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INTRODUCTION

The discovery of X Rays by Roentgen in 1895, and Radioactivity by
Henry Becquerel in 1896 marked the beginning of many new inventions and
branches in physics. The potential of X rays and gamma radiations for the
diagnosis and treatment of diseases were realized soon after their discovery.
First application of radiation for therapeutic purpose was made in 1896 for
the treatment of a breast carcinoma. The first case of cure of malignant
disease by radiation was reported in 1899 on a patient with a histologically
confirmed squamous cell carcinoma of nose’. Introduction of Cobalt-60
isotope machines, design of linear accelerators, advances in quantitative
dosimetry and the development of computing techniques and their
application to imaging, took the therapeutic applications radiation to newer
heights®. These developments provided accurate targeting of radiation to the
tumor with minimum damage to the healthy tissue surrounding the tumor.
New treatment techniques resulted in impressive results in the treatment of
prostate cancer, various head and neck cancers, uterine cervix cancers,
breast as well as Hodgkin lymphoma?®. Today it is well recognized that over
40% of cancer treatment results were obtained directly from the use of

ionizing radiations.

Commonly used radiations for cancer treatments are X rays and
Gamma rays. High-energy electrons, Neutrons, protons, pions etc are also
occasionally used for treatment purposes. These radiations can be classified
into two main categories -directly ionizing and indirectly ionizing radiations.
Directly ionizing radiations are charged particles, such as electrons, protons,
etc. They ionize atoms through direct Coulomb interactions with orbital
atomic electrons. Indirectly ionizing radiations are neutral particles, such as
photons and neutrons, which ionize matter through an intermediate step of
first releasing a directly ionizing particle which then ionizes matter through

Coulomb interactions.



When a beam of radiation passes through a medium, the energy of
the radiation is deposited in the medium. The transfer of energy from a
photon beam to a medium takes place in two stages. In the first stage the
photon transfers the energy to the medium by primary interactions such as
Photoelectric, Compton, pair production or photonuclear disintegration.
Through the primary interaction secondary particles like energetic electrons
are produced which intern cause further ionization and excitation. High
energy photons sometime interact with atomic nucleus to produce nuclear
excitations or the emissions of nuclear particles and occasionally radioactive
products. Two quantities are defined to quantify this energy deposition —
Kerma and Absorbed dose. The quantity KERMA is defined to quantify the
average amount of energy transferred from photons to electrons without
concern as to what happens after the energy transfer. The high energy
electrons move through the medium and transfer some of their kinetic
energy to the medium by ionization and excitation (resulting in Absorbed
Dose or simply Dose) and loose some of their energy in the form of radiative
losses. The transfer of energy and absorption of dose does not take place at
the same location because the secondary electrons travel in the medium
and deposit energy along their path. Both Absorbed Dose and Kerma
express a quantity of energy per unit mass. The difference between the two
comes from where this energy is deposited within the medium. For Kerma, it
does not matter whether the charged particles slow down inside the volume
of interest or not; only the energy transferred to charged particles in the
volume of interest is important. For the absorbed dose, on the other hand,
only the energy deposited in the medium by the secondary electrons within
the volume of interest is considered. The units of both Kerma and absorbed
dose are joule per kilogram (J/kg). The special name for the unit of

absorbed dose is Gray (Gy) *.

In case of directly ionizing radiations like protons, electrons and other
heavy particles the interaction mechanisms are different. They directly
transfer their energy to the medium by processes such as Elastic or in



elastic scattering, capture events with the nucleus, increase or decrease of
rest mass or the formation of radioactive products. A quantity CEMA is

defined to quantify the energy transfer for directly ionizing radiations.

All living organisms are made up of protoplasm that consists of
inorganic and organic compounds dissolved or suspended in water. The
smallest unit of protoplasm capable of independent existence is called cell.
Cells contain inorganic compounds (water and minerals) as well as organic
compounds (proteins, carbohydrates, nucleic acids, lipids). Two Important
structures of a cell are the cytoplasm, which supports all metabolic functions
within the cell, and the nucleus, which contains the genetic information
(DNA). A group of cells that together perform one or more functions is
referred to as tissue. A group of tissues that together perform one or more
functions is called an organ. An organism is a group of organs. Normally
cells propagate through cell division in a controlled and coordinated way by
the DNA molecule. Sometimes an uncontrolled or uncoordinated cell growth

happens inside the body and this condition is termed as cancer.

When cells are exposed to ionizing radiation, energy is deposited in
the cell as a result of the interaction between radiation and atoms of the
cells. This energy deposition results the breakage of chemical bonds
between the molecules that constitute the cells, causing biological effects.
The biological effects of radiation result mainly from damage to the DNA,
which is the most critical target within the cell. However, there are also other
sites in the cell which, when damaged, may lead to cell death. The damage
to the cell occurs by two ways such as direct or indirect action. In direct
action the radiation interacts directly with the critical target in the cell. The
atoms of the target itself may be ionized or excited by the energy deposition
leading to the chain of physical and chemical events that eventually produce
the biological damage. In indirect action the radiation interacts with other
molecules and atoms (mainly water, since 80% of a cell is composed of

water) within the cell to produce highly reactive free radicals. The free



radicals break the chemical bonds in the target molecules and produce
chemical changes that lead to biological damage. About two thirds of the
biological damage by radiations such as x-rays or electrons, is due to
indirect action. The biological effects caused by the radiation can be related
to energy deposition by observing the number of cells surviving after
irradiation. Cell survival as a function of radiation dose is graphically
represented by plotting the surviving fraction on a logarithmic scale on the
ordinate against dose on a linear scale on the abscissa. These graphs are

called cell survival curves.

When radiation is delivered to the tumor it can cause biological
damages to the normal tissues surrounding the tumor also. Normal and
tumor tissues have their own radiobiological properties and biological
parameters, and the response of normal and tumor tissues depend on the
temporal pattern of radiation delivery. To eradicate the tumor cells
effectively, enough radiation doses should be given to the tumor without
irradiating normal tissues to a dose that will lead to serious complications
(morbidity). Such a controlled application of radiation to eradicate tumor cells
with minimum damage to surrounding normal tissues can be termed as

radiation treatment or radiotherapy.

Radiotherapy procedures fall into two main categories: external beam
radiotherapy and Brachytherapy. In external beam radiotherapy the radiation
source is at a certain distance away from the patient and the target within
the patient is irradiated with an external radiation beam®. External beam
therapy is also known as Teletherapy. Most of the external beam
radiotherapy is carried out with photon beams, some with electron beams,
and a very small fraction with particles, such as protons, heavier ions or
neutrons. External beam radiotherapy is usually carried out with more than
one radiation beam in order to achieve a uniform dose distribution inside the
target volume and as low as possible a dose in healthy tissues surrounding

the target. The devices used for teletherapy are linear accelerators (Linac),



and cobalt-60 isotope machine (Telecobalt machines). A teletherapy
machine consists of two parts. First one is a gantry from which a collimated
beam of radiation is emitted and a ‘treatment couch’ on which the patient is
positioned. The gantry and couch rotate around a fixed point called

isocenter.

Brachytherapy (sometimes referred to as Curie therapy or endocurie
therapy) is a term used to describe short distance treatment of cancer with
radiations from small and encapsulated radiation sources. Brachytherapy is
doing by placing the radiation sources directly into or near the volume to be
treated. The dose is then delivered continuously either over a short period of
time (temporary implants) or over the lifetime of the source to a complete
decay (permanent implants). Commonly used Brachytherapy sources are
Iridum-192, Cesiums-137, Cobalt-60, Gold-198 and lodine-125. With
brachytherapy, a high dose can be delivered locally to the tumor with rapid
dose fall-off in the surrounding normal tissue. There are two types of
Brachytherapy treatments such as (1) Intracavitary, where radiation sources
are placed in body cavities close to the tumor volume and (2) Interstitial,
where the sources are implanted within the tumor volume®. Figure 1.1 Shows
the photographs of equipments and systems commonly used for radiation

treatment.
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Figure 1.1 Equipments and systems commonly
used for radiation treatment



1.2. Treatment planning

Malignant tumors (Cancer) do not have any regular shape, size, type
and are usually located or invaded to adjacent critical organs. This complex
pattern of tumor makes radiotherapy a complex procedure and involves a
number of steps. Treatment planning can be defined as the radiotherapy
preparation process in which the procedures and decisions to be made
preceding a radiation treatment®. The treatment planning procedures involve
the selection of the most appropriate type, size, shape and number of
radiation fields to achieve a uniform absorbed dose distribution within the
tumor. Each step involved in the treatment process introduces a certain level
of uncertainty, which can ultimately contribute the success, or failure of the
treatment. However accurate Dose distribution within a prescribed accuracy
is absolutely necessary to achieve tumor control with minimum normal tissue
complications®. Delivery of radiation dose to the tumor involves many steps
and the uncertainty in each step has to be considered in evaluating the final
accuracy. Ideally, a comprehensive presentation of all treatment
uncertainties should be part of the treatment planning process. An
optimization between the required and practically achievable accuracy in
dose distribution has to be done before the treatment. Accuracy
requirements for radiotherapy treatment should be derived from
radiobiological behavior of tumor cells and normal tissues, as well as from

clinical evidences 1°*°,

The radiobiological response of the tumor as well as the normal tissue
can be described by what is referred as dose response curve. Figure 1 .2
shows the dose response curve for normal tissue and tumor cells. The dose
response curve has a sigmoid shape, i.e. most of the response occurs within
a certain dose interval. The response depends on the type of radiation as
well as on the biological characteristics of the tissue. These include the
condition of the vascular system, the efficiency of the repair of radiation-

induced damages, the delay in growth in different phases of the cell cycle



and the capacity of the resting cells to enter the cell cycle, etc'®. The

normalized dose response gradient “y”, describes how large a change in
response probability can be expected for a given relative increase in

absorbed dose.

dpP
=D—
4 dD

, Where p denote the response probability for a given dose, D

With increasing dose (D) the normal tissue complication probability
and tumor control probability both increases. The curves are slightly steeper
for normal tissues than for the tumor. When looking at the steepest portion of
dose response curves it can be observed that a 5% change in absorbed

dose results 10-30% change in biological response.
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Figure 1.2 Dose response curve for tumor control (cure A) and for
normal issue Complication (curve B)

From an extensive review of dose-response data, Brahme et al*’
showed that the standard deviation of the mean dose in tumor volume

should be at most 3% (one standard deviation) to have control of the



treatment outcome with a 5% tolerance level. This is in agreement with
recommendations given by Mijnheer et al *®, based on a review of steepness
of dose response Curves observed for normal tissue complications, and

other clinical observations.

These clinical/radiobiological observations point to the need that the
total absorbed dose to the tumor should be delivered within accuracy of 7-
10% of planned absorbed dose. They further concluded that transfer of
these data between institutes requires the dose to be known at the dose
specification point in the tumor within 7% accuracy, which they equated to 2
S.D. Assuming that this number is equivalent to a confidence level of 95%,
the standard deviation in the absorbed dose delivered to the dose
specification point must be as low as 2-5%'*%. To achieve this accuracy of
total absorbed dose to the tumor, the uncertainty in the absorbed dose
delivered by the treatment machine to a point (radiation output) under
reference conditions should be less than 1.5%(1SD) #. The reference
conditions are specified by different calibration protocols and will be

discussed in the later part of this chapter

The primary task of radiation physics team in radiation treatment
planning process is to ensure that a desired amount of radiation dose is
delivered to a specified point in the tumor and a desired pattern of radiation
(dose distribution) within the patient is achieved. To ensure this, dose
measurements within the tumor should be carried out. However, the direct
measurement of the radiation on or in the patient is seldom possible and
standard measurements must be carried out in tissue equivalent materials.
Such tissue equivalent materials are popularly known as phantoms.
Phantom is a volume of tissue equivalent materials large enough to provide
adequate scatter or constructed to resemble a part of human body, for the

purpose of measuring and evaluating dose distributions?.

Measurements of radiation dose are generally termed as radiation

dosimetry. Quantitative measurements of radiation output from a radiation



machine are the first step in clinical dosimetry. The output of a radiotherapy
machine is usually stated as the dose rate at a reference depth in a water
phantom for a nominal source-surface or source-axis distance (SSD or SAD)
and a reference field size (often 10x10 cm?) on the phantom surface or at
the isocenter. The output measurements should be carried out to an
accuracy better than 1.5 %. In order to achieve this level of accuracy
appropriate dosimetry procedures are to be followed using a good quality
radiation dosimeter. A dosimeter can be defined as any device that is
capable of providing a reading, which is a measure of the average absorbed
dose, deposited in the dosimeter’s sensitive volume by ionizing radiation.
Radiation dosimeters or detectors are designed to perform specific functions
such as position sensing, total energy measurement, particle identification.

The working of radiation detectors can be summarized as follows:
1. Radiation deposits energy in a detecting medium.

2. Energy is converted into an electrical signal, either directly or indirectly.
In the direct conversion process incident radiation ionizes
atoms/molecules in absorber, creating mobile charges that are
detected. In the indirect conversion dosimeters incident radiation
excites atomic or molecular states that decay by emission of light,
which in a second step is converted into charge. The electrical charges
thus produced result a signal that is proportional to the absorbed dose.

3. The electrical signal is amplified by electronic circuitry. Primary charge
is accelerated to sufficient energy for it to liberate additional charge

carriers by impact ionization.

4. Pulse shaping.

o

Digitization of signal.

A dosimeter that gives the value of absorbed dose directly is termed as
absolute dosimeter. Absolute dosimeter produces a signal from which the

dose in its sensitive volume can be determined without requiring calibration



in a known field of radiation (Example calorimeter). The dosimetry
procedures using Absolute dosimeters are seldom used in routine

applications, as the procedures are cumbersome?,

In radiotherapy the statement of dosage or machine outputs are made
in terms of well-defined unit of absorbed dose. Measured radiation dosage
made at various treatment centers throughout the world should be consistent
and compatible with each other so that clinical experience can be shared'’.
Although the manufactures of the dosimeters supply an instrument that
when used properly gives directly a measurement of dose it is usually
necessary to apply correction factors to the reading in order to obtain a
correct value of the absorbed dose. The relation between instrument reading
and the corresponding value of absorbed dose stated by a standard
laboratory is given in terms of a calibration factor. Such dosimeters requiring
calibration in a known radiation field are called relative dosimeters. Relative
dosimeters are recommended for calibration of radiotherapy machines .

Output measurement of a radiation beam is usually carried out by
direct measurement of dose or dose rate in water using a relative dosimeter.
Several documented procedures were developed for clinical dosimetry. The
goal of these clinical dosimetry calibration protocols is to determine the
absorbed dose in water delivered by a clinical radiation machine under a
specific set of reference conditions®?” A dosimetry protocol provides the
formalism and the data to relate the chamber response with the dose
established by an international standard laboratory such as IAEA or NIST.
The recommended dosimeter by calibration protocols is an ionization
chamber because of their simplicity of operation and the ease with which
they can be used for obtaining repeated readings with good precision and

accuracy®.

An ionization chamber is an air cavity surrounded by a conductive
outer wall having a central collecting electrode ?. The wall and the collecting
electrode are separated with a high quality insulator. Figure 1.3, shows the



working of ionization detector used for the measurement of absorbed dose.
When the chamber is exposed to radiation, electrons are liberated within the
air cavity. An electrometer is used in conjunction with the ionization chamber
to measure the charge produced inside the cavity. If Q is the total charge
produced inside the cavity and m.; is the mass of air inside the cavity, then
absorbed dose can be determined by the following equation;

Q W, C

D, =—%* 1.0
m . e

air

Where W, /e is the energy required to produce an ion pair in air per
unit Charge. For air, Wai/e is 33.97 eV/ion pair or 33.97 J/C.

Dose in air D4 S0 obtained can be converted into dose in water using
the Bragg-Gray or Spencer-Attix cavity theories?®. Schematic diagram of an
ionization chamber and measuring electrometer is given in Figure 1.4. An
ionization chamber manufactured by CD high-tech, India Ltd, used for

calibration of teletherapy machines in our center, is shown in Figure 1. 5.
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Figure 1.3 Principle of an ionization chamber
(From European Nuclear Society)

Graphie central lechrode

PTOFE insulatr oute elecrods

Alurinum

Oural

Figure 1.4 lonization chamber and measuring electrometer

Figure 1. 5 lonization chamber manufactured by CD high-tech, India



In order to check, whether a desired dose distribution is achieved
through out the tumor volume, one needs to calculate the dose over the
prescribed volume rather than dose at a reference point. Once the dose at a
reference point is established precisely using a standard dosimetric protocol,
it is possible to relate dose at other points. This is usually achieved through
the use of several dosimetric functions, which link the dose at the reference
point in phantom to the dose at any arbitrary point inside the patient.
Reference point is usually taken as the depth of Maximum Dose (dmax). FoOr

®Co beams reference point is at a depth of 0.5 cm below phantom surface.
1.3 Dosimetric functions

Dosimetric functions are used to link the dose at the reference point in
phantom to the dose at any arbitrary point inside the medium. Following are
some of the dosimetric functions used for clinical dose calculations. Here the

referred medium will be either phantom material or human tissue.
Percentage depth dose (PDD)

Percentage Depth Dose expressed as a percentage, at any depth in a
medium is the ratio of the dose at that depth to the dose at a reference depth
along the central axis of the beam. Mathematically, the equation for
percentage depth dose is:

ppD =21 x100 11
ref
Where Dy is the dose at the arbitrary depth d and D (s is the dose at
the reference point, which is on the beam central axis at the depth of

maximum dose, dmnax.



Radiation field and Beam profiles:

Beams used for radiotherapy have various shapes that usually
represent a compromise between the actual target shape and the need for
simplicity and efficiency in beam shaping. Four general groups of field
shapes are used for treatment. They are square, rectangular, circular, and
irregular fields. Square and rectangular fields are usually produced with
collimators installed in radiotherapy machines. Circular fields are obtained
with special collimators attached to the treatment machine while irregular
fields are produced with custom-made shielding blocks or with multileaf

collimators attached to a treatment machine.

Beam profiles are a representation of the variation of the dose across

the field at various depths in the phantom.
Relative dose factors:

Relative dose factor is defined as the ratio of dose at reference depth
in a medium for a given field size A to the dose at the same depth for a

reference field size A ... Reference field size is usually taken as 10x10 cm?
Tissue Air Ratio:

Tissue-air ratio (TAR) at any depth in a medium (tissue) is defined as
the ratio of dose at that depth in the medium to dose within a small mass of
medium in air. Mathematically TAR can be written as:

TAR(d, A,) = 3

air

1.2

Where D 4 is the dose at a depth d in the medium, D 4 is the dose at
d in a small mass of tissue large enough to produce electronic equilibrium

condition, and Ay is the field size defined at depth d.



Peak scatter factor:

The total dose delivered at a point in a medium is due to primary and
scattered photons. If we are able to prevent the production of scattered
photons within the medium, then the dose at dm.x would equal to the dose
delivered by the primary photons only. The ratio of the total dose to the

primary dose at dnax IS called the peak scatter factor (PSF).

D
PSF =—£ 1.3
T
Where D, and D+ are the total and primary doses at dmas, for field size
defined at dmax. With the aid of PSF and other dosimetric functions, such as
PDD and TAR, the exposure at any other point on the central beam axis in

the medium can be calculated.

In short, in order to deliver an accurate radiation dose to the tumor,
three important steps are involved. The first step is the establishment of
Primary standards of absorbed dose in water. The second step is the
establishment of the dose under reference conditions in the therapy beam
using an ionization chamber and a calibration protocol. The final step is to
establish the dose distribution in individual patient. However, the accuracy of
ionization chamber dosimetry is affected by many factors®**2. Dosimetric
procedure using ionization chambers requires a variety of correction factors
such as correction factor for the attenuation and scatter of photons in the
walls of the ionization chamber. The inherent errors associated with detector
systems and experimental set up can also affect the accuracy of the
measured dose. The dosimeter response depends on environmental
conditions such as temperature and pressure. Since ionization chamber
dosimetry involves a chain of measurements and a variety of correction
factors, a dosimetry verification system is highly useful to have confidence in
the measured values. Moreover In clinical dosimetry direct measurements of
beam characteristics in a patient body are not practically possible, as we
cannot introduce detectors inside the human body. Strict ethical conditions



for conducting experiments on human beings also prevent us from such
trials. In such situations mathematical modeling and computer simulations
are useful for the verification of current dosimetry systems and predicting

doses inside the patient where measurements are seldom possible.

Computer Simulations and mathematical modelings are established
technigues in scientific research® 3%, Mathematical modeling using Monte
Carlo methods are the most widely used method for solving many radiation
transport problems in nuclear and particle physics®*. Such simulations have
a potential use in clinical radiation dosimetry also®*. Simulations can be used
to obtain the beam reference data necessary for the dose calculations with
out doing tedious and time-consuming experiments. Monte Carlo simulations
are mathematical technique, which can also be utilized for verification as
well as a guiding tool for a variety of experimental methods in medical

radiation physics.



Review of the literature:

Petty et al®” in 1 983 using Monte Carlo method investigated the build
up doses from electron contamination of clinical photon beams. The
contribution made by contaminating electrons present in a clinical photon
beam to the buildup dose in a polystyrene phantom had been calculated and

compared with measurements.

Yang et al*® studied electron contamination in clinical accelerator
photon beams using EGS4 based Monte Carlo user code BEAM and
MCSIM. The energy spectra of the contaminant electrons are determined for
different clinical accelerators. The Monte Carlo calculated dose distributions
were compared with measured data and the results showed good
agreement (less than 2% or 2 mm) for 6, 10 and 18 MeV photon beams.

Rogers et al*® (1985) reported calculations of electron contamination
in a ®Co beam from an AECL therapy unit using EGS4 code. Their study
was limited to broad beam conditions with 35x35 cm?field sizes and made

several approximations owing to low computing time.

Kase et al*® (1988) determined the primary dose in ®Co gamma
beams using a small attenuator and a solid water phantom manufactured by
RMI Corporation, Wisconsin with a source to Surface Distance of 80cm.

Nizin et al ** showed that primary radiation could be determined for
field sizes10x10 and 20x20 at depths of 0.5cm, 5cm and 10 cm in water but
more improved experimental settings required to minimize experimental

uncertainties .

Udale et al** (1992) used EGS 4 Monte Carlo code to study the
electron beam parameters for three Philips linear accelerators.

Rogers et al (1994) developed special Monte Carlo code BEAM to
simulate radiotherapy treatment machines. Eighteen electron spectra from

four commercial accelerators were given in their paper®.



Bjarngard®, in 1994 studied the methods to improve the analytical
expression used to describe the central axis doses for high energy X ray
beams, in particular the component due to phantom scattered photons. They
concluded that it is possible to simplify the compilation of central axis doses
in an X ray beam by generating the data from two geometric variables (1)
the depth d and (2) d/s, the ratio between depth and side of square field

along with other parameters like linear attenuation coefficient.

Demarco et al* (1994) used the Monte Carlo code MCNP for thick
target Bremstrahlung spectrum calculations to bench mark the Monte Carlo
code MCNP against a set of precise measurements taken at the institute for
National Measurements Standards in Canada. They investigated the validity
of the Monte Carlo code MCNP 4A for radiotherapy treatment planning
applications. The MCNP code incorporates a coupled electron and photon
transport scheme that allows the user to estimate the photon fluence
produced from the primary electron interactions. The integrated and mean
energy of each Bremstrahlung spectrum were calculated for Beryllium,
Aluminum and Lead targets. They demonstrated that MCNP4A is capable of
predicting the integrated Bremstrahlung vyield within 6% accuracy with

experimental results.

British Journal of Radiology*® (1996) published a survey of depth
doses and related data measured in water phantom. Data were collected
from different centers around the world and average values of a specific
dosimetric parameter were published. In this supplement PSF, TAR and
PDD for various radiation beams were presented. Linear attenuation
coefficients for various materials were also presented in this work. These
reports are used as a guide for clinical dose calculations. BJR periodically
reviews the values. It can be noted that the published values of TAR have
changed from values they previously published due to the modified concept
of PSF. There are two main concerns regarding PSF and TAR values

published in BJR supplement 25. PSF and TAR data were limited only to



photon beams with energies less than or equal to cobalt 60 beams even
though PDD values are given for mega voltage X ray beams.

Love et al*’ (1997) compared the Percentage Depth Dose data
calculated by two popular Monte Carlo codes EGS4 and MCNP. The
geometry used for their simulations consisted of a conical photon beam
impinging on a cylindrical water phantom of radius 28.21 cm. The photon
beam has a radius 5.542 cm at water surface giving an equivalent area
10x10 cm? They used monoenergetic sources approximation for calculating
the Percentage Depth Dose for three radiotherapy beams (1.25, 1.9 and 3
MeV equivalent to ®°Co, 6 MeV, 10 MeV beams). The calculations of Love
agree with experimental results beyond build up region. They concluded that
monoenergetic approximation is adequate for central axis dose

comparisons.

Demarco et al*® in 1998 developed a CT based Monte Carlo
simulation tool for dosimetry planning and analysis and compared the dose
distribution generated by MCNP Monte Carlo code with that generated by a
conventional treatment planning system (TPS). Demarco suggested that
MCNPA4A is suitable for photon based radiotherapy calculations due to its
specialized lattice geometry package and versatile source structure. They
concluded that Monte Carlo Method could serve as an analysis tool for
retrospective clinical comparison and conventional algorithm development.
They also pointed out the need for more benchmarking experiments, for the

routine use of Monte Carlo method in clinical applications.

Hubbell et al*® (1998) reviewed the photon interaction cross-sections
data in the medical and biological context. The probability of a photon of a
given energy E undergoing absorption or scattering when traversing a
medium can be expressed in terms of linear attenuation coefficients (u).
Since p is dependent of density (p), the attenuation probability is usually
tabulated as a function of mass attenuation coefficient p/ p in which the
dependence on the density has been removed. This review includes the



selective history of measurements and theory relating to p/ p. Attenuation
tables developed by Hubbell and the updated values are available from the

computer programme XCOM.

Difillippo et al*® (1998) published an article about Forward and adjoint
methods for radiotherapy planning. They studied the feasibility of sensitivity
theory developed for nuclear applications to radiotherapy treatment
planning. They implemented forward and adjoint mathematical approaches
to calculate the sensitivities of dose distributions in a mathematical phantom.
The potential efficiency and strength of forwarded and adjoint methods of
dose calculations using state of art radiation transport methods were
demonstrated in this work. They use MCNP code that offers the possibility of
tagging the tallies according to user-supplied criteria. This powerful
capability of MCNP code makes it possible to obtain all information in one
run. They concluded that, the sensitivity of dose with position, angular
distribution intensity and spectra of radiation source could be calculated
efficiently with Monte Carlo Methods. They argue that better optimization of
radiotherapy planning is possible with Monte Carlo Methods rather than

using trial and error methods.

Ulanovsky et al®* (1998) suggested a modification to ORNL phantom
in simulation of the response of thyroid detectors. They used MCNP code
with age specific ORNL phantom series to simulate the transport of photons

within the human body.

Mora et al*? (1999) used BEAM Monte Carlo code to simulate the ®°Co
beam from an Eldorado-6 Telecobalt unit. They realistically modeled the
source capsule and source housing and collimator assembly and observed
that the output factor of the telecobalt machine depends on scattered
photons from the fixed and adjustable collimator. Because of large
computing time they split the calculations in to three steps. In the first step
cobalt source and primary collimator were included. The data for the particle
reaching the scoring plane before the outer collimator are stored in a



separate compressed phase space file. This large file is then used for the
next part of simulation. The second part includes the passage of the particle
through the adjustable collimator and the air medium above the surface
plane of the phantom. In the third step the phase space files for different field
sizes are reused as an input file for dose calculations. In order to improve
the efficiency they uses different cut off energies for particle transport. They
also used some of the variance reduction techniques such as range rejection
of electrons to improve the efficiency of calculation. The electron and photon
transport algorithms used by Mora et al are different from that used in our

work.

Wung et al®® (1999) experimentally verified the Monte Carlo based
calculation in various homogeneous phantoms .The phantom geometries
include simple layered slabs, a simulated bone column, a simulated missing
layer hemisphere and an Anderson anthropomorphic phantom. They used
EGS4 Monte Carlo code for their work. They validated the accuracy of
Monte Carlo methods for clinical applications and conclude that long
computing time is required to achieve reasonable accuracy. Monte Carlo
method can be used as benchmark against other dose calculation methods
and also to replace measurements when the measurement is difficult to
carryout. They pointed out that to implement Monte Carlo Method for routine

treatment planning more and more studies required.

Lewis et al > (1999) developed an MCNP based model of a linear
accelerator beam. They used MCNP code for simulating major components
of the Linear accelerator .The model was initially used to generate the
energy distribution and angular distribution of the X ray beam for the Philips
Linear accelerator in a plane beneath the flattening filter. The data was
subsequently used as a source of X rays at the target positions. They
concluded that the technique may be used to calculate energy spectra of
any linear accelerator with acceptable results in a reasonable run time and

has further advantage of that it is far simple to construct complex geometries



compared with EGS4 code system. The use of MCNP on a personal
computer should allow a wider use of beam transport modeling in
radiotherapy physics applications especially routine quality control tool for

linear accelerators and treatment planning systems.

Sheik et al*®> (2000) compared the measured and Monte Carlo
simulated dose distributions from the NRC Linac using BEAM Monte Carlo
code system. A detailed geometry of LINAC is included in their simulation for
two energies 10 and 20 MeV. At both the energies the calculated and
measured PDD values are in good agreement (within 1%). The calculated
and measured values show some discrepancies in the build up regions.
They concluded that the knowledge of exact geometry of collimators is
necessary to correlate measured and simulated behavior in the penumbral
region and further pointed out that BEAM code is capable of very accurately
simulating the photon beams from medical Linacs. However the accuracy
depends on information about both the accelerator head and incident

electron beam.

Biju et al®® (2000) developed a mathematical phantom of an Indian
male, similar to that of a MIRD phantom. The dimensions of the organs in
the MIRD specification were altered to arrive at a phantom representing an
average Indian male. Biju used MCNP code version 3.1 to determine the
dose received during the diagnostic X ray procedures. The study focused
only on diagnostic X rays. Their results show that normalized dose is higher
for an average Indian adult than that for the MIRD phantom because of the

smaller build of an average Indian.

Rogers °’ (2001) reviewed the applications of Monte Carlo techniques
for primary standards of lonizing Radiation and for Dosimetry protocols.
Their major emphasis is on how Monte Carlo technique of electron and
photon transport can be applied in radiation dosimetry and primary

standards for air Kerma.



Reynaert et al *® (2002) conducted a detailed study of electron
transport in MCNP code and pointed out that that care should be taken when
modeling beta-emitting isotopes due to possible errors in electron transport.
When care is taken it is possible to obtain correct results that are in

agreement with other Monte Carlo code.

Alesia et al*® (2002) calculated the energy response of a 41T gamma
reentrant well-pressurized ionization chamber using MCNP Monte Carlo
code' They reported that the flexibility of the geometry description package
used in MCNP code makes it easy to model complex ionization chambers.
Session et al (2002) compare the point and average organ doses within an
anthromorphic physical phantom and computational model of a newborn
patient The MCNP code was used for computational modeling and Physical
measurements were carried out using MOSFET detectors. The tabulated
results of Session can be used as a reference data for estimating the
internal organ doses during X ray investigations.

Rnutbrown et al® (2002) revaluate the absorbed dose in graphite to
water conversion factors for high energy photon beams using Monte Carlo
methods. Damilakis et al®* (2002) estimated the normalized fetus dose for
abdominal radiographic examination using MCNP code. The computational
approach was verified by comparison with dose data obtained in
anthromorphic phantoms using TLD dosimetry. Their results showed that
accurate estimation of fetus dose due to abdominal conventional x-ray

examination can be made using the dose data provided by them.

Bohm et al ® (2002) conducted the brachytherapy dosimetry of *#I|
and 'Pd using an updated library for the MCNP Monte Carlo code. They
compared the PDD values obtained from simulation to the values published
in BJR Supplement 25.

Tiemori Schani et al®® (2003) used Monte Carlo code MCNP4C
together with ENDEF/BV1 cross section data to simulate a telecobalt

machine.



Brain Wang et al* (2004) applied the Adjoint Monte Carlo methods to
study the dose distribution in a 3D anatomical model called VIP man model
constructed from visible human images. They demonstrated the feasibility of
the Adjoint Monte Carlo in selecting the beam direction as part of treatment
planning based on the anatomical information in a 3D and realistic patient
anatomy. They further, in 2005, investigated the issues related to the use of
MCNP code for an extremely large voxels volume. They compared different
tallies for organ dose calculations and conclude that although there have
been many improvements in computer speed and tallies in MCNP the
current versions of MCNP code remains unable to handle whole VIP man
model at the original voxels size. They also stressed the need for more and
more investigations to streamline the use of MCNP Monte Carlo code for

routine radiation treatment planning®.

Rogers et al®® studied the use of Monte Carlo methods for routine
clinical treatment planning. They argued that even though Monte Carlo
techniques represent the ultimate answer to the problem of accurate dose
calculation the speed of calculation is still the issue. A second issue is the
accuracy of the calculation. An accurate specification or the modeling of the
clinical beam (including patient specific shaping devices) is essential for the
overall calculation to be more accurate. They concluded that implementation
of Monte Carlo code for routine clinical treatment planning require the
development of various standard tools for comparing various approaches
and for assessing the speed of the calculation in a meaning full way.

Considering all the above, it may be noted that Monte Carlo modeling
represents an answer to the problem of accurate dose calculation. At the
same time above investigations stressed the need for more and more works
on clinical application for the efficient use of this powerful and novel
mathematical method for the cure of cancer patients. With this objective we
have investigate the feasibility of Monte Carlo methods for mathematical



modeling in radiotherapy. This thesis focuses on the mathematical modeling
of three radiation transport situations encountered in radiotherapy.

Motivation and objectives of present work

Cancer is the world’s most common killer disease keeping Cardiac
disease behind. World Health Organization (WHO) estimated 2.5 million
deaths in 1997 and 6 million in 2003 and currentlyl0 million people are
diagnosed of cancer every year. By the year 2020 WHO estimates over 15
million new cancer patients of which 10% will be from India. Along with other
chronic non-communicable diseases, cancer is gaining increasing
importance as a public health issue and affects approximately 0.8 million
people every year in India®. World health Organization in the year 2000
conducted a study evaluating the Disease Adjusted Life Years (DALY) lost
from various chronic non-communicable diseases. DALY was used as a
combined measure of the years of life lost due to premature mortality in the
population and the years of life lost due to disability. The findings of this
study showed that, in India, the 8.7 million Disease Adjusted Life Years lost
from cancer, was second only to ischemic heart disease (14 million) and

more than stroke (6 million) and diabetes (2 million) °.

There are three major treatment methods such as Radiotherapy,
Surgery and Chemotherapy for the management of cancer of which
radiotherapy is required for 50% to 70% of cases. As per recent estimates
one million cancer patients in India required radiation treatment. Radiation
treatment is being carried out in India using Telecobalt machines and Linear
accelerators. Around 300 tele cobalt machines are used for radiotherapy in
India. An estimated 1500 additional machines are required in future. Cobalt
machines are the main workhorses for radiotherapy in our set ups because
of their relatively lower costs, simplicity of design, and ease of operation.
Cobalt machines produces a predictable output that is totally unaffected by
temperature and humidity and other external conditions. Large penumbra
and low out put are the main drawbacks of telecobalt machines.



The use of mega voltage radiation beams reduces the skin reaction
during treatment. Even though ®°Co machines were the first truly practical
mega voltage therapy machines, sometimes it is observed that unacceptable
skin reaction observed when patients are treated with ®°Co beams. These
reactions are more prevalent for larger field sizes. The reason for this
reaction will be the higher surface dose. Conventional treatment planning
systems used to calculate patient doses will not predict accurately the
surface doses. Treatment planning systems predict dose accurately only
beyond dmax. Another interesting fact observed in literature is the reported
values of linear attenuation coefficients for cobalt 60 beams. The linear
attenuation coefficients published in BJR and NIST show 4% difference®® ™,
The difference in reported value of linear attenuation coefficients is due to
the difference between energy of cobalt beams used for calculation. BJR
estimated the linear attenuation coefficient by doing measurements in a

telecobalt machine.

In addition to the above facts many modern features of Linacs, such
as Multileaf collimators, dynamic wedges could also be installed on modern
cobalt-60 machines to allow, at a lower cost, a similar sophistication in
treatment as Linacs do.

Considering these facts regarding telecobalt beams we feel that it is
necessary to have a thorough understanding about the radiation beam
characteristics of a telecobalt machine. With this objective a detailed
modeling of telecobalt machine is under taken. In the present work it is
proposed to develop a mathematical model of the telecobalt machine and
established the characteristics of radiation beams from the telecobalt
machines using Monte Carlo methods and the determination of dose
calculation parameters of this virtual machine. The study consists of two
parts. First part is the determination of primary spectrum of photons emitting
from a telecobalt machine. This information is very vital in the context of

separating the total photon fluence in to primary and scattered components.



The energy spectrum can be used for further simulations if one wants to
simulate the cobalt machine. The second part consists of obtaining
dosimetric functions of the simulated telecobalt machine useful for patient

dose calculations and comparing with actual measurements.

The invention and use of the ®Co teletherapy unit provided
tremendous results in cancer treatment, and placed the cobalt unit into the
forefront of radiotherapy for a number of years. Though ®Co machines were
widely used, it became necessary to look for sources with greater energy
and flexibilities. In this regard, the potential for the use of Linear accelerators
in radiation therapy has become apparent in 1950s and the first clinical Linac
was installed in 1950s at the Hammersmith Hospital in London, U.K™. During
subsequent years, the Linac became the most widely used radiation source

in modern radiotherapy in developed countries.

Various types of Linacs are also available in our country for the
clinical use. The designs of these Linacs are different for different
manufactures. This difference in design influences the spectral distributions
of photons coming from the Linac. Even though accelerators are specified in
terms of their nominal energy the emerging spectral behavior of the photons
are significantly different. The difference in spectrum affects the central axis
Depth Dose characteristics of the beams. One way to characterize the
Central axis dose distribution is to normalize the dose at depth with respect
to a reference depth and this quantity is known as Percentage Depth Dose
(PDD). Percentage depth Dose tables are used for calculating dose within
the patient. Linear accelerator is a delicate machine and the stability of the
machine should be ensured before treatment. The output of the machine is
strongly affecting the dose distribution within the patient and therefore the
outcome of the cancer therapy. Hence it is absolutely necessary to establish
a beam quality specifier to periodically check the stability of the accelerator.
PDD at 10 cm depth can be used as a beam quality specifier for accelerator

beams to check the output stability of a linear accelerator*®



In the present work we examine the feasibility of Monte Carlo method
for the mathematical modeling and determination of Central Axis Depth dose
characteristics and beam quality specifiers of different linear accelerator

beams used in our country.

Human body consists of bones and tissues with different physical and
radiological properties. Air cavities such as oral cavity, sinuses and lung may
also exist in varying thickness. Standard isodose tables and charts for dose
estimation are prepared by assuming human body a homogeneous medium
of unit density. But the inhomogeineities present in the human body can
disturb the dose distribution. In order to achieve better tumor control it is
essential to perform the dose calculations by considering these in
homogeneities also. Accurate calculation necessitates knowledge of
thickness and composition of inhomogeineities and exact behavior of the

incident radiation through the inhomogeineities.

The interface effects in the presence of inhomogeineities are a
common dosimetric problem encountered in routine treatment planning
process. Treatment-planning systems, used to estimate dose distribution for
treatment planning is based on a set of measured data along with advanced
dose calculation algorithms. Measurement of dose at the interface between
two media is impossible and Conventional treatment planning systems
cannot exactly predict the characteristics of dose distributions under the
perturbation of inhomogeneities™ ™. In the present work we mathematically
modeled various tissue inhomogeineities using Monte Carlo methods and

studied the effects of inhomogeineities in the depth dose distributions.

The overall objectives of the present investigations can be summarized as

follows:

1. Mathematical Modeling of a Telecobalt machine using Monte Carlo
method and computation of the Dosimetric parameters of this virtual

machine.



2. Modeling and study of depth dose characteristics of high energy
Linear accelerator beams using Monte Carlo methods.

3. Mathematical modeling of homogeneous and heterogeneous human
tissues using Monte Carlo method and the study of the effect of

inhomogenieties on central axis depth dose characteristics.
1.7. Overview of the thesis:

Following the introductory chapter, Chapter 2 introduces the
mathematical description of the radiation transport problems. The radiation
transport can be represented by a continuous Boltzmann transport
equation .The solutions to the Boltzmann transport equations can be
determined either by deterministic methods or Monte Carlo methods. Monte
Carlo methods and their advantageous over other methods are discussed in
this chapter. An overview of the Monte Carlo code used in the present work

is given in this chapter.

Chapter 3 deals with the mathematical modeling of telecobalt
machine commonly used for cancer treatment in India. Maximum effort has
been taken to have a realistic model of the machine. Various dose
calculation parameters of the machine are evaluated and compared with the

experimental results and presented in this chapter.

Chapter 4 deals with the mathematical modeling and study of
dosimetric parameters of high-energy X ray beams from linear accelerators,
using Monte Carlo methods. Simulated results are compared with

experimental results.

Chapter 5 discusses the modeling of human tissues using Monte
Carlo methods, and the observed variations of central axis depth dose
characteristics of clinical radiation beams in the presence of inhomogeneties

present in human body were presented.

A Dbrief summary and overall Conclusions of the present
investigations are given in chapter 6. Representative Monte Carlo modeling

outputs of the present investigations are given in appendix I, I, lll and IV.



CHAPTER 2

MATHEMATICAL ASPECTS OF THE
RADIATION TRANSPORT AND
MONTE CARLO METHODS

Mathematical modeling of radiation transport phenomena through a
medium involves the study of radiation beam penetrating through the
medium and surrounding air and the determination of photon fluence or
energy deposited at different points in the medium. For an analysis of
radiation transport process both the radiation and the background can be
considered as particles. We can refer these particles as radiation particles
and background particles. Further, we assume that the background particles
can be set in rapid motion as a result of interactions with radiation particles,
thereby becoming radiation particles themselves.

When a photon beam is incident upon a medium secondary particles
are generated in the medium. A parameter Yield (Y) is defined to quantify
this secondary particle production. Yield is crucial parameter as far as
energy deposition is concerned. Yield is a function of both angle and particle
energy and is usually expressed in terms of particles per unit solid angle at
the point of interest and is commonly normalized to the number of incident
particles. Yield can be theoretically obtained if we know the rate of

production of secondary particles.

The rate of production of secondary particles and their energy spectra
can be obtained from the cross-section of that particular collision reaction.
Yield can be directly obtained from the differential reaction cross-section

da(g’E)
dQ

Where 0 @g is the reaction cross section as a function of incident

particle energy (E) and the polar angle(8), relative to the direction of incident
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particle. Q is the solid angle in which the secondary particles are produced.
Yield could be obtained from an integration of this cross section over 6 and
E as these quantities varies while the incident particle passes through the

medium.

In clinical radiation transport modeling two quantities are required to
determine the absorbed dose at a point (r, 8). First quantity is the particle
fluence, given by the total number of particles per cm 2 per incident particle.
Second quantity is called differential fluence d®y g /dE given by the total
number of particles per cm? per Mev per incident particle. These quantities
can be obtained once the details of angular distribution of secondary patrticle
yield (dYe /dQ) and angular dependence of the emitted particle energy

d’Y(6,E)

spectrum are determined.

Total fluence at a given distance r at a specified angle 6 is given by

1 dY
D(6) =—2d © 2.1
r- dQ
And the differential fluence is given by
2
dP(E, 0) :id Y(E,B) 29

dE r’ dEdQ

Given the fact that the secondary as well as primary particles can
create radiation fields it is quit obvious that radiation field at a point is a
mixture of stray and direct radiation, and it will be a function of energy,
direction and particle type. We can assign magnitude to this
multidimensional quantity by integrating over energy and direction of the
product of angular flux and an appropriate conversion factor. If the selected
conversion factor is flux to dose conversion factor the result of this

integration will be the absorbed dose D at that particular location.

This relation can be written as;
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D(x,0) = §, dQ[dEf,(x,E,Q0)P,(E) 2.4

Where the summation index “/ “is over various particle types, Q is the
direction vector of particle, x is the coordinate vector of the point in space
where dose is to be calculated and E, t and P (E) are particle energy, time

and a conversion factor respectively.

The factor f,(x, E,<3t)is called angular flux which is defined as the

number of particles of type ‘I’ per unit area per unit energy per unit solid
angle per unit time at location x with an energy E at time t and traveling in a

direction Q.

The angular flux can be related to the flux density fluence and energy

spectrum as follows
@(x,t) = dQdEf, (X, E,€21) 2.5
> §,.49f

The angular flux, f;(x, E,<3t) is connected to the fluence @; (x) by

integrating over the intervening period of time (& to ty),

- -

(o] tr —

D, (;) =£ndQJ'dEJ'dt fi(x,E.,Ct) 2.6

0

and the energy spectrum at point x at time t can be written as,
gxx,t, E) Z_quC%(X,E.,Qt) 2.7

The angular flux f; can be obtained by solving the stationary form of
Boltzmann transport equation for radiation transport for each particle type as

a function of position and time.
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2.1 Boltzmann transport equation for radiation transport:

The Boltzmann equation represents a mathematical statement of all
processes that the particles of various types, including photons that
comprise the radiation field can undergo. It is an integral-differential equation
describing the behavior of a dilute ensemble of corpuscles. This equation is
a continuity equation of the angular flux, f; in phase space that is made up of
the three space coordinates of Euclidian geometry, the three corresponding
direction cosines, the kinetic energy, and the time. Boltzmann equation for

radiation transport can be derived as follows.

Radiation Density in a volume of phase space may change in five
ways. They are (1) Uniform translation where the spatial coordinates
change, but the energy- angle coordinates remain unchanged, (2) Collisions
as a result of which the energy-angle coordinates change, but the spatial
coordinates remain unchanged, or the particle may be absorbed and
disappear altogether (3) Continuous slowing down, in which uniform
translation is combined with continuous energy loss (4) Decay; where
particles are changed through radioactive transmutation into particles of
another kind; and (5) Introduction, involving the direct emission of a particle

from the source into the volume of phase space of interest.

An equation can be framed by combining these five elements as:
B f,(x,E, Q1) =Q, +Y, 2.8

where B, is the mixed differential and integral Boltzmann operator for

particle of type i, given by

- H(dE

B =Q0O+0 +d, — ,» 2.9
gEdEQ

and

34



- - -
—

- Emax
Q; = ZﬁgQ’ _!-dEBa-ij (Ey - E,QQ - Q)f(x,E,Q\,t) 2.10

and

g =N1I=B 211

' TisC

In the equations 2.8

Yij is the number of particles of type i introduced by a source per unit area,

time, energy, and solid angle;

0 is the absorption cross section for particles of type i. To be dimensionally
correct, this is actually the macroscopic cross section or linear absorption

coefficient y=No

d; is the decay probability per unit flight path of radioactive particles (such as

muons or pions) of type i

Si is the stopping power for charged particles of type i (assumed to be zero
for uncharged particles);

Qjj is the "scattering-down" integral, the production rate of particles of type i
with a direction <, an energy E at a location x , by collisions with nuclei

or decay of j-type particles having a direction 3 at a higher energy Eg

oj Is the doubly differential inclusive cross section for the production of type-i
particles with energy E and a direction <afrom nuclear collisions or decay of
type-j particles with a direction EB and a direction ¢3 and 3, is the velocity
of a particle of type i divided by the speed of light ¢ ,and 7; is the mean life

of a radioactive particle of type i in the rest frame.

This equation is quite difficult to solve in general and special
techniques have been devised to yield useful results. There are two classes

of computational techniques that are used to solve the Boltzmann transport
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equations. They are energy balance deterministic methods and those based
on particle-following stochastic methods. In the first class, namely
deterministic methods, the transport equation is discretized using a variety of
methods and then solved directly or iteratively. Different types of
discretization give rise to different deterministic methods, such as discrete
ordinates (SN), spherical harmonics (PN), collision probabilities, nodal

methods, and others.

The second class of techniques, Monte Carlo methods, is a statistical
simulation technique. Statistical simulation is defined in quite general terms
to be any method that utilizes sequences of random numbers to perform the
simulation.  This method is also known as random walk method.
Deterministic methods solve the transport equation for the average particle
behavior. By contrast Monte Carlo method does not solve an explicit
equation but rather obtains answers by simulating individual particle and
recording some aspects of their average behavior. The average behavior of
particles in the physical system is then inferred from the average behavior of
the simulated particles. No transport equation need ever be written to solve
a transport problem by Monte Carlo method and the only requirement is that
the physical (or mathematical) system be described by a probability density
function that describes the probability density of particles in phase space.
This equation turns out to be the same as the relevant transport equation.
Once the probability density functions (PDF) are known, the Monte Carlo
simulation can proceed by random sampling from the PDF's. Separate
probabilistic events that compose the entire process are simulated
sequentially by constructing a series of particle trajectories, each segment of
which is chosen at random from a distribution of applicable processes.
Random numbers between 0 and 1 are selected to determine what and
where an interaction takes place based on the physics rules of interaction of
radiation with matter and transport data probabilities. Many simulations are
then performed (multiple trials or histories) and the desired result is taken as

an average over the number of observations. The outcome of these random
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samplings, or trials, must be accumulated or tallied in an appropriate manner
to produce the desired result. The results will then be processed to yield a

mean and standard deviation of the quantity of interest.

Algorithms to allow Monte Carlo methods to be implemented
efficiently on advanced computer architecture are called Monte Carlo codes.

A Typical Monte Carlo code has the following components.
1. A Source program written in FORTRAN, C* or Visual Basic,

2. A set of cross section values. The cross section data are obtained
experimentally and theoretically. Eg: ENDEF, Hansen-Rosch and
IAEA

3. User Supplied input data. Input data includes Geometry, material,
Radiation source details, tally details such as Dose, Flux, Energy
Deposition, Spectrum and other relevant parameters availability of

random numbers on the unit interval, must be given.

A general-purpose coupled neutron/photon/electron Monte Carlo
transport code is used in the present work. The code treats an arbitrary
three-dimensional configuration of materials in geometric cells bound by
first- and second-degree surfaces and fourth-degree elliptical tori. The code
uses continuous -energy nuclear and atomic data libraries”™. The primary
sources of data are evaluated from the Evaluated Nuclear data File system,
Evaluated Nuclear data Library from Los Alamos laboratory. The data in the
photon interaction table allow the code to account for incoherent and
coherent scattering, the possibility of fluorescent emission after photoelectric
absorption, absorption in pair production with local emission of annihilation
radiation, and Bremsstrahlung. A continuous slowing down model is used for
electron transport that includes positrons, k-X-rays, and Bremsstrahlung but
does not include external or self-induced fields. Photons and electrons from

1 keV to 1000 MeV can be successfully transported.
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For the Monte Carlo modeling the user creates an input file that is
subsequently read by the Monte Carlo code. The input file contains

information such as:

* The geometry specification

» The description of materials and selection of cross-section

evaluations

* The location and characteristics of the neutron, photon, or electron

source

* The type of answers or tallies desired
* Any variance reduction techniques used to improve efficiency

Monte Carlo results or tallies are normalized to be per starting particle
and are printed in the output accompanied by a second number R, which is
the estimated relative error defined to be one estimated standard deviation
of the mean divided by the estimated mean. For a well-behaved tally, R will
be proportional to N°* where N is the number of histories or trials. Thus, to
halve R, we must increase the total number of histories fourfold. For a poorly
behaved tally, R may increase as the number of histories increases. The
estimated relative error can be used to form confidence intervals about the
estimated mean, allowing one to make a statement about what the true
result is. It is extremely important to note that these confidence statements
refer only to the precision of the Monte Carlo calculation itself and not to the
accuracy of the result compared to the true physical value. Accuracy of the
true physical value depends on the cross section data, modeling details,

sampling techniques and approximations, etc., used in a calculation.

The input specifications for a Monte Carlo calculation can be termed
as modeling. For the mathematical modeling of radiation transport situation
(eg simulation of treatment machine) using Monte Carlo code, steps as

specified below are involved.
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The first step is the specification of geometry. Using a set of analytical
geometrical equations and corresponding coefficients components of the
machine are specified. Each component of the machine can be considered
as a geometric cell filed with specified materials. These cells are defined by
the intersections, unions and compliments of the region bounded by the
surfaces. Surfaces are defined by supplying the coefficients to the analytical

surface equations.

Specification of materials filling the cells is another important step for
the Monte Carlo simulation. For each material a unique identification number
will be assigned. The details to be specified are Elemental composition,
Density, Cross section data, Atomic Number and Mass Number.

Definition of source is the next step for the simulation. The location,
characteristics and type of radiation particles are specified. Different
parameters such as initial energy of the radiation, their probabilities are to be
specified accordingly. Monte Carlo results represent an average of the
contributions from many particles tracked during the course of the
simulation. Relative error associated with a simulation is inversely
proportional to /N , where N is the number of particles tracked. For a given
Monte Carlo run the computer time is proportional to the number of particles
tracked. The challenge of an efficient Monte Carlo simulation is to minimize
the computing time with minimum relative error. Methods for reducing the
variance in the estimated solution to reduce the computational time for
Monte Carlo simulation are termed as Variance reduction techniques.
Different variance reduction techniques are available in the Monte Carlo
code to improve the computing efficiency. Particles originating from the
source are tracked through out their life till they are completely absorbed or
escape from the problem geometry. Probability distributions are randomly
sampled using transport data to determine the outcome at each step of its
life. Various quantities related to particle transport such as particle current,

particle flux or energy deposition could be estimated during simulation. In a
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Monte Carlo simulation the user has to specify the parameters of interest.
Tally results are obtained from an output file. In addition to the tally results
the output file contains tables of standard summary information to get an
idea of how the simulation ran. If errors occur during the running of a
problem detailed diagnostic prints for debugging are given. Each tally results
are printed with its statistical relative error corresponding to one standard
deviation. A tally fluctuation chart is also printed to show other statistical
parameters such as the tally mean, error, and variance of variance to ensure

the efficiency of calculations.
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CHAPTER 4
MODELING OF ACCELERATOR BEAMS

High-energy linear accelerators are used for the treatment of cancer.
Medical Linear accelerators are designed to have two modes of treatment,
such as Photon and Electron modes. In photon mode, photon beams form
the accelerators are used to deposit absorbed dose at a depth within a
patient at the site of the tumor while in electron mode electrons are used for
such a purpose. Electron mode is ideal for treating superficial tumors while
photon mode is ideal for deep-seated tumors. In linear accelerators
electrons are first produced by an electron gun, which are accelerated to kilo
voltage energies and injected into a wave-guide, which receives its power
from a magnetron, klystron or microtron. The electrons leaving the wave-
guide are roughly monoenergetic with energy in the mega voltage range.
They pass through a bending magnet and are directed towards the tumor
within the patient. In photon mode mega voltage photons are created when
high-energy electrons are stopped in a target. Resulting photons will have a
broad energy spectrum. The target is surrounded by a shield of tungsten that
serves as a primary collimator of the photon beam’.

The intensity of Bremsstrahlung photons from a linear accelerator is
not uniform and a flattening filter is used to achieve homogeneous intensity
over field widths used for treatment. The shapes of the flattening filter are
different for different beam energies and strongly influence the beam
characteristics of the Linac. Just below the flattening filter, a dual sealed ion
chamber or monitor chamber is mounted for rigorous beam control. The
monitor chamber actually measures the dose in arbitrary units called
“monitor units” (MU). Generally, the sensitivity of the monitor chamber is
adjusted such that 1 MU corresponds to a dose of 1 cGy in a phantom under

reference conditions.



The linear accelerator including the beam defining system is mounted
within a gantry together with electronic and other systems and this can be
rotated around a horizontal gantry axis. The beam central axis intersects the
gantry axis at a point in space called the isocenter. Usually, the distance
between the target and the isocenter is 100 cm. Schematic representation of
a Linear accelerator used for radiotherapy is given in Figure 4.1
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Figure 4.1 Schematic representation of a modern Linear accelerator
( Ref: Review of Radiation Oncology Physics , IAEA)

Each photon beam from a Linac in a phantom can be characterized
by a three-dimensional dose distribution. A practical representation of this
distribution consists of three dosimetric quantities: the depth dose curves,
the dose profiles and the output factors. The depth dose curves describe the
variation of the central axis dose with depth in a phantom, usually
normalized to the dose at dma. The depth dose curve is a function of beam
energy, field size and source to surface distance (SSD). The dose profiles
give the variation of dose in a phantom perpendicular to the central axis at a
specific depth in the phantom. The dose profile is a function of beam energy,

field size, SSD and size of the focal spot on the target. The output factor



expresses the dose rate at a point on the central axis in the phantom for a
given field in relation to the dose rate in that point for a reference field. The
output factor changes with beam energy, SSD and size of the focal spot on
the target. Knowledge of these three dosimetric quantities for a treatment

beam allows us to determine the dose at any point in the medium.

The spectral distribution of photons produced from the target is the
fundamental characteristic of a medial accelerator. The dosimetric quantities
used for dose computation are mainly based on the spectral distribution of
radiation from the Linac. More over advanced treatment planning systems
use the spectral information for dose calculation. The photon spectra from a
linear accelerator depend on many factors such as the design of target,

collimator systems and flattening filter?.

Various types of Linacs are available in our country for clinical use.
Some provide photons only in the low mega voltage range (4 MeV or 6 MeV)
others provide both photons and electrons at various mega voltage energies.
A typical high-energy Linac will provide two photon energies (6MeV and 18
MeV) and several electron energies (e.g., 6, 9, 12, 16, 22 MeV). The design
of Linacs is different for different manufacturers and the difference in design
influences the spectral distributions of photons. Accordingly even though
accelerators are specified in terms of their nominal energy, the emerging
spectral behaviors of the photons are significantly different. The difference in
spectrum affects the central axis Depth Dose characteristics of the beams.
One way to characterize the Central axis dose distribution of an accelerator
Is to normalize the dose at a given depth with respect to a reference depth
and this quantity is known as Percentage Depth Dose (PDD). Measuring the
depth dose variation along the central axis of the beam is a fundamental
step to Patient dose calculations. This parameter can also be used as a
beam quality specifier for accelerator beams*®. Beam quality specifiers are
used to check the output stability of a linear accelerator before clinical use.
The variations in the output of the machine will strongly affect the dose
distribution in the patient and therefore the outcome of the therapy.



In this chapter we employ Monte Carlo modeling for the determination
of Central Axis Depth dose characteristics and Beam quality specifiers of
different linear accelerator beams used in India.

4.2 Materials and Methods:

For the determination of central axis depth dose characteristics we
mathematically modeled an experimental setup to determine the Percentage
depth dose for various beams from a linear accelerator. The experimental
arrangement was modeled using the Monte Carlo methods such that a
photon beam from the accelerator is impinging upon the top surface of a
phantom. PDD values are then calculated by calculating the energy
deposited by these beams at different depths. The phantom is modeled as a
square cube with dimension 30 x30x 30 cm? filled with water. Measurement
regions having an area 0.5x0.5 cm ? and depth 20 cm are also included
along the central axis of this phantom. The top layers of this region were
divided into 1mm for the first 1 cm depth, 2mm thick layers from 1cm to 2cm
and 1 cm beyond 2cm depth.

A detailed description of incident radiation beam must be specified for
the central axis depth dose characteristics studies using Monte Carlo
methods. The incident beam parameters can be obtained by a detailed
modeling of the accelerator head. A detailed modeling of accelerator must
be performed by starting with an electron beam impinging on the target of
the machine being modeled. Every structural details of the accelerator
should be specified for such purpose. However the intension of the present
study is to establish the depth dose characteristics of the accelerator beams
in a water phantom. Therefore a detailed modeling of the accelerator is
beyond the scope of the present work. Here we implement a virtual
accelerator concept for doing the PDD calculation. The virtual accelerator is
a point source from which photon beams are emitted with photon fluence
spectral distribution as that of a real accelerator’®. Fluence spectra are
defined as the number of photons per MeV. Sheik and Rogers™ analyzed

the geometry and characteristics of different accelerators available for



clinical use and generated a list of spectral information using EGS4 Monte
Carlo code. In the present investigation we use the same spectra generated
by Sheik and Rogers, which are available with the National Research
Council (NRC) website .

In the present work, the photon source was modeled as a point
source emitting photons isotropically into the solid angle, which is shaped by
a collimating system to give a rectangular field of 10x10 cm? at the phantom
surface. The source was located at 100 cm from the phantom surface. The
collimators are set at a distance of 50 cm from the source. In the present
work no collimator or head scatter is taken into account. No flattening filters
were included in the model nor was any angular dependence of the energy
spectrum. The empty space between the collimators and phantom surface
were kept void. These approximations may affect the calculated surface
dose due to the omission of air scatter and scattered photons from the
collimator. However our aim is to calculated dose variation along the central
axis of the beam and these simplifications do not contribute much difference
in our simulations results. Percentage Depth Dose was calculated in the
phantom at various depths along the central axis of the 10 x 10 cm? field by
measuring the energy absorbed in different measurement regions. The
resultant dose is normalized to the dose determined at depth of d nax

We have studied the characteristics of two Accelerators. First one is a
dual mode high-energy linear accelerator manufactured and supplied by
Electa, Stockholm, Sweden and a Single energy linear accelerator by Varian
Associates, USA. Both machines are used for cancer treatment. Electa
machine is a dual energy machine capable of producing two photon
energies, 6 MeV and 15 MeV. Varian machine is a single energy machine
producing 6MeV photons. The actual beam contains a spectrum of energies.
Monte Carlo generated photon fluence spectrum for these two machines is
obtained from the NRC website. The fluence spectra of these two machines
used in this study are listed below (table 4.1)



Electa 6 MeV

Varian 6 MeV

Energy | Photons/MeV per incident | Energy | Photons/MeV per incident
Bin electron Bin electron
0.25 1.73E-05 0.25 2.14E-05
0.5 1.00E-04 0.5 1.26E-04
0.75 1.10E-04 0.75 1.31E-04
1 9.52E-05 1 1.14E-04
1.25 8.27E-05 1.25 9.76E-05
1.5 7.21E-05 15 8.36E-05
1.75 6.35E-05 1.75 7.25E-05
2 5.57E-05 2 6.23E-05
2.25 4.93E-05 2.25 5.35E-05
2.5 4.37E-05 2.5 4.59E-05
2.75 3.86E-05 2.75 3.95E-05
3 3.45E-05 3 3.65E-05
3.25 3.02E-05 3.25 3.47E-05
3.5 2.70E-05 3.5 2.98E-05
3.75 2.40E-05 3.75 2.61E-05
4 2.10E-05 4 2.25E-05
4.25 1.86E-05 4.25 1.91E-05
4.5 1.64E-05 4.5 1.66E-05
4.75 1.42E-05 4.75 1.14E-05
5 1.21E-05 5 9.04E-06
5.25 1.01E-05 5.25 6.55E-06
5.5 8.17E-06 5.5 4.09E-06
7.25 8.82E-08 5.75 1.40E-06
7.5 1.88E-08 6 4.34E-08
5.75 6.45E-06
6 4.55E-06
6.25 3.00E-06
6.5 1.56E-06
6.75 7.34E-07
7 2.94E-07
7.75 2.77E-09
8 1.59E-09

Table 4.1 The fluence spectra of Varian and Electa machines




For all the beams studied in this work we compared our simulated
results with the measured PDD values published in British Journal of
Radiology“®.

The percentage depth dose values at 10 cm depth (D 1) were
compared for each machine. The percentage depth dose at 10 cm depth (D
10) IS a beam quality specifier adopted by many Ilaboratories and
manufacturers. This parameter can also be used as an index for machine

performance.
4.3 Results and Discussions:

Figure 4.3 shows the Monte Carlo Generated PDD curves for 6 MeV
photons with BJR published values superimposed. The calculated results
fairly agree with the measured values beyond dma. In the build up region
BJR has not published any values because of the large uncertainties

associated with surface dose measurements.

120
¢ BJR
m Varian
100 F . A Electa [
[ I3
go | & - ‘1
» i4 A
8 0" ie,
o u ‘ ‘ ‘
4 ‘ [ ] &4
0 ..
20
O T T T T T
0 5 10 15 20 25 30
Depth(cm)

Figure 4.3 Comparison of PDD values for 6MeV accelerators
(Electa and Varian)



Table 4.4 shows the results of the depth dose evaluated at 10 cm
depth. The beam quality indexes D 1, for both machines are given in this
table. BJR published value for 6MeV photons is 67.5% . For Electa machine
the value of Do has a difference of 4 % as compared with in BJR values,
while Varian machine shows a variation of only 0.7%. Sheikh et al calculated
the Do values using Monte Carlo methods and obtained a value of 66.6 for
Varian machine and 68.1 for Electa machines. Our simulation also produce
similar results, which clearly indicates that the parameter Do is different for
different machines even though the manufacturer specified energies are
same (6MeV). The difference in D 1 is an indication of spectral variation of

the two machines.

Machine Monte Carlo Measurements
Electa 70.23 67.5
Varian 68.09 68.1

Table 4.4 Values of the Depth Dose in the reference depth 10 cm in
eater at SSD 100 cm for 6 MeV photons

For 25 MeV photons the simulated and BJR published values are
shown in figure 4.4.The values are generally in agreement with published
values. However the simulated values are slightly higher than the
representative data published in BJR. This indicates there is slight difference
between published PDD values for Electa accelerator. Our study therefore
recommends that individual measurements of beam parameters to be
carried out before clinical use instead of using reference data directly. PDD
at 10 cm depth for Electa accelerator is calculated as 88.35 while BJR
published value is 83(deviation of 6%). Our study also indicates that a
general beam quality index cannot be used for accelerators. It is therefore

necessary for the institutions using the accelerators to independently



establish the beam quality index for routine verification of accelerator
stability.
In addition to the high energy beams mentioned above, we have

simulated two more intermediate energy beams used for routine patient
treatment. Figure 4.5 and Figure 4.6 shows the comparison of Monte Carlo

simulated and BJR published values for 10 MeV and 15 MeV Beams.
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Figure 4.4 Monte Carlo simulated and Published PDD values for 25
MeV photons from an Electa Machine
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Figure 4.5 Monte Carlo simulated and Published PDD values for 10 MeV
photons from a Varian machine
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4.4 Conclusions and future woks:

Before any new technology is implemented for clinical use the safety
and appropriateness of the technology must be confirmed. For radiation
machines such as linear accelerators the validation of dose calculation
parameters and verification of stability of beam output must be undertaken
carefully for a better treatment outcome. In the present investigations
mathematical modeling of linear accelerator beams are carried out. Results
of our investigations indicate that Monte Carlo simulation is an ideal tool for
determining beam quality index for linear accelerators. Monte Carlo methods
can also used to calculate the beam parameters for routine patient dose
calculations and can be used to verify the experimentally determined dose

calculation parameters.

Recent developments that fuse information from multiple imaging
modalities such as CT and PET have enabled “image-guided” radiotherapy
techniques, and have placed the role of computer simulation at the very
center of radiation therapy. With the increasing reliance on computational
tools, an increasing need is evident for the benchmarking and quality
assurance of the computer models and codes that enable accurate
simulations for the radiotherapy process. We believe that the present work
can be considered as a part of the development of standardized Monte Carlo
calculation algorithm benchmark data sets and an algorithm verification

procedure.



CHAPTER 5

MODELING OF HOMOGENEOUS AND
HETEROGENEOUS HUMAN BODY

Introduction:

Human body consists of bones and tissues with different physical and
radiological properties. Air cavities such as oral cavity, sinuses and lung may
exist in varying thickness. The first step in the radiation treatment planning
process includes the derivation of patient anatomical information. This
information is then used to determine the location of tumor and important
normal tissue that could be affected by radiation treatment. Treatment
Planning Systems (TPS) are used to determine the dose distribution that will
result in the body from selected incident beams. Functionality of treatment
planning system depends on the type of algorithms used in the planning
process®. Different types of dose calculation algorithm are used in modern
Treatment Planning Systems. Conventional TPS calculation models were
based on a simple tabular representation of the dose distribution that was
obtained directly from beam measurements. Standard isodose tables and
charts are then prepared based on these measurements. These tables are
used by TPS for patient dose calculations. Table based TPS required a lot of
measured data tables. Measurements are usually taken in homogeneous

water or water equivalent phantoms.

However, Human body is not homogeneous. The inhomogeineities
can disturb the dose distribution. In order to achieve better tumor control it is
essential to perform the dose calculations by considering these
inhomogeineities also. Accurate calculation necessitates knowledge of
thickness and composition of inhomogeineities and exact behavior of the

incident radiation beam?® %, Conventional treatment planning systems



cannot exactly predict the characteristics of dose distributions under the

perturbation of inhomogeineities

In the present work we use Monte Carlo methods to study the effects

of various inhomogeineities in the depth dose distributions.
5.1 Materials and Methods:

The Monte Carlo method has been described in detail in previous

chapters.
Geometry Specifications:

The medium of irradiation was modeled as a block of tissue with
cross section area 30x 30 cm? and a thickness of 3 cm (Figure 5.1). The
region for dose estimation was modeled as a cylinder of radius 0.2 cm. This
region was divided into small layers of thickness 0.05 cm thickness and total
energy deposited in these regions was calculated. Three types of media

were simulated as shown in figure 5.1

Case 1: In this case the radiation beam is incident on a Homogeneous

medium of human adult tissue.

> Incident Beam

Tissue




Case 2: In this case the beam is incident on a Heterogeneous medium of
tissue and air. First layer is tissue followed by a layer of air .Third layer is

again tissue. Such geometries areusually seen in the head and neck regions

Tissue
Air

Tissue

Case 3: In this case central layer is a bone.

Tissue

Bone

Tissue

Figure 5.1 Geometries used to determine the variation of depth dose
Characteristics with tissue in homogeneities.

Source Specifications

The incident beam was modeled as a surface source located directly in
front and normal to the front face of the medium. The study was conducted

for two prominent photon energies used for treatment.



(1) *°Co beams
(2) 6MeV X-rays from a linear accelerator.
Material Specifications:

Three materials are used in our simulations. They are adult tissue,
Bone and air. Composition and mass density of materials used in the

present work are listed in Table 5.1

Total energy deposited in the small cylindrical regions was
determined using an energy deposition tally available in the Monte Carlo
code. PDD values are then calculated dividing the energy deposited in each
cell by the value of maximum energy deposition. Number of particles

transported in this modeling were 10 "

Material Density (gml/cc) Composition and
Mass fraction

H (0.101)
C (0.111)
N (0.26)
O (0.762)

Soft tissue 1

H (0.064)
C (0.263)
N (0.039)
O (0.436)

Bone 1.41

Na (0.001)
Mg (0.001)
Air 0.001293 P (0.06)
S  (0.03)
Cl  (0.001)
K  (0.001)
C (0.00014)
N (0.75519)
O (0.23179)
Ar (0.01288)

Table 5.1 _Material Specifications used in the work



5.2 Results:
Casel:

Depth Dose characteristics in homogeneous tissue medium for *°Co
and 6MeV Linac beams were studied. For both beams the dose increases at
first and reaches a maximum and then decreases as the depth increases.
The maximum dose is at 0.425cm depth for ®°Co beams. This depth is
consistent with the published value. BJR published Standard Depth Dose
values are only for depths beyond depth of maximum dose (dma). NO
standard tables are available for doses at the surfaces because of
measuring uncertainties. Observed surface dose from simulation is 17% of D
max dOSe. Percentage Depth Dose curves obtained from our simulations for

®Co beams are shown in Figure 5.2(a)

For 6MeV photons the PDD values are obtained by transporting
photons from a linear accelerator. The spectrum of photons is obtained from
EGS nrc source code. Observed depth of maximum dose is 1.5 cm, which is
consistent with published values. PDD pattern obtained for 6MeV photon is

shown in Figure 5.2 (b). The surface dose for 6MeV photons is13 % of Dose

maximum.
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Figure 5.2 (a)PDD curves for ®°Co Beams in a homogeneous tissue

medium
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Figure 5.2 (b) PDD curves for 6MeV Beams in a homogeneous
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Case 2: Combination of tissue- Bone- Tissue medium:

The Percentage depth dose values obtained in our situation for ®Co

and 6MeV Linac beams are shown in figure 5.3(a) and 5.3(b).
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5.3(b) PDD curves for 6MeV Linac Beams in tissue -Bone -Tissue

medium

In both cases (first layer of tissue) the dose pattern is exactly same up
to 1cm thickness as that in the homogenous condition. However at the tissue
bone interface the dose pattern is completely perturbed. The absorbed dose
inside the bone layer is higher than that at the tissues (up to 5.4%). At the
regions near the tissue bone interface the dose is above the Dmax dose as
specified in the homogeneous condition. The dose deposited at tissue bone
interface is 2.2 to 4.1% higher than homogeneous conditions. PDD values in
both conditions and percentage deviation from homogeneous conditions for
®Co case are are shown in table 5.2. Same trend is also observed for 6MeV

Linac beam



Depth Homogeneous Tissue-Bone-Tissue
0.025 17.0 17.0 0.0
0.075 39.9 39.9 0.0
0.125 58.8 58.8 0.0
0.175 74.3 74.3 0.0
0.225 85.2 85.2 0.0
0.275 93.3 93.3 0.0
0.325 97.8 97.8 0.0
0.375 99.9 99.9 0.0
0.425 100.0 100.0 0.0
0.475 99.6 99.6 0.0
0.525 99.0 99.0 0.0
0.575 99.2 99.2 0.0
0.625 98.7 98.7 0.0
0.675 99.0 99.0 0.0
0.725 98.3 98.3 0.0
0.775 97.3 97.3 0.0
0.825 97.7 97.7 0.0
0.875 96.8 96.9 -0.2
0.925 96.6 97.1 -0.5
0.975 96.8 98.9 -2.2
1.025 96.3 99.2 -3.0
1.075 96.0 100.0 -4.1
1.125 95.4 100.3 -5.2
1.175 95.2 100.3 -5.4
1.225 95.0 99.7 -4.9
1.275 95.5 99.3 -4.0
1.325 94.6 99.0 -4.6
1.375 94.3 98.8 -4.8
1.425 94.1 98.2 -4.4
1.475 94.1 98.2 -4.4
1.525 94.1 97.6 -3.8
1.575 934 97.2 -4.1
1.625 92.9 96.2 -3.5
1.675 92.2 96.0 -4.1
1.725 92.5 95.7 -3.4
1.775 91.9 95.2 -3.6
1.825 914 94.5 -3.4
1.875 91.6 94.9 -3.6
1.925 91.0 94.5 -3.9
1.975 91.0 92.4 -1.6
2.025 90.7 92.2 -1.7
2.075 90.9 90.8 0.1
2.125 90.3 88.8 1.8
2.175 90.1 88.2 2.1

Table contd



2.225 89.5 87.8 2.0
2.275 89.8 87.9 2.1
2.325 88.9 87.0 2.2
2.375 88.2 86.3 2.2
2.425 88.1 86.2 2.2
2.475 87.9 86.1 2.1
2.525 87.7 85.8 2.2
2.575 87.6 85.8 2.1
2.625 88.1 86.2 2.1
2.675 87.5 85.6 2.2
2.725 87.2 85.3 2.1
2.775 87.0 85.1 2.2
2.825 86.4 84.5 2.2
2.875 85.5 83.7 2.2
2.925 84.4 82.6 2.1
2.975 78.6 76.9 2.1

Table 5.2 PDD values for ®®Co beams in homogeneous and Tissue

bone tissue mediums

In the last layer of tissue (beyond 2 cm depth) the dose deposited is
less than as expected from a homogeneous condition. Observed variation is
up to 2.2 % less than the homogeneous conditions. The reason for this dose
reduction is due to more attenuation of radiation in the previous bone layer.
The electron density in bone is more than in tissue. As a result the
probability of Compton interaction will be more at bone than in tissue

causing more attenuation.
Case 3:Combination of Tissue -Air-Tissue medium:

In this case the dose absorbed at the first layer of tissue is exactly
same as that of homogenous conditions. Observed dose deposition in the air
layer is very small. At the first tissue air interface the deviation from
homogeneous condition is up to 7%. PDD values at other points in the air
medium show variation up to 95.3% than the homogeneous condition. This
much variation is due to the fact that absorbed dose in air will be much less

than that in tissue due to the difference in their densities. Interestingly It is




also observed that a build up condition occur at the second air -tissue
interface. In this region the PDD values are only 20.6 to 42.09 at the first few

Millimeters and increases up to 93.5 % of D maxvalues (Figure 5.4).
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Figure 5.4 PDD curves for ®°Co Beams in Tissue —Air -Tissue medium

PDD values for Tissue Air Tissue medium and corresponding
deviations from the homogenous conditions are given shown in table 5.3. In
air the absorption is very less due to the less density and the tissues beyond
the air cavity will get very high dose. The observed deviation is up to 77%
than expected from the homogenous condition and at shallower depths the

deviation is about 6%.

| Depth | Homogeneous Tissue-Air-Tissue % Deviation




0.025 17.0 17.0 0.0
0.075 39.9 39.9 0.0
0.125 58.8 58.8 0.0
0.175 74.3 74.3 0.0
0.225 85.2 85.1 0.0
0.275 93.3 93.3 0.0
0.325 97.8 97.8 0.0
0.375 99.9 99.8 0.0
0.425 100.0 100.0 0.0
0.475 99.6 99.6 0.0
0.525 99.0 99.0 0.0
0.575 99.2 99.2 0.0
0.625 98.7 98.7 0.0
0.675 99.0 99.0 0.0
0.725 98.3 98.3 0.0
0.775 97.3 97.3 0.0
0.825 97.7 97.6 0.1
0.875 96.8 96.5 0.3
0.925 96.6 95.3 1.3
0.975 96.8 89.1 7.9
1.025 96.3 57.1 40.7
1.075 96.0 48.4 49.6
1.125 95.4 39.6 58.5
1.175 95.2 31.8 66.6
1.225 95.0 22.4 76.4
1.275 95.5 19.7 79.4
1.325 94.6 17.0 82.1
1.375 94.3 14.4 84.7
1.425 94.1 10.8 88.6
1.475 94.1 11.8 87.4
1.525 94.1 8.0 91.5
1.575 93.4 8.6 90.8
1.625 92.9 8.3 91.1
1.675 92.2 6.5 92.9
1.725 92.5 6.2 93.3
1.775 91.9 5.7 93.8
1.825 91.4 4.9 94.6

Table Contd




1.875 91.6 5.8 93.7
1.925 91.0 4.6 94.9
1.975 91.0 4.3 95.3
2.025 90.7 20.6 77.3
2.075 90.9 42.9 52.8
2.125 90.3 59.6 34.0
2.175 90.1 72.8 19.3
2.225 89.5 82.1 8.3
2.275 89.8 89.2 0.6
2.325 88.9 92.1 -3.5
2.375 88.2 93.1 -5.5
2.425 88.1 93.5 -6.1
2.475 87.9 93.3 -6.1
2.525 87.7 93.0 -6.0
2.575 87.6 93.0 -6.2
2.625 88.1 93.4 -6.0
2.675 87.5 92.8 -6.0
2.725 87.2 92.5 -6.1
2.775 87.0 92.3 -6.1
2.825 86.4 91.7 -6.1
2.875 85.5 90.8 -6.2
2.925 84.4 89.8 -6.3
2.975 78.6 83.5 -6.3

Table 5.3 PDD values for ®°Co beams in homogeneous and Tissue- Air-
Tissue mediums

5.3 Conclusions and future works:

Dose measurements at the interface between two media are
impossible to measure by conventional measurements. The interface
effects in the presence of inhomogeineities are a common dosimetric
problem encountered in routine treatment planning process®. Treatment
planning systems employing pencil beam algorithms are incapable of

handling such situations®. The collapsed cone algorithms are generally




better in predicting the interface effects but changes in the scatter
distribution relative to water in the presence of homogeneities are not

modeled accurately®® 8,

Treatment planning systems express dose distributions in terms of
so-called isodose lines connecting points of equal dose, and superimposed
on CT sections through the patient under study. For an extremely
heterogeneous anatomy (eg head and neck region) with the pencil-beam
algorithm widely employed in commercial radiotherapy treatment planning
systems show a smooth isodose distribution. However true dose
distributions of such a narrow photon beam in heterogeneous terrain will be
grossly distorted. Introduction of Monte-Carlo simulation into the patient
dose calculation systems will solve such problems and provide more

accurate dose distributions.

We believe that our work is a stepping-stone for the development of a
Monte Carlo based Dose computation system to improve the clinical
outcome of radiotherapy. Future works will be focused on the adaptation of
Monte-Carlo method to model today’s increasingly complex treatment
delivery techniques e.g. using MLCs to shape fields to the tumor shape and
to modulate the fluence across the beam to reduce the irradiation of so-
called organs at risk. Future works may also focus on the development of a
Monte Carlo based TPS to solve the present dilemmas associated with

tissue inhomogeineities to improve cancer treatment outcomes.



CHAPTER 6
SUMMARY

Mathematical Modeling and simulations offer very important tools
used in scientific research and techniques for understanding physical laws
and phenomena, measuring methods and processes and device operations
and instrument execution. Mathematical Modeling has many applications in
nuclear physics such as design of nuclear reactor and particle accelerator.
The objective of the present work is to establish the feasibility of
mathematical modeling of the radiation transport for the medical application
of nuclear radiations. With this objective we have undertaken to investigate
the feasibility of Monte Carlo methods for the mathematical modeling in
radiotherapy. The results of our work were presented in the thesis as five
chapters of this thesis.

A thorough literature survey had been conducted and is given in the

introductory chapter of the thesis.

In chapter 2 details of mathematics of radiation transport had been

presented.

In chapter 3 mathematical modeling of a radiotherapy machine
commonly used for cancer treatment in India is described. A detailed study
of the radiation beam characteristics had been undertaken and results were
presented. Work also had been conducted to obtain the dosimetric
parameters important for patient dosimetry by mathematical modeling of the
telecobalt machine and the measuring systems. Parameters obtained from
the simulations were compared with experimental values. The results are

promising and consistent with the experimental values.

In Chapters 4 results of mathematical modeling a linear accelerator
had been presented. Results of our investigations indicate that Monte Carlo

simulation is an ideal tool for determining beam quality index for linear

100



accelerators. The experimental validation of the Monte Carlo simulations are
done by comparing the -calculated results with those obtained by
experimental measurements. Monte Carlo methods can also be used to
calculate the beam parameters for routine patient dose calculations and can
be used to verify the experimentally determined dose calculation

parameters.

In chapter 5 we presented the simulation results of radiation transport
through different tissue inhomogeineities. Prediction the dose at the
interfaces and regions below the interfaces are a challenge for the radiation
physicist as the measurements of dose at the interface between two media
are impossible by conventional methods. The present work clearly shows
that Monte Carlo methods can accurately predicts the dose perturbations
due to tissue inhomogeineities. We believe that the present work offers a

guideline and comparison tool for verification treatment planning systems.

Finally, it is apparent that technology is continuously getting more
complex to adapt to patient specific treatments in the field of medical
physics. We believe that our work is a stepping-stone for the development of
a Monte Carlo based Dose computation system to improve the clinical
outcome of radiotherapy. Future works will be focused on the adaptation of
Monte-Carlo method to model today’s increasingly complex treatment
delivery techniques e.g. using Multi leaf collimators to shape fields to the
tumor shape and to modulate the fluence across the beam to reduce the
irradiation of so-called organs at risk. Future works may also focus on the
development of a Monte Carlo based treatment planning systems to solve
the present dilemmas associated with tissue inhomogeineities to improve

cancer treatment outcomes.

Summarizing, We believe that this thesis provides the knowledge that
was required to improve the accuracy of treatment planning calculations to
reach the ultimate goal of a radiation treatment - a better quality of life for
cancer patients.
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