilation

This mode of kinetic energy dissipation is available only to positrons. In this
process, the positrons slow down enough to recombine with a free electron before
stopping. The extra kinetic energy of the positron at the time of annihilation is given to
one or both of the annihilation photons.(See Figure 2.9) When the extra kinetic energy is
shared equally, the annihilation photons are ejected at angles ¢ =6. However, when the
extra kinetic energy is not shared equally, the annihilation photons travel off in directions
that enables them to conserve momentum. The amount of kinetic energy given to these

photons is comparable to the amount given to bremsstrahlung radiation.

hv> 0.511 MeV

Positron £> 0.511 MeV

° > @--/-----

‘ hv> 0.511 MeV

Figure 2.9: Schematic of an in-flight annihilation process.

2.5 Direct and Indirect Action of Radiation

There is strong evidence that biological effects such as cell death, mutation and

oncogenesis result mainly from damage to DNA, the genomic material of the cell. Such
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damage can be incurred directly or indirectly by radiation as shown in Figure 2.10. Since
the method of action depends greatly on the linear energy transfer or LET of the radiation,

a definition of LET is in order.

INDIRECT
ACTION

-
kRS

DIRECT
ACTION

Figure 2.10: Direct and indirect action of radiation*.

2.5.1 Linear Energy Transfer

In radiation physics, the rate of energy loss per unit path length is referred to as
the linear energy transfer or simply LET and it is usually measured in keV / yum.
When the total energy lost by the charged particle includes the energy carried away by
energetic secondary electrons or delta-rays, the LET is referred to as the total linear

energy transfer and is defined as:
LET =—. (2.15)

When the energy lost by a charged particle in traversing a distance dx includes
only those energy losses due to collisions with energy transfers less than some specified

delta value, A, the linear energy transfer becomes restricted and thus,

dE
LET, =L, = (Z) (2.16)
A

where Ais an arbitrary energy limit below which energy transfers are considered
dissipative.
The restricted linear energy transfer is a useful concept in radiation physics as it is

used in calculating the absorbed dose or the energy "locally" absorbed per unit mass.
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2.5.2 Direct Action

Direct action is the dominant process when the radiztions involved have high
linear energy transfer, such as neutrons or alpha particles. In such a process, the radiation
interacts directly with the DNA molecule, ionizing or exciting its atoms. These

ionizations and excitations eventually lead to biological damage.

2.5.3 Indirect Action

Indirect damage to the DNA occurs when radiation interacts with other atoms near
the critical target to produce free radicals that are able, by diffusion, to reach and damage
the target. A free radical is a free molecule or atom that has an unpaired orbital electron.

This unpaired electron causes the free radical to be highly reactive.

2.6 Radiation Quantities and Units

In order to describe a radiation field at a point P, let us associate some nonzero
volume (i.e. a sphere centered at P) with the point as shown in Figure 2.11. The size of
the sphere depends on the physical quantities we wish to measure. If the quantities are
stochastic, and therefore not predictable, the sphere must have a small but finite volume.
The values of stochastic quantities are random in nature and can only be described by a
probability distribution. ICRU defines the expectation value N, of a stochastic quantity as
the mean N of its measured values N as the number n of observations approaches x.
That is,

NN, as n—>o . 2.17)
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Figure 2.11: Characteristics of the sphere needed to describe a radiation field.

If, on the other hand, the quantities are nonstochastic, then the sphere must be of
infinitesimal volume (dV). Nonstochastic quantities are usually point functions, and are
therefore differentiable. ICRU states that the values of nonstochastic quantities common
in radiation physics are equal to, or based upon, the expectation value of a related
stochastic quantity. Since most of the quantities used to describe ionizing radiation fields
and their interactions with matter are nonstochastic, we will, in this section, focus mainly

on them.

2.6.1 Fluence and Energy Fluence

The fluence @ of photons or particles is the quotient dN, by da, where dN, is the
expectation value of the number of rays or particles that enter an imaginary sphere of
cross-sectional area da.” Thus,

dN,
da

d= (2.18)

. . -2 P
and is usually expressed in m™ or cm™.
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When we take into account the energies of the rays or particles, we usually use the
quantity energy fluence to describe a radiation field. The energy fluence ¥ is the quotient
dR by da, where dR is the expectation value ot the sum of all energies carried by rays or
particles that enter the imaginary sphere of cross-sectional area da.™ Thus,

_dR

= (2.19)
and is expressed in units of J/m? or erg/cmz.
For monoenergetic beams of energy E,
Y =ED, (2.20)
since
R=EN,. (2.21)

2.6.2 Fluence Rate and Energy Fluence Rate

Fluence rate or flux density ¢ is simply the fluence per unit time and is expressed

in units of m™?s™! or cm™s™".% Thus,
do
T odt

where dt is the time interval in seconds.

(2.22)

When we consider the energies of the particles or photons, we can define a
quantity known as the energy fluence rate or energy flux density. The energy fluence rate
or energy flux density y is the energy fluence per unit time. It is given by:

d¥
= (2.23)

and is expressed in J/m’s or erg/cm’s.
For a monoenergetic beam of energy E, the following relationship between the
energy fluence rate and the fluence rate holds:

w=Eg. (224)

2.6.3 Exposure

The quantity “exposure” is a measure of the ionization of air by photons and it is

expressed in roentgens. ICRU defines exposure X as the quotient of dQ by dm, where dQ
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is the absolute value of the total charge of the ions of one sign produced in air when all
the electrons (electrons and positrons) liberated by photons in air of mass dm are

completely stopped in air. Thus,
40

“dm

(2.25)

2.6.4 Kerma

Kerma X is a nonstochastic quantity that is principally used to describe the energy
transferred to charged particles by indirectly ionizing radiation such as photons and
neutrons. The Kerma at a point P is given as the quotient of d(&,). by dm, where d(&,). is
the expectation value of the energy transferred to charged particles in an infinitesimal
volume dV of mass dm, including radiative energy loss, but excluding the kinetic energy

passed from one charged particle to another.” Thus,

dle,
K= ) : (2.26)
dm
The energy transferred &, in a volume V is given by:
& =(R,) -(R.) " +2.0 2.27)
where (R,,l )u = radiant energy of indirectly ionizing radiations entering V,
(R,,,,, ):""r =  radiant energy of indirectly ionizing radiations leaving V minus

radiative energy losses by charged particles while in V,
and zQ = net energy derived from rest mass.
For monoenergetic photons of energy E, the Kerma at P is related to the photon

energy fluence by the mass energy-transfer coefficient (y,, / p)s , as follows: ™

Kew{&). (2.28)
p EZ

The mass energy-transfer coefficient is dependent upon the energy of the photons and the

atomic number of the absorbing medium.
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2.6.5 Absorbed Dose

Absorbed dose, D, is one of the most useful nonstochastic quantities used in
radiation physics. It is relevant to all types of radiation and is defined, at any point P, as
the quotient of (dg). by dm, where (de), is the expectation value of the energy imparted in
an infinitesimal volume 4V of mass dm.” Thus,

D= (dL)' (2.29)
dm

and its units in the International System (SI) are J/kg, also known as gray (Gy).

The energy imparted ¢ in a finite volume V of mass m is given by:”

e=(R,),-(R.), +(R,),-(R.). + X0 (2.30)

where (R,,,) radiant energy of indirectly ionizing radiations entering V,
(Rm) radiant energy of indirectly ionizing radiations leaving V,
(R,,, )c radiant energy of charged particles entering V,
(R )c radiant energy of charged particles leaving V,

and Z 0= net energy derived from rest mass.

2.6.6 Relative Biological Effectiveness

Relative biological effectiveness or RBE is defined as the ratio of the absorbed
dose of a reference radiation (usually x-rays) to the absorbed dose of a test radiation that

produce the same biological effect, other conditions being equal.”® Thus,

RBE Dy 2.31
=5 (2.31)

To measure the RBE, the biological system used must allow the quantitative
scoring of the radiation effects. Biological systems with single endpoints usually
facilitate the study of RBE. Relative biological effectiveness is a very complex quantity.
It depends on various factors such as the type of radiation, the absorbed dose, the dose per
fraction, the number of fractions, the endpoint or effect being measured and the level of

effect. Figure 2.12 illustrates the dependence of RBE on LET ., for human kidney cells. It
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can be seen that the maximum RBE occurs at a LET, of about 100 keV/um. It can also

be seen that the maximum RBE depends, as mentioned earlier, on the level of effect.
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Figure 2.12: The dependence of relative biological effectiveness (RBE) on linear energy
transfer (LET) for human kidney cell.”’
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3. THE CHEMISTRY AND BIOLOGY OF RADIATION
ABSORPTION IN BICLOGICAL MATERIAL

3.1 Radiochemical Events in Biological Systems

3.1.1 General

For the purpose of this present study, living cells can be described as an assembly
of water and organic molecules such as proteins and nucleic acids. Irradiation of living
cells leads to a large number of ionizations which can directly, or indirectly, damage
DNA, the most crucial molecule of the cell. Since cells are composed of more than 70%
water, most of the ionizations produced by radiation occur with water molecules. The
end result of these ionizations is the production of free radicals which possess unpaired

orbital electrons and are therefore highly reactive®®.

3.1.2 Radiochemistry of Water

Ionization of water molecules by radiation leads to the formation of ion radicals
and free electrons:
H,O + radiation - H,0"" +¢”. @a.1n
The negatively charged free electrons rapidly associate with water molecules which are
strongly polarized:

e” +(H,O)molecules — €y - 3.2)
The end result of such associations is the formation of hydrated electrons (e,) which

have reduced mobility and lifetimes of a few microseconds.

The ion radicals also associate with water molecules, forming uncharged hydroxyl
radicals:
H,0" + H,0 - H,0" + OH". (3.3)
These hydroxyl radicals (OH") are regarded as being the most biologically damaging
radicals. They are highly reactive and can diffuse short distances to reach critical targets

in the cell.
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Another free radical that results from the interaction of radiation with water is the

H" free radical. This radical results from the break down of the excited water molecule

and, like the hydroxyl radical, is highly reactive:

H,G + radiation - H,0" - OH" + H". 3.4)
The extent of the indirect damage incurred by these 3 main products of radiolysis

(€

OH’",H") depends on the amount of radical scavenging reactions that occur during
the first few milliseconds after irradiation. The compounds responsible for these
scavenging reactions are the ones which contain sulphydryl (-SH) groups. Such
compounds have an affinity for free radicals and therefore act to lower the biological

damage by reducing the amount of free radicals present near critical targetszs.

3.2 Radiation Damage to DNA

Radiation can damage any molecule and, therefore, any part of the living cell. It
is, however, believed that damage to DNA is of primary importance, particularly in
relation to cell killing”®. DNA damage is also believed to be responsible for
radiobiological effects such as mutation and carcinogenesis. For these reasons, DNA is

considered the principal target for the biological effects of radiation.

3.2.1 Structure of DNA

The DNA molecule is a double-helix structure consisting of 2 complementary
chains, which are linked together by hydrogen bonding between the bases (see Figure
3.1). The chains forming DNA are composed of a sequence of nucleotides, which are
sub-units in which bases are linked through a sugar group to a phosphate group. Bases of
opposite strands must always compliment each other for hydrogen bonding to occur.
Therefore, a thymine base will always face an adenosine base. Likewise, a cytosine base
will always pair up with a guanine base. Bases are of utmost importance in biology

because their order along the DNA molecule specifies the genetic code.
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HYDROGEN BONDS

Figure 3.1: Schematic drawing of the structure of a DNA molecule.*

3.2.2 DNA Lesions and Damage

There are a variety of types of DNA lesions and radiation induced damaged. The
most important is the double-strand break, which is believed to be responsible for cell
death. Other types of DNA lesions and damage include single-strand break, formation of

cross-links and base damage (see Figure 3.2).

DNA-protein cross-link
Singleo-stand break

Doublo-strand break

Inter-strand cross-link

Figure 3.2: Types radiation-induced lesions and damage in DNA.
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DNA strand breakage involves a break in the bonds between the sugar and
phosphate groups. There are 2 possible categories of DNA strand breaks: single-strand
break (SSB), which affects only one strand of the double-helix structure and double-
strand break (DSB), which affects both strands. Single-strand breaks are one of the most
frequent lesions that occur in DNA. The number of single-strand breaks in oxic
mammalian cells per mean lethal dose D, has been estimated to be approximately 1000
compared to 40 for double-strand breaks.’! Double-strand breaks comprise either two
opposite single-strand breaks or two single-strand breaks in close proximity. While they
are not as frequent as single-strand breaks, they are believed to be the most important
group of DNA lesions that cause biological damage.

Cross-links are a type of DNA damage that occur at a low frequency when
compared to other DNA lesions. These occur either between the DNA strands, hence the
name inter-strand cross-link, or between the DNA and chromosomal proteins. The latter
is generally know as DNA-protein cross-link. The most crucial of the two is the inter-
strand cross-link since it may be converted to a double-strand break during the repair
process.

The last type of damage that can occur in DNA due to irradiation is base damage.
Base damage involves chemical alteration of the DNA base without actual strand
breakage. However, base damage can eventually lead to strand breaks if the base-

damaged sites are cleaved by specific enzymes.

3.2.3 Repair of DNA Damage

Numerous lesions are induced by radiation in DNA, many of which are
successfully repaired by the cell. The repair half-time of different types of lesion are
found to vary, ranging from 2-5 minutes*? for single-strand breaks to 1.5-4 hours® for
double-strand breaks. Base damage repair takes, on average, longer than single-strand
break repair. The slower repair is thought to be associated with the induction of a single-

strand break after the removal of the damaged base.

3.3 Radiation Damage at the Cellular Level

Radiation induced cell damage can be divided into three categories:
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1) Lethal damage

2) Sublethal damage

3) Potentially lethal damage

Lethal damage is defined as any non-repairable damage that leads to the death of a cell or
its progeny. Sublethal damage, on the other hand, is defined as non-lethal cellular injury
that can be repaired, or accumulated with further dose to become lethal. Potentially lethal
damage is defined in 2 ways in the current literature. In some papers, PLD is the
equivalent of SLD while in others, it is referred to as the damage that can be repaired
when suboptimal growth conditions prevail immediately after irradiation. All three types
of damage are simply operational terms, since in, mammalian cells, the mechanisms of

repair and radioresistance are not fully understood at the molecular level.**

3.3.1 The role of Double-Strand Break
Of all the radiation-induced lesions, double-strand breaks (DSBs) appear to be

associated most closely with cell lethality.’>*® The close association does not, however,
show which DSBs are lethal or exclude the possibility that some other lesion (produced in
proportion to DSB) is the critical lesion.*’

Not all double-strand breaks give rise to cell death; only a very small fraction of
them do. The reasons for this low frequency conversion are not yet fully known, but it is
believed that the majority of DSBs are repaired and the remainder may be misrepaired or
left unrepaired during the repair process. In relation to cell killing, double-strand breaks

can be thus regarded as potentially lethal lesions.

3.3.2 Chromosomal Aberrations

Double-strand breaks can lead to the formation of chromosomal aberrations.
Radiation-induced chromosomal aberrations can be classified as either chromatid or
chromosome aberrations. Chromosome aberrations result when a cell is irradiated early
in interphase, before the chromosome material has a chance to duplicate, while chromatid
aberrations result when a cell is exposed to radiation later in interphase and therefore,

after duplication of the DNA material.
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Many types of chromosomal aberrations and rearrangements are possible, but only
three types (all asymmetrical) are lethal to the cell: the dicentric, the ring and the
anaphase bridge (see Figure 3.3). The dicentric and the ring are both chromosome
aberrations but one results from the interactions of two double-strand breaks from
different chromosomes, and the other from within the same chromosome.

3839 suggest that a close correlation exists between failure of cells

Several studies
to proliferate after radiation exposure and chromosomal aberrations (see Figure 3.4).
Since a correlation exists between lethal chromosomal aberrations and double-strand

breaks, these studies further support the idea that double-strand breaks are the most

important lesion biologically.
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Figure 3.3: Schematic of radiation-induced lethal chromosomal aberrations following
duplication. (A) The dicentric chromosome plus acentric fragments. (B) Dicentric
chromatid plus acentric chromatid fragment. The anaphase bridge results from the
chromatid being stretched between poles at the anaphase. (C) Overlapping rings and
acentric fragments.
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Figure 3.4: Correlation between the average lethal aberrations per cell and In(S) in 1522
normal human fibroblasts exposed to x-rays.*’

3.3.3 Survival Curves

3.3.3.1 Concept of Clonogenic Cells

Tumors and renewal tissues contain a small number of stem cells, which have a
high capacity for cell proliferation*’. These stem cells can produce a large family of
descendants and can undergo self-renewal to avoid depletion. Since it is not always
possible, at the present time, to study colony-forming cells in situ within tumors or
renewal tissues, defined environments, such as cell-culture, are used to do so. Cells that,
under defined experimental circumstances, have the ability to produce a colony of
descendants (usually more than 50) are known as clonogenic cells.*> Since clonogenic
cells are assumed to be similar to stem cells, they are the ones that are studied in

radiobiology.

3.3.3.2 Mathematical Models of Cell Survival

Evaluation of the survival of clonogenic cells following irradiation is an important
aspect of radiobiology. Curves that plot the surviving fraction of clonogenic cells against

absorbed dose are referred to as survival curves. Survival curves are essential tools in
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radiobiology because they help predict treatment outcome. The shape of a given survival
curve depends on various factors such as the type of radiation, the fractionation scheme,
oxygenation, repair processes, etc. Many mathematical models based on assumed
mechanisms of cell killing have been proposed to account for the shape of mammalian
cell survival curves and for the way they change with various factors, but their validity is
still unproved. In addition, the scatter exhibited by the biological survival data makes it
even more difficult to discriminate between mathematical models, as illustrated in Figure
3.5. These survival curves are characterized by an initial rapidly changing slope (often
referred to as the shoulder) in low dose regions followed by a much more gradually

changing slope at higher dose levels.

Supvival

Dose (Gy)

Figure 3.5: Survival data for a murine melanoma cell line treated with low-LET
radiation. The data from five independent survival experiments are shown as the small
squares with the geometric mean value at each dose shown as the large triangles. The
survival curves shown are from fitting the data to the two component model (dashed line)
or to the linear-quadratic model (solid line).*?
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In general, mammalian cell survival curves, for densely ionizing radiations, have
little or no shoulder and are linear on a logarithmic-linear graph (i.e. every radiation
damage is lethal) as shown in Figure 3.6. Experimental data from high-LET radiation are
best fitted by:

_D’
SF =t /5. 35
where SF = fraction of cells that survive a given absorbed dose D; or probability that any
individual cell will survive the radiation dose D;,

and D, = mean lethal dose

The mean lethal dose, D, , is defined as the dose required to reduce the fraction of
surviving cells to 37% or 1/e of its initial value. This is, on average, the dose required to

deliver one inactivating event per cell.
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Figure 3.6: A typical exponential cell survival curve for cells irradiated by high-LET
radiation in tissue culture. (A) data plotted on a linear survival scale. (B) same data
plotted on a logarithmic scale.

Mammalian cell survival curves for sparsely ionizing radiation are, on the other
hand, characterized by an initial shoulder region followed, generally, by a roughly
exponential region at higher dose. Two points of view roughly account for the shoulder
of the survival curve. One set of models (target theory models) assumes that the shoulder

is primarily due to the interaction of sublethal lesions or the accumulation of sublethal
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damage. The second set of models (repair models) assumes that the shoulder is the result
of the repair of single lesions produced by single tracks. A brief description of these

models and their effects on the survival curve is given in the following sections.

3.3.3.2.1 Target Theory Models

Target theory models assume that there are a fixed number of critical sites in the
cell which must each be hit in order to cause cell death. These critical sites or sensitive
targets are actually responsible for the reproductive integrity of the cell and their number
vary depending on the mathematical model. There exist three survival curve models
which originate from target theory. They are the multi-target single-hit, the two
component model and the linear-quadratic model.

The multi-target single-hit model or simple multi-target model suggests that there
are more than one target in the cell, which must each receive a single hit, in order for the

cell to die. Since the probability p of inactivating one target is equal to:

p(one target) = (1 - e(-%" )J , (3.6)
then the probability of inactivating n targets is:

p(n targets) =(l —e(-%J )" 3.7

where n is, according to target theory, the number of targets in a cell that have to be
inactivated. However, because the parameter n varies greatly with the cell cycle stage,
the physiological cell state, and the conditions of irradiation, it is almost impossible to
equate n with any specific target structure in the cell.

The probability of survival, or the survival fraction, after a dose D; is simply given
by:

SF = 1-(1-4’%"))“. 3.8)

This gives a survival curve with zero initial slope, a shoulder at low dose and a final

exponential region when Di/D, is large as shown in Figure 3.7.
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Figure 3.7: Typical survival curves for the simple muiti-target and the two-component
models.

The size of the shoulder can be described by the quasi-threshold dose Dg, which is related

to the parameter n and D, by the following relation:

D, =D,Inn. 3.9
The multi-target plus single-hit component or two-component model, is a flexible

model that fits most data very well. It combines the simple multi-target model with a

single-event component. The probability of survival is given by:
-0, -0/ Y
SF=e( A')[l-(l—e( A‘)J J 3.10)

where D, is the initial slope due to single-event killing, and D- is the final slope due to
multiple-event killing. The effect of the first term is to bend the whole curve down and
therefore induce a non-zero initial slope as depicted in Figure 3.7.

The main drawback of the above target theory models is that the shoulder on the
cell-survival curve varies as a function of cell cycle stage. This variation makes it rather

difficult to comprehend how the number of targets could be responsible for this.
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The last target theory model, the linear-quadratic model is characterized by a
continuously bending survival curve, which has the expected initial slope but which never
becomes exponential, even at very high dose as shown in Figure 3.8.

The LQ model is represented by the following linear-quadratic equation:

SF = ¢~(oD+AD") @3.11)
where a and B are the linear and quadratic coefficient, which determine the relative

importance of the single radiation track and dual radiation track events.

Surviving Fraction

Dose (Gy)

Figure 3.8: The linear-quadratic formula which results from the summation of the linear
term and the quadratic term.

The LQ model is currently the most popular cell survival model. Part of the LQ
model's widespread use is a result of its mathematical simplicity. Because of its
mathematical simplicity the LQ model can easily be generalized to describe fractionated
radiation. The main drawback of the model is that, over the range of dose rate considered
in radiotherapy, physical or chemical lesions from statistically independent charged-
particle tracks do not interact. Therefore, double-strand breaks cannot arise from the
interaction of two single-strand breaks as proposed by the model. Furthermore, the cell
survival data do not really support the use of the LQ model at high doses, since most

clinical survival curves do not fit the LQ equation in that high range. However,
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individual daily doses used in fractionated radiotherapy more frequently lie over the low-
dose range of survival curves, i.e. shoulder portion, where the LQ model fits the survival
data well. Thus, for fractionated regimen, the LQ equation can be used to describe the

dose-response relationship.

3.3.3.2.2 Repair Theory Models

A number of cell killing models, based upon processes of radiation repair, have
been proposed to account for the shape of mammalian cell survival (e.g. lethal potentially
lethal model & repair-saturation models). These models all assume that cell killing is
caused by single-hit events. Therefore damage at any DNA site is unlikely to be due to
interaction between radiation tracks. The main drawback of repair theory models is that
the equations that they produce to describe the shape of the survival curve are
mathematically very complex as compared to the other models. Because of their
complexity, these equations will not be presented in this work.

The lethal potentially lethal model or LPL model™ is a model of radiation action
which combines the ideas of lesion interaction and lesion repair process. The LPL model
is based on the main assumption that two different types of lesion are produced by
ionizing radiation: repairable (potentially lethal) lesions and non-repairable (lethal)
lesions (see Figure 3.9).

Lethal lesions lead to death of the cell or its progeny and, thus, give rise to the
linear component of cell killing. The potentially lethal lesions can interact with each
other to form a lethal lesion (binary misrepair), can be “fixed” at some point in the cell
cycle (fixation), or can be correctly repaired. It is believed that the binary misrepair is

responsible for the quadratic component of cell killing in the LPL model.
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Figure 3.9: The lethal potentially lethal or LPL model.

Repair-saturation models propose that the shape of the survival curve depends
only on a dose-dependent rate of repair.’”> The models assume that, in the absence of
repair, (i.e. repair enzymes), all initial lesions, (i.e. lethal and potentially lethal lesions),
lead to cell death and thus give rise to an exponential cell survival curve. In the presence
of repair enzymes, however, the potentially lethal lesions are either repaired successfully
or fixed at some point in the cell cycle. The repair of potentially lethal damage increases
survival as shown in Figure 3.10 but the amount of repair is dose dependent. At low
doses, the repair enzymes are free to repair all the potentially lethal damage before
fixation occurs. However, at higher doses, saturation of repair enzymes occurs. This
saturation slows down the repair and as a result less damage can be repaired in the time

available before fixation. The decrease in repair caused by saturation is believed to be

responsible for the downward bending of the survival curve at higher doses.
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Figure 3.10: The repair-saturation model of radiation action.

3.3.4 Factors that Influence Cell Survival

3.3.4.1 Radiation Quality

Cell survival depends on the effective LET of the radiation beam used for
treatment. As LET increases, both D, and n decrease as shown in Figure 3.11. The
decrease in D, is attributed to the enhanced sensitivity of cells to high-LET radiation,
while the decrease in the shoulder is attributed to a decrease in the capacity of the cells to
recover from the sublethal radiation damage. As a result of the higher cell kill rate and

lower repair of damage, high-LET radiation induces more biological damage than does

low-LET radiation.
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Figure 3.11: The effect of LET on the survival curve of mammalian cells.

3.3.4.2 Cell-cycle position

Experiments*®*’ have shown that radiosensitivity differs in different phases of the
cell cycle as depicted in Figure 3.12. Differences in the pattern of sensitivity and
resistance have been observed but, in general, many cell lines appear to have a resistant
period in S phase and a sensitive period in G, phase.

These experiments also reveal that the radiosensitivity of asynchronous cell
populations is dominated by the most resistant cells. Therefore, the survival curve of
these heterogeneous populations is very similar to that of the most resistant component of

the asynchronous population
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Figure 3.12: The effect of cell cycle position on the cellular radiosensitivity of Chinese
hamster cells. '

3.3.4.3 Repair

Some of the radiation damage incurred in cells during irradiation can be repaired.
Repair can be divided into potentially lethal damage repair (PLDR) and sublethal damage
repair (SLDR). The effects on the of PLDR and SLDR on the survival curve are shown
in Figure 3.13.
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Figure 3.13: Single and fractionated dose-response curves of mammalian cells treated
with isotonic or hypertonic saline. *
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The increase in cell survival, i.e. the reappearance of the shoulder, observed when
a dose of radiation is split into two fractions separated by a time interval is the result of
sublethal damage repair. Many factors are involved in the repair of sublethal damage and

they are summarized in Figure 3.14.
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Figure 3.14: Typical time course of survival for non-cycling and cycling mammalian
cells.

The initial rise results from sublethal damage repair in cells which survived the
first dose. The decline and subsequent increase in survival observed in cycling cells
results from the desynchronization and the progression of the cells through the phases of
the cell cycle. The final increase in the curve occurs when the time interval between the
two doses exceeds the cell cycle. The long time interval allows the cells to proliferate
and double in number between dose fractions.

Potentially lethal damage repair occurs when cells are held under suboptimal
growth conditions. The effects of potentially lethal damage repair on the survival curve is
a decrease in the slope of the cell survival curve. Potentially lethal damage repair is
believed to be the most important repair mechanism in relating the cell culture studies of

human tumors to their clinical response.*’
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3.3.4.4 Re-oxygenation

Molecular oxygen is believed to be the most important modifier of the biologic
effect of ionizing radiation. The degree of sensitization caused by the presence of oxygen
is described by the oxygen enhancement ratio or OER. OER is the ratio of hypoxic to
aerated doses required to give equivalent cell killing (see Figure 3.15). For most cells,
the OER lies in the range from 2.5-3.5 for low-LET radiation and decreases to a value of
unity for high-LET radiation. Until recently, it was believed that this fraction was
independent of the survival level at which is was measured. However, recent studies
suggest that the OER below 3 Gy has a slightly smaller value for low-LET radiation. The
reason for this reduction is still unclear, but it is believed to be linked to the greater

importance of single-hit killing in this region of the cell survival curve.*
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Figure 3.15: Typical survival curves for oxic and hypoxic cells treated with low-LET
radiation.
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For the oxygen effect to be observed, oxygen must be present either during
irradiation or within a few milliseconds after the radiation exposure. The mechanism
responsible for the enhancement is not fully understood but there is general agreement
that oxygen acts at the level of the free radicals. It is believed that if oxygen is available.
the damage produced in the DNA molecule by free radicals can be “fixed” or simply
made permanent and irreparable. This is known as the oxygen fixation hypothesis.

Experiments on bacteria and mammalian cells suggest that only very small
amounts (0 to 30 mm Hg) of oxygen are necessary to produce a dramatic increase in cell
sensitivity’’. Therefore, from a radiobiological point of view, most normal tissues can be
considered well oxygenated, although it is now known that certain normal tissues, such as
cartilage, skin and liver, are moderately hypoxic. Tumors, on the other hand, contain a
significant proportion (10-20%) of hypoxic cells and are therefore more resistant to
radiation.

Experiments on animals have shown that when tumors are irradiated with a single
dose, most of the surviving tumor cells are mainly the original hypoxic cells, but that
subsequently, the hypoxic fraction decreases and approaches its starting value. The
phenomenon by which hypoxic cells become oxygenated following irradiation is termed
reoxygenation. Reoxygenation cannot be measured in human tumors, but presumably it

occurs in some tumors controlled by multifraction regimen.

3.4 Clinical Response

During external beam radiation therapy, both the tumor and normal surrounding
tissues are irradiated. Since the main goal of radiotherapy is to control the tumor and
minimize the damage to the healthy tissues, biophysical tools such as NTCP and TCP
models, are needed to facilitate the evaluation of complex treatment plans and to develop
an appropriate scoring function for plan optimization.

In order to use these quantitative models for optimization and evaluation
purposes, the models must correctly describe the behavior of control and complication
probabilities as a function of various parameters of the treatment plan, such as the

following’':
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1) physical: dose,
2) geometrical: volume and tissue architecture,
3) radiobiological: tissue sensitivity,

4) temporal: dose fractionation.

3.4.1 Tumor Response

3.4.1.1 Tumor Architecture
Tumors are composed of both neoplastic cells and normal tissue cells, such as
blood cells and fibroblasts, which form the stroma. The neoplastic cells can be divided

into four compartments based on their kinetic properties **(see Figure 3.16).
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Figure 3.16: The four compartments of a tumor neoplastic cell population.

The most important compartments in radiotherapy are the proliferating and resting or G,
compartments. Cells in the proliferating compartment are the major contributor to
growth of the tmor volume. Many of these cells have demonstrated the capacity to
produce a large family of descendants within a test environment and are, therefore,
known as clonogenic cells. G, cells are resting cells that are capable of re-entering the
cell cycle if needed and may, therefore, be clonogenic. Because of their clonogenic
properties, cells from both these compartments need to be killed by the applied therapy.

The movement of resting cells to the proliferating compartment is known as recruitment.

3.4.1.2 Tumor Control Models

Models of tumor control are, in general, based on the assumption that tumor

recurrence represents the progeny of just one or several independent clonogenic cells
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which survived the treatment. In other words, tumors regrow unless all clonogenic tumor
cells are eradicated by irradiation.

Assuming, once again, that clonogenic cell kill is random and therefore obeys
Poisson or binomial statistics, it is simple to derive the relationship between surviving

fraction SF and tumor control probability TCP. It is:

TCP =(1- SF(D))* (3.12)
where k=  number of clonogenic cells in the tumor,
and  SF(D) = the surviving fraction of clonogens after a dose D.
Other parameters such as fractionation, volume, tumor sensitivity can be incorporated in
the above model but will be dealt with in the following chapter.

Under idealistic conditions, a sigmoid curve is expected if the dose of radiation is

plotted against the likelihood of cure as predicted by Poisson statistics (see Figure 3.17).
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Figure 3.17: Typical tumor control probability curve for a melanoma tumor containing
108 clonogenic cells.

The shape and steepness of the sigmoid dose-response relation for tumors can be affected
by many factors. For example, the heterogeneity between individual tumors tends to

make the dose-cure relationship flatter than expected for a Poisson distribution.

53



The Chemistry and Biology of Radiation Absorption in Biological Material
3.4.2 Normal Tissue Response

3.4.2.1 Normal Tissue Architecture

As far as tumors are concerned, the surviving fraction of clonogenic cells
determines the success or failurc of a treatment regimen, but for normal tissues, however,
it is not the whole story. The relationship between the survival of clonogenic cells and
organ function depends on the structural organization of the tissue.*

For the purpose of modeling radiation response, a tissue is assumed to be
composed of functional subunits or FSUs. These FSUs are either defined structurally as,
for example, the nephrons in the kidney, or functionally (e.g. the volume or area that can
be repopulated by one clonogen). The FSUs of a specific organ are also thought to
contain a constant number of clonogens and to repopulate from one surviving clonogenic
cell.

Three types of spatial arrangements of the FSUs in the tissue have been
proposed:>*

1) "Serial” or critical element (e.g. spinal cord, nerves):

The integrity of each FSU is critical to organ function. Therefore damage
to one results in a measurable probability of complication.

2) "Parallel” or integral response (e.g. liver, kidney, lung):

A complication occurs only if a sufficient number of FSUs are destroyed.

3) Graded response (e.g. skin, mucosa):

Radiation reaction occurs on a continuous scale.
Graded response tissues are different from "serial” and "parallel" architecture tissues in
that they are fast renewing tissues. These fast renewing tissues can repopulate from
outside (e.g. from adjacent FSUs). Thus, these FSUs are not independent from each other
as is the case for "serial" and "parallel” architecture organs. This dependency has yet to
be modeled, therefore NTCP models do not exist at the moment for such fast renewing

tissues.
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3.4.2.2 Normal Tissue Complication Models

If we assume that an FSU is capable of regenerating from one clonogenic cell,
then the probability of killing one FSU is given by:
P., =(1-SF(D))* (3.13)
where k is the number of clonogenic cells per FSU, and SF(D) is the surviving fraction
after a dose D.
The probability of killing ¢ of the N FSUs that compose the organ is well described by

binomial statistics and is given by:

N ‘ -t
Prsy =( p J(Prsu) (1— Prgy )N . (3.14)

For organs of "parallel” architecture, a complication is thought to occur when more than

M FSUs are eradicated (i.e. ¢t = M+1). Therefore, the probability of complication is

simply:
N N (N . Net
NTCP, e = z Besy = z ( ¢ )P Fsu(l" P, FSU) (3.15)
=M+l =M<+l

For organs of "serial" architecture, it is thought that damage to one FSU is enough to
result in a measurable probability of complication. Therefore, M=0 and the normal tissue

complication probability takes on the following form:
N
N
NTCF,,, = Z Fesy =1- (1 - Prsu) . (3.16)
t=1

In the case where the organ survives if at least one FSU survives, as is the case for a
tumor containing one clonogen per FSU, control occurs if M=N-1. Thus, the probability

of tumor control is given by:
N
ICP = Z Prsy = Pesy = Prgy = (1_ SF(D))W (3.17)
=N
where k is the number of clonogenic cells per FSU, which is one for this special case,
and N is the number of FSUs in the tumor or the number of clonogens.
As predicted by equations (3.15) and (3.16), the probability of tissue complication
increases according to binomial statistics with decreasing number of surviving functional

sub-units. As for tumors, the shape of the organ-response curve is sigmoidal in nature
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and its steepness varies with various factors, such as tissue heterogeneity, fractionation

and tissue sensitivity.
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4. EQUIVALENT UNIFORM DOSE MODELS

As previously stated in Chapter 1, the EUD concept proposed by Niemierko,
assumes that any two dose distributions are equivalent if they cause the same
radiobiological effect. Thus, for any non-uniform dose distribution delivered to a volume
of interest, there exists a unique uniform dose distribution delivered in the same fashion,

which causes the same radiobiological effect.

4.1 Niemierko’s EUD Model for Tumors

Applying this concept to tumors, Niemierko was able to develop several EUD
formulas for the planning target volume, which, during radiotherapy treatment, rarely
receives a uniform dose distribution. All of these EUD formulas are based on the main
assumption that the radiobiological effect, i.e. tumor control, is governed by the expected
number of surviving clonogens within the planning target volume. Thus, for any non-
uniform PTV dose distribution delivered according to a given fractionation scheme, there
exists a unique uniform dose delivered in the same number of fractions, which results in
the survival of the same number of clonogenic cells. This uniform dose is known as the

Equivalent Uniform Dose or EUD.>

4.1.1 Basic EUD Model

In this section, Niemierko’s basic EUD model, which stems from highly idealized
assumptions, will be introduced. These assumptions will be examined and refined, and
the formalism modified and extended accordingly.

Niemierko initially assumed that a planning target volume undergoing irradiation
is ideally composed of a large number of identical independent clonogens. These
clonogens are considered to be radiobiologically independent, in the sense that damage to
any clonogen will have no effect upon its neighbors. This assumption is a weak one, as
clonogenic cells do not grow autonomously after irradiation. Clonogenic cells exhibit a
regenerative response in the form of accelerated repopulation after a lag period following
injury (see Figure 4.1).° This accelerated repopulation suggests that clonogens are not

radiobiologically independent and that a certain amount of interaction does indeed occur
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between clonogens. This interaction could, theoretically, be modeled in terms of
clonogen separation and density. For the purpose of this work clonogenic interaction will

be assumed negligibie, hence clonogens will be treated as radiobiologically independent.
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Figure 4.1: Ilustration of accelerated repopulation.’’
By further assuming that stochastic killing of the clonogens is well described by

Poisson statistics, Niemierko was able to approximate the surviving fraction SF(D) of

cells irradiated to a dose D by an exponential function:*

SF(D) = exp(_ % ) @.1)

where D, is the mean lethal dose. Niemierko's use of the simple exponential model to

describe the dose-response relationship of tumors, while somewhat crude, is
mathematically simple. As mentioned in chapter 3, the empirical linear-quadratic model
is currently the most popular dose-response model in radiation therapy as it fits
adequately the clinical data. Niemierko does eventually make use of the LQ model,
during his development of the EUD formula for fractionated therapy.
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Since the radiosensitivity of clonogens is more commonly described in terms of

the surviving fraction at the reference dose, D, of 2 Gy (SF, ), Niemierko redefined the

surviving fraction in terms of SF,:*

D,
SF(D) = (SF, /> 4.2)
-D ref : i S
where SF, =exp D, and D, , which, for the purpose of this work, assumes the

common value of 2 Gy, a well accepted daily dose fraction.

Because the dose throughout the planning tumor volume is never exactly uniform,
one must calculate the overall survival fraction in order to obtain an equivalent uniform
dose. The overall survival fraction can be calculated from either a dose-volume
histogram or the dose calculation points. In his work, Niemierko employed dose-volume
histograms to arrive at the overall survival fraction. However, if one wishes to obtain
improved survival fraction results, dose calculation points should be used, as they are the
primary dose data. DVHs are secondary as they are derived from the dose calculation
points.

Another idealized assumption made by Niemierko, while developing his basic
EUD formula, is that clonogenic cells are uniformly distributed across the planning target
volume. Given this assumption, the overall survival fraction becomes the weighted

average of all the survival fractions taken over all (n) near-homogeneous sub-volumes:>

SF({D,})= Y. v,-SF(D,) @4.3)
i=1

where SF(D,)is the survival fraction at the i voxel or sub-volume and v;is the partial
volume corresponding to dose D,.

Since Niemierko assumed that there is a unique uniform dose that will give the
same fraction of surviving clonogens in an idealized tumor volume as a given non-
uniform dose distribution, the following equality can be used:

SF(EUD) = SF({D,}). @.4)
Thus,
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EUD,

n D,
(SF,) Pou _ Y, .(SFZ)/’M : 4.5)
i=l

Solving the above equation yields the following Equivalent Uniform Dose formula for an

idealized tumor volume:>*

EUD=D,, m[ﬁ v, -(SF, )%w J /n(sp2 ). (4.6)
i=l

4.1.2 Some Modifications of the Basic EUD Model

The preceding section outlined a mathematically simple version of the Equivalent
Uniform Dose model which evolved from the dose-response characteristics of a
hypothetical, idealized tumor. In this section, some modifications will be made, in order

to refine the EUD model along the lines of more biologically realistic tumors.

4.1.2.1 Absolute Volume Effect

Since tumors are likely to vary in size, one may wish to relate the Equivalent

Uniform Dose to the same absolute reference volume Vs Niemierko incorporated

absolute volumes in his EUD model by assuming that the number of clonogenic cells
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within the tumor is proportional to the volume.™ This is a very crude assumption as

tumor growth is not always associated with clonogenic cell proliferation. However, for
mathematical simplicity, Niemierko assumed that the number of clonogenic cells is

linearly proportional to the planning target volume. The EUD formula in terms of V.,

thus becomes:

3 Yz
EUD(V,,)=D,, In| — v YV, -(SF,) 7P | /In(SF,) 4.7

ref =l
where V. is the average volume of tumors in a particular study and V.is the absolute

volume receiving dose D,.

4.1.2.2 Non-Uniform Distribution of Clonogenic Cells

While initially only uniform clonogenic cell distribution was considered, the most

general case would encompass the existence of non-uniform clonogen density. The
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actual distribution of clonogens within a tumor is still unavailable at the present, but if
this information were to become available, the spatial distribution of clonogenic cells
could be easily incorporated in the model.

In the case of non-uniform clonogen distribution, the overali survival fraction

becomes:

z

$v05r0)
SF({D,})) =" , (4.8)
PAAY

i=l

where p,and V,are the local absolute densities of clonogens and volumes, respectively.

Partial volumes could also have been used to calculate the overall survival fraction of
non-uniform distribution of clonogens. Substituting formula (4.8) into formula (4.5)

and then solving for EUD would yield the following formula:

n D,
2Vi-p -(SF:)/""]

EUD=D,, -In L' :
VP
=1

In(SF;). 4.9)

4.1.2.3 Fractionation Effect

In order to develop a EUD model for fractionated therapy, Niemierko substituted
the linear-quadratic model for the simple exponential, as the former, better fits the clinical
data in the range of the daily dose fractions used in most current fractionated regimens.55
Furthermore, the LQ model can be easily used, in practice, to compare different
fractionation regimens.

In the linear-quadratic model, the survival probability SF, of a cell receiving a

single dose, D, of radiation, has the form:
SF =exp(—E) =exp(—(ax-D+ - D? )) (4.10)
If, on the other hand, the dose is given in N ; well separated equal fractions of dose 4 and

if repair of sublethal damage between fractions is allowed to take place, the exponent for

the cell survival probability for this fractionated course of radiation becomes:
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E=N,(od+pd?*) @.11)
where N and d are the number and size of the dose fractions, and czand f are the linear
and quadratic coefficients, respectively. The repair of sublethal damage is important,
especially, in hyperfractionation radiotherapy (i.e. 2-3 fractions per day), as it ensures that
the effects of the multiple doses are independent. Since tumors are typically considered
fast-responding entities, sublethal damage repair more than likely occurs during the
course of a multifraction regimen. If one could induce imcomplete repair of sublethal
damage by significantly decreasing the interfraction time, better tumor control would be
achieved as a result of a decrease in survival fraction (see Figure 4.2). However, this
increase in tumor control would be matched by an increase in complication in acute
reacting tissues such as skin and mucosa, as these normal tissues are also fast renewing.
Since the ratio (o / ) is the most accessible parameter in current literature, one

may (following Niemierko) divide both sides of equation (4.11) by B, in order to bring

o and B together as a ratio:

S (Hpos)
or
% = D(% + %,, ) 4.13)

where E/J is termed the total effect "TE", and has units of grays squared.
If one divides both sides of equation (4.11) by o, one gets the biological
effective dose (BED):

50

The biological effective dose is the dose which would produce the same effect if it could

BED=E/ —p| 1+ (4.14)

be delivered at extremely low dose rate. BED is frequently used in radiotherapy to

compare different fractionation schedules.
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Figure 4.2: The effect of incomplete repair on the cell survival curve.
According to the linear-quadratic model, the surviving fraction can be calculated
using SF,and (¢t / B) as follows:>
D B0/,

SF(D) = (SF,)P 0w (4.15)

Substituting formula (4.15) into the idealized formula (4.4) yields the following

equation for the Equivalent Uniform Dose:>

N, |-« aY D, (« InA
EUD=—L.[| — |+ || = +4-;"~(—+D, ) 4.16)
D, (ﬁ] \/(ﬁ) N, \B ) InSF,)
D, a/B+D, [N,

where A= 2‘/’ .p,_ (S&)a af/B+D,y, Z‘/’ p‘ .
i=l i=1

4.1.2.4 Proliferation Effect

Since tumors are fast growing structures, proliferation usually takes place during
the course of fractionated radiotherapy. The linear-quadratic model can be extended to

include the effect of proliferation. The correction added to the LQ model, by Niemierko,

63



Equivalent Uniform Dose Models

in order to take proliferation into account, is based upon the assumption that the rate of
cellular proliferation remains constant throughout the overall treatment time 7. Adding a

time factor to the LQ formula yields the following for the biological effect:>
E=N,(a-d+B-d2)—y T 4.17)
where ¥ is a constant related to the potential doubling time of the tumor, T, . by the
expression ¥ =In2/T,, , and T is the overall treatment time.

Since not all tumors initiate proliferation at the same time after injury, the overall
time T can be replaced by (7-T, ), where 7, is the time at which proliferation begins after
the start of the treatment. We then have the biological effect E given by:>
E=N,(a-d+B-d*)-y-(T-T,). (4.18)

Assuming a constant rate of proliferation during the course of treatment, it can be
shown that the surviving probability in terms of SF, and (/8 ) for a dose D given in

N f fractions is:

a/B+DIN, ]

D
SF(D) = 2TV Tml . (gp P [ %P+ O 4.19)

By substituting the above formula in the idealized formula (4.4), it can be shown
that the proliferation factor has no effect on the EUD, if the overall treatment time
remains the same. This is to be expected as the proliferation factor depends only upon the

overall treatment time and not upon the dose or the number of fractions.

4.1.2.5 Inter-Patient Heterogeneity

Since stochastic cell killing results in a Poisson distribution for surviving cell
number, a steep dose-response curve is expected (see Figure 4.3) between 10% and 90%,
for any one tumor or for a population of identical tumors.”®*° However, clinical survival
curves for human tumors are substantially shallower than expected from Poisson statistics
(see Figure 4.4). A number of reports have indicated that inter-tumor variability of
radiobiological parameters accounts for some of the shallowness observed in clinical
survival.**®!  Another factor that, on a much smaller scale, affects the steepness of the

dose-response curve is the intra-tumor heterogeneity. In his present Equivalent Uniform
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Dose model, Niemierko assumes that the radiobiological parameters are constants for

individual tumors.> Thus, intra-tumor heterogeneity is assumed to be non-existent.

Figure 4.3: Expected dose-response curve for a single tumor or a population of identical
tumors.

Tce

Figure 4.4: Distinction between heterogeneous population dose-response curve and the
individual tumor dose-response curves labeled "A", "B", and "C".

Since the radiobiological parameters are unknown for an individual tumor in
question, Niemierko uses the expected value of EUD taken over the heterogeneous
population as the best estimate for the Equivalent Uniform Dose. In order to calculate the

expected value of EUD, Niemierko further assumes that the clonogens radiosensitivity of
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the heterogeneous population is characterized by the surviving fraction at 2 Gy, SF,, and
that SF, is In(—InSF,) distributed. The probability density function of SF,is Gaussian
and is given by:*

—\2
o 659
27 - O P 20;

where S =In(~InSF,),

4.20)

S=In(~In SF,),
and 0o is the standard deviation of S about its mean value S .

From the definition of the mathematical expectation of a random variable, it
follows that for tumors with a distribution of S, the expected EUD takes the following

form:

EUD = —l——Texp (-5, EUD(S)dS @.21)
2z O, 20,

4.1.2.6 Intra-Tumor Heterogeneity

Even though tumors are considered single entities, they are not simple cell
systems. On the contrary, tumors are extremely complex and heterogeneous. Not only
are tumor cells dispersed throughout the phases of the cell cycle, but they are exposed to a
variety of physiological conditions. As stated in chapter three, tumors can be divided into
categories based upon the proliferative, clonogenic and oxygenated status of the tumor
cells (see Figure 3. 16).

Since cellular radiosensitivity varies within the cell cycle and the amount of
oxygen in the region, it is more than likely that clonogenic radiosensitivity is
heterogeneous. The exact profile of clonogenic cell radiosensitivity is still unattainable
but histological studies suggest that a mixture of hypoxic and oxic regions exist within a
tumor, with the hypoxic cells being more radioresistant.5> In terms of the LQ model, this

would imply that tumors consist of clonogenic cells with varying ¢/ 8 ratio; ot/ B being

high for well-oxygenated cells and low for radioresistant clonogens.
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If one assumes that the planning target volume is composed of a population (i.e.

N =N, +N,) of clonogenic cells with two distinct sensitivities: (%)lfor the oxic

fraction and (%)Zfor the hypoxic fraction, the survival fraction, given a total dose D,

(N, exp[— D(% + %/, )] +N, exp[— D(% + %/, )D |

Plotting the survival fraction as a function of dose would yield a survival curve

becomes:

SF(D)= (4.22)

that is biphasic. An example of such a biphasic curve is shown in Figure 4.5 for KHT
mouse sarcoma cells irradiated under aerobic or hypoxic conditions. At low radiation
doses, one can see that the dose-response is dominated by the aerobic cells as the cell
survival curves are close to the oxic curve. At larger radiation doses, the presence of
hypoxic clonogenic cells begins to influence the dose response and the survival curve

eventually parallels the hypoxic curve.
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Figure 4.5: Cell survival curves for KHT mouse sarcoma cells irradiated under aerobic
or hypoxic conditions.®
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From the above figure, one can conclude that irradiation of a tumor will inevitably
kill more well-oxygenated than hypoxic cells, thus increasing the hypoxic fraction
immediately after irradiation. If reoxygenation is allowed to take place between fractions,
tumor response will be dominated mainly by the well-oxygenated cell population as

hypothetically shown in Figure 4.6.

If one assumes that the cellular radiosensitivity,% , is Gaussian distributed, the

probability density function of % is given by:

l (43 43 ) (4.23)

«/E% 20,

and the expected survival fraction becomes:

SF(D),,, = 7271-7%}" (43 /ﬁ) - ( %) ).d ( 7 ) 4.24)

where 67 is the standard deviation of % about its mean value %.
B

4.2 EUD Formulas for Normal Tissues

Even with all the advances made with 3D-CRT, it is still not feasible, during
radiation therapy, to avoid normal structures. Unlike tumor dose distributions, which are
more or less uniform, normal tissue dose distributions are far from it. The large dose
inhomogeneities, associated with normal structure irradiation, make it difficult to
adequately report these inhomogeneous dose distributions. As mentioned earlier in
chapter one, this dose reporting problem leads to inaccurate collection of clinical data.
Several recommendations have been made by ICRU to facilitate the task of dose
reporting. However, as stated in chapter one, these recommendations have not yet been

unanimously accepted.

68



Equivalent Uniform Dose Models

Time

1

11

10
c | B—
= STt
° 2| b Rt S .
8 10 - - - - Hyparic
w
o
i =
2
c
3 16°F

10 Oxic

Hypoxic with ‘-
4 reoxygenation

Figure 4.6: Survival curves for an hypothetical tumor containing 98% well-oxygenated
cells and 2% hypoxic cells when given 6 fractions of radiotherapy.®*

The concept of EUD, recently proposed by Niemierko is a potential solution to
this problem. Unlike ICRU 50, which recommends reporting several doses, the EUD
concept allows one to use a single number to describe the entire inhomogeneous dose
distributions within a volume of interest. Because of its uniformity, the EUD also
provides an additional tool to compare rival dose distributions for a volume of interest.

According to current literature, the concept of EUD has only been applied to
tumors. Thus, it is the aim of this thesis to extend the EUD concept to normal structures,
as they are never avoided during radiation treatment. In the following sections, the
development of EUD formulas for normal structures are presented, starting with a brief

description of the dose-response model of organs.

4.2.1 Dose-Response Model for Organs

For the purpose of modeling dose-response, an normal tissue is assumed to consist
of a large number of independent functional sub-units. Each functional sub-unit is also

assumed to be capable of regenerating from one clonogenic cell.
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Thus, assuming independence of cell kill and the stochastic nature of dose deposition, the

probability, Py, , of eradicating an FSU exposed to a uniform dose D is given by:
Py, (D) =(1-SF(D)* (4.25)
where SF(D) is the surviving fraction of clonogenic cells irradiated to a uniform dose D

or the probability of eradicating a clonogenic cell, and k is the number of clonogenic cells
per FSU.

If one further assumes that the organ consists of N such identical FSUs, then the
probability that ¢ of the total N FSUs are killed as a result of the uniform dose

distribution D can be expressed as follows:

N
P;(D)=( ; )'P;su(D)'[l-Prsu(D)IN" (4.26)

where (':') is the binomial coefficient and [l — P, (D)]is the probability that any given

FSU survives a dose D.

Unlike tumors, which have no internal structure, normal organs differ markedly
from one another in their architecture.  Since these differences cause the normal
structures to respond differently to radiation, one must take tissue architecture into
account when modeling tissue response. In this work two idealized tissue architectures
are considered: the serial and parallel architectures. These two architectures are
characteristic of late-reacting normal tissues.

For serial architecture organs, such as the spinal cord and the bowels, a
complication is assumed to occur if any one functional sub-unit is damaged. Thus, a
serial organ survives only when all FSUs are spared. In this special case, the cumulative

binomial probability for serial organ complication becomes:

YN
NTCP,,(D)= 2( ) )-p;w(o)-u- Prsy (D)™ . @.27
r=!

Note that the probability of serial organ complication must also be one minus the
probability that each individual FSU survives:

ser

N
NTCP, (D) =1-[][1- Py (D)) = 1~[1- Py, (D)]" . (4.28)
=l
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From the above formula, one can conclude that the complication probability of
serial organs is governed by the expected number of surviving FSUs. Therefore, for a
volume of interest, one can assume that two different dose distributions are equivalent if
the corresponding fraction of eradicated functional sub-units is identical:
Pe, (EUD) = Py, ({D;}) 4.29)
For parallel architecture organs, such as kidneys and lungs, a complication is

assumed to occur when more than M of the N FSUs are eradicated. That is, a parallel
architecture organ has some functional reserve (M/N ) of FSUs which is necessary for

maintaining normal functionality.
The probability of complication for parallel organs can be expressed by the

following cumulative binomial probability:

N

N M
NTCP,,(D)= Y, (tJ-PF‘SU(D)-[I—PFSU(D)]”" =1-Y P(D) (4.30)

par
=M+l =0
M
where z F(D)is the probability of organ survival, i.e the probability, P, (D). that M
=0

or less than M FSUs are eradicated, P, (D).

Assuming that for a volume of interest two dose distributions are equivalent if
they result in the same probability of organ survival, one can write the following equality:
P (EUD) = P, ({D,}) 4.31)

One thing to bear in mind is that M varies depending on the given endpoint. For
example, normal renal function can be sustained with approximately 30% to 50% of
healthy nephrons while uremic death occurs when approximately 90% of the total number

of nephrons are eradicated.®’

4.2.2 EUD Formulas for Serial and Parallel Organs

In the following sections, the development of the EUD model for serial and
parallel organs are presented, starting with the most basic of them all. As stated in the
above section, the corresponding Equivalent Uniform Dose, for serial organs, is the dose
which, when distributed uniformly across the volume of interest, will cause the same

expected number of FSUs to survive as the given inhomogeneous dose distribution. For

71



Equivalent Uniform Dose Models

parallel organs, the corresponding Equivalent Uniform Dose, is the dose which, when
distributed uniformly across the volume of interest, will result in the same probability of

survival.

4.2.2.1 Basic EUD Formula

If we assume that the FSUs are uniformly distributed across the volume of interest
and that the clonogens within an FSU are identical and of constant number, the overall
probability of eradicating an FSU is the weighted average of the probabilities taken over

all n dose calculation points:
l n
Pesy (D)) =— 3 [1~SF(D, )| 4.32)
=l

where k is the number of clonogenic cells per FSU. Another idealized assumption made
in the development of the basic EUD formula is that the FSUs within the sub-volume, %/,
are identical. It is more than likely that this is not the case, but for mathematical

simplicity, this assumption will be considered acceptable.

4.2.2.1.1 Serial Architecture Organ

Since tissue complication for serial organs is governed by the expected number of
surviving functional sub-units, one can determine the EUD for a specific volume of
interest by assuming that two dose distributions are equivalent if they result in the same

fraction of eradicated FSUs.

Prsu(EUD)= Ppsu({Di})- (4.33)
Thus,

[1- SF(EUD)| =%2":[1-SF(D,. )| (4.34)

=l
and
1 n 1k
SF(EUD) = 1-[22[1-5?(0,. )]"] : (4.35)
=l

Assuming stochastic killing of the clonogens is well described by Poisson
statistics and using the simple exponential model to describe the dose-response

relationship, one obtains the following EUD formula for uniformly distributed FSUs:

72



Equivalent Uniform Dose Models

Wk
EUD =-D, ln[l - [%2[1 ~SF(D, )]"] ] (4.36)

i=l
where SF(D,) = exp(— DA )

4.2.2.1.2 Parallel Architecture Organ
In order to evaluate the EUD, one must therefore calculate the probability of

survival for the given non-uniform dose distribution, P, ({D,}). If we assume that the
FSUs are uniformly distributed across the parallel organ and if we consider the following

non-uniform step dose distribution,

N/I2, D, NI2, D,
M, M,

the probability of organ survival, P, ({D,,D,})is the probability that the sum of the
FSUs killed is equal or less than M, where M = M, + M,. For simplicity, let N =4 and
M = 2. The probability of organ survival for such a case is:
Fo({D\,D,})= F,(D,)- B,(D,)+ P(D,)- R(D,)+ P(D,)- B(D,)

+A(Dy)- B (D,)+ R(D,)- R(D,)+ P(D,)-P(D,). (4.37)
where P,(D,)is the probability of eradicating zero FSUs in the first sub-volume or

compartment, given a dose D, ,and is given by:

NI2 ot
R,(Dl)=( ]-PF';';,(D,)-[I-PFSU(D,)]N " (4.38)

M,

One can reduce the formula (4.36) as a double summation as follows:

2 2-4

PSZ({Dl’DZ})=ZZPh(D|)Plz(Dz) (4.39)
11=0 j»=0
Generalizing to the case in which the organ is divided into n equal sub-volumes,

in which the dose D, is constant within any sub-volume, the probability of organ

survival becomes:
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M M- M-j-_j
Py({D,D,,..DN=2 3 ... Y, P(D)P(D,)...P(D,) (4.40)

jl =0 j.' =0 lu
where

N/n J Nin- /,
Pj.(D|)= j 'PF§U(DI)'[1 Prsy (D, )]
1
Since the assumption is made, for parallel organs, that any two given dose
distributions are equivalent if they result in the same probability of survival, one can

write the following:

P.,,(EUD)= P, ({D}). 4.41)
Thus,
M M-p M-j-.j,
ZP (EUD)=Y, 3... P,(D,)-P (D,)...P,(D,). (4.42)
h=0 j=0 J

4.2.2.2 Absolute Volume Effect

Since the basic equivalent uniform dose formula for serial architecture organs is
based upon the fraction of eradicated FSUs, one may wish to relate the equivalent
uniform dose the same absolute reference volume V,r. If one assumes that the number of
FSUs within the serial organ is proportional to the volume, then one gets the following

EUD formula for serial architecture organs:
1k
EUD=-D, lnli [v ZV [1- SF(D)]} J (4.43)
ref =l

where V., is the average volume of a specific serial organ (e.g. spinal cord) and V; is the
absolute volume receiving dose D;. Since it is unlikely that the number of eradicated
FSUs is linearly proportional to the volume, one should attempt to use the full definition

of normal tissue complication to develop the EUD formula for serial organ.

4.2.2.3 Non-Uniform Distribution of Functional Sub-Units

It is more than likely that functional sub-units are not uniformly distributed within

an organ. The actual distribution of FSUs within an organ is still unavailable at the
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present, but if this information were to become available, the spatial distribution of FSUs

could be incorporated in the model.

4.2.2.3.1 Seria! Architecture Organ
In the case of non-uniform FSU distribution, the overall probability of killing an

FSU or the fraction of eradicated FSUs for a given volume of interest becomes:

ipi 'Vi[l-SF(Di)]k
Py (D)) = = 4.44)

n

Zpi'vi

=1

where p, is the local absolute density of functional sub-units and V,is the absolute
volume receiving a dose D,. Since the organ is divided into n equal sub-volumes,
V, =V / n, the above formula reduces to:

RIS
Ppsu({Di D= = . (4.45)

dp

i=l

Substituting formula (4.45) into the idealized formula (4.33), one gets:

k ip,. [1-sF)]f
[1- SF(EUD)]" = = (4.46)

20

i=l

Solving the above equation yields the following EUD formula:

ip,. [1-sF,) *
EUD=-D, In|1-| = : (4.47)

P

I = ]

4.2.2.3.2 Parallel Architecture Organ

In the case of non-uniform FSU distribution, the number of FSUs per sub-volume,

V /n, varies depending on the FSU density, p. Thus, the probability of organ survival

becomes:
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M M- M-h--j,
Py(D,.D,,..D,H=Y Y .. Y P, (D)P(D,).P (D, (4.48)

h=0 j,=0 Jn

where

p-v Av/
le(Dl)=[ '/nJ.PFliu(Dn)’[l‘PFSU(DI)] &
h
pvV/. . o
Note that ', 1S the number of FSU in the first sub-volume irradiated to a dose D, .

4.2.2.4 Fractionation Effect

Studies have shown, that when a fractionation scheme is changed in clinical
practice, from many small doses to a few large doses, the treatment protocol involving a
few large fractions always results in a lower survival fraction.® Since late responding
tissues have a higher &/ B ratio, the effects of fractionation will be more pronounced as
shown in Figures 4.7. In order to take into account the effects of fractionation, one uses

the linear-quadratic model.

76



Equivalent Uniformm Dose Models

A B C
Neutrons :
single or $ cgnnge Igu Ac:ne
i1 Effects Due to
Fractionated il
- Acute Effects
s (B/a small)
£
7] A B Cc
-] X-rays
Change in Late
l:ienu;lr.og: {¢ Effects Dueto
Fractionated Fractionation
Late Etlects :
(8/a large)
Dose

Figure 4.7: Change in late and early effects due to fractionation.®’

According to the linear-quadratic model, the surviving fraction can be calculated
in terms of the / B ratio as follows:

SF(D) = cxp[- D (% + %/, )] (4.49)

where D is the total dose and N p is the number of fractions.

4.2.2.4.1 Serial Architecture Organ

Substituting formula (4.49) into the idealized serial organ formula (4.33), one
gets the following formula for EUD:
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— 0+ SQRT{a* —4B1n| 1 -| 2=t ——
2.h
i=l

| “$ o li-sr)] ]
)

[ J = (4.50)

EUD =
2B

where SF(D,) = exp[— D, (% + D‘/V/ )] .

4.2.2.4.2 Parallel Architecture Organ

Substituting formula (4.49) into the parallel organ survival formula (4.41), one gets the

following:
M ‘w'jl M- '-ju

P, (EUD)=Y 3 .. P,(D)-P, (D,)...P (D,) (4.51)
h=0 j»=0 In

where

Nin-j

N/n .
P/.(Dl)=[ j J‘Prjéu(Dl)'[l‘PFsu(Dl)] ’
1

and

Pesy (D)) =[1—exp[- D, (%* %, )ﬂ

&

4.2.2.5 Proliferation Effect

Experimental laboratory data acquired from rodents shows that there is a clear
distinction between tissues that are early responding , such as the skin, and those that are

late responding, such as the spinal cord (see Figure 4.8).
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Figure 4.8: The extra dose required to compensate for proliferation in early- and late-
responding rodent tissues as a function of time.%

It can be seen from Figure 4.8, that the extra dose required to counteract proliferation in
late reacting mice tissues, does not increase until approximately 42 days, and then
increases somewhat sigmoidally as a function of time.

If similar data were available for humans, the effects of proliferation would not be
noticed until a much longer time because of the slower response of human tissues and
longer cell cycle of the individual cells. One can conclude from this, that the time at
which extra dose is needed to counteract proliferation in late responding human tissues,
such as the spinal cord, is far beyond the overall time of any conventional radiotherapy
extending to 6 or 8 weeks. Thus, one may assume, that the overall surviving fraction of

late-responding tissues, for dose D given in N ; fractions over the time T is not affected

by proliferation.

4.2.2.6 Partial Organ Irradiation

Partial organ irradiation is common in three-dimensional conformal radiation
therapy as one tries to avoid as much as possible the critical structures. Since organs vary

in their architecture, the volume effects should also vary as the two are linked together.

4.2.2.6.1 Serial Architecture Organ

Partial irradiation of serial organ can be incorporated in the basic EUD model. If
one defines the EUD in terms of the fraction of eradicated FSUs, then one can easily

79



Equivalent Uniform Dose Models

show that partial irradiation has no effect on the EUD as the absolute volume irradiated is
not required to calculate the overall fraction of eradicated FSUs. However, if one wants
to define the EUD in terms of the number of eradicated FSUs, then one must account for
the absolute volume irradiated. In this particular case, equation 4.43 should be used to

determine the EUD.

4.2.2.6.2 Parallel Architecture Organ

Since it is assumed that a complication arises when more than M FSUs are
eradicated, any treatment plan that irradiates less than M FSUs will cause no
complication.  Therefore, for any partial irradiation scheme, where

VVOI

(o, + p, + py+..4p,)- 45 M, P, ({D})=0 and EUD=0. For any other partial

irradiation scheme, the probability of organ survival becomes:

M M-y M-p-.;,
P.y({D,,D,,.D.N= ... P,(D,)P,(D,)...P (D,)

1=0 j;=0 Ia

where

P Vo AV |
P/‘.(Dx)=[ ; 4]-1)*!50(01)'[1'1’550(1)1)] -
h

4.2.2.7 Intra-Patient Heterogeneity

Formulas (4.32-4.51) assume perfect homogeneity of the irradiated tissues, that

is, no variation of the radiobiological parameters of the model (¢, 8, and k). However, it

is more than likely that cells, within the same organ, differ in radiosensitivity and that not

every FSU contains exactly k clonogens. If one assumes no correlation between c, j3,

and k and a normal (or log-normal in the case of k) distribution of the parameters, one can
take the expected value of EUD as the best estimate for the Equivalent Uniform Dose, for
an individual. Thus,

EUD,, = [ G,, - EUD-d(a)d(B)d(log(k)) 4.52)
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where G, =

l
— xXexp| — 2 2 3

(a-a)l]_[(ﬂ-ﬁ)zJ_ (1og(k)~ ogCk))

and

O'ind = O'a 'O'ﬁ * O'IOS“) .

4.2.2.8 Inter-Patient Heterogeneity

Since it is more than likely that the flattening of the dose-response is due to inter-
patient heterogeneity, one must take it into account when modeling the observed response
curve of a population. If it is assumed, once again, that the radiobiological parameters in
the model (E, E,m—), _A?, and -IV) are not correlated and normally or (log-normally)

distributed, one can take the expected value of EUD taken over the heterogeneous

population as the best estimate for the Equivalent Uniform Dose. Thus,

EUD,, = [G,, - EUD,, - d(c)d(B)d(log(k))a(#)a(N) (4.53)

where

202 202 204— l 2 202
a B \ ogk) | { JLU TN
and
O'pap = O’; ‘O.E .o-_log(k) 'Gﬁ 'O’ﬁ .

The model expressed in formula (4.53) is an 8-dimensional integral and thus,
would be very time-consuming to evaluate. In order to facilitate computation, one can
simplify the integral by assuming that the heterogeneity of all parameters can be
expressed by only a few parameters. This simplification serves as a reasonable first
approximation as many of these parameters are not yet available. If one assumes, for

example, that the heterogeneity is characterized by the parameter M and log(k), formula

(4.53) can be simplified to the following two-dimensional integral:
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EUD,, = [G,, - EUD,, - d(log(k))d(M) 4.53)

where
G,, =;xexp - (M— M)

(Var)oy 205 |

and
/ 2
c ! (log(k)— log(k))
id =7 ay L KEXp|— 2 ¥
(Vor )"m 205w

Note that for the serial organs, where there can be no variation of M, a parameter

other than M must be used as the integrated variable in the simplified model.
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5. PRACTICAL APPLICATIONS OF THE IDEALIZED EUD
FORMULAS

5.1 Introduction

In the preceding chapter, several EUD formulas were developed for the planning
target volume and for serial and parallel architecture organs, ranging from simple to
complex. As stated earlier, these EUD formulas provide potential planning tools that can
summarize, with a single number, any dose distribution, thus simplifying and improving
dose reporting methods.

In order to test the validity and understand the behavior of these idealized EUD
formulas, simple dose distributions were initially generated and their equivalent uniform
dose (EUD) evaluated. Following these initial tests, several practical treatment plans
were designed on both a 2.5-dimensional and 3-dimensional radiation treatment planning
system. Their corresponding dose distributions were then evaluated using the appropriate
EUD formulas. The constructed treatment plans used in this portion of the investigation
covered three distinct cancer sites (i.e. prostate, lung and ethmoid sinus) and therefore
allowed a number of critical serial and parallel architecture structures to be evaluated.

The results obtained from these various evaluations are presented and discussed in
this chapter, starting with the results from the preliminary tests. Also included in this
chapter are a brief description of the two radiation treatment planning systems, the
basic/idealized EUD formulas and the EUD parameters used to perform these evaluations

and a discussion of the EUD uncertainties.

5.1.1 2.5-Dimensional Radiation Therapy Planning

All 2.5-D treatment planning processes are extensions of 2-D radiation therapy
planning methods, which assume that a patient consists of a single transverse plane which

contains the radiation beams central axes.®®

The major difference between the two
processes is that the 2.5-D treatment planning method, unlike the 2-D radiation therapy

planning process, acquires additional patient information from one or more planes
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parallel to the initial transverse plane in order to account for the critical structures that lie
outside the central plane.

In a 2.5-D radiotherapy planning system dose distributions are calculated in both
the initial central axes plane and additional parallel planes. Furthermore, dose
distributions are displayed as isodose distributions within the plane of interest. Radiation
doses in both processes are calculated using a 2-D algorithm with the assumption that the
radiation dose lies in the plane of calculation, thus beam divergence is assumed to occur
only in that single plane. Since the radiation doses are calculated to a grid of points in the
calculation plane, dose-volume histograms can be constructed and used to display the
plan information.

During the first part of the practical tests, a 2.5-D radiotherapy planning system
was used to construct treatment plans for several patients suffering from either prostate
cancer or cancer of the ethmoid sinuses. For each of these patients, a single transverse
CT slice delineating the major critical structures and planning target volume was chosen
as the plane of interest and dose distributions were calculated using a 2-D algorithm.
Dose-volume histograms were then generated by allocating a thickness, typical of the

dose grid width, to the plane of interest.

5.1.2 3-Dimensional Radiation Treatment Planning

3-D radiation treatment planning considers the delivery of tumoricidal doses in
volumes of tissues rather than in individual planes.”® Patient information is acquired in
the form of several closely spaced transverse computed tomography or CT images to give
a volumetric representation of the patient anatomy. Radiation doses are calculated in a
3-D dose matrix and the dose algorithm accounts for beam divergence in all directions.
Since a large amount of information is available in 3-D radiation therapy, dose-volume
histograms are often used to summarize and display the plan information.

For the final set of simulations, a 3-D radiotherapy planning system was used to
construct plans for patients with prostate and lung cancers and also several different plans
for a single patient with prostate cancer. Dose distributions were calculated using a 3-D
dose algorithm and dose-volume histograms were subsequently generated using a 1 Gy
dose bin width.
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5.2 EUD Assumptions, Formulas and Parameters

This section gives a brief description of all the idealized EUD formulas used
throughout the preliminary and practical tests and their underlying assumptions. Most of
the radiobiological parameters involved in these idealized EUD formulas were arbitrarily

defined as the majority of them are not yet clinically well established.

5.2.1 PTV EUD

For mathematical simplicity, it was assumed that the planning target volume
consists of a large number of uniformly distributed independent clonogenic cells, with
identical radiobiological sensitivity, D,. Furthermore, it was assumed that the planning
target volume consists only of the gross tumor volume. When the dose at each point
within the volume of interest was available, the following idealized formula was used to

evaluate the equivalent uniform dose:

n l _D‘
EUD=-D, - ln(zi - -exp( /Do )) (5.1)

where n is the total number of dose points within the tumor volume. However, when
dose-volume histograms were the main source of information, the equivalent uniform

dose of the tumor was determined with the following idealized EUD formula:

n - D
EUD=-D, In| 3v,- ( : JJ 5.2
n(glv exp Ao (5.2)

where v; is the partial volume and n is the number of partial volumes in the tumor
volume.
The mean lethal dose, D,, for the practical tests and the last section of the

preliminary tests was derived from the prescribed dose by assuming that tumor control

was achieved when the survival fraction reached 107. Thus,

D -log(exp(1))

D, =—"F—
5

where D is the prescribed dose to the tumor. For the first preliminary test, the mean

5.3)

lethal dose was assumed to be 2 Gy for all structures of interest.

85



Practical Applications of the Idealized EUD Formulas

5.2.2 Serial Architecture Organ EUD

For the following tests, serial architecture organs were assumed to consist of a
large number of independent functional sub-units, each capable of regenerating from one
clonogenic cell. Furthermore, it was assumed that these FSUs were uniformly distributed
throughout the serial organ and that each clonogenic cell was identical. For simplicity,
the mean lethal dose for any serial architecture organ enclosed within the irradiated
volume was assumed to be equivalent to the mean lethal dose of the tumor volume.
Finally, the number of clonogenic cells or clonogens per functional sub-unit, k, was kept
for the most part constant (i.e. 100 clonogens/FSU) to facilitate comparison of results and
simplify the EUD computation. In the first initial test, the number of clonogens per FSU
was however assumed to be 10° to give the EUD results a more realistic meaning. The
idealized formula use to determine the serial organ EUD depended on treatment planning
system used to generate the dose distributions. When the dose at each point within the
volume of interest was available, the following formula was used to evaluate the idealized

/k

EUD=-D,-In l-l:i;l-(l—exp(- %o))k} (5.4)

i=|

where kis the number of clonogenic cells per functional sub unit or FSU. However,
when dose-volume histograms were the main source of information, the equivalent
uniform dose of the serial organ was determined with the following idealized EUD

formula:

EUD=-D,-In 1—[§iv,- -(l—exp(_ %o))k]%} (5.5)

5.2.3 Parallel Architecture Organ EUD

For parallel structures, the following formula was used to calculate the probability

of organ survival:
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M=j,  M-j-.j,
FemUDy, Dy,..Dy)) = Z DI Z P; (D) -P; (Dy)-... P; (D,) (5.6)

;=0 J =0

where

Niny . Nin-j, . .
%l (D)) = j - Py (Dy) - [l ~ Prgy (Dy )] for n dose distribution points, and
1

N.v
Pj‘(DI)=[ i 'J ,,-SU(DI) [I—PFSU(D,)] "~ for dose-volume histograms.
1

[n both situations, M is the number of FSUs that ensures organ survival, and N is the total
number of FSUs within the organ of interest. To decrease the computational load during
the practical tests, new differential dose-volume histograms were constructed for parallel
architecture organs, with dose bin widths of 10 Gy.

Once the probability of organ survival was computed, an attempt was first made
to solve for the equivalent uniform dose by approximating the EUD cumulative binomial
distribution by a normal distribution. However, in many instances the probability of
organ survival was smaller than 0.5, thus rendering the use of the above approximation
impossible. The equivalent uniform dose for parallel organ architecture was finally
solved by relating the EUD cumulative binomial distribution to a Fisher-distribution or F-
distribution. An F-distribution with m and n degrees of freedom is a continuous

probability distribution with the following probability density function:

I_(m+n)
2 ) ok

fp(xsm,n) = : s 6.7
m\An n+m :
r( 2) r(z) (n+mp)
where
__ m
p—m+n-F’

[ is the incomplete beta function and p is the probability of eradicating a functional sub-
unit given an equivalent uniform dose, EUD.

The mean lethal dose, D,, for parallel organs was, once again, assumed to be
equal to the mean lethal dose for the tumor. Except for the first initial test, each FSU was

deemed to contain 100 clonogenic cells. For the first preliminary test, an FSU was
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assumed to contain 10’ clonogens. The rest of the radiobiological parameters
characterizing the parallel organs were also chosen to minimize the computational load.
The total number of functional sub-units, N, never exceeded 200 and the functional
reserve, (1- M / N'), was kept, for the most part, at approximately 80% unless stated.

5.2.4 EUD Uncertainties

Since the equivalent uniform dose is derived from both patient data and several
radiobiological parameters, all subject to some uncertainties, an error analysis is
warranted. Furthermore, it is important to understand how these uncertainties propagate
through the calculation and lead to an uncertainty 6 (EUD) in the final idealized EUD. In
this section, the limit error formulas necessary to evaluate the EUD uncertainty for all
possible structures are presented, starting with the EUD limit error formula for the
planning target volume. For mathematical simplicity, the uncertainties of several of the
radiobiological parameters and patient data were assumed negligible. The rest of the
uncertainties were roughly estimated. All error limit formulas presented in this section
were derived for treatment plans that employed the primary dose data (i.e. dose

calculation points) to arrive at the equivalent uniform dose.

5.24.1 PTV

The equivalent uniform dose limit error for tumor volumes was derived from

equation (5.1) and is given by:

a(o.,)+ el %l[[—’ S|
Sl %)+ Senl-%)]

8 (EUD) =|EUD|- (5.8)

o

where 7 is the number of calculation dose points inside the tumor volume, & (D ( )xs the

uncertainty in the absorbed dose at the ith calculation point and 5( )15 the uncertainty

in the mean lethal dose. The uncertainty in the mean lethal dose in the following
investigations was assumed to be small (i.e .1% of D,) even though the mean lethal dose

was arbitrarily defined. For mathematical simplicity, the overall uncertainty in the
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absorbed dose was defined as a constant value of 0.5 Gy. Clinically, the overall
uncertainty is a combination of random and systematic uncertainties and is usually less
than 5%. When dose-volume histograms were used to calculate the EUD, the uncertainty
in the partial volume, v; , was assumed negligible and the uncertainty in the dose was kent

at 0.5 Gy regardless of the dose bin widths.

5.2.4.2 Serial Architecture Organ

The EUD error for any serial architecture organ containing n calculation dose

points can be calculated as follows:

z": _(M+|o|s(o"))
o,

I
+ =

i#(l—SF(Q))‘).“‘[I_[* " (I—SF(q))‘r

i=l i=l

4-(1-5F(D,))

d(EUD) =|EUD|- (5.9)

where k is the number of clonogenic cells per functional sub-unit and SF (D,.)is the

fraction of surviving clonogenic cells at the ith absorbed dose. The uncertainty in the
clonogenic density was assumed negligible in our evaluations of both serial and parallel

architecture organs.

5.2.4.3 Parallel Architecture Organ

Because of the complexity of the parallel architecture organ EUD formula, the
EUD uncertainty was presumed to be the largest deviation from the best EUD estimate.
To determine the maximum and minimum EUDs, the F-distribution was used to compute
an EUD for both extreme probabilities of organ survival. The uncertainty in the parallel

architecture organ survival probability is given by:
M M- M-ji-ju

8(Py (DD, D)D)= Y, 3, . 2.8 (P, (D)) 8(P (D). (P, (D) 5.10)

7=0 j»=0 Jn
where

5(PI(D,))=P (Dl).(jl's(PFSU(DI)) (Nl-jl)'a(l—PFSU(Dl))],

i +
" PFSU (Dl) 1- PFSU (Dl)
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& (Prso( D,) (1 Psy(D))
PFSU( l) FSU(D)

and

P ] PFSU( )) [l exp( D/)] exp( z%) (6(0,) )

For mathematical simplicity, the uncertainties in the total number of FSUs and in the

functional reserve were assumed to be negligible.

5.3 Simple Preliminary Tests

The main purpose of these preliminary tests was to study the behavior of the
various idealized EUD models. In order to accomplish this task, 2 sets of dose volume
histograms were analyzed. The first set of DVHs was carefully constructed to study the
effects of the maximum dose on the equivalent uniform dose; the second, to study the

effects of changing various radiobiological parameters on the idealized EUD.

5.3.1 Maximum Dose Effect on the EUD

5.3.1.1 Sample DVHs

The effects of the maximum dose on the idealized equivalent uniform dose was
studied by constructing several simple dose volume histograms with various dose
maxima for equal relative volume as shown in Figure 5.1. These dose maxima were
carefully selected by generating a curve of radiobiological effect under consideration
versus dose for each structure of interest, and then determining the range of doses that

encompassed all three curves.
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——— Maximum Dose = 40 Gy
Maximum Dose = 10 Gy

— —- Maximum Dose = 15 Gy
— - Maximum Dose = 20 Gy
i — - Maximum Dose = 25 Gy

! — — Maximum Dose = 30 Gy
— — Maximum Dose = 35 Gy

Relative Volume
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Figure 5.1: Typical dose-volume histograms to evaluate the effect of the maximum dose
on the equivalent uniform dose.

5.3.1.2 Resuits

The idealized equivalent uniform doses for each structure of interest, are
presented in Table 5.1. For the parallel architecture organ, it was assumed that the total
number of functional sub-units within the organ was equal to sixty and that a
complication arose when more than 10%, 30% or 70% of these FSUs were eradicated.
The mean lethal dose, D,, was assumed to be 2 Gy for all structures and for both serial
and parallel organs, each FSU was assumed to contain 10’ clonogens. Since the idealized
EUD formulas for serial organs and tumors are independent of the number of FSUs
within the structure (i.e. for tumors, each FSU contains one clonogen), the number of
FSUs within the serial organ and the number of clonogens within the tumor remained

undefined for this test.
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- EUD (Gy) FOR STRUCTURE OF INTEREST
T T N W o e B
10% 30% 70%
10.0 6.2 10.0 0 0 0
15.0 6.4 15.0 0 0 0
20.0 6.4 19.7 0 0 0
25.0 6.4 22.9 23.3 23.0 0
30.0 6.4 23.7 26.0 25.2 0
35.0 6.4 23.8 28.4 27.0 0
40.0 6.4 23.8 30.7 28.5 0

Table 5.1: The effect of the maximum dose on the equivalent uniform dose.

5.3.1.3 Discussion

For simplicity, all the idealized EUD results are displayed to one decimal place as
the error analysis performed for all structures indicates that the uncertainties in the EUDs
were less than one percent. To fully understand the behavior of the idealized EUD
formulas, one must refer to radiobiological effect versus dose curves for these particular
structures (see Figure 5.2). The results for the tumor volume, presented in the above
table, show EUD values that are close to the minimum dose. They also show that the
EUD values slowly increase and level off at a value of 6.4 Gy. The leveling off of the
tumor EUD with dose occurs because the fraction of eradicated clonogens (1-SF(D))
peaks, for this particular case, at a prescribed dose of about 12 Gy. Any additional dose
to the tumor past 12 Gy does not affect this radiobiological effect, and subsequently, no
change occurs in the EUD past this dose. This latter behavior is also seen for the serial
organ, but it occurs at a much higher dose. Since the fraction of eradicated FSUs, for this
specific serial organ, reaches 100% at around 34 Gy, any increase in dose past 34 Gy does
not affect the probability of killing an FSU and thus the EUD remains the same (23.8 Gy)
after this dose. The results for the serial organ also show that while the probability of
killing an FSU is zero, the EUD is equivalent to the maximum dose. Between the two
limit
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Figure 5.2: Curves of radiobiological effect versus dose for the structures of interest.

values (0 and 1), the EUD increases as a function of maximum dose. The EUD results
for the parallel organ illustrate a volume effect as expected. For all three defined
functional reserves, the EUD is zero for each dose-volume histogram with a maximum
dose equal or less than 20 Gy. This is expected as the probability of killing an FSU is
approximately zero below a dose of 20 Gy (see Figure 5.2). Since the probability of
killing an FSU starts to increase at around 20 Gy and reaches a maximum of one at about
34 Gy, the probability of killing more than M FSUs begins to increase with dose after 20
Gy. This trend can be seen in the results by an increase in EUD as a function of
maximum dose for the parallel architecture organ with a functional reserve of either 90%
or 70%, respectively. For the case of the parallel organ with a small functional reserve

(i.e 30%), the EUD is zero for each dose-volume histogram because the probability of
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killing an FSU in the volume receiving 5 Gy is zero. Since no more than 30 FSUs can be
killed in this particular scenario, the probability of killing more than 70% (i.e. M = 42) of
the FSUs is zero and so is the EUD.

5.3.2 Effects of Parameters on the EUD

In this section, the values of the radiobiological parameters were varied to
investigate how the equivalent uniform dose for each structure of interest varied as a
function of these parameters. A simple 2 step dose-volume histogram (Figure 5.3) was

constructed to study the effects of these radiobiological parameters on the EUD.

1.50

1.25 -

1.00

0.75 A

Relative Volume

0.50

0.25 4

0.00 : '
Dose (Gy)

Figure 5.3: The 2 step dose-volume histogram used to study the various effects of the
radiobiological parameters on the EUD.

5.3.2.1 D,- Mean Lethal Dose

In order to study the effect of the mean lethal dose on the equivalent uniform dose,
the mean lethal dose was varied from a value of 2.5 Gy to 10.0 Gy in increments of 2.5
Gy. The starting mean lethal dose for this study was 2.5 Gy. For both serial and parallel

architecture organs, the clonogenic density was kept at 100 clonogens per FSU and the
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total number of FSU in each parallel organ was assumed to be 30. Furthermore, the
functional reserve for the parallel architecture organ was set to 50%. The resulting
equivalent uniform doses for the tumor volume and both serial and parallel architecture

organs are presented in the following table (Table 5.2).

EUD (Gy) FOR STRUCTURE OF INTEREST
D, PTV Serial Architecture Parallel Architecture
2.5 61.4 61.4 -
5.0 61.9 61.9 62.2
7.5 62.1 62.1 62.3
10.0 62.2 62.2 62.4

Table 5.2: The effect of an increase in the mean lethal dose on the equivalent uniform
dose for each structure of interest.

The results of the study show that the equivalent uniform dose increases as the
mean lethal dose increases for all structures of interest. Note that the EUD for parallel
architecture organs with a mean lethal dose of 2.5 Gy is unavailable because the EUD
solving technique used wasn't precise enough. However we can estimate, from the above

results, that the EUD value lies between 61.4 Gy and 62.2 Gy.

5.3.2.2 k- Clonogenic Density
The effect of the clonogenic density on the EUD was studied for both serial and

parallel architecture organs. No effect could be observed for the tumor volume as it was
assumed that the clonogenic density was uniform and that the tumoricidal idealized EUD
depended only on the surviving fraction of clonogens. The effect of a clonogenic density
increase was studied by incrementing the clonogenic density by a factor of 10, starting at
a minimum of 1 clonogen per FSU to a maximum of 10,000 clonogens per FSU. For
parallel architecture organs the total number of FSU was set to 30 and the mean lethal
dose was assumed to be (6.983+0.007) Gy for both structures. Furthermore, a

complication was assumed to arise if more than 50% of the total number of FSUs were
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eradicated. The resulting equivalent uniform doses for both serial and parallel

architecture organs are presented in Table 5.3.

EUD (GY) FOR STRUCTURE OF INTEREST
Clonogenic Density - k Serial Architecture Parallel Architecture
1 62.1 62.3
10 62.1 62.3
100 62.1 62.3
1,000 62.1 62.3
10,000 62.6 62.4

Table 5.3: The effect of a clonogenic density increase on the EUD for serial and parallel
architecture organs.

The EUDs resulting from an increase in clonogenic density indicate that both
parallel and serial architecture organs are largely unaffected by an increase in clonogenic
density from lclonogen/FSU to 1,000 clonogens/FSU. However, the last EUD results of
Table 5.3 reveal an increase in the EUD for both serial and parallel architecture organs as

a function of clonogenic density.

5.3.2.3 N - Total Number of FSUs

Due to the assumptions underlying the simplest serial EUD model, the serial
architecture organ idealized EUD was established to be independent of the total number
of functional sub-units. Therefore, the effect of increasing the total number of functional
sub-units on the idealized EUD was only investigated for parallel architecture organs.
For the purpose of this study, the total number of FSU was increased by a value of 10,
starting at a minimum of 10 and ending at a maximum of 100. Furthermore, the mean
lethal dose was kept at (6.983+0.007) Gy and a complication was assumed to arise if
more than 75% of the total number of FSU were eradicated by the treatment. The
resulting EUDs are displayed in the following table (Table 5.4).
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Total Number of FSUs (N) Parallel Architecture EUD
10 62.4
20 62.4
30 62.4
40 62.4
50 62.4
60 62.4
70 62.4
80 62.4
90 62.4
100 62.4

Table 5.4: The effect of the total number of FSUs on the EUD for parallel architecture
organs.

The EUD results presented in the above table show that EUD is unaffected by the

total number of FSUs for a specific complication.

5.3.2.4 Functional Reserve

The effect of the functional reserve (1-M/N) on the idealized equivalent uniform
dose for a parallel architecture organ was studied in this section by increasing M by a
factor of 10, starting at a minimum value of 10 and terminating at a maximum value of
50. The total number of FSU for this study was set to 60 and the mean lethal dose was
assumed to be (6.983+0.007) Gy. Furthermore, the clonogenic density was set to a value
of 100 clonogens per FSU for mathematical simplicity. The results of this study are
displayed in Table 5.5.
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M) Parallel Architecture
EUD

10 62.4

20 62.4

30 62.3

40 62.2

50 62.1

Table 5.5: Equivalent uniform dose as a function of M for parallel architecture organs.

The above EUD results indicate that as the functional reserve (1-M/N) decreases
the EUD decreases as expected. Thus, the results confirm the need for higher uniform
doses to achieve the same level of complication in parallel architecture organs which

require smaller functional reserves to perform adequately.

5.3.3 Effects of Organ Architecture on the EUD

It is sometimes quite difficult to determine whether an organ (e.g. heart) is of
parallel or serial architecture. In many clinical situations, an organ is classified as a
mixed organ, having a parallel architecture component and a serial architecture
component. In order to understand the behavior of such a complex architecture, one must
first of all understand the behavior of both underlying architectures on the equivalent
uniform dose. In this section, the effect of the critical organ architecture on the EUD was
studied using the 3 dose-volume histograms for the heart used in the following lung
cancer study (Figure 5.26). The radiobiological parameters defined in section 5.4.3 were
applied to both architectures and the EUD results are presented in the following table
(Table 5.6).
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EUD (Gy) for Heart Architecture Type
DVH # Serial Parallel
1 30.6 34.3
2 30.0 29.2
3 30.6 0.0

Table 5.6: The effects of the organ architecture on the equivalent uniform dose.

The EUD results presented in the above table suggest that the corresponding heart
EUD does indeed depend upon the tissue architecture. This dependence upon the tissue
architecture is quite obvious for DVH#3 as the EUD for this DVH is zero when one
makes the assumption that the heart is a parallel organ. Thus, if one assumes that the
heart is a parallel architecture organ, no heart complication would result in this particular

patient.

5.4 Resuits and Discussion of Practical Tests

The dose-volume histograms used, in the preliminary tests, to summarize the dose
distributions within the volumes of interest were simple step functions. In real clinical
situations, the dose-volume histograms exhibit greater complexity. To study the effects
of these dose-volume histograms on the equivalent uniform dose, several practical plans
were designed on both a 2.5-D and 3-D radiation therapy treatment planning system. The
latter practical plans were then evaluated using the proper idealized EUD model and the
results were subsequently analyzed. The following is a brief description and discussion
of these practical plans, their dose-volume histograms and their resulting equivalent

uniform doses.

5.4.1 Prostate Cancer

Figure 5.4 delineates five major structures pertinent to the treatment of patients
with prostate cancer. For the purpose of this work, it was postulated that both the bladder
and femoral heads were parallel architecture organs and that a complication arose when

20% of their total functional sub-units were eradicated. It was also hypothesized that all

99



Practical Applications of the Idealized EUD Formulas

clonogenic cells within the critical structures were as radiobiologically sensitive as those
of the tumor and that the functional sub-units were uniformly distributed within the

structures of interest. Finally, a mean lethal dose, D,= (6.775£0.007) Gy was assumed

since a dose of (78.0+0.5) Gy was prescribed to the tumor. Each functional sub-unit was

assumed to contain 100 clonogenic cells.
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/ .

. Rectum P
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Figure 5.4: A typical cross-sectional CT view delineating five major structures involved
in treating a patient with prostate cancer.

Two different cases of prostate cancer were studied in this work. In the first case,
several treatment plans for a single patient were designed using a 2.5-D treatment
planning system. Dose-volume histograms were then generated for these plans by
assuming a CT slice thickness of 0.525 cm. In the second case, treatment plans for three

different patients were generated using a 3-D radiotherapy planning system.

5.4.1.1 Case 1

In the following figures (i.e. Figures 5.5-5.9). the dose-volume histograms for

each structure of interest with their corresponding EUDs are presented, starting with those
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of the tumor volume. Each dose-volume histogram corresponds to a particular beam
arrangement.

~
40 - ~
” ~
£
QO \
% \
o 301 \ .
wn . \
o
x \ A\
g 20 ' :
5 —— Arc Plan->EUD=77.3 Gy \ .
° — - 4 Field Plan->EUD=78.2 Gy N
> - + + 3Field Plan->EUD=77.0 Gy \ \
101 | — Triangle(3)->EUD=76.9 Gy :
— — Diamond(4)->EUD=76.5 Gy \
A_ —_— \
0 T ]
90 95 100 105

Dose in % Prescribed Dose

Figure 5.5: Cumulative dose-volume histograms for the planning target volume.
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Figure 5.6: Cumulative dose-volume histograms for the rectum.
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Figure 5.7: Cumulative dose-volume histograms for the left femoral head.
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Figure 5.9: Cumulative dose-volume histograms for the bladder.
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A summary of the resulting equivalent uniform doses for each beam arrangement

is presented in Table 5.7. In order to minimize the computational load, differential dose-

volume histograms with a dose bin width of 10 Gy were used to calculate the EUD for

parallel architecture organs.

VOLUME OF EUD (Gy) FOR VOLUME OF INTEREST
INTEREST
ARC | 3FIELD | 4FIELD | TRIANGLE | DIAMOND
TUMOR VOLUME 71.3 71.0 78.2 76.9 76.5
RECTUM 45.5 30.8 44.6 36.2 33.2
LEFT FEMUR 0 57.6 46.4 0 0
RIGHT FEMUR 0 53.6 44.4 0 0
BLADDER 54.0 40.5 56.2 50.2 40.9

Table 5.7: EUD summary of several treatment plans for a patient with prostate cancer.
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The calculated EUDs presented in the above table show that the treatment plan
with the traditional 4-field beam arrangement has the highest tumor equivalent uniform
dose and is thus the best beam configuration to maximize the tumor control. The results
also indicate that no complication (i.e. EUD=0 Gy) will arise in the !eft and right femoral
heads of this prostate cancer patient if the triangle or diamond beam arrangement or arc
therapy is employed. Finally, the results show that some beam arrangements are better
than others to avoid certain specific critical structures but that there is no unique beam
arrangement that will simultaneously maximize tumor control and minimize all

individual normal tissue complications.

5.4.1.2 Case 2
In the following figures (i.e. Figures 5.10-5.14), the dose-volume histograms for

each structure of interest and their corresponding EUDs are presented, starting with those
of the tumor volume. Each dose-volume histogram corresponds to a particular patient

treatment plan generated by a 3-D radiotherapy planning system.
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Figure 5.10: Cumulative dose-volume histograms for the pianning target volume.
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Figure 5.12: Cumulative dose-volume histograms for the left femoral head.
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Figure 5.13: Cumulative dose-volume histograms for the right femoral head.
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Figure 5.14: Cumulative dose-volume histograms for the bladder.
The equivalent uniform doses calculated for all three patients are presented in

Table 5.8. In order to evaluate the EUD for parallel architecture organs, intermediate
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differential dose-volume histograms with a 10 Gy dose bin width were again derived

from the above dose-volume histograms.

VOLUME OF INTEREST EUD (Gy) for Volume of Interest
1 2 3
TUMOR VOLUME 77.8 80.1 79.5
LEFT FEMURAL HEAD 37.8 34.5 394
RIGHT FEMURAL HEAD 37.9 36.1 349
BLADDER 50.1 36.9 45.7
RECTUM 51.0 38.0 46.3

Table 5.8: EUD results for each individual prostate cancer patient treated with a 3-D
radiation therapy treatment planning system.

The results from the above table show that the treatment plan for the second
patient has the highest tumoricidal EUD. The results also indicate that all irradiated
critical structures in patient#2, with the exception of the right femoral head, have the
lowest EUDs. Finally, all critical structures in patient#1, except for the left femoral head,
have the highest EUDs.

5.4.2 Cancer of the Ethmoid Sinuses

Figure 5.15 delineates the six major structures of interest in patients with cancer
of the ethmoid sinuses. For the purpose of this work, it was assumed that all critical
structures were serial architecture organs. Furthermore, it was again postulated that all
clonogenic cells within the critical structures were as sensitive as the tumor of interest
and that each functional sub-unit contained 100 clonogenic cells. The functional sub-
units were also presumed to be uniformly distributed within the structure of interest.

Finally, it was assumed that the mean lethal dose, D, = (5.21240.005) Gy since a dose of
(60.0+0.5) Gy was prescribed to the tumor.
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RIGHT OPTIC
NERVE

Figure 5.15: Schematic of major structures affected during irradiation of the ethmoid
sinuses.

In the single case of cancer of the ethmoid sinuses analyzed in this work, several
treatment plans for a single patient were designed using a 2.5-D treatment planning
system. Dose-volume histograms were then generated for these plans by assuming a CT
slice thickness of 0.5 cm. The following figures (i.e. Figures 5.16-5.21), display the
dose-volume histograms for each structure of interest and their corresponding EUDs,
starting with those of the tumor volume. Each dose-volume histogram corresponds to a

particular beam arrangement. The EUD results are also summarized in Table 5.9.
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Figure 5.16: Cumulative dose-volume histograms for the tumor volume.
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Figure 5.17: Cumulative dose-volume histograms for the right eye.
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Figure 5.20: Cumulative dose-volume histograms for the left optical nerve.
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Figure 5.21: Cumulative dose-volume histograms for the chiasm of a patient with cancer
of the ethmoid sinuses.
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VOLUME OF INTEREST EUD (Gy) for Volume of Interest
ARC#1 ARCi#2 3FIELD | 4FIELD

TUMOR VOLUME 59.0 58.6 59.0 59.0
RIGHT EYE 26.8 26.7 39.6 24.9
LEFTEYE 249 249 38.5 23.1
RIGHT OPTICAL NERVE 29.7 30.1 24.9 29.1
LEFT OPTICAL NERVE 320 32.1 26.7 336
CHIASM 21.8 21.6 14.1 25.4

Table 5.9: EUD results of several treatment beam arrangements for a patient with cancer
of the ethmoid sinuses.

The preceding dose-volume histograms and their corresponding equivalent
uniform doses show that most of the beam arrangements have identical resulting
tumoricidal EUDs. They also show that regardless of the beam arrangement, the chiasm
is the critical structure with the lowest EUD. This is to be expected as the beam
arrangement were chosen to try and spare the chiasm as much as possible. Finally, the
results indicate that the 3-field beam arrangement has the highest probability of causing
complication to both eyes. However, the same beam arrangement has the lowest EUDs

for the chiasm and both optical nerves.

5.4.3 Lung Cancer

Figures 5.22-5.24 delineates seven major structures of interest in treating lung
cancer patients. For the purpose of this work, it was assumed that the heart, liver and
both lungs were parallel architecture organs and that a complication arose when 20% of
their total functional sub-units were eradicated. It was also hypothesized that all
clonogenic cells within the critical structures were as radiobiologically sensitive as the
tumor of interest and that functional sub-units were uniformly distributed. Finally, it was
assumed that the mean lethal dose, D, = (6.983+0.007) Gy since a dose of (80.0£0.5) Gy
was prescribed to the tumor and that each functional sub-unit contained exactly 100

clonogenic cells.
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Figure 5.22: Central axis CT slice showing a portion of the major structures irradiated
during lung cancer radiotherapy.
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Figure 5.23: A superior CT slice showing some of the major structures irradiated during
lung cancer radiotherapy. The CT slice is situated 5 cm above the central axis.
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Figure 5.24: 5 cm inferior CT slice showing some of the major structures irradiated

during lung cancer radiotherapy.

In the single case of lung cancer analyzed in this EUD evaluation, treatment plans

for three individual patients were designed using a 3-D treatment planning system. These

treatment plans are presented in the form of dose-volume histograms in the following

figures (i.e. Figures 5.25-5.31). The calculated EUDs are included in these figures and

summarized in Table 5.10.
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individual patients irradiated with a prescribed dose of (80.0+0.5) Gy.
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Figure 5.26: Cumulative dose-volume histograms for the heart.
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Figure 5.27: Cumulative dose-volume histograms for the liver.
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Figure 5.28: Cumulative dose-volume histogram of the remaining left lung for 3 patients
with lung cancer treated with a 3-D radiotherapy treatment planning system.

117



Practical Applications of the Idealized EUD Formulas

1
0.8 1
&
= 061
K
Q
g
E 0.4 t
i — Patient(1)->EUD=0 Gy |
02+ A Patient(2)->EUD=0 Gy |
' | === Patient(3)->EUD=0 Gy |
0

W o w o v o
N (3 [s2] < < [Te]
Dose (Gy)

Qo v O wuw 9O
- = N

Figure 5.29: Cumulative dose-volume histograms of the right lung for 3 patients with
lung cancer.
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Figure 5.30: Cumulative dose-volume histograms for the esophagus treated with a 3-D
radiation therapy planning system.
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Figure 5.31: Cumulative dose-volume histograms for the spinal cord.

VOLUME OF INTEREST EUD (Gy) for Volume of Interest
1 2 3
TUMOR VOLUME 77.8 74.3 85.1
LEFT LUNG 49.6 46.3 36.3
RIGHT LUNG 0.0 0.0 0.0
LIVER 0.0 0.0 0.0
HEART 343 29.2 0.0
ESOPHAGUS 336 28.3 30.5
SPINAL CORD 25.8 21.2 17.4

Table 5.10: EUD results for three lung cancer patients treated with a 3-dimensional
radiotherapy planning system.

The EUD results along with their corresponding dose-volume histograms indicate
that all 3 patients risk little liver and right lung complications. The results also show
large EUD fluctuations from the prescribed dose for the tumor volume. Furthermore, the
results reveal that patient#3 has the lowest probabilities of spinal cord and left lung

complications and little risk of heart complication. Finally, the results indicate that the
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spinal cord is the critical structure with lowest EUD, in accordance with the design of

these treatment plans.
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6. SUMMARY

A method of radiobiologically summarizing dose distributions with a single
number, known as the equivalent uniform dose (EUD), has been examined and extended
to dose distributions in normal tissue.

The equivalent uniform dose models for normal tissues are based upon the
assumption that any two dose distributions are equivalent if they cause the same
radiobiological effect. Unlike tumors, normal organs or tissues differ markedly from one
another in their architecture and therefore respond differently to radiation. In this work,
two fundamental tissue architectures were considered: the serial and the parallel
architecture. For a serial architecture organ, complications are assumed to arise if any
one functional sub-unit is eradicated. For a parallel architecture organ, complications are
deemed to occur when more than M of the N functional sub-units are damaged. That is, a
parallel architecture organ has a functional reserve (1-M/N) of functional sub-units which
is necessary for maintaining normal functionality.

Using the above biological definition of normal tissue complication, several
equivalent uniform dose formulas were developed for parallel architecture organs,
ranging from simple to complex. For serial architecture organs, the equivalent uniform
dose formulas were developed by assuming that normal tissue complication was governed
by the expected number of eradicated functional sub unit. The simple normal tissue EUD
formulas, developed in this work, stem from highly idealized assumptions, such as
uniform distribution of FSUs and uniform clonogenic cell radiosensitivity, while the more
complex normal tissue EUD models were developed based upon more realistic
assumptions, such as a Gaussian distribution of cellular radiosensitivity.

The simplest idealized normal tissue and tumor EUD models were applied to a
variety of dose distributions in order to illustrate their potential as dose summarizing
tools. In addition to portraying their potential as dose summarizing tools, the idealized
equivalent uniform dose formulas tested in this work shed light on some dose distribution

endpoint(s) that influence tumor control and normal tissue complications.
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The EUD results obtained in the preliminary tests reveal how important it is to
know the underlying radiobiological parameters of a given structure. Since any variation
in these parameters modifies the radiobiological effect, it is important to appropriately
define these parameters in order to improve the clinical significance of the EUD. The
equivalent uniform doses obtained from the preliminary tests reaffirm the importance of
the minimum absorbed dose to the planning target volume in relation to tumor control.
The equivalent uniform doses calculated for the serial architecture organs show that the
EUD depends upon the radiobiological parameters that define the probability of
eradicating a functional sub unit. When the probability of killing an FSU is at its
minimum, the EUD corresponds to the maximum dose delivered to the structure.
However, when the probability of eradicating a functional sub unit is at its maximum, an
increase in dose will not change the EUD. Between these two limit values, EUD
increases as a function of dose. The equivalent uniform doses resulting from the
preliminary dose-volume histograms for parallel architecture organs support the belief
that parallel architecture organs exhibit a larger volume effect than do serial architecture
organs. The EUD resuits obtained for the parallel architecture organs also reflect the
need for higher uniform doses to cause complications in parallel architecture organs
which require smaller functional reserves to maintain functionality. Finally, the results
for the parallel organs suggest that as the fractional reserve of these structures is
increased, their response to radiation approaches the serial architecture organs response,
as expected.

The application of the developed idealized EUD models to clinical distributions
demonstrates how non-uniform dose distributions can be summarized with a single
number, thus eliminating the need to report several doses in the documentation of
treatment plans. Future clinical implementation of this EUD reporting method will allow
radiotherapy centers to generate better NTCP and TCP curves and render the application
of these biological indices more significant. However, before implementing the EUD
models, both individual patient and population averaged radiological parameters must be
accurately determined as the clinical significance of the EUD results greatly depends

upon these parameters. Finally, a more appropriate radiobiological effect (i.e NTCP
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definition) should be contemplated to develop the serial architecture organ EUD formulas
as the definition used in this work does not account correctly for the absolute volume

effect.
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