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1 INTRODUCTION

1.1 Radiotherapy

Radiotherapy or radiation treatment is defined as the treatment of diseases (mostly
malignant) with ionizing radiation. The radiation may be applied as beams from the
outside of the body, a process known as external beam radiotherapy, or by introducing
radioactive sources into the body cavities, which is called intracavitary or intraluminal
radiotherapy. Sources may be inserted into the patient’s tissue to give interstitial
radiotherapy. Occasionally radioactive fluids are introduced into the body either via a

vein or into the cavity.

The type of treatment used depends partly on the body site requiring treatment. These
types of radiotherapy treatment are practiced in most radiotherapy departments; radical
radiotherapy, adjuvant radiotherapy, chemoradiotherapy, intraoperative radiotherapy and
palliative radiotherapy. Radiotherapy is usually prescribed according to the intention,

required for each patient (Griffiths and Short, 1994).

There are various types of ionizing radiation used in radiotherapy such as x-rays, gamma
rays, electrons, neutrons, etc. Ionizing radiation is capable of damaging the genetic
material (DNA) in vivo without significant deleterious effects on normal tissues. Usually,
x-rays are produced in a linear accelerator by stopping fast electrons in a target material
such as tungsten, or gamma rays generated in a TeleCobalt unit. Radiation can cure or
control cancer by damaging the cancer cells so they cannot divide or reproduce. About
fifty to sixty percent of patients with cancer will require radiation at some time or other
during the course of their disease. Radiation is a safe and effective form of treatment for
patients of all ages (Rath, 2000). Radiotherapy combined with surgical and medical
disciplines improve treatment outcome better than surgery or radiotherapy alone. The
radiotherapy specialty was born immediately after the discovery of Rdentgen rays or x-
rays by Wilhelm Conrad Réentgen in the year 1895. The first generations of low energy

x-ray generators were very inefficient in penetrating deep-seated tumours. Subsequently




the discovery of radium in 1898 by Marie Curie gave birth to the specialty brachytherapy.
It was the discoverer of the telephone, Alexander Graham Bell, who proposed the concept

of using a radium source inside the tumour.

Following 1945, from the experience of radar systems, the concept of the linear
accelerator evolved. More and more refined x-ray generators (Van de Graaff generator
and linear accelerators) have developed afterwards to make radiation more penetrating
than the previously available low energy x-ray generators. Artificially prepared
radionuclides such as cobalt-60 (**Co) and Caesium-137 ('"*’Cs) have been in use as

sources of radiation in the past seven decades.

In the past, the understanding about radiation safety was not clear. People used radiation
casually to treat patients with cancers and non-cancerous conditions. Radiation sources
were used widely over several years for brachytherapy purposes until the introduction of
radiation safety principles in the 1950s. From the experiences of radiation hazards,
afterloading systems for brachytherapy evolved, making radiation therapy safer without
the risk of exposure to the medical personnel. With growing technology and better
understanding of radiation biology, radiotherapy achieved many milestones at a faster
rate. Since the early 1990s, radiation oncology has increasingly become technology
oriented. This has resulted in accurate target localization and precise delivery of radiation
to the target area resulting in better tumour control, minimal normal tissue complications

and to some extent improved survival rates (Rath, 2000).

Now radiation therapy plays an important role in cancer management. Today about 45
percent of all cancer patients can be cured, about one half of them are cured by radiation
therapy applied alone or in combination with surgery or chemotherapy (Wambersie and
Gahbavuer, 1995). The clinical experience accumulated in decades shows that, to be
efficient, the radiation treatment must be delivered with a high physical selectivity. At
present, electron linear accelerators are the primary equipment of a modern radiotherapy
department, and are used to irradiate a large proportion of the patients for at least part of

the treatment. Photon beams of about 6-20 MV have in general a sufficient penetration in




the tissues to treat most of the tumours with an adequate physical selectivity. A

combination of several beams adequately oriented allows the radiation-oncologist to
deliver the prescribed dose to the “target volume” (tumour) without exceeding the
tolerance of the surrounding normal tissues. Conformal therapy, which needs well-
equipped and well-staffed centers, further improves the physical selectivity of the
treatment, and offers definitive advantages at least for some tumour types and/or
locations. Finally, modern linear accelerators are used to maximize accuracy in dose
delivery to obtain better therapeutic results in radiotherapy (Wambersie and Gahbauer,
1995), to deliver a high dose to a target volume (tumour) and spare as much as possible

the normal surrounding tissue.

In general the radiotherapy aims to deliver enough radiation to the tumour to destroy it
without irradiating normal tissue to a dose that will lead to serious complications
(morbidity) (Rath, 2000). Study has shown that the dose-response curve is quite steep and
there is evidence that a 7 to 10 % variation in the dose to the target volume may result in
a significant change in both the tumuor control and normal tissue complication

probabilities (Kutcher, 1992).

Radiation therapy demands more accurate dosimetry for good patient care (Metcalfe et al,
1997). The demand has increased tremendously with the advent of computer technology
like CT scanners, which allow detailed knowledge of the geometry and densities of the
body to be irradiated (Ma et al, 1999). Taking into consideration the steepness of the dose
response curve as mentioned above, methods that can be employed for the accurate
determination of absorbed dose distributions in the patient have a big role to play (Awusi,
2000, Metcalfe et al, 1997). In fact Monte Carlo simulation is fast becoming the next
generation of dose calculation engine for radiation treatment planning systems in routine

clinical practice (Mohan, 1997 and Ma and Jiang, 1999).




1.2 Types of radiotherapy treatment

1.2.1 Radical radiotherapy

Radical radiotherapy is used in early stages of cancers for curative purposes. The
radiation oncologist takes a lot of time to accurately delineate the tumour volume,
analyze image data, simulate, perform dosimetric analysis of a plan and actual radiation
dose delivery. It usually takes about 6-8 weeks to complete a course in multiple
sequential phases called the shrinking field technique. Some common tumours treated by
radical radiotherapy are cancers of the larynx, nasopharynx, uterine cervix, skin, bladder,
breast, and prostate. Radical radiotherapy involves multiple hospital visits, a prolonged
course of treatment up to normal tissue tolerance, and the patient has to expect and accept

some degree of acute and chronic side effects (Griffiths and Short, 1994).

1.2.2 Adjuvant radiotherapy

The word adjuvant is derived from the Latin verb ‘adjuvere’ meaning ‘to help’. In
situations where radiotherapy is utilized for the improvement of the results of another
modality (usually surgery) it is called adjuvant radiotherapy. Radiotherapy can be
delivered before surgery (preoperative radiotherapy), after surgery (postoperative
radiotherapy), during surgery (intraoperative radiotherapy) and as a combination of
preoperative and postoperative radiotherapy (sandwich radiotherapy). When radiation
therapy is administered during surgery, the microscopic and minimal macroscopic disease
in the tumour bed get sterilized and thereby local control and ultimately survival is
improved. The commonly encountered cancers requiring adjuvant radiotherapy are rectal
cancers, head and neck cancers, breast cancers, and brain tumours (Mohan B B, 1999).

Radiotherapy is however, most frequently used postoperatively.

Surgeons find difficulty in excising an infiltrating tumour, because their excision may not
be pathologically complete. They are likely to leave residual disease, or spill tumour to
the adjacent areas during handling of the tumour. In this situation radiotherapy frequently

helps surgeons to circumscribe the tumour and overcome the above difficulties.




Radiotherapy treatment has a higher failure rate at the tumour center which contains
radioresistant tumour clonogens. In contrast, radiotherapy is efficient in the eradication of
a small number of well vascularized tumour cells at the resection margin. Hence
combination of radiotherapy and surgery sounds logical. The best example of
postoperative radiotherapy is demonstrated in stage-I seminoma of the testis. By giving
prophylactic postoperative radiotherapy, the relapse rate reduces from 15% to near zero
percent. The other example is in post excision breast cancer. In this situation the breast
relapse rate reduces from 35% to less than 10% after postoperative radiotherapy (Mohan
B B, 1999).

1.2.3 Chemoradiotherapy

Sometimes anti-neoplastic drugs when given in conjunction with radiotherapy, enhance
the efficiency of radiation. When radiation is given concurrently with chemotherapy the
cancer cell kill increases by two fold. These principles are used in the organ preservation
techniques in anal canal cancer, bladder cancer, esophageal cancer and cervical cancers

(Mohan B B, 1999).

1.2.4 Intraoperative radiotherapy

Radiation can be delivered during operation resulting in sterilization of the malignant
cells in the tumour bed. The irradiation of the tumour using this technique is superior to
percutaneous external beam radiotherapy in multiple doses. Sometimes, electron beam
irradiation and interstitial brachytherapy are used to improve local control. This principle
of radiotherapy is used in soft tissue sarcoma, pancreatic cancers, stomach cancer and

retroperitoneal sarcomas (Mohan B B, 1999).

1.2.5 Palliative radiotherapy

In very advanced cancers, there are poorly defined generalized symptoms which are
difficult to manage. In this situation, cure is not possible and the concern is with the
issues of quality of life. The aim is therefore the minimization of discomfort, called

palliative treatment. This form of therapy should be simple, should not produce




morbidity, and improve quality of life without necessarily prolongation of life
expectancy. Palliation can involves some of the following: surgical diversion procedure,
nerve block, analgesic medication, transcutaneous electrical nerve stimulation and

radiotherapy. Chemotherapy is rarely utilized for palliation in chemosensitive tumours
(Griffiths and Short, 1994).

The total skin electron therapy technique can be used for radical, palliative cases as well

as adjuvant radiotherapy.

-~

1.3 Electron beam radiotherapy

The features of the electron beams that make it a unique therapeutic tool are related to
physical characteristics rather than to any special biological effectiveness of the electrons.
The most attractive characteristic in radiotherapy is the shape of the depth dose curve.
The curve displays a moderately flat in plateau in the first few centimeters of tissue,
followed by a rapid fall in the absorbed dose to a small “tail” produced by x-ray. With
high energy electrons the fall in depth dose after the initial plateau, is less steep. The
advantage to be drawn from the depth dose pattern are, therefore, greatest at low energies,

making the use of electrons for irradiation of sub-dermal tumour with the benefit of

sparing the underlying tissues.
The characteristic which are of particular significance in clinical applications are:

(1) The dose distribution from a single beam is such as to allow the treatment of the
surface slab of tissue to relatively uniform doses whilst sparing underlying, deeper
regions of healthy tissues.

(11) The depth dose curve with electrons of lower energy offer rapid and simple treatment
set-up, with the use of one field in many cases.

(iv)There is no difference in biological effectiveness of electrons compared with

megavoltage photon radiation.

(v) The build-up of absorbed dose below the skin is rapid: thus the skin sparing effect is

smaller than with high energy photons.




(vi) The dose distribution in tissue suffers perturbation if tissue inhomogeneities are
presents with in the beam.

The principal applications of electrons are in (ICRU report 42, 1987):

(1) The treatment of skin cancers.

(i1) Chest wall irradiation for breast cancers.

(iii) The treatment of head and neck cancers.

Although many of these sites can be treated with superficial x-rays, irradiation using
electron beam offers distinct advantages in terms of uniformity of the dose in the target

volume and in minimizing dose to deep seated tumours (Mohan, 1999).

1.4 Electron therapy treatment planning

The complexity of electron-tissue interactions does not make electron beams well suited
to conventional treatment planning algorithms, because of their difficulty in modelling

and predicting the dose for oblique incidence or tissue interfaces.

The early methods of electron dose distribution calculations were empirical and based on
water phantom measurements of percentage depth doses and beam profiles for various
field sizes, similar to the Milan and Bentley method developed in the late 1960s for use in
photon beams (ICRU report 35, 1984). Inhomogeneities were accounted for by scaling
the depth dose curves using the Coefficient of Equivalent Thicknesses (CET) technique
(Khan, 2003). This technique provides useful parametrization of the electron depth dose
curve but has nothing to do with the physics of electron transport that is dominated by the
theory of multiple scattering. The Fermi-Eyges multiple scattering theory (Jette, 1983)
considers a broad electron beam as being made up of many individual pencil beams
which spread out laterally in tissue, approximately as a Gaussian function with the
amount of spread increasing with depth. The dose at a particular point in tissue is
calculated by an addition of contributions of spreading pencil beams. This algorithm can
account for tissue inhomogeneities, patient curvature and irregular field shape.
Rudimentary pencil beam algorithms dealt with lateral dispersion, but ignored angular

dispersion and back scattering from tissue interfaces. Subsequent analytically advanced




algorithms refined the multiple scattering theory through applying both the stopping
powers as well as the scattering powers but nevertheless generally failed to provide

accurate dose distributions in general clinical conditions.

The most accurate way to calculate electron beam dose distributions is through Monte
Carlo techniques. The main drawback of the current Monte Carlo approach as a routine
dose calculation engine is its relatively long calculation time. However, with the ever-
increasing computer speed combined with the decreasing hardware cost, one can expect
that in the near future Monte Carlo-based electron dose calculation algorithms will

become available for routine clinical applications (Podgorsak, 2004).

1.5 Monte Carlo simulation techniques

Monte Carlo (MC) simulation is one of the most accurate methods available at the
moment for obtaining the dose distribution due to a radiation beam. The method can
precisely model the physical processes involved in radiation therapy and is powerful in
dealing with any complex geometry (Ma et al, 1999 and Johns and Cunningham, 1982).
The MC method is a statistical simulation method (Bushberg et al, 1994). It simulates the
tracks of individual particles by sampling appropriate quantities from the probability
distribution governing the individual physical processes using machine-generated random
numbers. By simulating large number of histories, information can obtained about
average value of macroscopic quantities such as energy deposition. Moreover, since one
follow individual particle histories, the technique can be used to obtain information about
the statistical fluctuation of particular kinds of events. It is also possible to use Monte
Carlo to answer questions which cannot be addressed by experimental investigation, such
as “what fraction of these electrons were generated in the collimator versus the filter” or

“how often have certain photons undergo Compton scattering”.

MC method consists of computer simulations that involve transport of a photon, or
electron beams through a medium and calculating the deposition of energy within the

phantom by using the laws of probability and the known physical characteristics (Nahum,




1988). The transport of an incident particle, and of the particles that it subsequently sets
in motion, is referred to as a particle history and in MC each history is uniquely followed
by random selection from the probability distribution that control each possible
interaction (Metcalfe et al, 1997). The histories of a very large number of individual
photons or electrons as they interact, scatter and eventually disappear are tracked
(Rogers, 2002). Because the MC method requires modeling a stochastic set of events, the
computer essentially rolls the dice to determine how each particles interacts and what the

fate of that particle will be after the interaction (Nelson, 1988, Mohan, 1988).

In contrast, MC simulation of photon transport is much faster compared to electron
transport (Nahum, 1988). Photons on average undergo a moderate number (tens) of
interactions and also the cross-section data needed for most applications are known to a
high degree of accuracy (Andreo, 1991). While the electron transport it is time-
consuming to simulate each interaction individually because an electron undergoes a
large number (thousands) of elastic scattering from nuclei during its history (Rogers et al,
1990). Moreover in the photon simulations, the electron transport consumes most of the
computing time for high energies where the electron range is large (Mackie, 1990). This
is because there are usually many short electron transport steps corresponding to each
photon step (Awusi, 2000). Therefore the simulation of electron requires a different
approach involving a combination of multiple scattering and stopping power theories.
Berger, 1963 first introduced the condensed history technique in which electron histories
were “condensed” into a series of steps in which the effects of many scattering events
were considered at once and a multiple scattering theory used to account for the elastic

and inelastic scattering during this step (Rogers et al, 1990).

1.5.1 Advantages of Monte Carlo simulation

The main advantages the Monte Carlo method for the calculations of the dose
distributions in a patient (Rogers 1991; Ma and Jiang, 1999; Andreo, 1991; Metcalfe et
al, 1997), are:




(a) Monte Carlo method can be accurately model the physics of radiation therapy
transport and can be applied to any absorbing medium, geometry and radiation beam.

(b) Electrons and positrons produced in case of photon interactions can also be tracked.

(¢) Information about macroscopic quantities such as particle fluence can be obtained.

(d) The method can be used to obtain the information that cannot be measured
experimentally.

(e) The Monte Carlo methods can handle backscatter from high-density materials such as
bone and scatter perturbations by air cavities more accurately than any other existing
dose calculation model (Rogers and Bielajew 1990).

(f) The method can be predicate some of the experimental investigation, such as what
fraction of the electrons was generated in the collimator versus the filter, or how often
have certain photons undergone Compton scattering.

(8) The Monte Carlo can provide information such as fluence, energy fluence, energy
spectra and angular distributions of the radiation beam which is almost difficult to
measure.

(h) The Monte Carlo method allows the generation of the energy spectrum, not only in
the central part of the beam, but also in regions away from it.

(1) Using Monte method it possible saving in manpower at the expense of computer time.

Monte Carlo simulation is therefore the method of choice for solving complicated

recitation transport problems (Williamson, 1989).

1.5.2 Limitations of Monte Carlo simulation

(a) The method required a large number of histories to achieve adequate statistical
uncertainty in the distribution. The lower the uncertainty the smoother the depth dose
or cross beam profiles obtained from the distributions (Metcalfe et al, 1997).

(b) Due to a large number of histories are simulated in the method, a large amount of

computer memory and long computing times are required.

The Monte Carlo method at the present is only used for simulation as a benchmark to

compare other simpler and faster calculation methods. The major shortcoming of the
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Monte Carlo method, namely being computationally intensive, has become much less
severe due to the rapid increase in speed and decrease in cost of computers, and the
employment of innovative variance reduction techniques. A parentally the OMEGA
project has been under the development of MC based three dimensional (3D) treatment
planning systems (TPSs) (Rogers et al, 1995). Hopefully with these new developments

the dose to be delivered to a patient will be calculated in a few minutes.

1.6 Monte Carlo simulation of linear accelerator head

There are several simulation codes available which can be used to simulate therapy units.

Examples are:

1) The MCNP (Monte Carlo N-Particle) code system (Lewis et al, 1999).

2) The VMC (Voxel Monte Carlo) code system (Kawrakow et al, 1996).

3) The GEANT (Geometry And Tracking) code system (Beaulieu et al., 2003).
4) The ETRAN (Electron Transport) code system (Berger and Seltzer, 1988).

5) The ITS (Integrated Tiger Series) code system (Halbleib and Melhorn, 1992).
6) The EGS4 (Electron Gamma Shower) code system (Rogers et al, 2005).

7) The FLUKA (FLUktuierende K Askade) code system (Ferrari et al, 2005).

In all of the above simulation codes, the EGS4 code, is the most widely used MC code in
medical radiation physics. The EGS4 code is written in MORTRAN language, which is
based on FORTRAN, but has extensions to make it more flexible and easier to use
(Metcalfe et al, 1997).

MC simulations of the radiation beam output for radiation treatment machine head, offer
a practical means for obtaining energy spectrum and angular distribution of the photon
and electron beam, which are important in radiation dosimetry (Nahum, 1988). The user
has to set up the problem geometry, which includes arrangement and description of the
various relevant components of the head, in a manner that can be understood by the
computer program (Awusi, 2000). One of particular advantage of the BEAM code is the

way it was designed and simplified in such a way that it can be accurately used to
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simulate treatment heads by other individuals with minimum effort (Rogers et al, 2005).
The other advantage of the BEAM code is that the generated phase space files can be re-
used by the BEAM itself, allowing the user to simulate a treatment head output in

separate steps to reduce CPU time.

In this study the Monte Carlo simulation codes, were used to simulate the 4 and 6 MeV
electron beams from an Elekta Precise linear accelerator and to calculate the dose
distribution in a phantom. The BEAMDP code was used for the analysis of the phase
space files (PSF), as well as the CT based Phantom/CTCREATE program was used in the

simulation of CT based models.

1.7 Aim of the study

The aim of this study was to commission and optimize a high-dose rate electron (HDRE)
facility on an Elekta Precise linear accelerator for a Total Skin Electron Therapy (TSET)

technique.

1.8 Specific objectives

The specific objectives required to achieve the above aim are as follows:

(a) Measurements of reference beam data for the 4 and 6 MeV electron beams in high
dose rate mode in a water phantom at isocentre (100 cm SSD).

(b) Measurements of reference beam data for the 4 and 6 MeV electron beams in high
dose rate mode at the position of the treatment plane (350 cm SSD).

(c) Monte Carlo simulation of the Elekta Precise linear accelerator using the BEAM code
to obtain phase space files at the isocentre for the 4 and 6 MeV electron beams.

(d) Simulation of beam data in a water phantom using the phase space files and the
DOSXYZ code and comparing the results to the measured reference data at isocentre,
so that Monte Carlo simulation parameters can be optimized.

(¢) Simulation of beam data at the treatment plane distance and comparing the results

with the measured reference data to validate the simulation parameters.
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(f) Simulation of a multiple beam treatment on a Rando phantom and comparing the
results with film measurements to verify the accuracy of the simulation.

(g) Optimizing the treatment parameters by simulation of alternative treatment set-ups.
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2 BASIC PHYSICS OF RADIOTHERAPY

2.1 Medical linear accelerator

2.1.1 Introduction

The electron linear accelerator (linac) was developed at early 1950s by several different
research groups (Metcalfe et al, 1997). The basic design of these machines is similar to a
heavy-ion accelerator. The linac uses high frequency electromagnetic waves to accelerate
charged particles such as electrons to high energies through a linear tube. There are
several types of linear accelerator designs but the ones used in radiotherapy accelerate
electrons either by traveling or stationary electromagnetic wave of a frequency 3 GHz,

giving a wavelength = 10 cm in a vacuum (Khan, 2003).

2.1.2 Principles of operation

Figure 2.1 is a block diagram of a medical linear accelerator showing major components
and auxiliary components. A power supply provides DC power to the modulator that
includes the pulse forming network and a switch tube known as hydrogen thyraton. High
voltage pulses from the modulator section are flat-topped DC pulses of a few
microseconds in duration (Khan, 2003). These pulses are delivered to the magnetron or
klystron and simultaneously to the electron gun. Pulsed microwaves produced in the
magnetron or klystron are injected into the accelerator tube or structure via a wave guide
system. At the proper instant electrons, produced from the electron gun are also pulse
injected into the accelerator structure. The accelerator structure consists of an evacuated
copper tube with its interior divided by copper discs or diaphragms of varying aperture
and spacing (Khan, 2003, Metcalfe et al, 1997, Johns and Cunningham, 1983). As the
electrons are injected into the accelerator structure with an initial energy of about 50
KeV, the electrons interact with the electromagnetic field of the microwaves. And the

electrons gain energy from the sinusoidal electric field (Johns and Cunningham, 1983).
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Figure 2.1: A block diagram of typical medical Linear Accelerator (adapted from Khan,
2003).

As the High-energy electrons emerge from the exit window of the accelerator structure,
they are in the form of a pencil beam of about 3 mm in diameter. In the low energy linear
accelerators (up to 6 MeV) have relatively short accelerator tubes, the electrons are
allowed to proceed straight on to strike a target for X-ray production (Khan, 2003). In the
higher-energy linear accelerators, the accelerator structure is too long and, therefore, is
placed horizontally or at an angle with respect to horizontal. The electrons are bent
through an angle (usually about 90° or 270°) between the accelerator structure and the
target using bending magnets, focusing coils and other components such that the beam

emerges facing down wards (