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ABSTRACT

The BEAMnrc and DOSXYZnrc codes from EGSnrc Monte C4MC) system are
considered to be the gold standards for simulatgtherapy linear accelerators and
resulting dose depositions (Rogers, Faddegon &08b). The aim of this project was
to setup the EGSnrc system for the simulation eflthear accelerator (linac) head
and a Scanning Liquid lonisation Chamber (SLIC)cEtic Portal Imaging Device

(EPID) for calculations of transmitted dose in EfelID.

The project was divided into two parts. The head & MV Varian 600C/D photon
linac was first simulated by BEAMnrc. The modellipgrameters such as the electron
beam energy and the Full Width at Half Maximum (FMYHof the electron spatial
distribution were adjusted until the absorbed dasdiles and the Percentage Depth
Dose (PDD) curves, in general agreed better thaméasured profiles and PDDs by
2%. The X-ray beam obtained from the modelled litead was used for the
simulation of the transmitted dose in the EPIDHa second part of the project. The
EPID was simulated by DOSXYZnrc based on the infdrom obtained from Spezi
and Lewis 2002 (Spezi and Lewis 2002), who alsoetled the Varian SLIC EPID
(MK2 Portal Vision system, Varian Inc., Palo AItGA, USA). The comparisons
between the measured and the simulated transnditteels were carried out for three
different phantom setups consisting of an opeml fiebmogeneous water equivalent
phantom and a humanoid phantom (RANDO). These phasetups were designed
so that the accuracy of the MC method for simu¢atebsorbed dose in air,
homogeneous and inhomogeneous phantoms could lessads In addition, the
simulated transmitted dose in an EPID was also emetpwith values obtained from

the Pinnacle treatment planning system (v6.2bJipsiMedical Systems).

In the process of selecting the electron beam gnand FWHM, it was confirmed
(Sheikh-Bagheri and Rogers 2002; Keall, Sieberd.2003) that the variation of the
electron beam FWHM and energy influenced the beeofilgs strongly. The PDD
was influenced by the electron beam energy lessigly. The increase in the energy
led to the increase in the depth of maximum dosevé¥er, the effect could not be
observed until the energy change of 0.2 MeV wasanBdsed on the analysis of the



results, it was found that the combination of FWHNO energy of 1.3 mm and 5.7
MeV provided the best match between the measur@édvigh simulated beam profiles

and PDDs. It can be concluded that an accuracy.i%% Ican be achieved in the
simulation of the linac head using Monte Carlo mdthin the comparison between
the Monte Carlo and the measured transmitted dagestagreements of 2% were
found for both the open field and homogeneous wedeaivalent phantom setups. The
same agreements were also found for the compabstmeen Monte Carlo and

Pinnacle transmitted dose maps for these setupthelrsetup where the humanoid
phantom RANDO was introduced in between the ramhiafield and the EPID, a

general agreement of about 5% found for the coreparbetween Monte Carlo and
measured transmitted dose maps. Pinnacle and mnedasansmitted dose map was

also compared for this setup and the same agreemasround.
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CHAPTER 1

INTRODUCTION AND AIM OF THE CURRENT
RESEARCH

The main objective of radiotherapy is to delivee thmaximum possible dose to the
target tumour and the minimum dose to the healtimgoanding tissues. One way to
achieve this objective is to have a good understgnof the dose distribution in the
treatment target and most importantly, to be ableverify the dose distribution

experimentally.

Currently, the available treatment planning systemsh Pinnacle (v6.2b, Phillips
Medical Systems), Eclipse (Varian Treatment Plagn8ystem, Varian Inc., Palo
Alto, CA, USA) and FOCUS (CMS Inc., St Louis, Missp USA) are being used to
calculate the dose distribution in the treatmegiae. One of the advantages of these
planning systems is that they provide three dinmai visualisation of the dose
distribution in the treatment region. However, nier to meet the main objective of
radiotherapy, it is essential that the calculatededbe verified experimentally. This

area of work is called in-vivo dosimetry.

Thermoluminescent detectors (TLDs) and diodes Heeen used widely for in-vivo
dosimetry. The limitation of these methods is thatly can only be used for point dose
verification. Film dosimetry is a good method fodinensional dose verification
however, it requires a lot of care in processing #mus it is a time consuming
procedure. Another tool which can be used as am&sional dosimeter is an
Electronic Portal Imaging Device (EPID). In additido its use as a position
verification device in radiotherapy, it was fourt the EPID’s signal can be related
to the dose in the EPID’s plane known as the tratstndose (Kirby and Williams
1993; Boellaard, van Herk et al. 1996; ParsaeKhdtib et al. 1998; Greer and
Popescu 2003; Mohammadi and Bezak 2006). The aalyardf the EPID is that no
chemical processing is required. The EPID’s outpiginals can be transferred
electronically to a computer and analysis can bifopeed at the same time (online

verification). Practically, there is no time deldetween data acquisition and



processing which is particularly important for gmsi verification purposes where
patient movement may occur in between data aconsitand processing
(Mohammadi 2006 ). The EPID data can be storadigital form which can easily
be retrieved and transferred over the network hermdestinations. In addition, having
a digital format, EPID data can save a lot of glerapace. A study by Fielding et al
2002 and 2004 also showed that the EPID can alsosbkd for quality assurance
purposes, in particular, the leaf positioning aacyrof the Multi-leaf Collimator
(MLC) in the linac head (Fielding, Evans et al. 20Bielding, Evans et al. 2004). An

error of 2 mm in the leaf position can be detected.

Further investigations have been performed in oraelerive the patient dose in three
dimensions based on the transmitted dose. A mé&hodn as convolution algorithm
was used by a number of authors (Essers, Hoogérebra. 1995; Boellaard, van
Herk et al. 1996; Hansen, Evans et al. 1996; McNJtckie et al. 1996). In this
convolution algorithm, the pencil beam dose depmsikernel was convolved with
the primary fluences in the humanoid phantom t@ioba 3D dose distribution. The
primary fluence in the humanoid phantom was derifrech the back-projection of
the transmitted dose with correction for scatternthin the humanoid phantom. The

re-construction of the 3D dose distribution is tha& subject of this research.

The objective of this project is to calculate trensmitted dose using the Monte Carlo
method. The Monte Carlo programs BEAMnrc and DOSKMZ(Rogers et al 2007)
were used in the current work to model the highrgyneX-ray linac head and to
calculate the transmitted dose in the EPID respelgti

A general description of the structures of thedihaad is presented in chapter 2. The
emphasis of this section is to describe the compsnef the linac head that were
modelled using the Monte Carlo program BEAMnrc. Tihéormation about the
geometrical structures and material compositiothefmodelled EPID was obtained
from the paper by (Spezi and Lewis 2002). The stires and the basic principle of
operation of the EPID, particularly the Scanninguid Ionisation Chamber (SLIC)
type, are also described in detail in chapter 2. adidition, the literature review

regarding the use of an EPID for invivo dosimesyalso described in this chapter.
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The EPID cannot be used for dosimetry purposes iuihtad been calibrated. Chapter
2 ended with a description of the EPID’s calibratpyocedure.

Monte Carlo calculation method models the partioteraction and radiation beam
from first principles therefore, in principle, itaB no limitations and is generally
considered to be the most accurate method for cltdsalation in radiotherapy (Roger
et al 1995). Chapter 3 illustrates the principléibd the Monte Carlo method and
how it is applied in BEAMnrc and DOSXYZnrc prograrfts simulating the linac
head and calculating the dose distributions in anpdm respectively. In addition to
accuracy, for clinical use it is also crucial tovkaa MC system that can produce
useful results within a reasonable time frame. T&ia known difficulty for Monte
Carlo programs. Chapter 3 describes the techniquesd in BEAMnrc and
DOSXYZnrc programs to improve the speed of the udaton while maintain its
accuracy, in other word, to improve the efficieréythe calculation. Furthermore, the
general literature reviews of the modelling of timac head and the transmitted dose
in an EPID are also discussed in chapter 3 andnitladed with a description of the

2D Gamma analysis technique.

The modelling procedure of the linac head for thedpction of an X-ray beam is

described in fine detail in chapter 4. The georoatrand radiation properties of the
X-ray beam such as the radiation field sizes amghsgtry of the radiation beam were
verified against the measured data in this worke Tésults are presented in this
chapter. Chapter 4 also include the investigatiooeatain time reduction parameters
such as the Bremsstrahlung Splitting and paraletgssing parameters which were
used in BEAMnrc and DOSXYZnrc in this work for teemulation of the linac head

and dose calculation respectively.

An accurate model of the linac head and accuraiesmnitted dose calculation are
very useful for studying the changes in dose distron due to heterogeneity in the
radiation field such as air pocket or gold seed®sE studies are not the objective of
this work however, the most accurate MC model eflihac head and the transmitted
dose calculation are attempted. In order to devalo@ccurate MC model, careful
fine tuning of the modelling parameters such as: ¢kectron energy and the Full
Width at Half Maximum (FWHM) of the spatial disttibon of the electron beam is

11



necessary. Chapter 5 presents with a tuning teghniq order to derive the best
combination of the electron energy and the FWHMhaf spatial distribution of the

electron beam in this work. The analyses of thelteare also discussed.

The modelling and calculation of the transmittedalm an EPID using DOSXYZnrc
is described in chapter 6. In order to verify tloewaacy of the modelled EPID, the
transmitted dose in an EPID through three diffeqg@mantoms called an open field,
homogeneous phantom and humanoid phantom werelatalduThe description of
these phantom setups is also presented in detaihapter 6. All the results and

analyses are also presented in this chapter.

Chapter 7 presents with the summary of all thelte$ound in this work. It concludes
with the description of the possible future wonkssupplement to this work and along

the line of Monte Carlo modelling of the transnmit@ose in an EPID.
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CHAPTER 2

HARDWARES FOR TRANSMITTED DOSIMETRY

2.1 Structure Of TheLinear Accelerator Head

The linear accelerator (linac) is a primary toolexternal beanradiotherapy. The
operation principle of the linac has been discusseatepth in the literature and ma
textbooks(Johns and Cunningham 1983; van Dyk 1999; Khan ). This chapter
focuses on the general design of the linac headptioaluces therapy high ene X-
ray beam. Therap}-ray energies generally range between 4 and 2 (Johns and
Cunningham 1983)Iin addition, a general discussion about the lihnead from th
modelling point of view is also included in thisagder.

Magnetic Electron Bear

Accelerating
Wave Guide

Monitoring
System

Secondary
Collimator

Electron Gui

Figure 2.1.2 Internal structure of the Varian dual mode linear accelerator. (Varian Medical
Systems)

The production of an -ray beam begins at the P&y target. An electron beam frc
the electron gun is accelerated to a very high dpedhe linac waveguide (figul
2.1.1). This electron beam is ered by the 270magnet to hithe surface of the -ray
target at 98 As the electron bearpenetrates the targebateria, the Coulomb

interactionsbetween the electron beam, atomic electrons inattgeet and the protot
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in the nuclei of the target material occur. Coulomieractions caused by interaction
with protons result in a deflection of the electtomjectory causing electron to lose
energy. A photon is generated as a result so esngerve the energy and momentum.
A photon produced in this interaction is called @mBsstrahlung photon. This is the
main process through which the X-rays in the lihaad are being produced. The X-
ray production efficiency or Bremsstrahlung yieithde described by the following

equation (Johns and Cunningham 1983):

E°q>e(E)Srad—(E)dE Eq2.1.1

1
B=—
J-O Stotal (E)

E,

Where kg is the electron energy just before it interacthwie target element-gE)

is the radiation stopping power angiRE) is the total stopping power of the electron
with energy E in the target. The integration syimbdicates that the Bremsstrahlung
yield is integrated over all electron energieshia ¢lectron beam with electron fluence
®4E). The stopping power is defined as the energg lper unit thickness of the
medium measured in g/énas the electron traverses a medium. When therefect
loses its energy through ionisation with other atomlectrons, the corresponding
stopping power is referred to as ionisation stogmower (%n). When the electron
energy is lost through the Bremsstrahlung proabgsstopping power is referred to
radiation stopping power (3. Sotal IS the sum of &, and S The derivation of the
radiation and ionisation stopping power equati@tglire both relativity and quantum
mechanics theory. The details of the derivationukhde referred to Johns and

Cunningham 1983, and references within.

T v T T T T T T T T T T

E O h

L

~ |'Stot-carbon E

Stot-lead =~ ]

A e

Stopping power MeV cmé/g

Srad-lead A
{
ol . /, Srad -carbon
E e
ey | a / 2 4 2 saal 4 2 A 2 & 1-
Q.01 Q.l 10 10.0 100
Electron energy MeV srec

Figure 2.1.2: lonising and radiative stopping poweas a function of initial electron energy and
absorber materials (Johns and Cunningham 1983).
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It can be observed from figure 2.1.2 that the tamhastopping power not only

depends on the energy of the impinging electronsthalso depends on the atomic
number Z of the target element. The Bremsstrahlgelgl therefore depends on the
electron energy and the atomic number of the talgehent as well. Figure 2.1.2 also
shows that below certain energy in the interactisth a medium, the electron loses
more energy through ionisation process than thrabghBremsstrahlung process for
both low and high atomic number elements such asonaand lead respectively.

However, the ratio of the radiation stopping powed the total stopping power is
higher for high Z elements compared to low Z eletsdor an electron energy range
between 0.01 and 100 MeV and this ratio also irs@eavith energy. Therefore high
atomic number elements such as tungsten and coppemixture of them are used as

X-ray target materials.

The direction and spatial distribution of the aecaled electron beam has a
significant effect on the angular distribution dketgenerated X-ray beam. All linac
designs are such that the trajectory of electr@mbes perpendicular to the surface of
the X-ray target. The spatial distribution of thheatron beam is not accurately known.
Measured data (Sheikh-Bagheri, Rogers et al. 260Qyests that there is a spatial
spread of the electron beam which resembles theggaudistribution in figure 2.1.3.
The X and Y direction are often referred to theserplane and in-plane respectively.
The cross-plane is perpendicular to the directioin® beam and the patient table and
the in-plane is also perpendicular to the beamctioe but parallel to the patient
table. The Full Width at Half Maximum (FWHM) or theagnitude of the spread of
several linear accelerators at the Royal Adelaidspial radiotherapy department
was found to be between 1-2 mm based on measurarmsengf the pinhole cameral
method. When modelling the X-ray beam, it is the HIW and the energy of the
electron beam that are adjusted in order to obthén best match between the
measured and simulated beam profiles and perced&gk dose curves.

15



Normalised number of particles in arbitrary unit

XorY (mm)

-3 1 2 3

Figure 2.1.3: 1 dimensional Gaussian distribution @presenting the spatial spread of the electron
beam before hitting the X-ray target (http://mathworld.wolfram.com/GaussianFunction.html).

Following the X-ray target is the primary collimatdt is designed to absorb all
unwanted sections of the X-ray field. Tungsten fiero used for this component
because of its high atomic number and thus higina#tion coefficient. The photon
beam exiting the primary collimator does not hamdarm spatial intensity. It has an
angular distribution that is strongly peaked forsvar the same direction as the initial

electron beam before entering the X-ray target ¢tgiion of figure 2.1.4).

Electron Beam

Target

Photon Beam Spatial ¥
Distribution (before interacting
with the flattening filter)

Flattening Filter < AV

/ \ Photon Beam Spatial
/ \ Distribution (after interacting
with the flattening filter)

v

Figure 2.1.4: Angular distribution of the photon beam before and after entering the flattening
filter.
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A more uniform angular distribution of the photagaln can be achieved by passing it
through a flattening filter. The general shapehef tlattening filter is shown in figure
2.1.4. The material required for the flatteninggfilis lead or copper depending on the
beam energy or manufacturer. The dose distribusimery sensitive to the position of
the flattening filter. A small misalignment of thiattening filter within a few
millimetres in the linac head would cause largeatams in the dose distribution. The
flattening filter also has another effect on tharbecalled beam hardening. The details

of this effect will be discussed in later chapters.

Following the flattening filter are the monitoringystem and the mirror. The
monitoring system consists of four quadrants ofgaambers which are fixed in the
beam direction (refer to figure 2.1.1). The ion rh&rs measure the radiation beam
dose output in terms of Monitor Units (MU) and ttaelial and transverse symmetry
of the radiation beam. The transverse and radractions are perpendicular to each
other and also perpendicular to the direction & thdiation beam. The monitor
chamber system also has a mechanism to providédekdo disable the linac from
beaming due to the lack of symmetry and or whenrdugiired number of MU is

delivered.

The mirror underneath the monitor chamber systeosesl to project light from the
optical source to replicate the shape of the remtidield. The angle and position of
the mirror and the light source are carefully aidrso that the light field is coincident
with the radiation field. These components areglexi so that they have minimal
effect on the radiation beam. From the modellingspective, these components are
included in the linac head model for consisten@soas only. The effect is small
compared to other components in the linac head.dlind errors related to these

components can be difficult to diagnose.

Below the mirror are two sets of jaws which consgéta secondary collimator (refer
to figure 2.1.1). These are movable tungsten blogitk sufficient thicknesses to
shield out the unwanted radiation and effectivedfiree the radiation field size. The
top jaws move in the in-plane direction and thedratjaws move in the cross-plane

direction. These jaws are designed to move in anshape to account for the

17



divergence of the Xay beam. This is not a concern for modelling beeaile jaw:

are static in the simulatic

One of the objective in producing-rays for clinical purposes iradiotherapy is to
have a spatially uniform fluence and a well colligthradiation beam in a referer
plane that is perpendicular to the beam axis. Gdlgethis plane is defined at a dej
of 10 cm in a water phantom. The surface of theeryahantoms 100 cm away from
the X+ay source. When this condition is met, the radmatbeamwill produce a
uniform dose distributic across the reference plane. This objective is m having

the flattening filter, primary and secondary colitorscomponents ithe linac head.

c)

Figure 2.1.5 Beam shaping device for complex eatment targets in radiotherapy a) the Multi-

Leaf Collimators MLC (view from below) is a great alvancementreplacing the use of physical
blocks for beam shaping purposes. bPhysical wedge is often used in breast treatment tweate a
desirable dose gradient corresporing to the angle of the wedge. c) n electron applicator
mounted to the collimator to shape the electron bea. The field size of he electron beam is
defined by the length and width of the applicatot

18



The structure of the linac head described abovéagmonly the basic components
that are of importance for this project. There @teer components such as the Multi-
leaf Collimators (MLC) and Wedges which can alsonb@unted to the head. These
components are generally made of Tungsten and atiesis (figure 2.1.5). They
provide means to customise and conform the shapieeafidiation beam for complex
treatment targets such as in the breast, prostassl and neck radiotherapy. Modern
linacs are also capable of producing both X-ray eledtron beams. In the electron
mode, the X-ray target and the flattening filtee aeplaced by a pair of electron
scattering foils which are mounted on a carousefe(rto figure 2.1.1). This
component causes scattering of the narrow eledieaim to create clinically wide
uniform dose distribution at the reference plamethle electron mode, the electron
cone is mounted to the collimator (figure 2.1.83a)Xefine size and shape the beam

closer to the patient plane.

2.2 Electronic Portal Imaging Device

Electronic Portal Imaging Devices (EPIDs) are use@xternal beam megavoltage
radiotherapy for position verification purposes. eTIEPID consists of a two
dimensional array of detectors which is mountedhenarm attached to the gantry and
extracts underneath the patient. In contrast to fivhich requires processing, the
EPID produces an on-line digital image of the pdti@anatomy for direct position
verification against the planned treatment positiing Digitally Reconstructed
Radiographs (DRRs). Three different variationsha tlesign of the EPID evolved
since the 1980s. The first design was introducedNbgyman Baily in 1980 (Baily,
Horn et al. 1980). The design is based on the tifearoscopic medium to produce a
megavoltage image; this is the principle of the esaybased fluoroscopic system. The
second design is known as the Scanning Liquid lban@ber (SLIC) system which
was developed by van Herk and Meertens in 1988 tark and Meertens 1988).
The third design is known as the amorphous siliG@®i) solid state detector or
simply a-Si EPID. This design was developed atititen Hopkins University in 1982
(Taborsky 1981). The detectors are made from sstide silicon alloys such as
amorphous silicon (Antonuk, Boudry et al. 1992) ardorphous selenium (Zhao,
Blevis et al. 1997). The detail description of d@mera-based and a-Si EPIDs has

been discussed widely in literature. The aim of tthapter is to provide an overview
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of the structure and the physics behind the SLICDERhe geometry and material
structures of the SLIC EPID that were used for niodgein this project will be
described in more detail. Furthermore, the useRIDE for in-vivo dosimetry will be
discussed and the calibration procedure that wed tesderive the transmitted dose in

this project will be described.

2.2.1 Basic Components and Structures of the EPID

The Varian Portal Vision MK2 SLIC EPID model wasedsn this project. In general,
it has two major components: the Control Unit ahé Megavoltage “Camera”
Cassette as illustrated in figure 2.2.1.1.

Accelerator
Sync Pulse
bus r
.1——-———]
Analog L .
Contral . Pr«;essur o le.;:& it Amplifier
Terminal Memory %m’m | Muitiplexer
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- ___J |
User Control Unit Megavoltage"Camera” Cassette

Figure 2.2.1.1: Schematic diagram of the internalteucture of the EPID consisting of the Control
Unit and the Megavoltage “Camera” Cassette (Boyerintonuk et al. 1992).

The Control Unit has a built-in microcomputer wehksential data analysis programs
and sufficient memory to store and process sigfrals the electrometers in the

Camera Cassette.

The Camera Cassette has the following componentsrat electronics system, a
256-channel electrometer, a 256-channel high veltagitch and an ionisation

chamber matrix. The ionisation chamber matrix rsnfed by 256 electrode plates and
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256 high voltage plates positioned at right angledch other. The electrode plate and
the voltage plate are connected to the electromatet high voltage switch
respectively forming a single ionisation chamber eatery cross point. This
arrangement creates a total number of 256x256 irpages over a surface area of
32.5x32.5 crfi The maximum resolution is thus 0.127 cm. Thesatibn chamber
matrix is submerged in 0.08 cm thick Iso-octanaitigfilm acting as the radiation
sensitive layer of the EPID. The sensitive layesasdwiched between two 0.08 cm
thick Printed Circuit Board (PCB) and with an aduhtal 0.1 cm thick radiation build-
up layer made of Plasto-ferrite on top of the P@Bet. The structure is further
protected by a pair of 0.8 cm thick Rohacell foaansl 0.08 cm thick PCB on the
outer boundary. An enlarged side view of an iomsathamber matrix from Varian
manufacturer is shown in figure 2.5.1.2 (Spezi aadis 2002). This structure was

modelled by the Monte Carlo program DOSXYZnrc ia turrent work.
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Figure 2.2.1.2: Side view of the EPID that was motled by DOSXYZnrc program in this project
(Spezi and Lewis 2002).

2.2.2 Physics and Operation of the EPID

Image taken by the EPID is the result of a highrgyneX-ray beam (mega voltage
range) passing through and interacting with theDES#nsitive layer containing the
ion chamber array. The differences in the atteounatif the photons due to varying
densities and thicknesses in the object give osdifferent grey scale or EPID pixel
values which form an image. The pixel value is prtipnal to the number of

electrons or ions formed in the ion chambers agsltr of interactions of the

attenuated X-ray beam with the sensitive mediurthefEPID. The ion chambers are
used to detect ions or electrons. Studies have rsiioat the ability to detect the signal

in a particular period of time known as the Sanwlifficiency is greatly improved
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when detecting electrons (Boyer, Antonuk et al.2)P9An electron being a lighter
particle moves a lot faster than an ion and thus draater mobility [LO° times).
Therefore in a particular period of time more al@as can be detected giving rise to
the Sampling Efficiency of up to 100% compared ©8clof that from ions (Boyer,
Antonuk et al. 1992)]. Apart from electron mobilitpther important parameters
which determine the Sampling Efficiency and thustdbute to the quality of the
EPID’s image are: radiation pulse frequency andelketron’s life time in the liquid

called the recombination time.

The mobility determines the time, called drift tintleat it takes the electrons to reach
the electrode plate of an ion chamber. The drifietidetermines the period for
switching the high voltage from one ion chambeamnother. The switching period is
set to be greater than the drift time so that falhe free electrons generated would be
detected. The system is set to make repeated neeasois along every row and the
signals are averaged over a number of measuremaniis desirable image is
obtained. The maximum number of measurements isrrdeted by the radiation
pulse frequency. For example, a typical linearetarator pulse frequency is between
200-400 Hertz. The common scanning mode of the Hakes 20 ms to measure
signals from 256 electrodes. Therefore, the sigoatsbe averaged up to a maximum
of eight times. Electrons created in the liquid banlost through recombination with
ions. The time taken for electrons to recombineingsf the electron lifetime.
Therefore to achieve a high sampling efficiencys itmportant that there is sufficient
voltage across the ion chamber array00 V) (Herman, Balter et al. 2001) to ensure
that the electron’s mobility in the liquid is larg® that the drift time is shorter

compared to the electron lifetime.

2.2.3 Factors determining the Quality of the EPID

The quality of an Electronic Portal Image (EPI) tenassessed through a number of
guantities. The important ones which will be disags in this section are contrast,
Signal to Noise Ratio (SNR), Detective Quantum difficy (DQE) and photon
scatter. The quality of an EPI from the megavoltigay beam and the kilovoltage

X-ray beam will also be compared.
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Contrast

The contrast of an image represents how well onecbloan be distinguished from
another or from the background. It is defined asrttio of the signal difference to
the mean signal as shown mathematically in equéti@r8.1 (Herman, Balter et al.
2001). S, is the primary photon fluence (number of partighes unit area or signal)
from object 1, & is the primary photon fluence from object 2 and & is the

scattered photon fluence.

_ signaldifference_ Sp2 =S
mearsignal (S, +S,, +2S

scat

C

Eq2.23.1
)

Equation 2.2.3.1 clearly shows that the greater difeerence in the radiation
attenuation between the two objects, the bettecctimrast. In kilo-voltage imaging,
much higher contrast image can be acquired bectheseattenuation is roughly
proportional to the third power of the atomic numt&®). Megavoltage imaging on
the other hand gives lower contrast because tkawation is nearly independent of Z

due to dominant Compton interaction of MV X-raystwihe medium.

Signal-to-Noise Ratio (SNR)

The contrast of an image alone does not completedgribe the quality of an image.
It becomes meaningless when there is a lack ofakigbne of the most important
factors that determine the quality of an imagehis gignal-to-noise ratio. It is simply
defined as the ratio of signal amplitude to noiBke noise comes from two main
sources; the dark current from the electronic camepts of the EPID and from the
statistical nature of the interactions betweenpihetons and the media. The statistical
nature can be described by Poisson’s statisti@rih which implies that the mean
number of electrons (signals) detected is equahéovariances?, whereos is the
standard deviation or the noise. The noise canabmilated as follows (Prince and
Links 2006):

0 =4/Shean Eq2.2.3.2

The scatter photons also have the effect of reduthie SNR because the detecting

system is unable to distinguish whether the sigoales from the primary photons or
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scattered photons. Similar to the contrast, thenaditp-noise ratio is low for
megavoltage beam. Because much fewer electrongrackiced in the interaction
compared to kV beams. Table 2.2.3.1 shows thath®isame dose, the SNR for kV
beam is about 75 times that of an MV beam. Howeites, possible to improve the
SNR for the megavoltage beam by increasing thel@mtiphoton fluence which will
effectively increase the dose to an object as wefiaper by Motz and Danos in 1978
showed that for a 2 MV beam, the minimum dose farctv the image is visible is

about 1 cGy.
Energy Diagnostic| Therapeutic| Therapeutic| Therapeutic| Therapeutic
(50 kV) (2 MV) (2 MV) (2 MV) (2MV)
Patient dose 0.05 cGy 0.05 cGy 1 cGy 10 cGy 55 cGy
SNR 71 <1 4.8 15 35

Table 2.2.3. 1: Calculated SNR and patient doses diagnostic and therapeutic photon beam
(Herman, Balter et al. 2001).

Quantum Detection Efficiency

Quantum Detection Efficiency (QDE) describes hovedfvely the image receptor

receives information carried by X-rays. QDE takesoiaccount the number of

particles detected by the imaging system that irastdcontribution to the signal. For

the SLIC EPID, it is the design of the radiationsiéve layer (Iso-octane) and the ion
chamber matrix that affects the quantum detectfbciency of the system. The QDE

can be improved by designing thicker Iso-octaneray electrode plates with greater
surface area. However, the modifications would ltésipoorer spatial resolution. For

this reason there must be a compromise betweeQitieand the spatial resolution of
the image.

2.2.4 EPID for In-Vivo Dosimetry

While EPID is an excellent tool for patient positierification, its application in in-
vivo dosimetry has also been explored extensivehe first report of the use of an
EPID for dosimetry application was published in 1880s (Leong 1986). The author
recognised that when the EPID is in integral motleperation, it behaves like an
array of dosimeters. Further investigation had tlesl author to propose that such a
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dosimeter system can be used as an exit dose mngiteystem. Based on the
topology of the patient from the CT scan, the putietal exit dose can be calculated.
The comparison between the calculated and measota&dexit dose can be used to
identify large errors that might have inadvertentigcurred during the treatment
fraction. For instance, a wedge displaced in thersm® of treatment fraction due to

insecure mounting may have not been detected byaad and verify system.

Ultimately, what is most important is the dosehe treatment target or their internal
structures. In the area of study to predict theednside the patient anatomy based on
the transmitted dose (transit dosimetry), this des#ten referring to a midline dose.
The idea of deriving the midline dose from the @attiexit dose was proposed by
Leunen in 1990 (Leunens, Van Dam et al. 1990) basetthe early work of Rizotti in
1985 (Rizzotti, Compri et al. 1985). The idea pragu by Leunen’s group was tested
using film by Huyskens (Huyskens, Van Dam et al94)9 The use of film for
calculating the patient midline dose was replacgthk EPID in the work carried out
by Hansen (Hansen, Evans et al. 1996). In this wddansen obtained the total energy
fluence of a treatment field using a calibratedEPThe primary fluencep(Er), was
extracted by subtracting the scatter fluence fromtotal fluence and back-projected
into the patient mid-plane. E is the total enerfiyhe particle at the interaction point
andr is its vector position in the patient mid-plane.drder to produce an accurate
fluence map, image matching was performed. Inphigess, the portal image which
contains the total fluence was aligned with theenefice image obtained from the
digitally reconstructed radiograph. The primaryefige map in the patient mid-plane
was converted into TERMA (total energy releasedymtr mass in the medium), fl)(
via the mass energy absorption coefficigiip(E,r) and the total energy E as in

equation 2.2.4.1 (Hansen, Evans et al. 1996).

T(r) =wW/p(Er) X EXP(ES) Eq2.24.1
The absorbed dose, D( at the mid-plane was then calculated by conwgjvihe
energy deposition kernel, H(E, over all source vector positiorss,with the TERMA

as shown in equation 2.2.4.2 (Hansen, Evans &08b):

D(r) = T(r) O H(E,r-s) Eq2.2.4.2
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The method presented by Hansen was performed mgesifield irradiation of a

humanoid phantom. Agreements of about 1.5% and 2%& iound for comparison
between the measured EPID dose and the dose jpexbdy the treatment planning
system and measured by TLDs respectively. Foradlrfeasibility assessment of the
method, four fields irradiation of a patient in thelvic region was also performed.
However, the quantification of the agreement betwiés transit dosimetry method

and the treatment was not carried out in this study

The calculation of the mid-plane dose in the patweas also performed by Boellaard
in 1998 (Boellaard, van Herk et al. 1996). In Baaild’'s method, only the primary
component of the transmitted dose was used to leédcthe exit dose. The mid-plane
dose was then calculated by applying three comediactors to the exit dose. The
first factor corrects for the attenuation betwees mid-plane and the exit plane based
on the equivalent path length. This correctiondac$ obtained by taking two EPID
images; one with the patient and the other withtbet patient in the radiation field.
The second factor corrects for the divergence basethe inverse square law. The
third factor corrects for the difference in thetsslaconditions between the mid-plane
and the exit plane. The method used by Boelladreldrenly on the transmitted dose
at the EPID plane but not on the energy deposkemnel and the treatment planning
data as in Hansen’s method. In this way, the \atifon of delivered dose is more
independent. Boellaard's method was verified by fquering point dose
measurements on the central axis and in the midpianboth homogeneous and
inhomogeneous phantoms. Agreement within 2% wasdolor verification in a
homogeneous phantom. In the case where inhomogeegists, similar level of
agreement was found only if small inhomogeneitypissent in a homogeneous
phantom and when large radiation field size (>10&f) was used. In the present of
a large inhomogeneity in a homogeneous phantongeawgnt of around 8% was
observed when small field size was used. Thesecamets were found to be better
for low energy (4 MV) and large field size than Inignergy (18 MV) and small field
size. Boellaard’s method has some disadvantagegnWhked for patient dosimetric
verification, it is only appropriate for treatmesite with small inhomogeneity such as
the pelvic region. Also, additional non-patient BRmages are required for every

measurement.
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The application of transit dosimetry using an ERV@s also found in an Intensity
Modulated Radiotherapy (IMRT) dose verification ggdure (Wendling, Louwe et al.
2006). In this paper, Wendling and others reported improved method for
calculating the mid-plane dose, which was origindkveloped by Boellaard et al in
1998 (Boellaard, van Herk et al. 1996). The imprbueethod provides more accurate
scatter correction in the penumbra and the tailoregof the beam profile. The
improved accuracy of this method is essential fasedverification in IMRT quality
assurance procedure. The reason for this is bedMR& plan is delivered with
multiple segments which generate many low doseorsgand steep dose gradients in
each treatment field. Comparison was made with fibn five-field IMRT for
prostate. The authors observed excellent agreemeBD analysis with dose and

distance criteria of 2% and 2 mm respectively.

van Zijtveld and others also reported the applocatof transit dosimetry in their
IMRT Quality Assurance (QA) program for over 27Qipats (van Zijtveld, Dirkx et
al. 2006). In this work, the fluoroscopic EPID wased to measure the dose map in
the EPID’s detector plane. The algorithm for cadtinlg the transmitted dose from the
measured electronic portal image signal was derbasked on the method published
by Pasma (Pasma, Kroonwijk et al. 1998). The measdose map is then compared
with the predicted dose map which was calculatethbyCadplan treatment planning
system (TPS) in the EPID’s detector plane. The mpampose of Zijtveld’s work was
to develop an automatic system that can verify apgrove an IMRT plan prior to
treatment. The 2D dose map analysis was perforrsgd) uhe dose and distance to
agreement criteria of 3% and 3 mm respectively. @@70 patients, a study group of
75 patients were selected. The analysis for thidysgroup showed that the mean
gamma value inside the field was 0.43 + 0.13 ang 6rl + 6.8% of pixels had a

gamma value larger than one.

Comparison between the measured and the calcutatesimitted dose maps or the
mid-plane dose map are essential for detecting dimiwery errors due to the
deviation in the cGy/Mu, machine beam profilespesrin beam data transfer and
variations in the patient anatomy between the prapand treatment stage. However,
an error in the calculated MU cannot be detectedhlege means because the same
number of MU is used in both the planning and tresatt stage (Pasma, Kroonwijk et
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al. 1998). Pasma et al 1999 derived a method féyuwee calculated MU based on the
measured portal dose map from a calibrated EPIBniRa Kroonwijk et al. 1999).

The dose at a depth of 5 cm in a patient resuftioig the prescribed dose of 2 Gy at
the isocentre was verified using the measured desged from the transmitted dose
in the calibrated EPID. The measured and calculgedal dose map was also
compared to determine the cause of the MU diffexeftiis MU verification method

has been applied for 115 prostate cancer patiéuiisof which, 7 patients were found
to have the MU value differences greater than 3%ak found that the differences in
the MU value were caused by the presence of laagepgckets in the rectum during

the planning CT scanning.

The advantage of using an EPID as a dosimetry mysethat it provides 2D dose
distribution as opposed to TLD or diode dosimetehgre only a few points can be
measured (Broggi, Fiorino et al. 2002). The avdlilgbof the 2D dose distribution

offers better dose assessment in regions of higle dpadients. This is especially
useful for dose verification purpose in Intensityoddilation Radiotherapy. In

addition, the EPID dosimetry system is capablerof/gling real-time data over the
course of treatment and therefore it is less tioresaming than for example film (van
Zijtveld, Dirkx et al. 2006).

It can be seen that EPIDs can produce importanteted dose data that can be used
for in-vivo dosimetry. Transmitted dose is a stagtpoint for methods deriving the
patient mid-plane dose distributions. In order bdain a transmitted dose map, it is
essential that the EPID is calibrated carefully.particular dosimetric calibration

method for an EPID will be described in the follogisection.

2.2.5 Calibration Procedure for Portal Dosimetry

The use of EPIDs for dosimetry purposes was inttedun section 2.2.4. It is well

known that the EPID’s signal is related to the dosie of the linear accelerator
(Kirby and Williams 1993; Essers, Hoogervorst etl&8l95; Boellaard, van Herk et al.
1996; Parsaei, el-Khatib et al. 1998; Greer anceBop 2003; Mohammadi and Bezak
2006). For this reason, it is essential that théDEPR calibrated in order to provide an

accurate measurement of the transmitted dose ntepcdlibration procedures have
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been carried out in a number of studies and a cammelationship between the dose
rate and the pixel value from the SLIC EPID was\el as follow (van Herk 1991,
Kirby and Williams 1993; Essers, Hoogervorst etl&l95; Boellaard, van Herk et al.
1996; Parsaei, el-Khatib et al. 1998):

PV =aVD +bD Eq225. 1

D is the radiation dose rate delivered at a padrcdistance from the source, a and b

are parameters that depend on the linac repetiiten

Mohammadi and Bezak, 2006 performed the verificatbthe relationship shown in
equation 2.5.4.1 and found that their measured ihdiaated a trend that was best

described by equation 2.5.4.2

PV =a(D)" Eq2.25.2

The relation described by equation 2.5.4.2 was tsetbrive the transmitted dose in
this project. The calibration procedure performgdMohammadi and Bezak at the
Royal Adelaide Hospital, Medical Physics Departmedit be the subject of this

section.

The experimental work was carried out using the\6 iam from a Varian 600C/D
accelerator, the Portal Vision MK2 Varian SLIC EPdBd an ion chamber. The pixel
value on the beam central axis was first measusétjua 10x10 chfield at the iso-
centre. The dose rate was varied by moving the Rl to distances between 110
and 160 cm from the source. These measurementsregeated for a range of linac
repetition rates between 100-600 MUfinIn order to reduce the statistical
uncertainty, the pixel values were averaged ove@@a® pixel square around the
central axis. This averaged pixel value was thempared with the dose rate
measured under the same conditions by an ion chrambe ion chamber dose rate
was obtained by calculating the ratio of the doser the EPID acquisition time. The
pixel value was plotted against the dose rate amdrpolated using the power

interpolation method to derive the relationshipalig®d in equation 2.2.5.2.
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The EPID is designed to acquire images of the patsatomy. It is therefore
calibrated using the manufacturer standard proeedar produce uniform pixel
response over the entire detector matrix for amdiedd irradiation. Profile A of
figure 2.2.5.1 shows an example of the EPID respqmsfile for a 15x15 cfopen
radiation field. For dosimetry purposes, it is esse that the EPID is calibrated to
produce a true dose profiles such as profile Bignireé 2.2.5.1, also obtained for a
15x15 cnf open field irradiation.

EPID X-plane Profile for Field Size of 15x15 cm at Iso-centre
—— Profile B - Corrected —s=— Profile A - Uncorrected
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Figure 2.2.5.1: Uncorrected EPID profile (profile A and corrected EPID profile (profile B)
which was performed by the use of EDR2 film.

The features on both sides of profile B in figur@.2.1 are called the horns of the
dose profile. These horns can be produced by applgi2D-Dose correction factor.
Mohammadi and Bezak derived this correction fabtothe use of the Extended Dose
Rate, EDR2 film. The measurements were first caroet with film for field size of
10x10 cnf at the iso-centre and a range of SSDs from 11036 cm. The
measurements were repeated using the EPID wittsdnge setup. The correction

factor for each elemental detector, i and j of E#fD was then calculated as follows:

CFM;; = D; (EDR2 film) / D;(EPID) Eq2.25.3
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For two dimensional correction, CFM is the correctfactor matrix. The dose in the
EPID detector i and j, {XEPID), is calculated from equation 2.2.5.2 angl (EDR2
film) is the dose in the i and j pixel of the filwhich had been resized to the size of
the EPID pixel.

Based on the above calibration procedures, Mohamaadl Bezak were able to
derived the dose at each detector of the EPID(¢Brrected)) from the measured

EPID dose R}(measured) as follow:

Dij(corrected) = (measured) x CFM Eq2.2.5. 4

When using the EPID as a dosimetry system, it goirfant to note the long-term and
short-term stabilities of the dose response ofER¢D. Essers et al 1995; 1996 and
Louwe et al. 2004 found in their studies that treglterm and short term stabilities of
the SLIC EPID was better than 1% over two yearstHeumore, the bulging effect
must be taken into consideration when the SLIC ERIDsed for dosimetry at gantry
angles other than°0The effect of gravity force on the dielectricdid can cause
significant variation on the EPID signal (van Hexkd Meertens 1988; Van Esch,
Vanstraelen et al. 2001; Chin, Spezi et al. 2003).
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CHAPTER 3

MONTE CARLO MODELLING IN TRANSMITTED

DOSIMETRY

3.1 Monte Carlo Simulation Method

EGSnrc software was used to perform all dose caticus in the current project. The
software uses Monte Carlo (MC) techniques to cateutlose deposition due to X-ray
interactions with matter. As mentioned in the poex chapter, Monte Carlo is the
most accurate method for dose calculation. Thezevao main reasons for this: The
first reason is because all possible particle at#ons (events) are considered and
accounted for in the dose calculations right fréva éntrance to the exit point in the
region of interest. Every possible interaction thas significant contribution to the
dose at subsequent calculation points is recortleid. methodology is known as the
“First Principle” in model based dose calculatiombe second reason is as follows:
the principles of quantum mechanics imply that tiyge of particle interaction is
governed by probability. In other words, even ié ghroperty of a medium and the
energy of a particle are known exactly, the typetdraction as well as the amount of
enegy transfer that would occur is still uncertaline probability that a particular
interaction would occur depends on the particlerggneand the property of the
medium. Because of the probabilistic nature ofiglartinteraction, it is best to use
random numbers to determine the initial interacttoat would occur to a particle. The
likelihood of a particular interaction to occurdstermined by the interaction cross-
section. The use of random numbers to make desidmma possible interaction or
event is the basis of Monte Carlo method. In thigpter the principle behind Monte
Carlo method will be described in detail (Metcafed Kron 1997).

Ad

v

Figure 3.1. 1: A 2 MV photon is incident on a medim. The first interaction point is X at a mean
free path of Ad away from the surface.
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To illustrate the principle of Monte Carlo, let usagine a 2 MeV photon beam
incident on a medium as shown in figure 3.1.1.reheo to calculate the dose at point
X, the mean free pathy of a photon is first calculated. The mean freehpata
distance between two points in a medium that aghatavels without interaction.
Both of these parameters depend on the total ctteracross-sectiongipa, Of a
photon, which in turn depends on the photon enargy/the properties of a medium.
The total interaction cross-section is the sum Ibt@ss-sections corresponding to
every interaction that may occur at the point dtwdation, that is point X in figure
3.1.1. For a 2 MeV photon incident on a mediumeéhmain interactions important in
dose calculation may occur: Photoelectric Effecpmpton Scatter and Pair
Production with the corresponding cross-sectionsoc and opp respectively (Johns
and Cunningham 1983). In this example, the totassisection can be calculated by

equation 3.1.1:

o,

total

=0, +0; +0pp Eq3.1. 1

The quantum mechanics principle implies that there always uncertainties
associated with determining the type of interactiosit may occur. Therefore by the
definition of the mean free path, its value is associated with an uncertainty and
this must be incorporated in the calculation. Tis®ue is addressed by including a
random number, R in the calculation. Taking both the total crosstsn and the
random number into account, the mean free pathbeatalculated by equation 3.1.2
(Metcalfe and Kron 1997):

L =-InR)

(o)

total

Eq3.1.2

The value of the random number R randomly distributed between zero and one by

the random number generator. Therefore, equatib2 3nplies that can have any

e . 1
value from zero to infinity with a mean value ef——. The randomness of the
o,

total
generator can be described by the period or cy€lehe generator. One cycle

represents the number of times a random numbamergted without repeating itself.
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For dose calculations EGSnrc uses random numberaten called RANLUX with a

cycle of 16% (Kawrakow and Rogers 2006).

Once the mean free path is determined, a decisiagh@type of interaction is made.
The Monte Carlo method in EGSnrc handles this kintathe ratio of each individual
cross-sectionsg; and the total cross-sectiamg, for all three possible events that are
Compton Scattering, Pair Production and PhotoeteEiifect (Metcalfe, Kron et al.
2007). This ratio represents the probability of heasteraction to occur. In this
particular example, the photon has the energy d¥i&/, Compton Scattering
interaction therefore has the highest probabifityjowed by the Pair Production and
then the Photoelectric Effect (Johns and Cunningh@&8). For illustration purposes,

let say for example the Compton Scattering has S0%nce of occurring@

total

=0.5), Pair Production have 30 % chance of occu(hgé”— =0.3) and Photoelectric

total

Effect have 20% chance of occurringgF:O.Z). The Monte Carlo program

total

determines the type of interaction through theofelhg logical loops:

If 05< R, <1 Compton Scattering occurs
05< R, < 0.2 Pair Production occurs

02 <R, <0 Photoelectric Effect occurs

where R is also a random number with the same properBras

In this particular example, the interactions ocd¢ura 2D plane and thus the
calculation is simple. In a three dimensional sp#te dose at point X is contributed
by both the primary and secondary components of-aay beam (figure 3.1.2). The

Monte Carlo program has to make a decision for Wwac#t, forward and side scatter.
Furthermore, in Compton Scattering and Photoele&ffect processes, an electron
will be produced in a medium. Therefore the elettioteractions need to be

determined by random number as well. The calculatiecomes more complicated

and the number of interactions multiply quicklytae photon traverses the medium.
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Figure 3.1.2: A photon beam projected onto the 3Dolume contains both the primary, P, and
secondary, S, components. Both of these componehts/e significant contributions to the dose at

point X (van Dyk 1999).

In EGSnrc the dose is calculated in a sub-volunlieaa voxel instead of a point.
The size of the voxel determines the resolutioa phrticular dose distribution. High
resolution dose grid is achieved by decreasing/thxel size and high accuracy in the
calculation is achieved by increasing the numbephadtons in the calculation. Both
of these parameters have a dramatic effect on dlmilation time in Monte Carlo
method. A long calculation time required by Montarld method has been a
limitation of this method. EGSnrc provides a fewusions to reduce the calculation

time. These topics will be discussed in section 3.2

3.2 BEAMnrc Program
BEAMnrc is a Monte Carlo (MC) simulation programr fmodelling radiotherapy
sources. The first version was developed in 198paat of the OMEGA project to
develop a 3-D treatment planning system for radi@hy purposes (Rogers,
Faddegon et al. 1995). The motivation for develgpBEAMnrc was that the then
commonly used 3D analytical methods based on theoer@ergetic point radiation
source produced doses with uncertainties of upOté61(Mah, Antolak et al. 1989).
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The Monte Carlo method on the other hand is capabkmulating the interaction
histories of particles (photon, electron and positrin any media and thus produces
the most accurate results if sufficiently large m@mof particles are used (Rogers,
Faddegon et al. 1995). Furthermore, recent rapideldpments in computer
technology greatly improved the CPU performancekingaMonte Carlo programs

more suitable for clinical implementation.

BEAMnrc has been continuously improved over thd tas decades. It was first
created for simulating electron beams and coulg balrun on a few models of Unix
and Linux operating systems. The latest versioBBAMnNrc is the multi-platform

BEAMnrcMP which can be run on most Unix and Linudalso Microsoft Windows

operating systems (Rogers, B. et al. 2007). BEAMtRcas far more functions and
options allowing for a detailed simulation of almh@dl radiotherapy sources with
greater efficiency. A few common radiation soureesich can be modelled by
BEAMnrc_MP are: external photon and electron beaths, effects of various

components that make up the linac head and inteathbactive sources such as
Cobalt 60. Complicated radiation source apparaioh as X-Ray tube and linac head

with multi-leaf collimator (MLC) can also be simtgal.

In BEAMnNrc the simulation begins with a number afrjicles (positrons or electrons
or photons or all three) incident on the surfacehef first component module (term
used in BEAMnrc to refer to the linac head struetcomponent being simulated) of
the linac head at specified angles. All interactionthe medium will be simulated by
Monte Carlo method based on random numbers angbhiisical properties of the
particle and the interacting medium. The physicabprties such as the charge, mass
and energy and their geometrical properties suchngge of incidence on a plane,
position of last interaction and current positiarthe rectilinear coordinate system are
stored in a phase space. The user chooses thefptam@vhich the properties of the
particle will be recorded and the information wi# stored in a phase space file. The
simulation of the particle stopped when its enaggched a threshold specified by the

variance reduction parameter or when it exits ih& tomponent modules.
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The structure of BEAMnrc is shown in the flow chaftfigure 2.3.1. It indicates tf
order in which the program follows instructionsderiving the outputs. The firstep
is to specifythe type of component modules in the simulated lacat®r. BEAMnrc
has 18 builin component modules. The-Dimensional geometrical layout of tl
component modules SLABS, FLATFILT, CHAMBER, MIRRGa&hd JAWS can b
found in Appendix C. Te combination of these component modules were ts
model the linac head in this proje

BEAMnNrc

Specify
| Accelerator

l

Build
Accelerator

J

cros(sl-sectlon ) i .
ata ™ Do Simulation \
users input file ™" g
-geometry
-incident beam
-output spec

-simulation
parameters
¥
f ¥ v
phase space output graphics
files listing
¥ Y
analysis patient
programs simulation

Figure 3.2.1 lllustration of the steps carried out by BEAMnrc in deriving the output (Rogers, B.
et al. 2007).

The linac head can be bi after the component modules have been sel. The
building procedure creates a source code and Maftess that are ready to t
compiled. The Macros files provides constants and submestthat will be called b
the source code in the compilation process. Thdumtoof the compilation process
an executable file which can be run with a giverdiaelata file and an input file. Tt
meda data files 700icru and 500icru contain the plalgicoperties such as the m;
density, electron density and the atomic numbethef materials that make up t
component modules. Each material has a unique rlaatenust be specified in tl
input file. The users interact with the program through theitrfile. The input file
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has five major sets of parameter files which actiresructions for BEAMnrc to
perform the entire simulation. They are Monte Cdatlontrol, Source Geometrical
Configuration, Particle Transport and Component Medseometrical Configuration

and EGS parameters.

Monte Carlo Control parameters include the numberingial particles in the

simulation, the random number seed and the maxigiomlation time.

The Source Geometrical Configuration parametersigpehe properties of the
original particles in the simulation. One can clowdether the original particles are
photons, electrons or positrons, the energy they ctneir angle of incidence relative
to the first component module and their fluencetritistion. BEAMnrc has 13
sources with fluence distributions such as the Gaus Step and Delta function that
can be incident on the plane of the first compomeatiule at an angle ranging from
0° to 360. The particle energy can go as high as severalrieds GeV (Kawrakow
and Rogers 2006).

The Particle Transport and the EGS parametersitdescow a particle behaves in a
medium. The Particle Transport parameters alsormaie when a particle will be
eliminated in the phantom. They include ECUTIN, PN, ESAVE_GLOBAL and
IREJCT_GLOBAL. These parameters were implementemltime program to save the
simulation time by eliminating those particles thawe no significant contribution to
the dose in the region of interest. This is calladance reduction method. ECUTIN
and PCUTIN are the energies below which an elecraha photon will be discarded
in the simulation. ESAVE_GLOBAL is the maximum egy at which an electron
will be considered for range rejection as explaitedow. The process of range
rejection is controlled by a parameter called IREJGLOBAL. If the particle energy
falls below ESAVE_GLOBAL then IREJCT_GLOBAL will daulate the range of the
electron. If the range is not large enough so that electron can cross the next
boundary then it will be discarded and all its gyewill be assigned to the absorbed

energy in the surrounding region.
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Another important variance reduction method used BEAMnrc is Direct
Bremsstrahlung Splitting (DBS) (Kawrakow, Rogerslet2004). When this option is
selected, the Bremsstrahlung photon will be spBR$PL times as defined by the
user. The algorithm will then determine whethergpbt photons are aiming inside or
outside a circular splitting field at certain dista away from the source. This
splitting field is perpendicular to the beam direstand has a radius defined by a
parameter called FS in BEAMnrc. The distance betwibés splitting field and the
source is defined by a parameter called SSD. B&haRd SSD are user defined
parameters. For those photons that are propagaisige the splitting field, the
weighting factor is reduced by a factor of 1/NBRSBhd the same particle transport
algorithms are applied. Photons that are propagatiiside the splitting field will be
subjected to a selection process called RussianeReuRussian Roulette process
compares the survival threshold (1/NBRSPL) of epbbton outside the splitting
field with a random number. A photon will be disted if the random number is
more than its survival threshold. The surviving foms called fat photons will have

its weighting factor increased to 1 and will beckad normally.

The idea of Bremsstrahlung Splitting is to createngorm particle fluence over a
particular area. The average dose in the areaisdime because the weighting factor
of every split photon is reduced. The simulatioketalonger to complete because
there are more particles to track. However, theettamty of the dose calculation is
reduced relatively faster than the increase insthailation time (Kawrakow, Rogers
et al. 2004). The overall efficiency in the simidat is therefore increased. In
addition, photons that have no significant contiidou to the dose in the region of
interest will be eliminated by Russian RouletteisTprocess further improves the

efficiency in the simulation.

The optimal values for the DBS parameters suchhad=5, electron splitting plane,
Russian Roulette plane and NBRSPL were reportétarpaper by Kawrakow et al
2004. It was found that for a 6 MV photon beam, dbémum value for NBRSPL is

1000. The radius of the splitting field should betmuch larger than the width of the
actual radiation field. For the 10x10 tiield, the splitting field radius of 10 cm is

recommended. The Russian Roulette plane shouldbbeeathe electron splitting
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plane and they both should be close to the bottbmmen flattening filter. With the
optimum setting, DBS increases the central axisedeficiency by a factor 6.4
compared to the previous Selective Bremsstrahlysigti8g (Kawrakow, Rogers et
al. 2004) method and even higher compared to nbithsgp simulation. The

efficiency decreases with the radiation field sanel energy.

Direct Bremsstrahlung Splitting technique is noplegal just to a Bremsstrahlung
photon. It can also be applied to a secondary photoother interaction processes
such as Compton’s scattering, pair production, régsoence excitation and
annihilation. The idea is very similar to splittiagBremsstrahlung photon. The details
of the algorithm should be referred to the papeKawrakow et al 2004. It should be
noted that when DBS is selected, the splitting @ssawill be applied for all processes
mentioned above. There is an exception for thigtisgl of secondary electrons. The
user has an option to turn on electron splittingewtelectron contribution in the

region of interest is important.

The EGS parameters determine how the particles rftoaeone position to the other
in a phantom. One of the important EGS parameterthé Boundary Crossing
Algorithm (BCA). BCA has two options which contrehether a particle crosses the
nearest boundary between two media in a straigbtdr at an angle (Kawrakow and
Rogers 2006). Other EGS parameters such as Spiectgff Bound Compton
Scattering and Pair Angular Sampling are used lmwvakffects produced by low

energy photons and electrons.

The Geometry parameters describe the positiongeshaizes and composition of
each of the component module in the simulation.s€heomponent modules vary
from simple structures such as rectangular slaleylorders to complicated structures
such as pyramids or tongue and groove structuré® dombination of these

component modules allows most radiotherapy souacbe simulated by BEAMnNrc.

Appendix A.1 documents the BEAMnrc’s input file whi contains a brief

explanation of five different types of parametersentioned above. Note that the
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explanations are for a given linac head model. Miwtils of the parameters in the
input file can be found in the BEAMnrc_MP user mah{Rogers, B. et al. 2007).

The simulation produces the following outputs: Rispsce, Output Listing, Log and
Graphics file. The Phasespace file is a binary Wileich contains the following
information about the particles: the energy, chasgattered angle and position in a
specified plane. The program can also record soist®rip of the particle in the
simulation using the LATCH bit setting. With the 28s setting it is possible to
determine what happened to a particular partiobenfrwhere it first interacted to
where it was eliminated by the IREJCT_GLOBAL parteneThe Phasespace file is
useful for programs such as BEAMDP (Ma and Rogé? DOSXYZnrc (Walters,
Kawrakow et al. 2007), and DOSRZnrc (Rogers, Balet2007). The BEAMDP
program can read and process the data in the Rizasefile to produce the energy
spectrum of the previous simulation to produce & rradiation source which
effectively requires smaller storage space. Thes®ace file can also be used as a
radiation source in DOSXYZnrc and DOSRZnrc. Theggspace file can even be

reused by BEAMNnrc as the original source of radrati

Graphics files are also binary files which storeessary data for displaying the
geometry and particle tracks in the linac head.afameter in the Input file called
IWATCH controls whether these graphic files will beeated. These files can be read
in by EGS Windows (Treurniet and Rogers 1999) twmdpce a graphical
representation of the simulation. Although thesapgic files are quite large, they are
particularly useful for debugging the Input filedaalso a convenient way to represent

the simulation data.

The Listing file is created to provide a detailestup of the simulation. This file
contains all of the Geometry parameters of eacth@fspecified component module.
In addition, the doses, the average energy, theageeparticle fluence and average
angles with respect to the Z-axis are also scomdrégions specified by the
LATCH'’s bits. Furthermore, it provides the simudatitime for each batch run and
total CPU time for the simulation. The Log file ges the same purpose as the Listing

file and in addition reports the uncertainties gatedl during the execution of the
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program. The Log file acts rather like a debug. filee Listing and Log files provide
a complete record of the simulation which can bedus reproduce the simulation or

as a check of the previous simulation.

3.3 DOSXYZnrc Program

DOSXYZnrc is also a Monte Carlo program originathgated by Rogers in 1986 for
calculating dose in a rectilinear volume elemetiedavoxel. Mark Holmes and Blake
Walters added Computerised Tomography (CT) reaflingtion in 1996 (Walters,
Kawrakow et al. 2007). In 1997, Blake Walters safet this capability so that CT
data can be read by another program called CTCREAV&ters, Kawrakow et al.
2007). In 1999, Blake Walters added an option sb khdifferent jobs can be run on
N processors in parallel for a phasespace whici\hdi$ferent components. In 2001,
DOSXYZnrc was further modified by Ma et al to indeimore source routines and a
characterised source model. It was then adoptedetmme part of the OMEGA

simulation software package (Walters, Kawrakowl.e2@07).

DOSXYnrc is capable of simulating dose distribusom each voxel in three
dimensions. The basis of this program is no diffefeom BEAMnrc. Initially a type

of radiation source is chosen to be incident oregion of interest. The type of
interaction which occurs will be predicted by theCMnethod based on random
numbers and the physical properties of both thecgoand the interaction medium.
Whereas BEAMnNrc is mainly used to determine the sm@ and geometrical
properties of the particle after interacting withsaries of component modules,
DOSXYZnrc is used to determine the absorbed dosehén interaction region
(phantom). Generally BEAMnrc and DOSXYZnrc are usgd combination.

BEAMNrc is used to calculate the X-ray beam spectexiting the linac head and

DOSXYZnrc is used to calculate the dose depositettis beam in a medium.

The execution of DOSXYZnrc is simpler than thatBEAMnrc. After the program
has been compiled, two types of input are requicedun the simulation. They are
Media file and Input file as indicated in the flalart in figure 2.4.1. The Media file
used in DOSXYZnrc is the same as that used in BEA&AMMThe Input file as
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mentioned previously contains five sets of paramsete@onte Carlo Control, Source
Geometrical Configuration, Particle Transport am@ds and Phantom Geometrical
Configuration parameters. These parameters sbevedme purpose as in BEAMnrc
except that there is no range rejection param&R&JCT_GLOBAL).

Input file R Graphic files
(*.egsinp) | (*.egsgeom & *.egsgph)
| DOSXYZnrc | Output listing file
" program " (*.egslst)
Cross-section Data file
data (*.3ddos)

Figure 3.3. 1: Flow chart indicating the required hput data for DOSXYZnrc and its output data.

There are four main sets of parameters in the IfiutThe first set of parameters
specifies the geometries of the phantom. As meataqoreviously, the phantom is a
3D region in which interactions take place. It danspecified as one big region or
many small voxels bound together. The position ame of the phantom are
described by the Cartesian coordinate system wijtf ¥nd Z axis orientated in the

lateral, longitudinal and vertical directions resipeely as in the treatment room.

The second set of parameters specifies the typmeanfium of each voxel and the

region for which the calculated dose will be digeld in the output listing file.

The type of radiation source is specified by thedtket of parameters. DOSXYZnrc
has a large number of sources with various spalstributions and angles of
incidence. A few examples are: point, square, arcand divergent sources, with

incident angles 0, 90 and 270 degrees.
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The last set of parameters is similar to the SouBmmmetrical Configuration
parameters in BEAMnrc, which describes the chargd energy of the source. The
phasespace file generated by BEAMnrc can be seleate a source for dose
simulation in DOSXYZnrc. In this special case tmergy of the initial particles will
be taken as whatever energy the particles carribdnwthey escaped the final
component module in the BEAMnrc simulation. Theaflohart in figure 3.3.1 shows
the connection between BEAMnrc and DOSXYZnrc. Amliidnal line of code is
required to specify the location of the phasesgideen DOSXYZnrc input file. The

information from the phasespace file is extractedugh this path.

BEAMnNrc | BEAMnNrc | Phasespace
Input file - program g file
Cross-
section data
Y
DOSXYZnrc | DOSXYZnrc .| DOSXYZnrc
Input file program output files

Figure 2.4. 1: Links between BEAMnrc and DOSXYZnrc when phasespace file is used as a
radiation source for dose simulation.

The output files of DOSXYZnrc are shown in figurd.d. These files serve the same
purpose as the output files produced by BEAMnrcgémeral, the Listing and Log
files provide a detailed description of the simatand any uncertainties produced in
the simulation. Graphics files are created so that simulation can be viewed
graphically via the EGS_Windows program. The Dala ¢ontains the simulated
absorbed doses in every voxels in the phantom.dake file is created in a format so
that they can be analysed by a program called STAIP.

3.4 Monte Carlo Modelling of the Linear Accelerator

Monte Carlo calculation method has been used irottaerapy for modelling of the
X-ray radiation beam and dose distributions for yng@ars. In the early 1980s, when

radiotherapy Monte Carlo programs were still indtgly stage of development, very

44



simple MC programs that modelled point X-ray sosrderadiating a simple
homogeneous water phantom were developed to odtaimetric data such as the
stopping power ratios and X-ray spectra (McCallImiyre et al. 1978; Nahum 1978;
Andreo and Nahum 1985; Andreo and Brahme 1986; émd©88; Faddegon, Ross
et al. 1990; Faddegon, Ross et al. 1991). Manufaxtuof the linear accelerators
(linacs) also used simple MC programs to assidt thié optimisation of their product
design (McCall, Mcintyre et al. 1978). In 1990, tirst model of a simplified linac
was used to calculate the dose kernel in water.dbse kernel data were then used in
the convolution and superposition algorithms in tdoenmercial treatment planning
systems (Mackie, Scrimger et al. 1985; Mohan, @hail. 1986).

The rapid increase in computing technology in thd &®90s triggered a number of
published papers describing the complete modeheflinac and complex radiation
beam shaping devices such as the Multi-Leaf Cotlomasing Monte Carlo method
(Chaney, Cullip et al. 1994, Lovelock, Chui et B95). The first study to clinically
implement the Monte Carlo method for dose calcotatvas performed by Ma et al
1999. The Monte Carlo codes BEAM and EGS4 were tigadodel the linac head
and calculate the dose distributions in his wohotBn beams with energies of 4 MV,
6 MV and 15 MV and electron beam with energies fr6\280 MeV from Varian
clinical accelerators 1800, 2100C and 2300CD wevdettled. The dose distributions
in the homogeneous and heterogeneous phantoms patieat were calculated and
compared with the measured and calculated dosgbdisbn from the commercial
treatment planning system FOCUS. The electron beamput factor from the
measured data, calculated by the Monte Carlo cadels FOCUS TPS were also
compared. The difference between the measurednenilionte Carlo calculated dose
distribution were about 2% for various field sizesurce to surface distances and
beam modulations. Similar results were observed dtectron output factor
comparisons. In the comparison between Monte GartbFOCUS TPS, a difference
of 5% was found. This difference was found for doakulation in the patient with
head and neck, breast and lung tumours. It wadwded that the MC modelling gave
better agreement than FOCUS planning system in histerogeneity region. In
addition, Monte Carlo modelling of an electron beaas more accurate and less time

consuming compared to the modelling of a photomrbea

45



Hartmann Siantar et al 2001 also reported the imefgation of the Monte Carlo
program for radiotherapy dose calculation calledRRFERINE. 6 and 18 MV photon
beams from the Varian Clinac 2100C were modelldie modellings consisted of
three separate components; primary, scatter amtfr@becontamination components.
The measured and calculated dose distributionseémater phantom were compared
for various setups using open field, wedge, bloo#t Blulti-Leaf Collimator (MLC).
The maximum discrepancy in the comparison wastleas 2% in dose and 1.2 mm
shift in isodose position for open field and allabe modifiers. The dose calculation
for the open field case was compared with EGS4lder version of EGSnrc. Both of
PERIGRINE and EGS4 codes showed similar agreeméht ttve measured data.
High discrepancies with the measured data in thiglHop region and in the region
blocked by the jaws were found for both Monte Cartales. It was concluded that
both of these codes did not accurately accounttli@ electron contamination

component of the photon beam.

The Monte Carlo modelling of the linac head is alseful for investigating the
characteristics of the radiation beam. For instaftces known that the energy and
FWHM of the intensity distribution of an electromdm before entering the X-ray
target have significant effect on the generatedrBsgrahlung photon beam exiting
the X-ray target. This effect was studied in debgilSheikh-Bagheri and Rogers in
2002. Nine photon linac heads from Varian, Elektal &iemens with energies
between 4-18 MV were simulated using BEAMnrc andSX¥Znrc Monte Carlo
codes. In their investigation, the electron eneaggg FWHM were tuned by matching
the simulated and measured PDDs and in-air off-tagfors. The derivation of the
FWHM of the simulated linac heads were said todrameted when the best matches
were found for the in-air off-axis factor. The sateehnique was also used to derive
the electron energies except the best match by thetln-air off-axis factor and the
PDD was required. The investigation showed thatdgrved electron beam energies
were different between manufacturers for the sawmmimal energy stated in their
specification. The same results were found forvalee of the FWHM. The authors
also found that the FWHM of the electron beam ditl aifect the PDD at all. The
PDD was only affected by the initial electron beanergy. The off-axis factor on the
other hand was strongly affected by the FWHM. THuthors also extended their

study to investigate how the following parametdfecied the off-axis factor and the
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PDD: Electron beam divergence, energy distributdmay target lateral dimension,
primary collimator upstream opening and the flatigrfilter material and density. It
was found that the beam divergence, X-ray targeiedsion and energy distribution
had insignificant effect on the off-axis factor @ABD. The off-axis factors were very
sensitive to the opening of the primary collimatod the flattening filter material and
density. Another paper also reported the effe¢hefelectron beam initial energy and
FWHM on the PDD and beam profiles (Tzedakis, Dakmslat al. 2004). The same
conclusions were made regarding the sensitivitthe$e two parameters on the PDD

and beam profiles.

The MC model of the linac head was used by Dingd62 to study the effect of the
electron contamination on the surface dose. Thelteemdicated that the maximum
contributions from electron contamination at theqpiom surface were 21% and 29%
for 6 and 18 MV respectively for a 40x40 tphoton beam. Ding also found that the
simulated and measured doses were in excellenemagrs. However the simulation

time was still a limiting factor for the applicatimf MC algorithm in clinical practice.

In this project, the Monte Carlo the linac head wasdelled using BEAMnrc code.
One of the objectives was to derive two parametéesjnitial electron beam energy
and its FWHM, which would give the closest agreemmtween the modelled and
the measured dose data. The searching technigdeisisémilar to that reported by
Sheikh-Bagheri and Rogers in 2002. The searchidgntque performed by Sheikh-
Bagheri and Roger was time consuming. The problexs addressed in this project
by using the time reduction techniques such as Bnemstrahlung Splitting
(Kawrakow, Rogers and Walters, 2004), ECUT, PCUSAEE and others (Roger et
al, 2005) available in BEAMnrc and DOSXYZnrc code.

3.5 Monte Carlo Modelling of the Transmitted Dose

The Electronic Portal Imaging Device (EPID) haveerbegaining popularity in
dosimetry application in recent years (Essers, ldoagst et al. 1995). The
applications of the EPID in 2D and 3D in-vivo dosimy were discussed in section

2.2.4. The calibration process for converting tiaEsignal to the absorbed dose in a
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water phantom was also described in section 2I8.this section, the use of Monte

Carlo method in the modelling of the transmittedela an EPID will be presented.

It was discussed in section 2.2.4 that the firepgh in-vivo dosimetry procedure
based on portal imaging device was the acquisitifotne transmitted dose map. The
transmitted dose map can be obtained by applyimg cdibration factor to the
measured EPID signals. The accuracy of the tratestndose measurement can be
verified by using Monte Carlo modelling of a systeamsisting of the linac head and
an EPID. Monte Carlo method is suitable for vesafion purpose because it had been
set as a gold standard for dose calculation unaest mircumstances in radiotherapy
(Shortt, Ross et al. 1986; Mackie 1990; Rogers Biethjew 1990). In addition, the
dosimetric characteristics of the EPID can alsctoelied. Keller et al 1998 reported
the use of Monte Carlo method to compare the bebhawf the energy deposition
kernel in the EPID sensitive layer based on twéedéint types of EPID models. The
first type was an EPID which was made from unifamater density material and the
second type represented all layers of materiahénactual EPID. The differences in
the energy deposition kernel for two different tyg EPID were used to study their
characteristics. The energy deposition kernel vidained for various energies, lateral
positions and depths in the water phantom based.ERIwas shown that the
differences in the energy deposition kernel betweentypes of EPID varied with the
energy of the X-ray beam. For the same energyadhation of the energy deposition
kernel depended on the depth and the lateral paositlative to the central axis. The
maximum variation observed was 2%. It was found tha variation was smallest
when the kernel was measured at a depth of 1.2nctinei water phantom like EPID
type. The outcome of this study is useful in thibcation of an EPID for dosimetry
purposes. This is because the transmitted dose isanvolution of the photon energy
fluence and the energy deposition kernel at theDEddtection layer. The calibration
procedure of the EPID response for dosimetry pwepahould take into account the

variation of the energy deposition kernel with gyyetateral position and depth.

Further work in the MC modelling of an EPID for dogtry purpose was performed
by Spezi and Lewis 2002. The BEAM and DOSXYZ Mofarlo programs were

used to model the complete linear accelerator diety the Multi-Leaf Collimator
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(MLC) and the EPID. The linear relationship betwdba measured signal squared
and the MC simulated dose was found. This relatignsvas shown to have a
reproducibility of 1%. The dose calibration matfor the EPID was obtained from
the linear fit parameter. The 2D dose in the meabwand simulated EPID was
compared and agreement of 2% and 2 mm was demimustkdsing the measured 2D
dose distribution, the authors were able to vetiy dose distribution calculated from
the MC model of the MLC. This investigation is imfant in the verification of

complex multi-field and multi-segments treatmermhtg@que for example in Intensity

Modulation Radiotherapy where the MLC is the ondaim modifying device.

Chin et al 2003 extended the capability of the MGdel of the linac and EPID
system to allow the transmitted dose map be cdkdldor phantoms that are
obliquely angled to the EPID. The MC codes usedismwork were BEAMnrc and

DOSXYnrc. In additional, a MATLAB code called TWIZZLU was developed to
model the phantom and an EPID separately and cambiem into one integrated
phantom upon import into DOSXYZnrc for dose caltiola The method for creating
the phantom and an EPID in this way is not suppofdy DOSXYZnrc. The

calculated EPID signal of an inhomogeneous phananman obligue angle was
compared with the measured data. An agreement ofva8sfound. It was concluded
that the method developed in his work could be ulsedthe calculation of the

transmitted dose where the phantom is at an obhagée to the EPID.

An interesting idea proposed by Jarry and Verha@9®% was that an electron beam
could generate enough Bremsstrahlung photons taupeo good quality EPID
images. The MC codes BEAMnrc and DOSXYZnrc from BE@®Snrc system were
used to model the linac and an EPID to study thibERage quality during electron
beam treatment. The productions of the Bremsstnghphoton fluences in various
components of the linac head and their dependemd¢beoenergy, electron applicator
and cut-out size were investigated. The EPID imggality of the measured and
simulated electron beam was compared and agreaeshB® was found for the image
contrast. Both of the simulation and the measurénveere performed on the
anthropomorphic RANDO phantom. The measured eledtmage quality was found
to be comparable to that of a 6 MV photon beam. Eaoclusions were made from
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this study. A good EPID image from an electron beaight be obtained in the
clinical conditions using as little as 10.7 monitorits. Monte Carlo simulated EPID
image can be used for comparison with the actualgenduring electron beam

treatment to ensure accuracy in positioning.

In this project, a system consisting of a linac andEPID, was modelled in a similar
way as in the work of Spezi and Lewis, however eC was excluded. The

transmitted doses were calculated for three diffetgpes of phantom setups. The
first setup allowed the transmitted dose of a 6 Kivay beam from a Varian 600CD
linac to be calculated in an open field. This wadiofved by transmitted dose
calculations for 15 cm of solid water phantom aneél humanoid RANDO phantom.

These setups were designed to allow the investigatif the transmitted dose

calculation for simple and more complex scenarios.

3.6 Transmitted Dose Evaluation — The Gamma Algbnit

Modern radiotherapy techniques such as 3D ConfoRadiotherapy and IMRT often
produce complex dose distributions such as multiple and high dose gradient
regions. A simple comparison method where two doaps are superimposed is good
for qualitative analysis. The dose difference corigom method for two dose maps is
more quantitative. However, in the region of higisé gradient, a small difference in
the spatial position of the two dose maps can tesu large difference in the dose
value. In order to resolve this problem, Low el 898a proposed a method called the
Gamma Map algorithm. This method takes into accbwth the dose difference and
the spatial displacement between the corresponglangts on two dose maps. The
Gamma value or Gamma index is used to assess teenagnt between the measured
and calculated points. In the comparison betweennteasured and calculated dose

map, the Gamma index(rm) is defined as the minimum of the Gamma function,
(r,,r.) for a measurement point at positighand a calculated point at positign r

Mathematically, they can be described as follow:

y(r,) = min{r (r,,, r)}Ofr. } Eq3.6. 1
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r2(r.,r.)  O°(r,.r.
I'(fm.rc):\/ A(dZM )+ A(DZM) Eq 3.6. 2

r(r,.r.)is the distance between the measured and calcipatats at positiony and

r. respectively and(r,,,r.) is the dose difference between them. The calculadf

the Gamma index requires two user define critealéed the dose differencéDy)
and the distance-to-agreementdy; ) acceptance criteria. The value MDDy is the
accepted tolerance in the process of acquiringrtbasured and calculated dose data.
The value ofAdy on the other hand is the accepted tolerance @ntisalignment of
the corresponding dose maps due to positioningrtaingy in the measurement. The

clinically accepted values &Dy andAdy are generally 3% and 3 mm respectively.

Based on Low et al algorithm, the investigated desgaid to have failed when the
Gamma index is greater than one and passed whe@aimma index is less than or

equal to one. Mathematically they can be expreasddllow:

y(m) <1 passed

Eq3.6.3
>1  failed a

From equations 3.6.2 and 3.6.3, it can be seertlibagmaller the values 8Dy, and

Adwm, the harder it is to pass the Gamma comparisorgelLaalues oADy and Ady

would make it easy to pass the Gamma comparisdrthbuGamma analysis may not
provide useful results for assessing the agreenbemveen the measured and
calculated dose map. In clinical practice, a compse between time and accuracy
should be considered in selecting the valuesAdy; andAdy because longer times
may required in order to achieve precise and ateureeasured and MC calculated

dose maps.

In 2D comparison between the measured and calduldtese distribution, the

acceptance criteria for the Gamma analysis canidierpd as the ellipsoid in figure
3.6.1. The size of this ellipsoid is defined Ay, andAdw.
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Figure 3.6.1: The Gamma criteria can be representedyraphically by an ellipsoid. In this
example, the position of a measured point is takeas the origin and the position of a calculated
point is represented by vectorr (x, y) inthe andy plane. The length of the vector r (x, y) and
0 are the differences in the position and dose resgiively between the measured and calculated
point (Low, Harms et al. 1998).

The coordinate system in figure 3.6.1 is made up, gfandd axes. The combination
of x and y axes are represented by the positiomovec(x, y) which describes the
direction and the distance between the calculateut pelative to the measured point,

which is the origin in this coordinate system. Ttlistance is defined as follows:

r(x, y)=yx* +y? Eq3.6.4

The & axis describes the measured and calculated défeeedce. The passed and
failed values correspond to the calculated poiht tare inside and outside the
ellipsoid respectively. In the comparison whereydiD dose distributions such as the
PDD and beam profiles are required, the Gamma &aoep criteria are simply
represented by an oval which is illustrated in feguB.6.2. The spatial position
between the measured and calculated points cared®ibled simply by the x axis.
The § axis is defined in the same way as in 2D compariddne passed and failed
values correspond to the calculated points thatiasede and outside the oval

respectively.
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Figure 3.6.2: An oval shape represents the Gammaitaria for 1D dose analysis. This is useful for
comparing PDD curves and beam profiles where steafpse gradients are present (Low, Harms et
al. 1998)

The OmniPro I'mRT analysis software (ScanditroniellWofer, OmniPro I'mRT
v1.4b, 2005) was used for the comparison of thesorea and calculated 2D dose
distribution in this project. The Gamma algorithmplemented in OmniPro I'mRT

software was based on the algorithm of Low et &8Hdescribed above.

Further developments of the Gamma algorithm haes lbeported in the literature. In
2002 Depuydt et al et al introduced a refined Garafgarithm that provided a faster
solution for comparing complex dose distributioReuydt, Van Esch et al. 2002).
The key difference in Depuydt et al's algorithnthat the Gamma indices are either O
or 1 for failed or passed respectively in the congoa. The quality of the comparison
is determined by how small are a user defingd and Ad acceptance criteria. The
advantage of this algorithm is that it providesimpde result which is useful for
making a quick decision on whether the two data @eeasured and calculated dose
map) agree within an acceptable tolerance. Howelapuydt et al algorithm
provides no indication about how good the agreeméetween the measured and
calculated points in the comparison are. Bakai |eRGD3 also reported another
development of the Gamma algorithm (Bakai, Albeale2003). The concept of the
Gamma algorithm used by Bakai et al is an extengiotmat of Low et al 1998a. It
allows the Gamma analysis to be performed for 3Beddistribution. The algorithm
also allows the distance to agreement criteriobetset for three spatial directions to
account for positioning errors that are not unifomthe anterior/posterior, lateral and

superior/inferior directions. The flexibility of ®&ang the distance to agreement
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criterion for all three spatial directions in thisethod was claimed to improve the
Gamma calculation time in comparison to the metbbd.ow et al. Bakai et al
method was tested on a particular IMRT head an#é patient. Dose calculation was
performed by the HYPERION treatment planning systehich utilised the Fast
Monte Carlo code XVMC (Alber 2000; Fippel, Haryargbal. 2003) and film was

used for acquiring the measured dose.
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CHAPTER 4

MONTE CARLO MODELLING AND VERIFICATION OF
THE VARIAN 600C/D LINEAR ACCELERATOR HEAD

In Monte Carlo modelling of the linear acceleratwad, it is essential that the
characteristics of the linear accelerator headkaosvn precisely. The parameters that
characterise the linac head can be classified imto categories: physical and
geometrical. The geometrical parameters includediheension, shape, and position
of the components of the linac head relative tor#ttkation source as well as the Full
Width at Half Maximum (FWHM) of the spatial disttibon of an electron beam prior
to its interaction with the X-ray target. The ploai parameters include the mass,
density, atomic number and composition of the comepdés as well as the energy of
an electron beam prior to its interaction with ¥weay target. These parameters are
available from the manufacturers only in the forirageneric machine specification
(Varian Oncology Systems, Monte Carlo Project 1998rian linac head generic
specification was used as a guide for the modeltihthe linac head in this work.
This chapter describes the Monte Carlo modellinggaéh component in the linac
head using BEAMnrc program. The Monte Carlo dodeutation program called
DOSXYZnrc was used to calculate the beam profilE#se analysis of the beam
profiles was performed to verify the accuracy &f thodelled linac head components.

The verification process will also be describedhis chapter.

4.1 Modelling of the Linear Accelerator Head usirBEAMnNrc

The production of an X-ray beam from the 6 MV Vari@00C/D photon linear
accelerator head was simulated by transporting aoerergetic electron beam
through a sequence of component modules. Tabld Sldscribes the use of the

component modules in the simulated linac head.
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Component PO R e The use of the component module in the

_ Modules_in the Density simulation
simulated linac hea
1) SLABS Tungsten — 19.3 g/ém A model of the X-ray target.
Copper — 17.5 g/ci

2) FLATFILT Lead — 11.34 g/cth A model of 2 components: The primary
collimator and the flattening filter. The
flattening filter is surrounded by the
primary collimator.

3) CHAMBER Outer and inner plates made| & model of the monitor ion chamber .

Steel (8.06 g/ct) and Copper
(17.5 g/cm) respectively
Upper and lower cavity made
of Mica (2.9 g/cn)

4) MIRROR Mylar — 1.38 g/cth A model of the light field mirror.

5) JAWS Tungsten — 19.3 g/ém A model of the secondary collimators that
define the beam field size.

6) SLABS Air — 1.2048 x 16 g/cnt A model of an additional air regidn
extends 55.5 cm in the beam direction|so
that the phase space is 100 cm from |the

source.

Table 4.1.1: Description of the Component Modules kich were used in modelling of the linac
head in BEAMnrc code.

The 3D and 2D display of the component moduleshosvn in figure 4.1.1. a) and b)
respectively The values of the parameters desgyithiea geometry and composition of
the component modules were obtained from Varianachine specification data

(Varian Oncology Systems, Monte Carlo Project 1998 complete description of
the ion chamber and X-ray target was not givemédpecification data. Assumptions
for the number of layers in the ion chamber anditigévidual thickness of the two

layers that made up the X-ray target were madedbarseobservation of the actual
components. In addition, the cone shape of the&efiatg filter was approximated by
13 cylinders stacking on top of each other in ttdepof increasing radius.
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Figure 4.1.1: a) 3D display of the Varian 600C/D 8V linear accelerator head simulated by
BEAMnNrc code. b) unscaled 2D representation of thenodelled linac head

The electron beam was modelled using source nui®drom BEAMNrc program

(Rogers, B. et al. 2007). Source 19 describes eetreh beam entering the centre of

the X-ray target at 90 degrees. The spatial disfiob of the electron beam is defined

by the Gaussian distribution similar to the on€&igure 4.1.2.
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Figure 4.1. 2: The Gaussian distribution which degibe the spatial spread of the electron beam
before hitting the X-ray target (Weisstein 2008).

The machine specification data does not providermétion about the FWHM of the

electron beam. In addition, the energy of the edecbeam was specified with an
associated uncertainty (Varian Oncology Systemsnt®loCarlo Project 1996).

Therefore it is important that the combination lbé tFWHM and the energy of the
electron beam is selected appropriately and alhefcharacteristics of the modelled
beam are verified. The following section describies calculation of the percentage
depth doses and the beam profiles and how they uger@ to verify the characteristics

of the linac head.

4.2 Calculation of Dose Distributions using DOSXY #n

The accuracy of the modelled beam was assessed tilenmeasured Percentage
Depth Doses and the beam profiles for various fisldes and depths in a
homogeneous water phantom. These data were ca&dulay the DOSXYZnrc

program. The parameters required for the calculaivere entered in the input file
(Appendix A.2) which was invoked by the programidgrthe execution process. For
the assessment of the accuracy of the beam mabédedjrulation setup in figure 5.2.1

had been designed.
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Figure 4.2. 1: 10x10 crhX-ray beam incident on a water phantom at a distace of 100 cm from
the X-ray target.

The coordinate system in DOSXYZnrc is such that ¥yaxis is in the lateral
direction of the couch in the treatment room, Ysasiin the direction along the couch
and the Z-axis is in the direction of the beam Uguzalled the central axis. The
origin is on the surface and at the centre of thanpom. The phase space file
generated from the simulation of the linac head wsed as an X-ray beam in the
dose simulation. The position of the phase spaeewvas set so that the distance from
the electron beam to the surface of the phantor®)&S100 cm and the photon beam
is incident on the phantom from above. The 10x16 and 40x40 crhfield sizes
were chosen for the analysis of the PDDs and themberofiles respectively.
Backscattered X-rays from beyond the region ofregkecan contribute to the dose. In
order to include the contribution of backscattke phantoms were made 10 cm larger
than the region of interest in the Z direction. f@antom and voxel sizes are shown
in table 4.2.1. The voxel dimensions were chose $hat minimal simulation time

was required for each simulation without comprongdgihe resolution of the data.
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Field Size (cm) 40x40 10x10
Phantom Size (crm) 100x100x30 50x50x30
Voxel Size (cr) 1x1x0.4 0.5x0.5x0.4

Table 4.2.1: The voxel dimensions correspond to theadiation field sizes and phantom
dimensions. They determine the resolution of the de data.

4.3 Selection of Variance Reduction Parameters

The variance reduction parameters used in the aifoual are Direct Bremsstrahlung
Splitting (DBS), ECUTIN, PCUTIN, ESAVE_GLOBAL andREJCT_GLOBAL (see
section 3.2). Direct Bremsstrahlung Splitting isyaseful when there is a need for a
large number of particles N (®0°) in the phase space. The efficiency for the
simulation of the transmitted dose in an EPID iases up to a factor of 120
compared to no DBS as shown in table 4.3.1. THiketalso shows the efficiency in
term of calculation time T and uncertair@yfor the simulation of dose distribution in
a water phantom. An increase by a factor of abowiag observed. Bremsstrahlung
Spliting number (NBRSPL) iBEAMnrc of 1000 was used in all simulations. This
number was reported in the literature to give thghdst efficiency (Kawrakow,
Rogers et al. 2004). The paper also shows thateffieiency varies slowly for
NBRSPL greater than 1000. The result from tablel4shows that the efficiency
decreases by a factor of 1.01 when NBRSPL of 5088 used. N_SPLIT is the
Bremsstrahlung Splitting number DOSXYZnrc program. The efficiencies for three
values of N_SPLIT were calculated in this work as@ shown in figure 4.3.1.
N_SPLIT equal 30 is used for all of the dose sirmaihes in this project because it
gives the highest efficiency. This is consisterthvihe recommended N_SPLIT value
of 32 in DOSXYZnrc users manual (Walters, Kawraketval. 2007).

Simulation of the dose distribution in a water phamom (40x40 cn field)

BEAMnNrc Simulation DOSXYZnrc Simulation Total Efficiency
Time Errors | Time | Time T
NCASEB | NBRSPL (hrs) N NCASED | _ ) | (hrs) | (hrs) UTS
10° 0 48.0| 5.7x19 10° 1.2 28 76.0 1.0x10
4x10P 1000 50| 1.1x10 10° 1.2 8 13.0 7.5x16
10° 5000 6.9 | 1.4x10 10° 1.2 8 14.9 7.1x16
Simulation of the transmitted dose in an EPID (10xQ cnf field)
10° 0 46.5| 4.1x10| 3.6x10 32 3 49.5 1.97x10
10° 1000 | 123.5 1.1x10 | 3.6x10 1.1 226 | 3455| 2.4x10

Table 4.3.1: Efficiency of the Direct Bremsstrahlug Splitting method in dose and beam
simulation relative to simulation without using Direct Bremsstrahlung Splitting.
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Figure 4.3.1: Comparison of the relative efficiencypf DOSXYZnrc for three N_SPLIT number.

The value of N is linearly proportional to the anigl number of particles in the
simulation (NCASEB). A large value of N is requiredl that the particles in the phase
space do not get re-used in the dose simulatioa.urtertainty in the simulation is
related to the original number of particles in these simulation (NCASED) as

follows:

1 1

o= =
JNCASED T

The relationship between the calculation time dreduncertainty in the simulation is

Eq4.3.1

shown in figure 4.3.2. The blue curve is the powseries interpolation of the data
points (red diamond). The interpolation functioraiso presented in figure 4.3.2 with
R? value nearly equal to 1. The shape of the relatignbetween the simulation time
and uncertainty is a result of random statisticedcpsses that the Monte Carlo
program simulates. As mentioned in section 3.lrdimelom number generator used in
DOSXYZnrc is Ranlux which has a probability functiohat follows the Poisson

distribution function (Metcalfe and Kron 1997). Thacertainty is calculated as the
standard deviation of the outcome over a groupaafes. However, to improve the
uncertainty in the dose simulation, not only thdugaof NCASED needs to be

increased but N must also be increased accordingtgrwise the phase space
particles will get re-used or recycled. It was fduhat the uncertainty in the photon
dose calculation unchanged for recycling the plagichree times. The uncertainty

improved by 40% when recycled the particles byig¥es$ and a certain fixed value
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was reached regardless of how many times the [emtiwere recycle(Walters,
Kawrakow et al. 200:.. The efficiency of other variance reduction partars has
been discussed in the literat (Rogers, Faddegon et al. 1995).

Relationship between the simulation time and the
uncertainty in dose simulation

=
N b
} d—

o
!

Uncertainty (%)
L4

o N B O

0 50 100 _, 150 200 250
Time (hr
& Actual data Power (Actual data)

Figure 4.3. 2:Simulation Time versus Uncertainty for dose simuldbn in the EPID. The blue
curve shows the power interpolation of the actual ata.

Parallel preessing is another feature in EGSnrc which can de# uo reduce tr
simulation time. In the current work, the South #kakan Partnership for Advanct
Computing (SAPAC) computing system was used foMisimulation. SAPAC is a
government owned organtion. One the objective of SAPAC is to provide seeg
and supports to students and researchers whosecpmprk requires unpractical
long computing time on personal computelSAPAC has four mainframe syster
Aquila, Hydra, Orion and Perseus. Hy is the fastest system which | 128 parallel
processors. fie maximumof 10 parallel processomwas allocatecfor the current
project work.Each processor in Hydra has a CPU speed of 2.4 and that runs
under REDHAT Linux 7 An investigation was condudeo check the computir
time for parallel and sequential computing mo Table 5.3.2 shows that a sin(
processor takes about 225 hours to complete acpkati simulation. The san
simulation takes about 22.6 hours to complete opdr@llel processa. The number
of particles in the dose simulation (NCASED) wasitspvenly and the uncertain

was calculated for the corresponding parallel satioh. Parallel processing meth

in BEAMnrc and DOSXYZnrc is nearly 100% efficiertat is if 10 processesre

running at the same time then the total simulatiime reduces by a factof 10 while

maintaining the same accuracy as sequential sironl
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Type of Job NCASED S (%) T (hr)
Sequential 3.6x10 1.1 [225
Parallel 1 3.6x10 3.6 22.5
Parallel 2 3.6x10 35 22.5
Parallel 3 3.6x10 3.5 22.5
Parallel 4 3.6x10 3.6 22.7
Parallel 5 3.6x10 3.5 22.7
Parallel 6 3.6x10 35 22.6
Parallel 7 3.6x10 3.6 22.8
Parallel 8 3.6x10 3.6 22.6
Parallel 9 3.6x10 3.6 22.6
Parallel 10 3.6x10 3.5 22.7
Total for parallel jobs 3.6x10 1.1 226.2~22.6/processor

Table 4.3. 2: Time required for parallel and sequetial simulation for the transmitted dose in the
EPID. S represents the uncertainty in a single voxealculated by DOSXY Znrc.

4 .4 Verification of the Linear Accelerator Head Madi

The geometrical characteristics of the simulateddr accelerator head were verified
by comparing the simulated and measured percendigg® dose curves and the beam
profiles. The beam field sizes were defined basedhe position of the secondary
collimators. They can be verified by measuring thstance between two points
where the dose in the profile drops to 50% relatovéhe central axis dose. The MC
calculated beam profiles at the depth of.Pfor two different field sizes of 40x40
cm’” and 10x10 crhare shown in figure 4.4.1. The black solid linefigure 4.4.1 a)
shows a distance of 10 cm across the 50% leves ddmfirms that the jaw positions
were accurately modelled for the 10x10%amdiation field size. The black solid line
in figure 4.4.1 b) measures slightly larger thae #xpected value of 40 cm. The
reason for this is because the beam profiles wieralated at depth of 1.4 cm and so
the projection of the simulated radiation fieldats101.4 cm instead of at the surface.
Geometrical calculation shows that the same reshdtild be observed for the 10x10
profile as well however, the difference between sk field size and the observed
field size is much less than that of the 40x40ifrdfess than 1 mm) on each side of

the profile and thus cannot be resolved on thelgrap
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Figure 4.4. 1: Verification of the beam field sizeising the calculated beam profiles a) 10x10 cfn
b) 40x40 cm.

Overlap of the negative and positive halves of\l

calculated in-plane profile

110

100 - " ; |
------ Positive Data Points

------ Negative Data Points|

[(o}
o

05}
o
T

70 -

60 - -
50 -
40 -
30

20

Relative Dose (%)

10 -

0 5 10 15 20 25_ 30 7 55“ 40 45 50
Y axis (cm)

Figure 4.4.2: The negative and positive data pointef the 40x40 crfi simulated in-plane beam
profile were overlapped to verify the axial symmety of the simulated linac head.

The structure of the linac head was designed dotlhieadistribution of the radiation
was radially symmetric about the central axis. Bysimetry was verified to ensure
that the modelling parameters were accurately edtar the input. The beam profile
in the in-plane direction was bisected at the eeatrd the negative and positive data
points were overlapped as shown in figure 4.4.2 faximum difference between

the negative and positive data points is 1% whgckmaller than the uncertainty of
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the simulation. This result confirms that the siatedt linac head is symmetrical about

the central axis in a single plane.

The radial symmetry property of the radiation beslso implies that the doses in the
in-plane and cross-plane are the same within tleentainty of the simulation (figure
4.4.3). In reality, this symmetry property is slighdistorted by the design of the
secondary collimators. The top jaws of the secondallimator are opening in the Y
direction (in-plane). The bottom jaws are positid®e9 cm from below the top jaws
and open in the X direction (cross-plane). The dasmtributed by radiation scattered
from the jaws will be smaller in the in-plane besaudhe scattered radiation from the
top jaws will be partially absorbed by the bottawg. However, the distortion of the
symmetry cannot easily be detected because sogtefiom the jaws are random
events, which mean the differences between theaimepand cross-plane profiles are
no different than the random uncertainty of thewation. Unless the uncertainty of
the simulation is smaller than the difference ie th-plane and cross-plane, the
distortion of symmetry cause by the design of teeosdary collimator cannot be

seen.
Comparison of 40x40 in-plane and cross-plane profiles
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Figure 4.4.3: Overlap of the beam profiles in theri-plane and cross-plane for a 40x40 chfield
size at the depth of 1.4 cm from the surface of theghantom.

The measured beam profiles in figure 4.4.4 illustthe horns on both sides and a dip

at the centre. The appearance of these featurtte isesult of the Bremsstrahlung
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radiation spectrum generated in by th-ray target. The photons in the centre e
spectrum (centre of the radiation beam) have higinergies than those away fre
the central axis. Higher energy photon will generaigher energy electrons whi
deposit dose at larger depths compared to loweggredectrons. Therefore the cen
of the phantom receives less dose at a shallow depolwlihe surface than points «
the central axis as the low energy electrons haweecto a stop. This a known fact
that the beam harder, more penetrative close tocémeral axi. Additional beam
hardening icaused by the fact that the flattening filter isamthicker at the centre «
the radiation beam than at the edges. When t-ray beam interacts with ti
flattening filter the lower energy-rays areattenuated more at the centre than af
edges. The result of this is that more high ener-raysin the beam spectruiare at
the central axis anthe total nmber of X+ay photon is reduced, to produce unifc

fluence across the beam a

40x40 cm? In-plane Profile for Energy of 5.7 MeV and at Depth of
14cm

Horn

Relative Dose (%)

10 15 20

In-plane Axis (cm)

—¢—Measurement ==@=Simulation

Figure 4.4. 4 Simulated 40x4Ccm? beam profile in the inplane showing the horns at the edge
and a dip at the centre.

The generakhape and size of the modelled flattening filterewveerified througt
comparison of the dip and horns he simulated and measured beam profiles.
shape of the simulated beam profile of figure 4.dohforms very well with th
measured profile. Agreemeof <1.5% can be seen in figured4. Thedifferences

shown inthe blue circls are most likely due to mndom erroiof the simulation. In
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contrast, the discrepancies highlighted by the rgreiecles were observed in other
simulated beam profiles for different electron beamdth (FWHM) and electron
energy and they occur on both sides of the bearfilggdherefore they represent a
systematic error of the simulation. The model oé tthattening filter and other
components in the linac head were carefully checkéw source of error remains
unknown. Similar results from other models of thea¢ head were observed in the
literature (Sheikh-Bagheri and Rogers 2002) ancemanation was not found.

67



CHAPTER 5

MODELLING OF AN X-RAY BEAM FOR A 600C/D
LINEAR ACCELERATOR

The Monte Carlo modelling of the linac head compuanveas described in chapter 4.
It was mentioned that the actual linac head charitics were obtained from the
generic machine specification (Varian Oncology 8ys, Monte Carlo Project 1996).
In order to accurately model the X-ray beam comiragm the linac head, it is
essential that the electron beam energy and beaith \(FWHM) value prior to its
interaction with the X-ray target are known. Thesdues are not included in the
generic machine specification. Monte Carlo simolatiprograms BEAMnrc and
DOSXYZnrc were used to determine the electron beaargy and beam width value
in this work. This chapter describes the processetdcting the electron beam energy
and electron beam width (FWHM). The objective aktpart of the project was to
select an electron beam energy and beam width (FYvétivhbination such that the
simulated and measured dose distributions in arwdtantom are within 2% and 3

mm for dose and distance to agreement respectively.

5.1 Selection Process for the Electron Beam Energyd Beam
Width at FWHM

The strategy for selecting the best combinatioelettron beam energy and electron
beam width (FWHM) was as follows. The field size1dfx10 cmi was used in the
analysis of the X-ray PDD. On the other hand thgimam X-ray beam field size of
40x40 cnf was chosen in the analysis of the X-ray beam leofat depth of
maximum dose. The reason was because the hornthartips in the beam profiles
would be more pronounced for a large field compaeefield size of 10x10 cfn The
analysis of the PDD was first carried out to chduk energy of the electron beam. A
series of simulations of the linac head were peréat using a range of electron
energy values shown in table 5.1 while all othelapeeters of the model were fixed.
The electron energy (&) that gives the best match between the measurdd an
simulated 10x10 cfX-ray PDD was selected. This linac model was dalltNACE.

The analysis of the 40x40 énX-ray beam profiles in the in-plane and cross-plan
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was then performed to select the electron beamhwikit this analysis, all other
parameters in the simulation were fixed excepttifier FWHM. A range of FWHM
values in table 5.1 was used. Similar to the amalysthe electron beam energy, the
electron beam width at FWHM (ML) that gives the best match between the
measured and X-ray beam profiles was selected. Tih&& model was called
LINACy. The process so far only provided the best elacaoergy based on the
agreement of the X-ray PDD from linac model LINA@nd the best FWHM value
based on the agreement of X-ray beam profiles fioat model LINAGy separately.

It cannot be assumed that the combinationyefi&nd W values, applied to another
MC linac model, called LINAGy, would still give the best agreement between the
simulated and measured X-ray PDD and beam proflles.assumption can only be
made if the electron beam width does not affectttray PDD. A number of papers
in the literature have shown that the effect of ¢ectron beam width on the X-ray
PDD was insignificant (Sheikh-Bagheri and Roger20 However, this was not
taken for granted in this work. For verificationrpases, the X-ray 10x10 énPDD
produced from the linac model LINAfowas also analysed. The electron beam energy
and beam width FWHM values,&:and Wt respectively would be selected for the
linac head model if there was no significant chamgehe PDD; otherwise the
selection process for the best electron beam eneopd continue for a range of
electron beam energies and a fixed electron beasithwM,es; Finally, the chosen
values for the electron beam energy and beam wWit¥HM) in the above analysis
were used to verify the simulated beam profiles4i@x40 cni radiation field sizes at
depths of 10 cm and for 10x10 €madiation field sizes at depths of 10 cm and 20 cm

in a water phantom.
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Field Sizes (c) Energy (MeV) FWHM (mm)
10 and 40 5.5 1.2
10 and 40 5.6 1.2
10 and 40 5.7 1.2
10 and 40 5.8 1.2

40 5.9 1.2
10 and 40 6.0 1.2
40 5.7 0.9
40 57 1.0
40 5.7 1.1
10 and 40 5.7 1.2
40 5.7 1.3
40 57 14
40 5.7 15
40 5.7 1.6
40 57 1.7
40 55 1.3
40 5.6 1.3
40 5.8 1.3
40 5.9 1.3
40 5.9 15
40 6.0 1.3
40 6.1 1.3
40 6.2 1.3

Table 5.1.1: Values of electron beam energy and bmawidth (FWHM) used in the selection
process in order to determine the best values fohe MC model of the Varian 600C/D linac had.

5.2 Results and Discussions

The 10x10 crh field size X-ray PDD from the linac head with tekectron beam
energy of 6 MeV and beam width (FWHM) of 1.2 mm wsasulated firsts and
resultant X-ray beam data were compared with thasored data. Figure 5.2.1 shows
the overlap of the simulated (green) and measueat) @lata for this combination of
electron beam energy and beam width (FWHM). Theukited data were smoothed
from the point just beyond the depth of maximumed{3,.y) using the running mean
method. The smoothing was performed over 3 datatpoNormalisation was then
applied to the smoothed simulated data atx@o be consistent with the measured

data.
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PDD for Electron Energy of 6 MeV and Beam Width of 1.2 mm at
FWHM - 10x10 cm”2 Field
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Figure 5.2.1: The measured and simulated PDD proded for a 10x10 cm field by the X-ray
beam with an electron beam energy and beam width (WHM) of 6MeV and 1.2 mm respectively.

The similarity in the shape of the simulated andasueed PDD implies that the
energy of 6 MeV is close to the actual energy & thodelled linac. Comparison
shows agreements of less than or equal to 2% betéeemeasured and simulated
data for depths beyond & The uncertainties shown in the dose calculatimn a
+0.7%. The magnitude of these uncertainties dep@emdshe number of particles
being simulated in each simulation. The measurea kdas dose errors of +0.5% due
to the combination of measurement setup uncerégirgnd the statistical error in the
reading.

The insert of figure 5.2.1 shows a difference ia tklative dose of upto 6% in the
build-up region. There are a number of reasongHisr difference. First of all, the
dose gradient in the build-up region is very steaperror in the Z axis of 0.1 cm can
cause a change of 3% in dose. The error in theiZ @lled distance error is the
uncertainty associated with the size of the voxethe Z direction. They are not
shown in the figure but can easily be estimatetbbsws: The dose at each point is
the average dose over the volume of each voxahdnsimulation, the voxel has a

dimension of 0.4 cm in the Z direction therefore thistance error is 0.2 cm. The
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cylindrical ion chamber IC-15 was used in the measent of the PDD. The
effective point of measurement had been accourdeatfthe time of measurement
therefore there is no distance error associateu tvé measured data.

The above analysis shows that the simulated PDBrger than the measured PDD
for most data points on the PDD curve. This imptiest the selected electron beam
energy (6 MeV) should be reduced. This finding hetito simulating of three linacs
models that differed from one to another only by étectron beam energy. The three
new linac models had electron beam energies of%5/Gand 5.8 MeV. Figure 5.2.2
shows the simulated 5.6, 5.7 and 5.8 MeV and thasored PDD curves. There is no
change in the general shape of the simulated PDResufor this range of energy
compared to a 6 MeV electron beam. However, theaygent in the build-up region
is better for these energies. The insert b) of rBgk.2.2 shows a maximum

discrepancy of 3% compared to 6% from figure 5.2.1.

PDD for Electron Beam Width of 1.2 mm and a Range of
Electron Energy from 5.6 to 5.8 MeV - 10x10 Field
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Figure 5.2. 2: Comparison of the PDD for energy frm 5.6-5.8 MeV and FWHM of 1.2 mm. The

insert shows the build-up region in smaller scale hich reveals a maximum discrepancy of 3%.
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The region beyond R\« in the PDD curve shows very good agreement foofathese
energies. Although the insert a) of figure 5.2.2w$ discrepancies of less than 1%
between the measured and all of the simulated @datanot clear from figure 5.2.2
which of the simulated PDD agrees best with thesuesd PDD. For this reason, the
graph of the percentage difference between the umedsand simulated PDD was
made. Figure 5.2.3 shows the percentage doseatifferAD) graph for a range of
energies from 5.6 to 6 MeV. The build-up region wext included in this graph
because the uncertainty of the data points inrdggon was high. The perfect energy
is the one that overlaps with the horizontal aXishe graph. Practically this is not
possible, so the best energy is the one that igevkig is the smallest. The yellow
curve from figure 5.2.3 crosses the horizontal atiseveral points. But apart from
these points, the curve is moving away from theZiomtal axis. Similar situation
occurs for the light blue curve in the oppositeediion. This implies that the energies
of 6 MeV and 5.6 MeV are the upper and lower sigamergy limits and the right
electron energy is within this range. The green gt curves which correspond to
energies of 5.7 and 5.8 MeV confirm the above olsemn. They are positioned in
between the yellow and blue curves and their datat® fluctuate around (rather than
moving away) the horizontal axis. A line of bestdan be generated from the green
and red curves to determine which of them haleclosest to 0%. Observation from
the first 4 cm along the Z axis is sufficient t@ghthat the green curve ha® closest
to 0%. As a result, it is concluded that the béstteon energy for the X-ray linac
head model is 5.7 MeV.
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Difference Between Measured and Simulated PDD for Energy between
5.6 - 6 MeV and Electron Beam Width (FWHM) of 1.2 mm
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Figure 5.2.3: Comparison of the PDDs for energiesdm 5.6-6 MeV using the percentage dose
difference plot. The build-up region was omitted sdhat clearer detail in the fall-off region can be
seen.

The X-ray beam profiles produced by the linac hesdiel with energy of 5.7 MeV
and a range of electron beam width (FWHM) valuesnfr0.9 to 1.5 mm were
analysed for the selection of the best electrormbeadth (FWHM). Figure 5.2.4
indicates that the X-ray beam profiles are verysgam to the electron beam width.
The relationship between them is not clear. Theltgsn the literature showed that
there was a polynomial relationship between thaiireff-axis ratio at 15 cm from the
central axis and the electron beam width (SheikgF@a and Rogers 2002). The dips
and humps are present in the simulated profileafbvalues of the electron beam
width (FWHM) in figure 5.2.4. As discussed in seati4.4 they were caused by a
systematic error in the model of the linac headspgay the flattening filter. The exact
cause of these irregularities has not been idedtifn the current work but it was
observed that the fluctuations were larger for s6MéHM than others. By taking the
magnitude of these errors and the overall agreesneetween the measured and
simulated X-ray beam profiles into account, thelgsia from figure 5.2.4 shows that
1.3 mm is the best value for the electron beamwBWHM).
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40x40 cm? Profile at depth 1.4 cm, Energy 40x40 cm? Profile at depth 1.4 cm, Energy
of 5.7 MeV and Electron Beam Width of 5.7 MeV and Electron Beam Width
(FWHM) 0.9 mm (FWHM) 1.1 mm
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Figure 5.2.4: Comparison between the simulated ancheasured profiles for electron beam energy
of 5.7 MeV and electron beam spread (FWHM) from 0.9.5 mm.

Further analysis of the cross-plane profile coroesiing to the electron beam width
(FWHM) of 1.3 mm shows that all data points agrathiw 1% (figure 5.2.5). The
uncertainty in the simulation and the error in theasurement are +0.7% and +0.5%
respectively. A small displacement between theswmesl and simulated profiles on
the right hand side penumbra is not of concern. rElason is because the resolution
of the measured data is finer than that of the Eitiun data. This displacement is
about 2 mm, which is still less than the simulaéed measured uncertainty in the
cross-plane. It should be noticed that the meagstofles exhibit asymmetry relative
the central axis. This is due to the imperfect ignof the electron beam before
incident the X-ray target in the real linac headhisTimperfect tuning cannot be
modelled by the BEAMnrc code and thus exact matchoh the measured and

simulated profiles is not observed
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40x40 cm? Cross-plane Profile at depth of 1.4 cm, Electron Beam
Energy 5.7 MeV, Electron Beam Width (FWMH) 1.3 mm
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Figure 5.2.5: Measured and simulated cross-plane pfiles for electron beam energy of 5.7 MeV
and electron beam width (FWHM) of 1.3 mm. Agreementvithin 1% is achieved for this electron
beam width (FWHM) value.

The in-plane profile shows similar behaviour as thess plane (figure 5.2.6). The
dips and humps are still present along the plageoreof the profile (insert of figure

5.2.6). This suggests that the cause of the esradially symmetric about the central
axis, which supports the assumption that the ezaone from the modelling of the
flattening filter. In addition, the dose agreementery similar to that of the cross

plane. Very good match is obtained in the centxed and in the penumbra regions.

40x40 cm? In-plane Profile at depth of 1.4 cm for Electron Beam
Energy of 5.7 MeV and Electron Beam Width (FWMH) 1.3 cm
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Figure 5.2.6: Measured and simulated in-plane profés for electron beam energy of 5.7 MeV and
FWHM of 1.3 mm. Agreement of less than or equal 1%s achieve for this FWHM.
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The best electron beam energy and beam width (FWatMbis stage of the analysis
are 5.7 MeV and 1.3 mm respectively. It should beced that the best electron beam
energy and beam width (FWHM) were selected basetheranalysis of the X-ray

percentage depth dose and beam profiles indepdpdierg not guaranteed that when
the combination of this energy and FWHM valuessediin a linac head model, the
same level of agreement between the measured muthsed PDD and beam profiles
is still achieved. In the next step the 10x1C° &DD for a range of energies from 5.6
to 5.8 MeV was analysed, but this time the FWHM.&f mm was used. The result of

this analysis is shown in figure 5.2.7.

Difference Between Measured and Simulated 10x10 cm?2 PDD for
Energy between 5.6 - 5.8 MeV and Electron Beam Width (FWHM) of

1.3 mm
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Figure 5.2.7: 10x10 crmpercentage dose difference for electron beam engrérom 5.6 to 5.8 MeV
and electron beam width (FWHM) of 1.3 mm.

There is a small change in the PDD difference pattempared to figure 5.2.3 where
the electron beam width value of 1.2 mm was usenvé¥er, the energy of 5.7 MeV
still provides the PDD that agrees the best with tieasured data. Furthermore, the
electron beam width of 1.3 mm gives even betteea@gent than that of 1.2 mm
(figure 5.2.8). This result also agrees with thediing of Sheikh-Bagheri and Rogers
who reported that the change in the FWHM did nanidicantly change the
percentage depth dose. One thing to note in figu&8 is that the differences
between the two curves are within the uncertairtihe simulation. This means that
the observed differences also come from the statigimulation errors and not from
the “real” difference between the simulated andsuezd electron beam width values.

At this point, however, there is sufficient evideno conclude that the combination
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of electron beam energy and FWHM of 5.7 MeV andriB respectively are the best
values for the model of the linac head developeatiencurrent work.

Difference between Measured and Simulated 10x10 cm?2 PDD for Energy of
5.7 MeV and Electron Beam Width (FWHM) between 1.2 - 1.3 mm
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Figure 5.2.8: Percentage depth dose difference betan the measured and simulated 10x10 ¢m
PDD for electron beam energy of 5.7 MeV and electrobeam width of 1.2 and 1.3 mm.

Selection of random seed in the simulation showtl affect the outcome of the
simulation (Nitschike and Sim 1993). In order taifyethis, the simulation of the
10x10 cnf X-ray PDD and 40x40 cfrcross-plane beam profile at source to surface
distance of 100 cm were carried out using the ssebegp and modelling parameters

except for the random seed value.

10x10 cm? PDD for Electron Energy of 5.7 MeV and Beam Width
(FWHM) of 1.3 mm - New Random Seed

. . The Differences Between the Two PDDs obtained from the
Simulation —=— Measurement Same Simulation using Different Random Seed
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Figure 5.2.9: Comparison between the measured andnulated 10x10 cmi PDD curves. The

simulated PDD curve was acquired using new randonmesd value. The insert in this figure shows
the percentage difference between the two simulaté@DD curves that differ only by the random

seed value selected in the simulation.
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Figure 5.2.9 shows the overlap of the simulatedraerdsured 10x10 ¢nX-ray PDD
curves. The electron beam energy and beam width.6fMeV and 1.3 mm
respectively were used for the linac head modehis investigation. The simulated
PDD curve was acquired using the same setup anelimgdparameters except for
the random seed value. There is no obvious changthe general shape of the
simulated PDD curve. The measured and simulated Plrizes matched very well.
The curve describing the percentage difference émtwiwo simulated PDDs which
were acquired using different random seed valshasvn in the insert of figure 5.2.9.
Beyond the depth of maximum dose, the maximum wffee is 0.74% and most data
points show the differences of less 0.5%. ThiessIthan the combined uncertainty
from two simulations used in the comparison.

40x40 cm? at depth of 1.4 cm, Electron Beam Energy 5.7 MeV, Beam
Width (FWMH) 1.3 mm
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Figure 5.2.10: Measured and two simulated X-ray bea profiles in the cross-plane. The only
difference in the simulated beam profiles is the nadom seed value selected in the simulation.

The 40x40 crh X-ray beam profile was also analysed. Figure B.2shows the
overlap of the measured and two simulated X-rayrbeeaofiles in the cross-plane.
The electron beam energy and beam width of 5.7 Med/ 1.3 mm were used in the
linac head model. The difference between the twwkited X-ray beam profiles is
the random seed value. There is no significaneckfice between the two simulated
beam profiles. They are both in good agreement with measured beam profile.
Based on this investigation, it can be concluded different random seed value does

not have an impact on the results of the MontedCsirhulation.
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The combination of energy and FWHM of 5.7 MeV an8 inm also gives good
agreement with the measured profiles at differeptlds and for different field sizes
as shown in figure 5.9 a), b), c) and d). The shapbe simulated profiles conforms
very well to the measured profiles. There were buifferences in the fall off region
of the 10x10 crh profiles for depths of 1.4, 10 and 20 cm. The oeafor these
differences is unknown, however they were well witthe tolerance set in the current
work. In addition, the agreement in the plato regi® within 1% and the penumbra
regions matched very closely. The results from rigus.9 provide further
confirmation for the selected values of energy BldHM of 5.7 MeV and 1.3 mm

respectively. They have also shown that EGS MongloCsystem can model
radiation scatter accurately.

40x40 cm? Profile at depth of 10 cm, Electron Beam Energy 5.7 MeV
and Beam Width (FWHM) 1.3 mm
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Figure 5.2.11: a) Cross-plane profile at depth 10ne for electron beam energy of 5.7 MeV,
electron beam width of 1.3 mm and field size of 4@0 cnf.

10x10 cm? Profile at depth of 1.4 cm, Electron Beam Energy 5.7 MeV
and Beam Width (FWHM) 1.3 mm
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Figure 5.2.12: b) Cross-plane profile at depth 1.£m for electron beam energy of 5.7 MeV,
electron beam width of 1.3 mm and field size of 100 cnf.
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10x10 cm? Profile at depth of 10 cm, Electron Beam Energy 5.7 MeV
and Beam Width (FWHM) 1.3 mm
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Figure 5.2.13: c¢) Cross-plane profile at depth 10ne for electron beam energy of 5.7 MeV,
electron beam width of 1.3 mm and field size of 100 cnf.

10x10 cm? Profile at depth of 20 cm, Electron Beam Energy 5.7 MeV
and Beam Width (FWHM) 1.3 mm
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Figure 5.2.14: d) Cross-plane profile at depth 20 for electron beam energy of 5.7 MeV,
electron beam width (FWHM) of 1.3 mm and field sizeof 10x10 cr.

5.3 Summary

The selection of the energy and FWHM of the electvream was performed in detalil
in this work. It was observed that the PDD variéolvy with the electron beam
energy. The PDD difference analysis was requiredktect differences in the PPD for
energy differences of 0.1 MeV. The variation of hrefiles due to different FWHM
values did not follow any obvious pattern. It wdsserved that some values of the
FWHM caused more fluctuations than others. Subistagita was analysed to show
that best values of the electron beam energy antilf the electron beam width

in the model of the 600C/D Varian linac head aeMeV and 1.3 mm respectively.
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By using the selected electron beam energy and FV@ifile electron beam width
value in the Varian 600C/D linac head model, it saswn that agreements of less
than 1% between the measured and simulated X-rdy &l beam profiles can be

achieved.
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CHAPTER 6

MONTE CARLO MODELLING OF THE VARIAN MK2

PORTAL VISION EPID

6.1 Modelling of the EPID using DOSXYZnrc

The Varian SLIC EPID (MK2 Portal Vision system, Var Inc., Palo Alto, CA,
USA) was modelled using DOSXYZnrc. The structurd density of the EPID was
obtained from the literature (Spezi and Lewis 20029delling was restricted to the
region containing the ionisation chamber matrixfgireto figure 2.2.1.1) with the
surface area of 32.5x32.5 &nThe ionisation chamber matrix was made of 256x256
voxels uniformly separated by a distance of 0.1&7ic both the X and Y directions
in the DOSXYZnrc coordinate system. The thicknegslb EPID layers in the Z
direction was 2.1 cm as shown in figure 6.1. ThimtBd Circuit Board (PCB) was
modelled by two separate layers made of glass amklA& materials. The layer of
glass had a thickness of 0.04 cm and was positiongdp of the PMMA layer of the
same thickness. All other PCB layers were modeitethe same way. There was a
total of 11 layers combined to make the internaictire of the SLIC EPID matrix.
The composition of each layer was created by arprogn the EGSnrc system called
PEGS4.

32 x 32 cm?

A
V

PCB (PMMA + Glass)
Rohacell

PCB

Iso-octane
PCB
Rohacell

2.1cm

PCB

v

Figure 6.1: Side view of the layers in the activeraa of the EPID (Spezi and Lewis 2002). The
drawing is not to scale.
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6.2 Simulation and Experimental Setups

The model of the EPID described above was verifig¢omparing the Monte Carlo,
Pinnacle TPS and transmitted dose maps measutthe IBEPID sensitive’s layer for
three different phantom setups. The first setupduse open field with only air
between the radiation source and the EPID, calle@@enfield setup. This is shown
in figure 6.2.1. A 6 MV beam from Varian 600CD Imand radiation field size of
15x15 cnf were used in all EPID simulations. The radiationrse was at a distance
of 140 cm from the iso-octane sensitive layer. Mgknto account the inherent build-
up material and the RW3 solid water (PTW Freib@grmany) layers positioned on
top of the EPID in the current work, the SourceRMY3 build-up Surface Distance
(SSD) was 138.5 cm. The RW3 layer acted as an bxitd-up necessary to achieve
electronic equilibrium at the EPID’s sensitive lay&/hen the condition of electronic
equilibrium is achieved, maximum EPID responseeiedted. An extra build-up layer
is required because the water equivalent thickriess the EPID surface to the
sensitive layer of the EPID is only about 1.0 cren€rally, for an X-ray beam energy
of 6 MV, the build-up region in water is about ¥® 1.5 cm from the surface. A
thickness of 1.0 cm of water is therefore not sidgfit to generate electronic
equilibrium at the EPID sensitive layer. Mohammadd Bezak 2006 have shown in
their investigation that an extra build-up of 08 ®W3 was necessary in order to
achieve electronic equilibrium (Mohammadi and Be28K6). Since the calibration
factor for measured transmitted dose in the EPIB wlatained from this work, this

extra build-up was thus included in the currentudation work as well.

Source to surface
Distance - 138.5 cm

15x15 cm? field
at isocentre

0.5 cm of build-up
EPID 32x32 cr?

Figure 6.2.1: Simulation set-up of the transmitteddose in the EPID with no phantom in the
radiation field. The sensitive layer is 1.0 cm fronthe EPID surface and 140 cm from the source.
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The second setup, callekbcmphant, consisted of 15 cm of solid water phantom
between the radiation source and the EPID. Thereaitthe 15 cm water phantom

was positioned at the iso-centre of the linac. Beisip had an air gap of 31.0 between
the bottom of the phantom and the EPID and thecgotor phantom surface distance

was 92.5 cm as shown in figure 6.2.2.

Source to surface

15x15 cm? field at
isocentre 92.5|cm

\ 4

Water Phantom 15 cm

Air Gap 31.0 cm

0.5 cm of build-up
EPID 32x32 crf

Figure 6.2.2: Set-up for the simulation of the transmitted doseri the EPID with 15 cm thick
water phantom positioned in the radiation field. The sensitive layer of the EPID is 140 cm from
the source.

The third setup calleRANDO setup is shown in figure 6.2.3. In this setup, the
humanoid phantom, RANDO, was positioned betweenrdggation source and the
EPID. RANDO has a thickness of 22.5 cm measuren titee centre of the chest wall
in the anterior and posterior (A/P) direction. Thetal wire was used to mark a point
in the centre of the chest wall and on both sidesnidline of RANDO during the
Computed Tomography (CT) scan. These points wezd as landmarks for RANDO
positioning on the treatment couch and also inMibate Carlo simulation. Taking the

RANDO thickness and the position of the landmanki® iaccount, the source to
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RANDO surface distance and the air gap betweerRIBARDO and the EPID were
89.4 cm and 26.6 cm respectively. This scenario quae complex, as the radiation
field was positioned in an area that contained daaurvatures (breast) and

inhomogeneities (lung).

Source to Surface
Distance - 89.4 cm

15x15 cm? field at
isocentre

Air Gap 26.6 cm

0.5 cm of build-up
EPID 32x32 cf

Figure 6.2.3: Set-up for the simulation of the transmitted doseni the EPID with RANDO in the
field. The sensitive layer is 1.0 cm from the EPIBurface and exactly 140.0 cm from the source.

In the first two setups shown above, the air gapthe water phantom were modelled
as single phantoms together with the EPID in DOSKNXZ The problem occurred

when a CT scan of the RANDO phantom was used tlaceghe water phantom in
the third setup (figure 6.2.3). DOSXYZnrc only all® using either the imported
RANDO CT scan or a manually generated phantom ififgufor the simulation (this

contains the modelled EPID). The setup in figukeghows that combination of these
two objects (ie CT scan of RANDO and an input &iteitaining modelled EPID) was

required for the simulation.
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The in-house MATLAB code created by Reich, Royakkaitle Hospital, 2006 was
used to overcome the difficulty encountered intthied setup (figure 6.2.3). This code
has the following functionalities:

a) It allows the dimensions of the RANDO CT imagesb® extended (from
512x512 pixels to 1024x1024 pixels) by adding exireels of air density
around the original CT images in DICOM format.

b) Create the model of the EPID and concatenate tbideito the extended air
region.

The density of each layer of the EPID was assigm&dg gray scale value in Mr
Reich’s code. The relationship between density gnag scale value was determined
in this work using the DICOM CT data set of RAND® a reference. Since both
Pinnacle and MATLAB can read and output density gray/ scale value respectively

from a DICOM image format.

The output of Mr Reich’s code is a DICOM image fatmof RANDO with an
extended air region and the EPID underneath. TH&OM image format can be read
by both Pinnacle and DOSXYZnrc codes for dose dafimn in the same way as a
normal DICOM image format of a patient. The detdilhow DOSXYZnrc read in
DICOM image format can be found in DOSXYZnrc usearal (Rogers, Walters et
al. 2004).

6.3 Analysis of the Transmitted Dose

The transmitted dose in the EPID from Monte Cailmutations, Pinnacle TPS
calculations and measurements were compared tty tka developed Monte Carlo
EPID model and to assess the agreement between rtiwalities. In the comparison
between the Pinnacle TPS and Monte Carlo calculatetsmitted doses, the EPID
model shown in figure 6.1 was used in both the &lenand Monte Carlo simulations
to obtain the dose data. Calculations in Pinnadeevperformed using the collapsed
cone convolution superposition algorithm (v6.2bjlIRils Medical Systems). When
comparing the measured and Monte Carlo transmitteses, the EPID was modelled
using the 32x32x2 cfslab of water in the Monte Carlo simulation. Thiss
consistent with the measured data where the ERiDsinitted dose was calibrated

against the dose in water. The transmitted dosds gesolution for Monte Carlo,
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Pinnacle and measurement are shown in table 6[8d simulation times were also

included for the Monte Carlo dose calculations.

_ Real EPID Model Water Equivalent EPID Model
Open Field
Voxel Size Time # Voxel Size | Time #
Setup _ )
(mm) (hr) | Particles (mm) (hr) | Particles
Monte Carlo 1.27x1.27 22.d 4X40| 1.27x1.27 | 72.2| 1.6x%0
Pinnacle 2.5x2.5 - - 2.5x2.5 - -
Measurement 1.27x1.27 - - 1.27x1.2 - -
a)
15 cm Water Real EPID Model Water Equivalent EPID Model
Phantom Voxel Size | Time # Voxel Size | Time #
Setup (mm) (hr) | Particles (mm) (hr) | Particles
Monte Carlo 1.27x1.27 202.1 4x1C 1.27x1.27 121.6 4xto
Pinnacle 2.5x2.5 - - 2.5x2.5 - -
Measurement 1.27x1.27 - - 1.27x1.2 - -
b)
Water Equivalent EPID Model
RANDO
Voxel Size | Time #
Setup _
(mm) (hr) | Particles
Monte Carlo 2.5x2.5 66.3 2xio
Pinnacle 2.5x2.5 - -
Measurement 1.27x1.27 - -
C)

Table 6.3.1: The voxel sizes of the Monte Carlo, iiacle and measured transmitted dose map for
a) open field , b) 15 cm water phantom and c) RANDGetup. Variations of the number of

particles and the calculation time for three diffeilent setups for Monte Carlo calculation are also
shown. The voxel sizes and the number of particlesr the calculation time determine the

magnitude of the uncertainty of the calculation.

The transmitted dose map from the DOSXYZnrc simailaprogram was extracted
by an in-house MATLAB code created in this work f&emdix B). Another in-house
MATLAB code written by Mohammadi, Royal Adelaide sfotal was used to derive
the measured transmitted dose map from the EPIlakighe transmitted dose map
from the Pinnacle treatment planning system wasaetdd using the in-house
MATLAB code written by Reich, Royal Adelaide Hosdit2006. The dose map
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analysis program called Omnipro 'mRT was usedvaluate the agreement between
the MC, Pinnacle and measured 2D dose distributemd beam profiles in the
EPID’s sensitive layer (Scanditronix Wellhofer, Gfrmo I'mRT v1.4b, 2005).

6.4 Comparison of the Transmitted Dose for an Og@nAir) Field
Phantom

MONTE CARLO VERSUSMEASUREMENT—OPEN FIELD SET UP

Measured and Monte Carlo calculated 15x1% ¢mominal radiation field size at the
isocentre) transmittedross-planedose profiles in the EPID sensitive layer for the
Open Field setup are shown in figure 6.4.1a. ThéDERodel for this setup was
simply made of water (as the EPID used in the nreasents was calibrated in terms
of dose to water) with 1.5 cm thickness to the gimeslayer. The Monte Carlo and
measured profiles are displayed as red and grews liespectively. Both of the
profiles were normalised to the central axis of thdiation beam. The estimated
maximum dose error of measured profiles for thendpeld setup and all subsequent
setups was 2.3% (Sheikh-Bagheri and Rogers 2002amMmadi and Bezak 2006).
However, the dose errors in the measured dosdgsaiown in figure 6.4 are below
1%. The uncertainty in the Monte Carlo dose catautefor this open field setup is in
average about 0.6%. The vertical scale in figuel6shows that the agreement
between the measured and Monte Carlo calculatddgscs better than 2%. Both the
horns and the dip in the Monte Carlo profiles weadculated accurately. Similar
agreement was found in the comparison of the M@ado simulated and measured

in-plane profiles for the open field setup. The resulthswn in figure 6.4.1b
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Figure 6.4.1 Transmitted dose profiles from a 6 MV radiation beam of 15x15 cr? field size
acquired in the EPID by Monte Carlo calculation andmeasurement a) in the cros-plane and b)
in the in-plane for an Open Field setup of figure 6.2.

Figures 6.4.2a and 6.4.2b show the 2D dose magpslatdd by the Monte Car
program and obtained from measurement respectividig. dose map comparis
shows a good agreement almost everywherhe EPID plane. The reason for this
because the scattering of th-ray beam in air is small and there is no heteroige
in the EPID model.
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a) Monte Carlo Calculated Dose M b) Measured Dose M

Figure 6.4.2: Transmitted dose maps from a 6 MV radiation beam of15x15 cn’ field size
acquired in the EPID: a) Monte Carlo calculation ard b) measurement for an Open Field setu
of figure 6.2.1. The dose grid resolutions for botldose maps are 1.27 mmx1.27 m

The quantitative assessment of the agreement betweenddse maps can |

performed using the gamma analysis tool in OmniRT&®RT software. The gamm
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result for the MC calculated and measured dose rfapan open field is shown in
figure 6.4.3. The total gamma score for this congoaris 99.5%. The gamma criteria
for this comparison are 3% and 3 mm for dose diffiee and distance-to-agreement
respectively. The gamma value for agreeing doselpis less than or equal to one -
this falls into the blue-to-white region of the ool scale. The dose pixels not
agreeing within the gamma criteria are displayedesh There are small disagreeing
regions in the left bottom corner of the gamma nidpe exact reason for this is not
known. Perhaps it was caused by statistical emothe Monte Carlo calculation
because it is not seen in other corners of the dnap. Although the average

uncertainty in the whole dose map is only 0.6%.

[cm] Y
10.0 Levels [ |
8.0 1.25
6.0 . 1.12
1.00
4.0 0.a7v
2.0 0.75
0.0 0.62
7 0.50
el 0.37
-4.0 0.25
-6.0 [
8.0 0.00
-10.0

5.0 -40 0.0 4.0 8.0
[cm] X

Figure 6.4.3: Gamma map result for the analysis ofhe Monte Carlo calculated and measured
dose maps acquired for an Open Field setup in figer6.2.1. The Gamma criteria are 3% and 3
mm for dose difference and DTA respectively.

MONTE CARLO VERSUSPINNACLE — OPEN FIELD SET UP

The comparison between the Monte Carlo and Pinreadtaulated dose profiles was
also performed for the open field setup. The ERD&he Monte Carlo and Pinnacle
calculations in this case were modelled using &a¢ EPID’s composition as opposed
to water equivalent EPID for the Monte Carlo andasmwged transmitted dose
comparison. The scatter conditions become more toatgd due to the introduction
of heterogeneous layers of materials in the EPHde(rto figure 6.1 for individual

layers of the EPID model). The more complicatedtscaf X-ray photons decreases

the accuracy of the Monte Carlo calculation whislevident from the Monte Carlo
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cross-plane and iptane profiles (red line) in figure 6.4.4 a) andré3pectively. Thi
average uncertaintiyn the Monte Carlo calculation égreases from 0.6 % to 1%. T
vertical scale of the profiles was zoomed in tohhght the percentage do
differences between the Monte Carlo and Pinnadélgs. It can be observed that 1
maximum dose difference between them is within 2#bioth tle in-plane and the
crossplane profiles A noticeable feature in this comparison is that these
difference increases towards the horns of the lpofBecause the increase is lin
with the off-axis distance, it is presumed that this is a syateneror in the actual
modelling of the EPID. The cause of the error isstnlikely caused by the EPI
model in Pinnacle. The actual EPID is made of layeith variable thicknesses fra
0.8 mm to 8 mm. However, Pinnacle TPS model usesifarm thickness of :mm

for the 0.8 mm thin layel
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Figure 6.4.4 Transmitted dose profiles from a 6 MV radiation beam of 15x15 cr? field size
acquired in the EPID by Monte Carlo and Pinnacle ckulation a) in the cros-plane and b) in the

in-plane for an Open Field setup of figure 6.2.1

The Monte Carlo and Pinnacle calculé dose maps for the real EP model in the
open field setup are shown in figure 6.4.5 a) ancebpectively. The dose differen
of a few percents is difficult to pick up when caanipg these two dose maps becs

the colour scale shows an interval of 10% betwesh €oloul
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Figure 6.4.5 Transmitted dose maps from a 6 MV radiation beamof 15x15 cn’ field size
acquired in the EPID: a) Monte Carlo calculation ard b) Pinnacle for an Open Fild setup of
figure 6.2.1. The resolution for both dose maps .27 mm

The gamma map in figure 6.4.6 gives more usefubrmftion for this scenaric
Because the gamma criteria were set to 3% and Janmlose difference and DT
respectively, the systematic differences obserwvethé profile comparison will sti
result in a*‘PASS” in the gamma test. The total gamma scorthis case i€98.1%.
The blue colour region in the gamma map showsthletigreement is excellent in
central region of the dose map. The red colouroregihows that there are so
disagreements in ¢hedges of the dose map. This is because the sthe ®@innacle
dose map is slightly smaller than the Monte Cadsedmap. This is not shown in t
comparison between the Monte Carlo and measured ohaps therefore it can
deduced that limitations Pinnacle dose calculation model atextended source to
detector distance (140 c¢ might be the causéverall, an agreement of 2% w

observed between tiMonte Carloand Pinnacle dose maps for this Open Field
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Figure 6.4.8 Gamma map result for the analysis of the Monte Cdo calculated and Pinnacle
dose maps acquired from an Open Field setup in figa 6.2.1. The Gamma criteria are 3% and :
mm for dose difference and DTA respectivel

6.5 Conparison of the Transmitted Dose in a Homogenous fe
Phantom

MONTE CARLO VERSUSMEASUREMENT—15CM HOMOGENEOUS PHANOM
The accuracy of the EPID model was further examimeohtroduing a slab of 15 cm
of water between the radiation field and the EPIChe slab of water causes
attenuationof the primary beam anan increase in the average energy of t-ray
beam(beam hardening) passing through the slab. It produce more scattering
radiation(compared to the open field set up) that will re the EPID sensitive plan
For these reasons, the accurof the Monte Carlo profiles wagduced and the data
fluctuation inceased as shown by the riline in figure 6.5.1 a) and b)The
uncertaintyin the Monte Carlo calculated data was about 1.8%tHis setup. The
maximum difference is less tF 2.3 %. Figure 6.5.1 shows thboth the calculated
and the measurgarofiles arenow more flat. The dip and horns featuiare difficult
to distinguishin the profiles. This ithe effect of primary beam attertion and beam
hardening and is expec for the dose profile behaviour Erger depts in a water

phantom.
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6.5.1 Transmitted dose profiles from a 6 MV radiation beam of 15x15 cr? field size acquired in
the EPID by Monte Carlo calculation and measuremeng) in the cros-plane and b) in the in-
plane for the 15 cm thick water phantom setujof figure 6.2.1.

In the comparison of the Monte Carlo and measuredligs, the EPID model in tr
Monte Carlo simulation is simply made of equivaldmnitkness of water material (ul
density) as in the Open Field set up. Observatibfigure 6.5.1 shws that the
agreement between the Monte Carlo and measuredpto§kes in the cros-plane
(6.5.1a) and irplane (6.5.1b) is well below 2%. Observation of tlente Carlc
(6.5.2a) and measured (6.5.2b) dose maps for ¢higp @lso indicate good agreen

for all data points.
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6.5.2 Transmitted dose maps from a 6 MV radiation beanof 15x15 cn?field size acquired in the
EPID by: a) Monte Carlo calculation and b) measurerent for the 15 cm thick water phantom
setup of figure 6.2.2. The resolution for both dosmaps is 1.27 mn
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Further information about the dose map agreememtbeaacquired from the gamr
map analysis. The result is shown in figure 6.9.8e total gamma scc for this
comparison is99.87%. The majority of the dose points pass the gamnsa,
indicating that a simple water equivalent EPID mode Monte Carlc code
(DOSXYZnrc) is good for predicting the transmittédse for homogeneous media
unit density. The cloudy white colour on four camef the gamma map indicat
that the gamma test was just passed in these edible gamma criteria for this set
were set to 3% and 3 mm for dose difference and Ddspectively Thus the dose
differences between the measured and Monte Calbwulated data points in the
regions are abou®% within the 3 mm DTA.The Monte Carlo dose map in figL
6.5.2 a) shows thahe distribution of doses seem to arrive fromoanded radiatiol

field. This causes a faster decrease of dose®indimers of the dose m

[em] Y i
10.0
8.0
6.0
4.0
2.0
0.0
-2.0
-4.0
-6.0
-8.0
-10.0

- h B
113
1.00
088
0.75
063

0,50
038
0.25
013
0.00

6.5.3 Gamma map result for the analysis of the Monte Cdo calculated and measurecdose maps
acquired from the 15 cm thick water phantom setupn figure 6.2.2. The Gamma criteria are 3%
and 3 mm for dose difference and DTA respectivel
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MONTE CARLO VERSUS PINNACLE- 15CM HOMOGENEOUS PHANOM
In the comparison between the Monte Carlo the Pinnacle data, the EPID w
modelled using the actual EPID materials in the MdoBarlo code and as well as
Pinnacle TPS. The heterogeneous composition ofattteal EPID caused mo
complex scattering conditions at the EPID’s sewsifplane. Theadditional 15 cm
thickness of water further complicated the absorptind scattering of the-ray beam
as discussed in the comparison between the Monte @ad measured data for tl
setup. The combination of these factors increalsesuncertainty inhe transmitted
dose calculation in both the Monte Carlo code dral RinnacleTPS. The average

uncertaintyin the Monte Carlo calculation was about Comparison of the profile
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in figure 6.5.1 shows that Monte Carlo and measudisd agree well in horregion.
This implies that Pinnacle overestimated the tratisthdose near the horn region

shown in figure 6.5.4 below. The dose differencéhis region is up to 3.5¢
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6.5.4 Transmitted dose profiles from a 6 MV radiation beam of 15x15 cr field size acquired in
the EPID by Monte Carlo calculation and Pinnacle ajn the crossplane and b) in the ir-plane for

the 15 cm water phantom setup of figure 6.2.

The colour transmitted dose maps in figure 6.5.Eewmmable to clearly show the dc
difference observed in the above profile compassohhe gamma map analy.

(figure 6.5.6) was very useful, in this case, to furtheargify the difference betwee

-,

C

the Monte Carlo and Pinnacle dose maps. The aitieri the gamma analysis
again 3% and 3 mm for dose difference and DTA retspedy. The disagreein
regions, that failé the gamma test, indicate that Pinnacle and M&@uddo dose

differences in all corners are more than 3% wifdimA of 3 mm
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6.5.5 Transmitted dose maps from a 6 MV radiation bem of 15x15 cnj field size acquired in the
EPID by: a) Monte Carlo and b) Pinnacle calculationfor the 15 cm thick water phantom setup o
figure 6.2.3. The resolution for both dosimaps is 2.5 mm.

The central region, however, shows that the trattethdoe maps agree within tt
dose and the distar-to-agreement of 3% and 3 mm respectively. The redutiis
gamma map is roughly similar to that observed & Bhonte Carlo and measur
gamma map (refer to figure 6.5.3), however, theee raore failed poiis in this
gamma map. The total gamma score for this compais81.97%. As discussed
the comparison between the Monte Carlo and measiwsd profiles section, tt
increase in scattered radiation reaching the EPfildse as well as the reduction
the EPID signal due to beam absorption in the waltb@mtom are possible caus
Since Pinnacle model of scatter radiation was basedhe pr-calculated scatter
kernel in homogeneous water phant(Mackie, Scrimger et al. 19¢, some
inaccuracies could have occurred in calculating seatter dose in the EPIC
sensitive plane. Monte Carlo method on the otherdhavas based on the fil
principles andhus, dose distribution due to scatter radiatiom loa calculated mol
accurately. Furthermore, dose distribution in Pa@avas modelled for clinical us
at a source to surface distance from 90 to 110 ioaccuracies in the Pinnac
transmitted doseatculation at a source to detector distance ofcidimay occur.
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6.5.68 Gamma map result for the analysis of the Monte Cdo and Pinnacle calculated and dos
maps acquired from the 15 cm water thick phantom gep in figure 6.2.2. The Gamma criteria
are 3% and 3 mm for dose difference and DTA respentely.

6.6 Comparison of the Transmitted Dose in an Antpamorphic
Phantom

MONTE CARLO VERSUS NEASUREMENT—RANDO PHANTOM

The Monte Carlo model of the EPID was further exsedi by introducing RAND(
into the radiation field (refer to setup in figuBe2.3). For this setup, the EPID w
modelled by materials that made up the rePID. The exposed region of RAND
consisted of a single breast, lung and bone strestthat represented the hun
anatomical structures. These heterogeneity strestcaused complicated absorpt
and scattering of Xays in the interaction region. Those profiles in the cro-plane
(6.6.1a) and the -plane (6.6.1b) were compared with the measured ta
investigate how well Monte Carlo modelled absonptaind scattering of -rays in

heterogeneous phantom. Discrepanof about 10%were found for bch cross-plane
and inplane profiles near the edges of the radiatiom fi@ne of the reasons for the
discrepancies could be setup uncertainties. Intiaddithe RANDO phantom used

aged and its body is not as rigid as a new RANDGckimade positioing more
difficult. The individual slices of RANDO could ndie tightly bolted together ar
thus created air gaps in between slices. The attdtee to the air gaps is shown in

measured (green) and Monte Carlo calculated (r-plane profiles of figre 6.6.1b
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as a decrease in dose (dips). The dose grid fosune@ data was 27x1.27 mn?
compared to 2.5x2.5 n? for Monte Carlo calculation, and thus displaying
artefact more clear.
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Figure 6.6.1 Transmitted dose profiles from a 6 MV radiation beam of 15x15 cr? field size

acquired in the EPID by Monte Carla calculation and measurement a) in the cro-plane and b)

in the in-plane for the RANDO of figure 6.2.3. The dips pres# in the in-plane were caused by
the air gaps between RANDO slice

Figure 6.6.2 shows the Monte C: and measured transmitted dose maps for
setup. Only relevant region of interests in the MoBarlo and measured dose r
are displayed. Higher dose regions are shown ikedaed as labelled by the colc
scale used. The artefact due to air gafbetween RANDO slices can also be see
these dose maps presented as discontinuationseircdtour scale along the
direction (inferior and superior direction of RANDOrhe Monte Carlo dose map
more blurred than the measured dose map due ta lesolution dose grid (larg
voxel size). Increasing the dose grid resolutioméothe same as the measured
was impractical due to long calculation tii A total of about 240 hours would |

required.
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Figure 6.6.2 The transmitted dose maps in the SLIC EPID acquied by a) Monte Carlo
calculation and b) measurement for the RANDO phantm setup in figure 6.2.3.The measured
and Monte Carlo calculated dose grids resolution athe EPID plane are 1.2 mm x 1.27 mm and
2.5 mm x 2.5mm respectively. The artefacts shown in these doseaps were cause by air gaps i
between RANDO slices

The gamma analysis in this case was performed thdlgamma criteria of 5% anc
mm (compareda 3% and 3 mm in the previous setups) in doseréifiee and DT/
respectivelylt is clear from the two dose transmitted maps showfigure 6.6.2 the
there are significant differences between the Mdddelo calculated and measul
transmitted doses a that these difference are higher then 3% 3 mm sssgd
criteria used normally. As a result, in order tsess and quantify the degree
agreement between the two dose maps, the gamredaiitere increased to 5% a
5 mm in dose difference and DTAspectively. Even with this relaxed criteria, th
are failed regions in the gamma map (figure 6.6a@)sed by the air gaps between
RANDO slices (shown as pink strips). The gammeaedat of 5% and 5 mm impl
that the effect of air gaps causes a difference of more than 5% within the DTA
5 mm between measured and Monte Carlo calculafioregion near the bottom
the gamma map also failed the gamma test. Thelgessiasons are as follows:
uncertainty in converting the CT number to phal density in the Monte Car
program, the use of larger voxel size in Monte Qashlculation to reduce tt
simulation time and the presence of heterogenend<arved structures in RAND
which created quite complex absorption and scateigonditions.Overall, the
gamma map in figure 6.6.3 shows that there is latgaber of data points that pas:
the gamma test, which implies that the dose agretimetween the measured &

Monte Carlo transmitted dose is within 5% for thétup
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Figure 6.6. 3 Gamma map result for the analysis of the Monte Cdo calculated and measurec
dose maps acquired from the RANDO setup in figure .2.3. The Gamma criteria are 5% and ¢
mm for dose difference and DTA respectivel

PINNACLE VERSUS NEASUREMENT—RANDO PHANTOM

The transmitted dosin the real EPID modedior RANDO phantomsetup was also
calculated in Pinnacle. Analysis of the transmittlede was performed to study
accuracy of Pinnacle TPS calculation of interadiom heterogenes anatomy. The
comparison between the Pinnacle calculated andureshsros-plane profiles (figure
6.6.4a) shows that most data points agree betiar4bo. The agreement is worse r
the edges of the radiation field, mainly due taupedrrors. The dif in dose caused by
the presence of air gaps in between RANDO slice® akso observed in Pinna in-
plane profile (figure 6.6.4b). They are shalloweart the measured data becaus
low dose grid resolution (2.5 mm) used in Pinnazéulation. Figur 6.6.4b also
shows an artefact in Pinnacle calculated data. &tiesfact causes a maximum d

difference of 20% in comparison with the measun-plane profile
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Figure 6.6.4 The 15x15 cn’ transmitted dose profiles in an EPID acquired by Rinacle
calculation and measurement a) in the cro-plane and b) in the inplane for the RANDO of
figure 6.2.3. A big hump in the Pinnacle i-plane profile was the result of an unknown artefacin
Pinnacle calculation.

The Pinnacle dose map in figure 6.6.5a indicatasttie artefact is actually extends
an area of about 6x2 ¢ in the lower part of RANDOThe exact cause is unkno\
however, it looks like an artefact that was commardused by low density obje

within the radiation field
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Figure 6.6. 5 The transmitted dose maps in an EPID acquired by a) Pinnacle calation and b)
measurement for the RANDO setup in figure 6.2.3. Téaresolution of the measured and Pinnacl
calculated dose maps are 1.27 mm and 0.25 mm respreely.

The disagreement in the edges of tkdiation field is still present and is indicated
the pink regions on the left and right edges of ghenma map as shown in figt

6.6.6. Observation of the gamma map in figure 6shéws that the rest of the d
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points on the Pinnacle dose map agree well under 5% with the measureme
Compare to figure 6.6.3 it can be seen that Piengeinsmitted dose map agr
better with measurement than Monte Carlo transthidtesse map. Part of the reasoil
that Pinnacle system equipped with better grapltools for planning the calculatio
These tools assist in reducing the error in alignRANDO’s landmark in th
calculation. These results show that overall, Ritemnaan model -ray interaction in
complex heterogeneous region with an uncertainfyraximately 5%
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Figure 6.6.6 Gamma map result for the analysis of the Pinnaclealculated and measured dos
maps acquired from the RANDO setup in figure 6.2.3The Gamma criteria are 5% and 5 mm
for dose difference and DTArespectively.

6.6 Summary

The verifications of the Monte Carlo and Pinnacledelled EPIDs were performed
this chapter. Three different phantom setups wesegded to study the accuracy
the modelled EPID in calculating the transmittedse in simple and complicated
scattering conditions. Setup number one was an ddth where only air wa
presented in between the radiation source and BHB.ESetup number two was t
same as number one except there was 15 cm of ypatartom in between tt
radiaton source and the EPID. In setup number threelBhem of water phantom
setup number two was replaced by the RANDO phantbwas found that the Mon
Carlo modelled EPID can provide transmitted dode tlaat agree well within 3% «
the measured a@nPinnacle data in a simple scattering conditiomegated by the ope
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field and 15 cm of water phantom setups. Althougghér disagreements were
observed in the edges of the radiation field, tdais be explained by the existence of
high dose gradient. The introduction of RANDO ine thadiation field caused
complicated scattering conditions due to heterogesestructure of RANDO
phantom. Also, matching the setup in the measurgninnacle and Monte Carlo
calculations became more difficult, especially fdonte Carlo calculation due to the
lack of graphical setup tools. The combination ledse factors made it difficult to
calculate the transmitted dose accurately. A gémenr@ement of 5% within the DTA
of 5 mm between the Monte Carlo and the measuaednitted dose was observed in
a selected region of interest. Similar agreementvéen Pinnacle calculated and
measured transmitted dose was found, however tvere more data points that
agreed at this level than that compared to MonttoQalculated data. However, due
to the lack of high resolution dose grid and graphsetup tools, it was uncertain to
claim that Monte Carlo method can calculated tratisth dose in heterogeneous
phantom more accurate than Pinnacle TPS dose aattumethod.
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CHAPTER 7

CONCLUSIONS

7.1 Summary

The primary objective of this project was investiga and development of a Monte
Carlo method to calculate transmitted dose in anSiog Liquid lonisation Chamber
EPID and to evaluate the accuracy of the developkmhte Carlo method in

comparison with measurement and Pinnacle treatplenning system. Before this
objective could be achieved, a Monte Carlo modeldinac head needed to be
generated and verified with the measured data abatlgood accuracy of the model
could be assumed. The corresponding modelling asrification processes were
described in chapters 3, 4 and 5.

Chapter 3 presented the principle and the appticadf the Monte Carlo programs
BEAMnNrc and DOSXYZnrc to model the Varian 600C/Ddc head and to calculate
the dose respectively. The modelling and verifaatprocess of the linac head were
described in details in chapter 4. The resultstfier verification of the X-ray beam
field size and the radial and transverse symmetopgrties were also presented in
this chapter. It was found that the projected figltk at the depth of maximum dose
was accurate and good radial and transverse symrottihe radiation beam was
observed. In addition, the modelling of the flattenfilter for an X-ray beam were
checked by observing the shape of the dip and hafrtfse beam profile at the depth
of maximum dose. An agreement with the measuredchhwafiles of less 1.5% was
found. Furthermore, the statistics for the use afious time reduction (Variance
Reduction) parameters were also presented in ahaptelt was found that
Bremsstrahlung Splitting techniques in Monte Capgram are essential for
reducing the calculation uncertainty with minimakrease in calculation time, in
other word Bremsstrahlung Splitting techniques iowver the efficiency of the
calculation. An increase in the efficiency of attacof 100 was found in this work
which was consistent with the reported values (Kdww, Rogers et al. 2004).
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The major part of this project was the selectiorihaf electron beam energy and the
FWHM of the electron beam width that were usedhm nodel of the linac head. It
was discussed in the literature that every linat lcave slightly different value for
electron beam energy and electron beam width aesketparameters are difficult to
measure (Sheikh-Bagheri and Rogers 2002). Chapgersented a method and results
for the selection of the electron beam energy aairbwidth. These parameters were
selected in the current work by comparing the Mddé&elo calculated and measured
PDD (using a 10x10 chfield size) and beam profiles (using 40x40°dteld size) at
the depth of maximum dose. The PDDs were thoroughblysed to select the best
match for the electron beam energy. The resultdiferPDD analysis for energies
between 5.5 and 6 MeV were shown in chapter 5.bHs¢ energy was found to be 5.7
MeV. Attempts were made to select the electron beaergy accurate to £0.1 MeV,
however the results showed that accuracy of +0.¥ NMdemore reasonable because
the uncertainty of the calculation is larger thiae variation of the PDD for an energy
change of 0.1 MeV. The FWHM of the electron beandtlwiwas selected by
comparing the Monte Carlo simulated and measuredyXheam profiles for a range
of FWHM values of the electron beam widths from @9.5 mm. The best FWHM
of the electron beam width was found to be 1.3 mhe analysis also showed that the
beam profiles were influenced by both the elecbeam energy and the FWHM of
the electron beam width. The beam profiles wereensensitive to the FWHM of the
electron beam width than the electron beam endrgig. result also confirmed similar
finding in the literature (Sheikh-Bagheri and Ray2002). An agreement of less than
1% between Monte Carlo and the measured data wasdfovhen the selected
electron beam energy and beam width of 5.7 MeVlaBdnm respectively were used
in the linac head model. This satisfies the regquoéet of 1% and 3 mm dose

difference and distance to agreement criteriagehte linac head model in this work.

The modelling of the EPID and the verification béttransmitted dose was described
in chapter 6. The geometry of the modelled EPID whtined from the paper by
Spezi and Lewis in 2002 (Spezi and Lewis 2002). ER#D was modelled by 11
layers of various materials and densities by thentddCarlo code DOSXYZnrc. The
transmitted dose in the EPID was also calculated DySXYZnrc code. The
phasespace file of the modelled linac head was ased radiation source for the

calculation of the transmitted dose. The followjplgantom setups were designed in
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this work to assess the accuracy of the Monte CEBMRID model in different
scattering conditions: air, uniform water phantond daumanoid phantom. The first
scenario used an open field setup where only attiune was present between the
radiation source and the EPID. The 15 cm thick mpk&ntom was inserted between
the radiation field and the EPID in the second eta the third setup, the water
phantom was replaced by the humanoid phantom RANDT®. dose agreements of
about 2% within 3 mm distance to agreement wereerviesl between the Monte
Carlo, Pinnacle and measured transmitted dose dtir, the open field and 15 cm
thick water phantom setups. The results led torelogion that Monte Carlo model of
the EPID can be used with good accuracy for calieigdransmitted doses in air and
for homogeneous water phantoms. It also confirnhed Pinnacle treatment planning
system can be used to model the EPID for transdniigses calculation for these
conditions. In the analysis of the transmitted dimsghe RANDO setup, it was found
that the dose agreement between the Monte CammaPBle and measurement were
generally about 5% within the distance to agreenoér® mm. Pinnacle treatment
planning system was found to predict slightly bretesult than Monte Carlo method.
Some difficulty was encountered in aligning RANDQ fneasurement because the
individual RANDO slices could not be tightly joingédgether. It was found that the
artefact in the RANDO transmitted dose map was ey air gaps in between the
RANDO slices. The lack of higher dose resolutiodionte Carlo dose map and good
graphical setup tools in the Monte Carlo prograspoamposed a limitation on the
accuracy of the dose calculation. Therefore, ferdbse calculation conditions in the
current project it remains unclear whether Montel&Canethod can calculate the
transmitted dose in heterogeneous phantoms motgaety than Pinnacle treatment
planning system. However, a general dose agreeof&dt between Monte Carlo and

measurement and Pinnacle and measurement can dladmh from our results.

7.2 Possible Future Development

It was shown in this work that the Monte Carlo noettand specifically the Monte
Carlo codes BEAMnrc and DOSXYZnrc can be used talehthe X-ray linac head
with an accuracy of less than 1.5%. The phase dgaa®dntaining the distribution of
the simulated X-rays can be used in the simulatiothe transmitted dose in an EPID

through air, water phantom or in the human likentban such as RANDO. In an
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investigation to assess the Monte Carlo EPID madé¢he clinically like scenarios,
the transmitted dose map in the breast region dNB@ was analysed in this work.
The overall agreements of 5% and 5 mm in dose astdnte to agreement were
found. Further work may be extended to study tlasmitted dose in the pelvis
region of RANDO. The distribution of material deysis more uniform in the pelvis
region. Therefore it is expected to see better dageement. To assess the Monte
Carlo model of the EPID more accurately, comparigbthe transmitted dose using
the patient data would be of great beneficial. Ttisuld be done using the patient
setup EPI images to avoid any extra dose to thergatThe difficulties of using
heterogeneous phantom such as RANDO in this worle wiescussed in section 7.1.
For dose verification purpose, a simpler heteromgrghantom such as a uniform
rectangular water phantom with air or bone derisggrts may be performed prior to
the use of RANDO phantom or real patient. This rodthogy was adopted by
Fogliata et al 2007 in their investigation to comgoen the dose distribution difference
in heterogeneous media for seven different doseulzion algorithms including
Pinnacle and Monte Carlo algorithms (Fogliata, \tare al. 2007).

The technical limitation of the Monte Carlo methisdthe calculation time. It was
found in this work that the calculation time of abd®00 hours was required to
calculate the transmitted dose with an uncertagftaround 1%. This is clinically
impractical. Therefore, improvement in the Monterl@algorithm to speed up the

calculation is mandatory before Monte Carlo cam$ed in clinical practice.
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APPENDIX A

A.1 BEAMnNrc’s Input File

A typical BEAMnrc input file created in this profecThe left column is the
parameters used in BEAMnrc. The right column isdbscription of those parameters
interpreted from the BEAMnNrc's Users Manual (Rog&set al. 2007).

6mvbeam: Model of 40x40 cm 2 6MV Varian 600C/D

AIR700ICRU

MEDIUM Medium of region at front or back of component
module (CM) is air.

0,0,0,0,1,2,0,

IWATCH Normal output. This all we are concerned about,
output for every discrete interaction is not
needed. Sometime might need option 4 to get
graphical output.

ISTORE Stores random seeds for first history of a batch

IRESTART First run for this data set. Don't usually
repeat simulation with same random number.

I0_OPT Phase-space output at every scoring plane. Only
1 scoring plane used in this simulation. Data
analysis not required

IDAT Don't store data for re-use, saves time. Only
store data if running simulation that takes 100
of hours.

LATCH_OPTION Creates variables that keep track of which

region a particle is in and whether they are

secondary particle or created by brems photon.
IZLAST Do not score z-position of the last site of

interaction for photons and electrons created by

photons. Use 2 if want to score xyz-postion to

be used for EGS_WINDOW. Don’t know why scoring

is useful.

200000000, 22, 23, 500.0, 2, 5000, 2, 5,

NCASE The number of particles in the simulation

IXXIN Random number seed 1. Can be any number and
blank is ok.

JXXIN Random number seed 2. try not to use the same as
seed 1.

TIMMAX Max CPU time allowed for this run in hours

IBRSPL Perform Directional Bremsstrahlung Splitting
(DBS). Most efficient type

NBRSPL Number of splitting and annihilation per
interaction. 5000 for highest efficiency.

IRRLTT Play Russian Roulette on split photon that are
outside the region of interest (fat photon).

ICM_SPLIT Allow the splitting of photons and electrons

(unrelated to Brems Splitting) happen above CM
number 5. This option is designed to improve the
statistic in the depth-dose calculation by
increasing # photons before they incident the
phantom. High efficiency can be obtained if the
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The next Record is required only if IBRSPL = 2 (DBS

40, 100,
FS

SSD
NMIN

ICM_DBS

ZPLANE_DBS

IRAD_DBS

ZRR_DBS

chosen CM is near the bottom therefore 5 is
used.

Radius in cm of Brems Splitting region. 40 is
chosen to encompass the treatment field size
(40x40 cm 2 in this case).

SSD in cm at which FS is defined.

Background splitting. Only use for Selective
Brems Splitting (IBRSPL=29).

No electron splitting is require since only
interested in photon statistic. Otherwise, CM #
in which electron splitting is enabled. Only
allow to happen in FLATFILT CM which is CM # 2
in this simulation.

Layer # within ICM_DBS at which electron
splitting occur. Only use if electron splitting

is enabled (ICM_DBS > 0) Recommend to set to the
back surface of the flattening filter (i.e.

total # layers + 1).

1 for distributing NBRSPL split electrons
radially symmetric about the beam axis. Beam
must be radially symmetric above splitting
plane. 0 (default) for random distribution.
Define the Z position of a plane above the
splitting plane where Russian Roulette will not
apply to non-fat photon about to interact. This
option increases the number of electrons below
this plane and only use if electron splitting is
enabled (ICM_DBS > 0).

The next Record is required only if ICM_SPLIT >0

5000, 5000,
NSPLIT_PHOT

NSPLIT_ELEC

Photon splitting number. Unrelated to Brems
Splitting. Only design to improve efficiency in
the phantom depth-dose calculation

Electron splitting number.

-1,19,-0.12,0.0,0.0,1.0,0,0,0,0

IQIN
ISOURCE

RBEAM

UINC, VINC, WINC

Charge of the incident particle. O for photon, -

1 electron.

Source number. 19 defines a source with Gaussian
distribution in the X and Y plane incident from

the front.

-FWHM in cm of 2-D Gaussian distribution.
Positive value defines Sigma of the 2-D Gaussian
distribution.

Define direction cosine relative to the X, Y and

Z plane.

For unknown reason the last 4 zeros need to be ther

01
MONOEN

5.6,
EIN=5.6

0 for monoenergetic beam and 1 for energy
spectrum.

If MONOEN =0

Energy of the monoenergetic beam in MeV.

is on)
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If MONOEN =1
Filename of the energy spectrum

0,0,0.7,0.01,0,1, 20,0,

ESTEPIN =0 Dummy variable. No need
SMAX =0 Dummy variable.
ECUT =0.7 GLOBAL ECUT i.e Cut-off energy in Mev for all

region. Electron with energy < this value will
be discarded from the simulation and its
remaining energy will be deposited to the
current region. This value is recommended for
peak efficiency.

PCUT =0.01 GLOBAL PCUT for photon.

IDORAY =0 Dummy variable

IREJCT_GLOBAL =1 Do electron range rejection. Electron will be
discarded if it cannot pass the current region
and has energy less than ESAVE_GLOBAL. 1 for
optimal efficiency in this simulation

ESAVE_GLOBAL =2 Energy in MeV below which electron will be
discard in range rejection. Recommended value.

IFLUOR =0 Dummy variable.
0,0,0,0,0,

IFORCE =1 0 for  Normal photon transport (default). 1 for
force photon interaction in the geometry.

NFMIN =1 # of photon to start forcing. This will always
be 1 regardless of what input.

NFMAX =5 # photon interaction before stop forcing

NFCMIN = 3 CM number at which photon forcing start. CM 3
model the chamber with many thin layers.

NFCMAX =4 CM number beyond which to stop photon forcing.
CM 4 is a thin mirror made of low density
material.

1,6,

NSC PLANES =1 Number of scoring plane. If > 1 scoring plane
required then the subsequence inputs are
corresponding to the CM # at which phase-space
data are written.

IPLANE_to CM =6 CM # correspond to the scoring plane. 6 is the
last CM in this simulation.

Repeat the next record for the number of NSC_PLANES

0,1,
NSC ZONES =0 For maximum # scoring zone in the chosen scoring
plane.
MZONE_TYPE =1 For square ring zone because radiation field
shape is square. 0 for annular zones.

The next record is for NSC_ZONES > 0
RSCORE_ZONE = Outer radius of each scoring zone in order

increasing radius for MZONE_TYPE = 0. Itis the
half_width from the origin for MZONE_TYPE = 1.

0,
ITDOSE_ON =0 Only total dose is calculated. 1 for total dose
and dose components to be calculated. We don't
care about dose component in this simulation.
0.0,

Z min CM=0 Z-coordinate of the origin
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ek START OF CM SLABS WITH IDENTIFIER TARGET

*kkkkkk
3.809,
RMAX_CM Lateral dimension from central axis

CM DESCRIPTION: X-RAY TARGET MADE OF TUNGSTEN AND COPPER

3,
N_$SLABS- # layers in this CM

0.0,
ZMIN_$SLABS Distance from front surface to the origin.
defined such that the electron beam enter the
fron surface at the origin

0.063,0,0,0,1,0,

ZTHICK_$SLABS Thickness of first layer in cm.

ECUT =0 Default to ECUTIN.

PCUT =0 Default to PCUTIN.

DOSE_ZONE =0 Region to score dose. Not interest in dose in

this layer so define 0 for no scoring.
IREGION_TO_BIT=1 Interactions in this layer will be recorded by

Latch bit 1
ESAVEIN =0 Default to ESAVE_GLOBAL
W700ICRU
MED_IN Medium of first layer
0.265,0,0,0, 1,0,
ZTHICK_$SLABS Thickness of second layer in cm.
ECUT =0 These parameters carry the same meaning as above

but apply in second layer.
PCUT =0
DOSE_ZONE =0
IREGION_TO_BIT=1

ESAVEIN =0
CU700ICRU
MED_IN Medium of second layer
1.772,0,0,0, 1,0,
ZTHICK_$SLABS Thickness of third layer in cm.
ECUT =0 These parameters carry the same meaning as above

but apply in third layer.
PCUT =0
DOSE_ZONE =0
IREGION_TO_BIT=1
ESAVEIN =0
VACUUM MED_IN — Medium of third layer

**START OF CM FLATFILT WITH IDENTIFIER

FLAT_FILTER ****

12.31, RADIUS OF OUTER BOUNDARY OF CM (RMAX_CM)
CM DESCRIPTION: PRIMARY COLLIMATOR AND FLATTENING F ILTER MADE OF
TUNGSTEN AND LEAD

2.1, distance from front of flat _filter to
reference plane

13, # layer in flat_filter

1, 7.849, # cones in layer 1 and thic kness
0.524, top radius of cones 1 in la yer 1
2.481, bottom radius of cones 1 in layer 1
2, 0.036, # cones in layer 2 and thic kness

113



0, 2.481,
0.126, 2.490,
2, 0.065,
0.126, 2.490,
0.252, 2.5086,
2,0.164,
0.252, 2.506,
0.504, 2.547,
2, 0.166,
0.504, 2.547,
0.756, 2.588,
2,0.154,
0.756, 2.588,
1.080, 2.626,
2,0.151,
1.080, 2.626,
1.260, 2.664,
2,0.141,
1.260, 2.664,
1.512, 2.699,
2, 0.119,
1.512, 2.699,
1.764, 2.729,
2,0.103,
1.764, 2.729,
2.016, 2.755,
2,0.118,
2.016, 2.755,
2.268, 2.784,
2,0.021,
2.268, 2.784,
2.419, 2.789,
2,0.113,
2.419, 2.789,
2.816, 2.817,

0.7,0.01, 2, 3,

in layer 1
AIR700ICRU

0.7,0.01, 2, 3,

W700ICRU

0.7,0.01, 3, 4,

in layer 2
PB700ICRU

0.7,0.01, 2, 3,

in layer 2
AIR700ICRU

0.7,0.01, 2, 3,

W700ICRU

0.7,0.01, 3, 4,

in layer 3
PB700ICRU

0.7,0.01, 2, 3,

in layer 3
AIR700ICRU

0.7,0.01, 2, 3,

W700ICRU

0.7,0.01, 3, 4,

in layer 4
PB700ICRU

0.7,0.01, 2, 3,

in layer 4
AIR700ICRU

0.7,0.01, 2, 3,

top radius of cone 1 & 2 in
bottom radius of cones 1 &
# cones in layer 3 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 4 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 5 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 6 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 7 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 8 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 9 and thic
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 10 and thi
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 11 and thi
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 12 and thi
top radius of cones 1 & 2 i
bottom radius of cones 1 &
# cones in layer 13 and thi
top radius of cones 1 & 2 i
bottom radius of cones 1 &
ecut, pcut, dose_zone, ire_

region between the outermos

ecut, pcut, dose_zone, ire_

ecut, pcut, dose_zone, ire_

region between the outermos

ecut, pcut, dose_zone, ire_

ecut, pcut, dose_zone, ire_

region between the outermos

ecut, pcut, dose_zone, ire_

ecut, pcut, dose_zone, ire_

REGION BETWEEN THE OUTERMOS

layer 2

2 in layer 2
kness

n layer 3

2 in layer 3
kness

n layer 4

2 in layer 4
kness

n layer 5

2 in layer 5
kness

n layer 6

2 in layer 6
kness

n layer 7
2inlayer 7
kness

n layer 8

2 in layer 8
kness

n layer 9

2 in layer 9
ckness

n layer 10

2 in layer 10
ckness

n layer 11
2inlayer 11
ckness

n layer 12

2 in layer 12
ckness

n layer 13

2 in layer 13
to_bit on cone 1

t cone and rmax_cm

to_bit on cone 1

to_bit on cone 2

t cone and rmax_cm

to_bit on cone 1

to_bit on cone 2

t cone and rmax_cm

to_bit on cone 1

to_bit on cone 2

T CONE AND RMAX_CM
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W700ICRU
0.7,0.01, 3, 4,
IN LAYER 5
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 5
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 6
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 6
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 7
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 7
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 8
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 8
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 9
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 9
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 10
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 10
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 11
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 11
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 12
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 12
AIR700ICRU

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

REGION BETWEEN THE OUTERMOS

ECUT, PCUT, DOSE_ZONE, IRE_

ECUT, PCUT, DOSE_ZONE, IRE_

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2

T CONE AND RMAX_CM

TO_BIT ON CONE 1

TO_BIT ON CONE 2
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0.7,0.01, 2, 3,
W700ICRU
0.7,0.01, 3, 4,
IN LAYER 13
PB700ICRU
0.7,0.01, 2, 3,
IN LAYER 13
AIR700ICRU
0.7,0.01, 2, 3,
W700ICRU

REGION BETWEEN THE OUTERMOS T CONE AND RMAX_CM

ECUT, PCUT, DOSE_ZONE, IRE_ TO_BIT ON CONE 1

ECUT, PCUT, DOSE_ZONE, IRE_ TO_BIT ON CONE 2

REGION BETWEEN THE OUTERMOS T CONE AND RMAX_CM

e START OF CM CHAMBER WITH IDENTIFIER
ICHAMBER #******

6.0, LATERAL DIMENSION

Use CHAMBER CM to model the ion chamber

11.31, DISTANCE FROM 1ST CONE TO R EF PLANE

0, 17,0, # LAYER IN TOP, CHAMBER AND BOTTOM PARTS
5.9, 5.95, 5.98, INNER, OUTER RAD OF CHAMBER , INNER RAD
CONTAINER WALL

0.043, 1, THICKNESS OF GROUP 1, # LAY ER IN GROUP

0.7,0.01, 4, 5,
GROUP 1
STEEL700ICRU
0.314, 1,
0.7,0.01, 4, 5,
GROUP 2
AIR700ICRU
0.027, 1,
0.7,0.01, 4,5,
GROUP 3
MICA700
0.314, 1,
0.7,0.01, 4,5,
GROUP 4
AIR700ICRU
0.027, 1,
0.7,0.01, 4,5,
GROUP 5
MICA700
0.314, 1,
0.7,0.01, 4, 5,
GROUP 6
AIR700ICRU
0.027, 1,
0.7,0.01, 4, 5,
GROUP 7
MICA700
0.314, 1,
0.7,0.01, 4,5,
GROUP 8
AIR700ICRU
0.038, 1,
0.7,0.01, 4,5,
GROUP 9
STEEL700ICRU
0.314, 1,
0.7,0.01, 4,5,
GROUP 10
AIR700ICRU
0.027, 1,

ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 2, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 3, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 4, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 5, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 6, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 7, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 8, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 9, # LAY
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 10, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 11, # LA

ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

ER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
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0.7,0.01, 4, 5,
GROUP 11
MICA700
0.314, 1,
0.7,0.01, 4, 5,
GROUP 12
AIR700ICRU
0.027, 1,
0.7,0.01, 4,5,
GROUP 13
MICA700
0.314, 1,
0.7,0.01, 4,5,
GROUP 14
AIR700ICRU
0.027, 1,
0.7,0.01, 4,5,
GROUP 15
MICA700
0.314, 1,
0.7,0.01, 4, 5,
GROUP 16
AIR700ICRU
0.043, 1,
0.7,0.01, 4, 5,
GROUP 17
STEEL700ICRU
0.7,0.01, 4,5,
CHAMBER WALL
STEEL700ICRU

ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 12, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 13, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 14, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 15, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 16, # LA
ECUT, PCUT, DOSE_ZONE, IREG

THICKNESS OF GROUP 17, # LA
ECUT, PCUT, DOSE_ZONE, IREG

ECUT, PCUT, DOSE_ZONE, IREG

ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

YER IN GROUP
ION_TO_BIT FOR

ION_TO_BIT FOR

0.7,0.01, 4, 5, ECUT, PCUT, DOSE_ZONE, IREG ION_TO_BIT OF GAP
AIR700ICRU

0.7,0.01, 4,5, ECUT, PCUT, DOSE_ZONE, IREG ION_TO_BIT
CONTAINER WALL

AIR700ICRU

0, RANGE REJECTION WORK ON REG ION BY REGION
BASIS

ek START OF CM MIRROR WITH IDENTIFIER MIRROR

*kkkkkk

6.38,

RMAX_CM(ICM_$MIRRORMalf-width of CM boundary from the central

CM DESCRIPTION

18.95, 6.17,
ZMIN_$MIRROR
ZTHICK_$MIRROR

3.79, -5.02,

XFMIN_$MIRROR

XBMIN_$MIRROR

11
N_$MIRROR
0.005,
DTHICK_$MIRROR

axis*

Mirror made of MYLAR at 35 degree about the X-
axis.

Perpendicular distance from front to origin.*
High of mirror in the Z direction.*

X-coordinate at which front face of mirror

intersect plane at ZMIN_$MIRROR

X-coordinate at which front face of mirror

intersect plane at ZMIN_$MIRROR +

ZTHICK_$MIRROR. XFMIN AND XBMIN are chosen such
that the mirror is 35 degree wrt the central

axis

# layers in mirror.*

Thickness of layer 1.*
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0,0,0,4,
ECUT These parameters have the same value as in other
CM above except particle interactions are
tracked using Latch bit 4 and they applied to
the mirror region
PCUT
DOSE_ZONE
IREGION_TO_BIT
MYLAR700ICRU
MED_IN Medium of layer 1.*

Repeat the previous 2 records for more than 1 layer

0,0,0,4,
ECUT These parameters have the same value as in other
CM above except particle interactions are
tracked using Latch bit 4 and they applied to
region behind the mirror .
PCUT
DOSE_ZONE
IREGION_TO_BIT
AIR700ICRU
MED_IN Medium of region behind mirror is air.
0,0,0,4,
ECUT These parameters have the same value as in other
CM above except particle interactions are
tracked using Latch bit 4 and they applied to
region in front of mirror
PCUT
DOSE_ZONE
IREGION_TO_BIT
AIR700ICRU
MED_IN Medium of region in front of mirror is air.

s START OF CM JAWS WITH IDENTIFIER SEC_COL

*kkkkkk

10,

RMAX_CM(SLABS) Half width of the JAWS. 10 cm is chosen so that
the boundary of the JAWS is big enough to cover
the radiation field. It was worked out using
similar triangle.

CM DESCRIPTION Secondary collimator modelled using the CM JAWS

2,
ISCM_MAX_$JAWS  # paired jaws. There are 2 in this simulation (X
and Y)
X,
XY_CHOICE = X The top JAW'’s separation and movement in the X-
axis
28, 35.8, 5.6, 7.16, -5.6, -7.16,
ZMIN_JAWS(1) Perpendicular distance (cm) from top surface of
X jaws to the origin*.
ZMAX_JAWS(1) Perpendicular distance (cm) from bottom surface
of X jaws to the origin*.
XFP_JAWS(1) Positive X-coordinate of top corner or
perpendicular distance (cm) from top corner of X
jaws to central axis. 5,6 cm 2.8 cmand 1.4 cm

give field size of 40x40, 20x20 and 10x10 cn?f
respectively at 100 SSD.
XBP_JAWS(1) Positive X-coordinate of bottom corner or
perpendicular distance (cm) from bottom corner
of X jaws to central axis. 7.16 cm 3.58 cm and
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XFN_JAWS(1)
XBN_JAWS(1)

Y,
XY_CHOICE=Y

1.79 cmgive field size of 40x40, 20x20 and
10x10 cnf respectively at 100 SSD.

Negative X-coordinate of top corner of X jaws to

central axis.

Negative X-coordinate of bottom corner of X jaws

to central axis.

Bottom JAW'’s separation and movement in the Y-
axis

36.7,44.5,7.34, 8.9, -7.34, -8.9,

ZMIN_JAWS(2)

ZMAX_JAWS(2)
XFP_JAWS(2)

XBP_JAWS(2)

XFN_JAWS(2)

XBN_JAWS(2)
0,0,0,5,

ECUT

PCUT
DOSE_ZONE
IREGION_TO_BIT

0,0,0,5,
ECUT

PCUT
DOSE_ZONE
IREGION_TO_BIT

W700ICRU
MED_IN

0,0, 0,5,

ECUT

PCUT
DOSE_ZONE
IREGION_TO_BIT

W700ICRU
MED_IN

All of these parameters carry the same meaning
as X jaws

7.34 cm 3.67 cmand 1.835 cmgive field size of
40x40, 20x20 and 10x10 cnf respectively at 100
SSD.

8.9 cm 4.45 cmand 2.225 cmgive field size of
40x40, 20x20 and 10x10 cn? respectively at 100
SSD.

These parameters have the same meaning as in

other CM above but they apply to interior region
(air) of the jaws . Particle interactions are

tracked using Latch bit 5.

These parameters have the same value as in other
CM above except particle interactions are
tracked using Latch bit 5.

Medium of X JAWS*
These parameters have the same value as in other

CM above except particle interactions are
tracked using Latch bit 5.

Medium of Y JAWS*

ek START OF CM SLABS WITH IDENTIFIER AIR GAP

*kkkkkk

50,

RMAX_CM(SLABS)

CM DESCRIPTION

11
N_$SLABS
44.5,
ZMIN_$SLABS

Lateral dimension from central axis. Exact value
is not important, as long as it is large enough

to cover the radiation field

Air filled region. Created so that the phase-
space file is at 100 cm from the origin.

# layers in this CM

Distance (cm) from front surface to the origin.
This CM is directly below the JAWS
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505,0,0,0,6,0,

ZTHICK_$SLABS=50.5 Slabs thickness in cm. This value is chosen
so that the phase-space is 100 cm from the

origin.
ECUT =0 Default to GLOBAL ECUT.
PCUT =0 Default to GLOBAL PCUT.
DOSE_ZONE =0 Region to score dose. Not interest in dose in

this layer so define 0 for no scoring.

IREGION_TO_BIT=6 Interactions in this layer will be recorded by

Latch bit 6

ESAVEIN =0 Default to ESAVE_GLOBAL

*********************er1d Of aJI(:“AS****************

HHHH
:Start MC Transport Parameter:

Global ECUT=0.7

Global PCUT=0.01

Global SMAX= 1e10

ESTEPE= 0.25

XIMAX= 0.5

Boundary crossing algorithm= PRESTA-I
Skin depth for BCA=0

Electron-step algorithm= PRESTA-II
Spin effects= On

Brems angular sampling= Simple
Brems cross sections= BH

Bound Compton scattering= On

Pair angular sampling= Simple
Photoelectron angular sampling= Off
Rayleigh scattering= Off

Atomic relaxations= On

:Stop MC Transport Parameter:
HHHH

Reference:

*Varian specification data for 600C/D 6MV linear ac

*kkkkkkkkkkkkk

celerator head.
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A.2 DOSXYZnrc's Input File

A typical DOSXYZnrc input file created in this pegt. The left column are the

parameters used in DOSXYZnrc. The right column he tescription of those

parameters interpreted from the DOSXYZnrc's Useenlval (Rogers, Walters et al.

2004).

R1) Title: Exposure of a 100x100x40 timomogeneous water phantom by a 40x40
cm’ field, 6 MV Varian 600C/D photon beam.

R2) 2
NMED

R3) H20700ICRU
AIR700ICRU

R4) 0.70, 0.01, 0, 0
ECUTIN

PCUTIN
ESTEPM
SMAX

R5) -1, -1, -1, 1
IMAX

JMAX
KMAX
IPHANT

Number of media in the simulation.

Specific name of the first medium as defined irG@Elata
file.
Name of the second medium and so on for NMED

Electron global cut-off energy in MeV. If ECUTIN>
ECUT defined in EGSnrc then ECUTIN is used.
Similarly to ECUTIN for photon.

Dummy input. Here for consistency.

Dummy input.

# voxels in the X direction. Negative implies elljiapace
uniform voxels in the X direction. Use —ve valueéhéor a
simple uniform water phantom.

Similar to IMAX for Y direction.

Z direction.

Only insert 1 for outputting .egsphant file forspliaying
non-CT contour using dosxyz_show program otherwise
leave blank.

If IMAX, IMAX and KMAX are —ve, the next 6 records are divided equally for

R6) -50
1, 100

-50
1, 100

0
0.4, 40

X, Y and Z directions.
Coordinate of the boundary of the phantom in the X
direction.
Size of the voxels in cm and # voxel.
Similar to the parameter above but apply in thdiréction.

Coordinate of the boundary in the Z direction.
Size of the voxels in cm and # voxel.
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The combination of these parameters in this reawfines the dimension of the
phantom. In this case our phantom span from -580tem in the X and Y direction
and 0 to 16 cm in the Z direction. The phantom 19@x100x16 crhbox.

If IMAX, IMAX and KMAX are +ve, the first parameter in R6 would be the
boundary in the X direction and the successive paraeters (one each line upto
the number defined by I, J, K MAX) will be the sizeof the voxel.

eg. -1,-1,2

0

1,16

0

1,16

0

5

10 These parameters define a 16x16x16 phantom with 2

layer of 5 cm in the Z direction.

R7)0,0,0,0,0,0,0,0

IL Lower X boundary for assigning the density to gios.
Define by voxel number, not by distance.

U Upper X boundary.

JL Lower Y boundary.

JU Upper Y boundary.

KL Lower Z boundary.

KJ Upper Z boundary.

MEDIUM Medium number. e.g. 1 for water and 2 for air imst
simulation. All regions default to medium numbef et to
0.

DENSITY The density of the medium as defined in PEGS4 fileta
Set to O for default density of the medium spedifiaster
this way.

Setting all zeros for this record imply that the wiole phantom made up of
medium 1 and has density of that medium. Otherwissuccessive line will be
tracked and stop when zeros line is found

R8)0,0,0,0,0,0,0,0

IL All of these parameters are the same as in recaxicept
this is for setting ECUT and PCUT in region by weyi
basis.

U

JL

JU

KL

KJ

ECUTL ECUT for local region.

PCUTL PCUT for local region.

These parameters are not necessary in this simulati therefore no value is
assigned.
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R9) 51, 51, 51,51, 1,40, 1,0

IL

U

JL

JU

KL

KJ
IZSCAN

MAX20

All of these parameters are the same as in recaxicept
these are the region where the dose will be printhie
.egsilst file.

Setting the format of the calculated dose outputthe
.egslst file. > 0 for z-can per page otherwise ansper
page. Not important. Data analysis should be peréor
using STATDOSE program.

Set to 1 for printing the 20 highest doses.

R9) 2, 2,0, 0, 0, 180, 0, 0, 180

IQIN

ISOURCE

X|Y|Z|ISO

THETA

PHI

DSOURCE

PHICOL

R10)2,0,2,0,0
ENFLAG

MODE

2 for photons, electrons and positrons. -1 focteten and O
for photon. 2 was chosen to reflect what happenha
treatment.

Source type. 2 for phase-space file source. Cdbarces
should refer to DOSXYZnrc Users Manual.

X,Y,Z coordinate of the iso-centre for this soutgge. The
origin was chosen to be the iso-centre and thedooate of
the phantom are defined relative to this origin.

Angle between the Z direction to the line joinithg origin
of the phase-space plane to the iso-centre® &k80source
to be directed from the top.

Angle between the X direction to the line joinitige origin
of the phase-space plane to the iso-centre in helxne. O
was chosen because want source to be perpendioukar
direction.

Absolute distance from the iso-centre to the arigf the
phase-space plane. 0 was chosen so that the phecsedis
positioned at the surface of the phantom whichnighie
plane of Z=0.

Angle by which the collimator is rotated in thellcoator
plane perpendicular to beam direction. 480 retain same
XY coordinate system for BEAMnrc and DOSXYZnrc.

0 for monoenergetic beams.

1 for beam with an energy spectrum.

2 for beam with phase-space file.

3 for beam with phase-space + dose componentslaadn
4 for beam with phase-space file modelled by mldti
source model.

0 for default file format which is suitable for ENAG = 2
(7 variable/record).

2 for special file format for phase-space file hwiZ-last
setting (8 variable/record).
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MEDSUR

DSURROUND1

DFLAG

DSURROUND2

DSURROUND3

DSURROUND4

R11) /home/tpham....
FILNAM

Medium number for region surrounding the phanttie
choose medium number 2 for air surrounding to be
consistent with the experiment. 0 for vacuum sumchog.

For ENFLAG > 1

If DFLAG = 0, this will be the thickness (cm) ohed
medium surrounding the phantom in all directioneo§en
0 to give a default value of 50 cm.

If DFLAG = 1, this will be the thickness of the diem
surrounding the phantom in the X-direction.

0 to apply DSURROUND to all directions.

1 to apply DSURROUND to the X-direction only.

If DFLAG =1

Thickness of the medium surrounding the phantorthén
Y-direction.

Thickness of the medium surrounding the phantorthén
Z-direction.

Thickness of the medium surrounding the phantortinén-
Z-direction.

Name of the file containing the characteristicshef beam,
it is the phase-space file in this simulation. NH.AG = 0,
this is where we specify the energy of the beam.

R12) 10000, 0, 500, 97, 33,40, 1,0,1, 1, 20;0, 0

NCASE
IWATCH

TIMMAX
INSEED 1
INSEED 2
BEAM_SIZE

ISMOOTH

IRESTART

IDAT

# of particles to be simulated initially

0 for no tracking output.

1 for listing every interaction

2 for listing every electron step

4 for creating the files which can be used by
EGS_Windows to display the phantom.

Maximum allowed simulation time.

Random seed number 1

Random seed number 2

Beam size for a square field for dose calculatParticles
will not be tracked if going beyond this field. @nised for
source 2, 3 and 4. Used 40 for 40x40°dield. Default
value is 100 which larger than necessary and migiste
computing time.

1 for redistribute the phase-space whenever acleaiis
reused (recycle a particle). This is good for satinh
random process. 0 for not redistributing.

0 for running the simulation the first time. Otlogations are
not of interest.

0 for output intermediate files for restarts.

124



IREJECT

1 implies do not do output files at all. This @ptiis used to
save time since usually does not need to restat
simulation.

2 for output data file for restart at end only

0 implies no range rejection applied and 1 forlappnge
rejection. 1 is used to save time.

ESAVE_GLOBAL Energy below which charged particle will be coeset! for

NRCYCL

IPARALLEL
PARNUM
N_SPLIT

range rejection. Note that the particle will only thscarded
if 2 conditions are met: 1) has energy < ESAVE_GIADB
and cannot reach the nearest boundary.

Number of time to recycle each particle in thegghapace.
The particle will be recycled NRCYCL+1 times. IfOs the
recycling period will be calculated automaticallyhe later
option is more convenient thus was used here.

This option is not necessary in the new versioB@6 .

Not required.

> 1 for splitting photons N_SPLIT times. More eféint
than photon forcing. The rule of thumb for the \elaf
N_SPLIT for good efficiency is N_SPLIT No/(1-€"

th

where No> 5, andX is the number of photons in the

geometry of interest i.e. # photons in the phasespefore
entering the phantom.
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APPENDIX B

MatLab’s Codes

EXTRACTING 2D DOSE MAP FROM MONTE CARLO DOSE OUTPUT FILES FOR OPEN FIELD
AND 15CMPHANT SETUP

%%% WRITTEN BY THUC PHAM 6/7/2007

display('THIS PROGRAM EXTRACTS THE ENTIRE SIMULATIO N DOSE MATRIX FROM
3DDOSE FILE AND WRITE TO AN EXCEL FILE")

display(IT PUTS VALUES OF THE X-COORDINATE ALONG T HE ROWS e.g.
x2=mc(2,1)")

%INPUT REQUIREMENT
%# VOXELS IN THE X OR Y DIRECTION

clear all;

FilePath_a = ('*.3ddose");

[dFILENAME_a, dPATHNAME_a] = uigetfile(FilePath_a, 'File Open");
filenamel = [dPATHNAME_a dFILENAME_a];

% filenamel=input('Please Enter 3ddose file name: " ,'sY);
fid=fopen(filenamel); %NEED TO OPEN BEFORE fscanf C AN READ
x_voxel=input('Please enter the number voxel in the x direction: );
X_element=1+x_voxel;

y_voxel=input('Please enter the number voxel in the y direction: ");
y_element=1+y voxel,

z_voxel=input('Please enter the number voxel in the z direction: ');
z_layer=input('Please enter the sensitive plane num ber to read from:

);

z_layer=z_layer-1;

z_element=1+z_voxel,

element_read= x_voxel*y_voxel*z_layer + 3 + x_eleme nt+y element +
Zz_element;

read1=fscanf(fid,'%g %g %g',[element_read 1]);

clear readl;

MC=fscanf(fid,'%g %g %g',[x_voxel y_voxel]);

MC=MC*10e+19;

% Normalisation (at the 3x3 centre voxels)

a=x_voxel/2

b=y voxel/2

norm_factor = mean(mean(MC(a-1:a+1,b-1:b+1)))

MC=100*MC/norm_factor;

filename2=input('Please state the Excel filename to be written:
VS);

xlswrite(filename2,MC)

EXTRACTING 2D DOSE MAP FROM MONTE CARLO DOSE OUTPUT FILES FOR RANDO SETUP

%%% WRITTEN BY THUC PHAM 6/7/2007

clear all;

display('THIS PROGRAM EXTRACTS THE ENTIRE SIMULATIO N DOSE MATRIX FROM
3DDOSE FILE AND WRITE TO AN EXCEL FILE")

display('IT PUTS VALUES OF THE X-COORDINATE ALONG T HE ROWS e.g.
x2=mc(2,1)")
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%INPUT REQUIREMENT
%# VOXELS IN THE X OR Y DIRECTION

FilePath_a = ('*.3ddose");

[dFILENAME_a, dPATHNAME_a] = uigetfile(FilePath_a,
filenamel = [dPATHNAME_a dFILENAME_a];

% filenamel=input('Please Enter 3ddose file name: "
fid=fopen(filenamel); %NEED TO OPEN BEFORE fscanf C
x_voxel=input('Please enter the number voxel in the
x_element=1+x_voxel,

y_voxel=input('Please enter the number voxel in the
y_element=1+y voxel,

z_voxel=input('Please enter the number voxel in the
plane_no=input('Please enter the sensitive plane nu

);
Zz_element=1+z_voxel;

header_line = x_element + y_element + z_element + 3
start_element= x_voxel*(plane_no-1) + header_line;
MC = zeros(z_voxel,x_voxel); % create the zero matr
with 3ddose data

for i=1:z_voxel,

i
readl=fscanf(fid,'%g %g %g',[start_element 1]);
%clear readl;
mc = fscanf(fid,'%g %g %g',[1 x_voxel]);
MC(i,1:x_voxel) = mc;

% start_elementl = x_voxel*(y_voxel-1);

% read2=fscanf(fid,'%g %g %g',[start_elementl 1]);
% mcl = fscanf(fid,'%g %g %g',[1 x_voxel]);

% MC(2,1:x_voxel) = mcl;

start_element = x_voxel*(y_voxel-1);

end

% Normalisation (at the 3x3 centre voxels)
a=z_voxel/2

b=x_voxel/2

norm_factor = mean(mean(MC(a-1:a+1,b-1:b+1)))
MC=100*MC/norm_factor;

filename2=input('Please enter the Excel file name t
I,‘Sl);
xlswrite(filename2,MC)

'File Open");
'S,

AN READ

x direction: ');

y direction: ");

z direction: ');

mber in the EPID:

ix to be filled

o be written:
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