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Abstract

AIM: This study aimed to investigate radiochromic (EBT3 type) film’s char-
acteristics for the measurement of small photon field output factors and beam
profiles for the field sizes ranging from 0.5 x 0.5 cm? to 10 x 10 cm? for the
three photon energies, 6MV flattening filter free (FFF), 6MV flattening filter
(FF), and 10MV FF.

MATERIALS AND METHODS: Small-field dosimetry poses significant
challenges and remains an active area of research in medical physics. In this
study, radiochromic film (RCF), specifically Gafchromic EBT3 was used for
small field measurements. The performance of RCF was compared with other
conventional detectors such as ionization chambers, and a two-dimensional (2-
D) detector amorphous silicon electronic portal imaging device (a-Si EPID).
In addition, a comparison of the film measurements with software-calculated

data, i.e, treatment planning system (TPS) was conducted.

RESULTS: The field output factors (FOF) measured with EBT3 film com-
pared to the TPS data for the smallest field size of 0.5 x 0.5 cm? was found to
be less or equal to 0.06% in all three photon energies. Volumetric detectors in
6MV FF beam showed an increase in % difference of up to 0.3 higher than the
EBTS3 film and TPS data. A higher quantitative percentage difference of 0.6%
in FOF measured with a-Si EPID compared with the RCF data was observed
in the smallest field size of 0.5 x 0.5 cm? in higher energy beam, 10MV FF

beam.

CONCLUSION: The properties of RCF such as tissue-equivalent, less pho-
ton perturbation as well as volume averaging effects improve the accuracy of
FOF measurements in small-fields compared to the ionization chambers uti-
lized in this study. Therefore, RCF could serve as a reliable reference detector

for small-field measurements.
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Chapter 1
Introduction

Various modalities, including surgery, chemotherapy and ionizing radiation,
are used for cancer management [I]. Radiotherapy is a major modality in
the modern cancer management [2]. Various ionizing radiation types such as
X-rays, electrons, protons, etc are employed in radiotherapy, with different
unique physical and radiobiological properties for killing cancerous cells. They
deposit energy as they pass through tissues in the body to cause damage to the
DNA in the cancer cells. Advanced radiotherapy techniques such as external
beam, brachytherapy, and proton therapy are used for precise targeting of the
tumor while sparing healthy tissues. This is achieved through dose fractiona-

tion over a period of time to allow normal cells to repair [3].

In the radiotherapy unit, the clinical team comprises radiation oncologists,
medical physicists, radiation therapists, as well as the nursing staff. The pri-
mary role of clinical medical physicists (MP) is to design, and implement
radiation treatment plans for cancer patients. This involves working closely
with the radiation oncologists to determine the appropriate radiation dose is
delivered to the tumor volume while minimizing the dose to the surrounding

critical organs [2].

Historically, in the era of two dimensional (2-D) treatment planning, large
non-conforming photon fields were used in radiation therapy to treat differ-
ent cancer sites. The use of large radiation fields had serious limitations in
the practice of radiotherapy; for example, the constraints of dose escalation to
reach an optimum dose level for tumour control due to the dose-limiting organs
at risk. The consequences of these limitations have resulted in high treatment

toxicity and sub-optimal tumour control [4]. However, the introduction of



three-dimensional (3-D) treatment planning which is primarily based on the
use of a computed tomography (CT) scanner led to the visualization of the
target and surrounding normal tissues. Multi-leaf collimators (MLCs) instead
of cerrobend blocks were used to shape the treatment field. In 3-D treatment
planning, uniform fluence is delivered to the patient. This results in a higher
dose to normal tissues with no improvement in target coverage of complex

shapes [9].

Modern treatment planning is done through intensity-modulated radiotherapy
(IMRT) and volumetric modulated arc therapy (VMAT). IMRT technique is
associated with inverse treatment planning to determine optimal fluence pro-
files. The non-uniform fluence is delivered by the movement of MLLCs in a linear
accelerator (Linac). The more advanced technique called VMAT improved the
accuracy and efficiency of IMRT. In VMAT technique, modulation of the beam
intensity and dose rate, movement of the leaves and gantry rotation around
the patient are performed simultaneously. These new modalities are employ-
ing small fields for better targeting and conformance to reduce toxicity and
escalate the dose to the tumor for better control [4]. Modern radiotherapy
is driven by technological advances that have ushered in delivery techniques
capable of significant improvements in planning and delivering more conformal

isodoses for better clinical outcomes [4].

With the introduction and ubiquitous use of IMRT and VMAT, an era of
small photon fields treatment delivery presents new treatment solutions with
accompanying challenges. IMRT and VMAT effectively uses small photon
fields created by MLC to modulate the beam intensity to maximize treatment
goals. However, there are practical and dosimetric challenges associated with
small photon beams. Small photon fields are now applied in modern radio-
therapy for IMRT treatments, VMAT, Stereotactic Radiosurgery (SRS) and
in Stereotactic Body Radiotherapy (SBRT) to achieve maximum dose to the
target volume and to spare healthy tissues/organs around the target [6]. These
advanced treatment techniques produce treatment plans with small beam aper-
tures that produce steep dose gradients for better dose distributions [7]. The
treatment fields produced by modern radiation therapy modalities are consid-
ered small and are exceedingly difficult to measure and model [§]. Therefore,
quality assurance (QA) programs including the treatment planning system

checks and patient-specific QA should be established in the radiotherapy de-



partment to ensure safety and accurate delivery of IMRT and VMAT. Some
of the challenges can be addressed with treatment planning systems equipped
with good optimization algorithms and well-trained personnel in IMRT /VMAT

planning and delivery.

Radiotherapy machines that can be used to deliver the advanced treatment
planning regimes for example Cyberknife has been used for treatment using
small radiation fields and has been used for years in the irradiation of small
lesions. Conventional linacs can now treat small lesions down to a field size
of 0.5 x 0.5 cm?. Therefore, irradiation of small photon fields has, as a result,
become standard in radiotherapy. However,there are fundamental differences

between dosimetric measurements in larger field sizes and smaller photon fields

[9].

The response of different small field detectors varies significantly in small
beams. Small photon field measurements require high precision in both abso-
lute and relative dosimetry [9]. According to the joint International Atomic
Energy Agency and American Association of Physicists in Medicine (IAEA-
AAPM) code of practice in static small photon fields, any field size that meets

the following conditions is regarded as a small field [9]:

e Loss of lateral charge particle equilibrium

e Partial occlusion of the photon source by the collimating device on the

beam axis

e The size of the detector is larger or similar to the beam dimensions

The protocol [9] covers the dosimetry of small static fields in external beam
radiotherapy. These challenges with small field measurements are discussed
comprehensively in chapter two as per the IAEA-AAPM code of practice.The
method of measuring output factors in small photon fields for different de-
tectors is well explained in TRS 483 [9], except for film dosimeters. The
IAEA-AAPM code of practice recommends using more than one detector for
small fields measurements. The protocol presents procedures for measuring
small photon field output factors, correction factors and their uncertainties.
The film is recommended in TRS 483 as one of the best detectors to use in
small photon fields [10]; however, the protocol does not describe the procedure
on how to measure small fields using a film. Uncertainties in estimating small

field output correction factors are clearly described and presented in Table 37



of the TAEA-AAPM small photon field protocol for different types of detectors
except for film [10].

Currently; there are few protocols available for film measurements to guide
clinical medical physicists in small-field measurements [11]. Several studies
have shown the use of vented ionization chambers and solid-state detectors
in small field dosimetry and provided correction factors for the estimation of
field output factors [12] (13 [I4], this study added to the body of work on film
dosimetry as an alternative dosimeter that has desirable properties to over-

come the limitations of volumetric detectors in a small field.

In the literature, researchers used various chambers to measure the output
factors to look at the response of each chamber at different field sizes [15] [16,
17, 18, 19]. The amount of time spent in the machine to obtain an accurate
set-up to perform measurements is still a big challenge in small photon fields.
Thus far, there is no ideal detector for small photon field measurements [20].
The existing protocol recommends using more than one detector for small field

measurements and comparing the results with published data.

Currently, film is used in radiation therapy mostly to measure flatness and sym-
metry, radiation versus light field, as well as a two-dimension (2-D) dosimeter
to provide a map of intensity distribution which is converted to dose through
characteristic curve [21]. Film presents unique challenges in dose measure-
ments compared to other detectors. Variations in film orientation with respect
to the incident radiation, its response over a wide range of doses, post-exposure
changes, and the uncertainties in calibration due to batch-to-batch variability
should be taken into consideration in setting up the film for dose measure-
ments. Handling of films prior to measurements, and the scanning resolution
used to accurately measure the dose within the area of interest can affect
the film response to radiation. Despite these challenges, RCF provides higher
spatial resolution in dose measurements. Therefore, appropriate calibration
protocols and guidelines must be followed; appropriate software for film anal-

ysis is required [I1].

This study aims to investigate and characterize the use of film and its associ-
ated uncertainties in output factors measurements. The method for performing

dosimetry measurements in small photon fields using the EBT3 Gafchromic



film which is a type of radiochromic film is described and compared with small
ionization chambers obtained in the facility and from the published literature.
In addition, data acquired from EPID detectors were also compared with film

results.

1.1 Problem Statement

This study seeks to address the following research questions emanating from
the published joint International Atomic Energy Agency (IAEA) and American
Association of Physicists in Medicine (AAPM) code of practice, TRS-483, for
the dosimetry of static small photon fields) as a guide on how to perform

dosimetry in small photon fields:

e Does film dosimetry improve the accuracy of data collection and over-
come some or all the limitations of the small volumetric detectors used

in small fields?

e Are the benefits of using film outweigh the challenges of setting up the

film dosimetry protocol for small fields?

e Can film be used as a standard detector for small fields in radiotherapy
departments to eliminate all the challenges in the alignment of the small

volumetric detectors with the central axis of the beam?

e Does film dosimetry have superior accuracy compared to all the detectors
listed in the IAEA/AAPM Code of Practice for the Dosimetry of Static
Small Photon Fields (TRS483)?

1.2 Research Objectives

The main objective of this study is to characterize the EBT3 film to perform
field output factor measurements in small photon beams. Examine film results
against volumetric detectors that are used in small field measurements. Review
these two methods and analyze the uncertainties. In order to achieve this aim

the following objectives need to be accomplished:

e Comprehensively review the measured small photon field data for Elekta
versa HD Linac at CMJAH to verify the errors and the challenges en-
countered with ionization chambers in small photon fields due to their

dimensions.



e Compare the results with published data.

e Set-up and characterize radiochromic film for measurement in small fields
using three photon energy beams equipped with flattening filters (WFF),
6 MV photon beam free of the flattening filter (FFF), and 10MV with
flattening filter (WFF) photon energy beams which are commonly used

in small field treatments.

e Determine all the sources of uncertainties in the dose measured with film

versus the dose measured with other detectors.

e Establish a standard procedure used at CMJAH to measure the small
photon fields data using film accurately.

1.3 Outline of Dissertation

Chapter one provides an introduction of the main modalities used in cancer
management. The purpose, motivation and some research questions to be ad-

dressed by this study are covered in the introductory chapter.

Chapter two gives a literature review on some concepts and definitions used
in dosimetry of small static fields. The challenges encountered with various
detectors in small photon fields are discussed in detail in this chapter. The
field output factor is defined according to the new IAEA protocol. The use of

radiochromic films in small photon fields is covered comprehensively.

Chapter three provides the materials and the methodology followed in setting-

up a proper protocol for film dosimetry as well as data acquisition for EPID.

Chapter four provides the results and discussions of the measured data (dose

profiles and FOF) with various detectors.

Chapter five gives the conclusion and recommendation based on the results

obtained in this study.



Chapter 2

Literature review

2.1 Introduction

Thus far, there is no ideal detector for small photon field measurements. Con-
sequently, there is more interest in investigating the ideal detector to perform
accurate measurements in small photon fields. The existing protocol recom-
mends using more than one detector for small-field measurements [9] and com-

paring the results with the published data.

In modern radiotherapy, a high conformal dose to the target is delivered with
a very small field, obviating the need for an accurate and reliable dosimetry
system for applications in radiotherapy. Sources of uncertainty in small areas

are described in the new protocol[9, 20].

2.2 Small photon field size

A seminal document focused on a well-established framework developed by a
combined effort by the International Atomic Energy Agency (IAEA) in col-
laboration with the American Association of the medical physicist in Physics
and Medicine (AAPM) came up with the following three physical conditions
to define a small photon field [9]:

e Loss of lateral charged particle equilibrium
e Partial occlusion of the photon source by the collimator

e Size of the detector



2.2.1 Lateral Charged Particle Disequilibrium

In relative dosimetry measurements, photons create charged particles in the
chamber wall, and some of these charged particles deposit their energy in the

chamber-sensitive volume while others are scattered away from the volume.

Charged particle equilibrium (CPE) is the condition in which the electrons
leaving the chamber collecting volume are compensated by those entering the
volume. Therefore, the loss of lateral charged particle equilibrium (LCPE)
refers to the lack of laterally scattered electrons created by photons upon
interaction with the medium in which the detector does not measure these
electrons. However, some of the electrons will scatter and leave the chamber’s
sensitive volume. This is due to the dimensions of the beam being too small

in relation to the length of the electrons.

As illustrated in Figure 2.1, incident photons create secondary electrons in
all different directions. The detector measures most of the laterally scattered
electrons created within the field borders at point A. Point B depicts the non-
equilibrium effect in which most secondary electrons produced outside the field
borders do not contribute to the dose [22].
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Figure 2.1: Lateral charged particle equilibrium (point A), and the loss of
electronic equilibrium (point B) at the field borders. (Diagram from Ref.[22]).



In contrast, in large field measurements, the detector collects all the elec-
trons that get scattered in a lateral direction towards the field borders. How-
ever, as stated above, small fields are characterized by the lack of lateral
charged particle equilibrium caused by the short range of charged particles;

therefore, most used detectors are subject to a low signal [9] 23], 24] 25].

For a charged particle equilibrium to exist, the number of particles enter-
ing the chamber-sensitive volume must be the same as the number of charged
particles leaving it [I0]. Therefore, enough scattering area around the detec-
tor is required. This limits the smallest field size that can be measured with
a volumetric detector. Hence smaller sensitive volume detectors are essential
for measuring radiation field output factors in small photon fields. This phe-
nomenon depends on the radius of the ionization chamber volume and becomes

worse in higher energy photon beams and lower density medium [26].

As the photon energy increases, the electron range increases. Figure 2.2 shows
the ratio of dose (D) to collisional kerma (K,y) as a function of radius of a
photon field [27]. As shown in the figure below, the LCPE depends on the en-
ergy of the photon beam. The LCPE for Co-60 is fulfilled at the cavity radius
of 0.5 cm. In contrast, for 24 MeV the LCPE is achieved at 2.5 cm volume
radius. At the largest cavity radius of 3 cm, the ratio of dose to collisional
kerma is almost the same for all different photon energies. For 1 cm radius, the
ratio of dose to collisional kerma becomes less than one for 6 MV, 10 MV,15
MV, and 24 MV photon energies. The radius of the field where the charged

particle equilibrium is maintained is calculated based on the beam quality [9)]
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Figure 2.2: Ratio of dose to collisional kerma (D/K) for different energies
as a function of radius is used to illustrate the loss of LCPE. (Diagram from
Ref.[9]).

2.2.2 Partial occlusion of the photon source

For standard fields, the primary photon fluence is uniformly distributed. Pho-
tons are emitted from different parts (both left and right sides) in the target,
not from a point source. If the collimator jaws are closed, photons that are
emitted from both the target’s left and right sides are attenuated by the jaws.
Only photons emitted along the central part will reach the detector. Therefore,
the two penumbras (left and right) overlap due to a small collimator opening,
which results in dose exaggeration in the penumbra region .The penumbra
for small fields becomes very large and overlap with the primary photon flu-
ence.This overlap of the penumbra results in large FWHM compared to the

actual collimator settings [13].

Source occlusion arises when the field size is reduced and the collimating de-
vices partially block the direct beam [26]. Contrary to large fields, the radiation
field size in small beams is defined by the FWHM instead of the jaw settings

[26]. The dose at the beam’s central axis is underestimated due to the decrease
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in the scattering distribution. This results in a decrease in the field output
factors due to reduced scatter and direct fluence [9]. The partial occlusion
effect is illustrated in Figure 2.3 below, the collimator jaws block a portion of
the focus, and the two penumbras overlap. Only the fraction of the detector

is struck by the primary photon fluence.

penumbra penumbra

Figure 2.3: Photon source occlusion by the collimator jaws. Only the central
axis of the beam is clearly visible. The two penumbras overlap due to a small
collimator opening(Figure from Ref.[13]).

This effect is common in field sizes less than 3 x 3 cm? for measurements
performed using volumetric detectors [10]. The accuracy in the alignment of
the detector is significantly low causing a big dosimetric uncertainty in small

field measurements [2§].

2.2.3 Detector size

In broad beams, the entire sensitive volume of the chamber is irradiated by

the flat region of the beam. The detector averages the collected signal over its
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sensitive volume [13], 29]. Contrary to small fields, the sensitive volume of the
detector may be bigger than the dimensions of the beam. Therefore, only a
portion not the entire chamber-sensitive volume is irradiated by the primary
photon fluence. However, the measured signal is averaged over the entire sen-

sitive volume of the detector.

Volume averaging is one of the detector-related effects in small fields. This
effect occurs in larger volume detectors with respect to beam size. It is a phe-
nomenon in which the signal produced by the detector is the mean average
dose over its sensitive volume [29]. This effect can be observed in a 1 x 1 cm?

beam profile depicted in Figure 2.4 below.
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Figure 2.4: Volume averaging effect of the dose profile measured with a large
detector compared to the dimensions of the beam size. The output of the
field is represented by the solid Gaussian function, detector sensitive volume
is represented by the double arrows, and the dashed lines are representing the
measured value (Image from Ref.[9]).

In a situation where the volume averaging effect occurs, the dose in the
center of the small field may be underestimated [9]. The dashed line shows
beam profile measured by a detector similar or larger compared to the beam

dimensions. The signal is significantly reduced at the center of the field where
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the detector is not fully irradiated due to the chamber sensitive-volume which
is bigger than the dimensions of the beam [30]. At 50 % isodose, volume

averaging effect is not visible.

2.3 Absolute dosimetry

In clinical practice, clinicians prescribe treatment to the patient using the quan-
tity absorbed dose. Related to this quantity is the so-called “output” from the
treatment unit, which should be a measurable and reproducible quantity for

accurate treatment delivery [26].

This is important because the amount of radiation dose given to patients cor-
relates to radiotherapy treatment outcomes. Therefore, the prescription and
prediction of clinical outcomes needs the knowledge of the absorbed dose for
the planning target volume to be covered and delivered accurately with an

uncertainty of less than 5% [31].

2.3.1 Output calibration

Linear accelerators (Linacs) are calibrated to deliver one ¢cGy per monitor unit
(1cGy/MU) for a field size of 10 x 10 cm? at a depth of maximum dose (dmax)
using either 100 cm from the source to chamber distance (SCD) or 100 cm from
the source to surface distance (SSD). This is critical in dosimetric calculations
and ensuring treatment uniformity in prescriptions around the world [26] for

the interpretation of fractionation schemes.

The absorbed dose refers to the energy imparted to a medium per unit mass

(joules per kilogram) [32].

4B

~dm

D (2.1)

Where dE is the mean energy deposited to a medium, and dm is the mass of
the absorbing material. This absorbed dose is prescribed to patients in gray
(Gy) for their treatment in radiotherapy. It is estimated through absolute
dosimetry measurements in a water phantom with a farmer-type ionization
chamber using international dosimetry protocols (i.e. The IAEA TRS-398)
[33].
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2.3.1.1 Farmer-type ionization chamber

The cylindrical farmer-type ionization chamber with a sensitive volume of 0.6
cm? is a gas-filled detector. The chamber operate at 300 volts and is based
on the principle of relating the amount of energy deposited in the chamber
volume to the size of the created ion pairs. Photons interact in a gas-filled
detector to produce ion pairs which are collected by an electrode and then by

an electrometer [29].

The amount of charge generated in the gas by ionizing radiation as it passes
through the air cavity is measured strictly with a 0.6 cc farmer-type chamber
in absolute dosimetry. Its response is characterized by well-established correc-

tion factors such as recombination, polarity, temperature and pressure [34].

Figure 2.5 shows a schematic diagram of a farmer typer chamber. This is

a detector that is used mostly for calibrating the machine output in radiother-

apy.
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Figure 2.5: Schematic diagram of a graphite/aluminum ionization cham-
ber with sensitive air volume of 0.6 cc and the central electrode.(Figure from
Ref.[34]).

In absolute dosimetry, specific reference conditions are defined to perform
dose rate measurements to a clinical relevant depth[26]. In current clinical
practice, two protocols are widely used in reference dosimetry: American As-
sociation of Physicists in Medicine, Task Group 51 (AAPM TG-51) [35], and
the International Atomic Energy Agency Technical Report Series (IAEA TRS)

398 [33)].
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2.3.2 Bragg-Gray cavity theory

Photons are indirectly ionizing; they transfer their energy to electrons in the
irradiated medium. The electrons, in turn are released and deposit their energy
into the gas in the cavity of the ionization chamber. The electron stopping
power dictates the probability of this process. The stopping power refers to

the energy lost by an electron per unit length in a medium [36].

Bragg-Gray cavity theory is the foundation of absolute dosimetry measure-
ments. This theory provides a translation formula relating the doses in two
media [37]. The dose measured in the gas inside the ionization chamber must
be converted to the absorbed dose to water at the effective point of measure-
ment of the chamber. Bragg-Gray cavity theory is then applied to convert
the dose measured in the chamber to the dose in the medium for both higher-

energy photons and electrons using the following expression [34]:

W g water
Dwater - Jgas (?) (;) (22)
gas

Where D,yqter is the absorbed dose to water, Jy,s is the charge produced per
unit mass of the air cavity, corrected for influence quantities such as temper-
ature and pressure (Prp), ionization collection efficiency (P,,,), replacement
correction for the perturbation in the fluence due to the placement of the cham-
ber in the medium (P,), and the wall correction when the chamber wall and
phantom composition are different (Pyan), (%) is the average energy required
to produce a certain amount of C?afugl;l%yvhich is approximately 33.97 Joules per
coulomb (J/C) in dry air, and (%) is the mean mass stopping power ratio

gas
of water to gas of electrons crossing the air cavity.

However, the charge generated in the gas-filled cavity is measured in abso-
lute dose measurements, not the dose. Therefore, the charge reading to a
point in a medium needs to be converted to dose. Many correction factors are
applied to convert the charge to dose: the first step is to correct the measured
charge for temperature and pressure, and ion recombination correction to ac-
count for the fact that not all charges generated within the chamber volume
will be measured. Some of the positive and negative particles may recombine
and not be measured by the electrode, and the direction of the applied polarity

across the chamber can affect the reading (chamber polarity) [34].
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Second, the detector calibration factor is applied to convert the measured
charge into the energy deposited in a gas within the chamber volume (dose).
The dose provided by this calibration factor is measured for the Co-60 beam
under reference conditions [26]. The Co-60 beam is different from the lin-
ear accelerator beams. The beam quality conversion factor is provided in the
TRS398 tables as a function of the beam quality index to relate the clinical
beam quality to that of the Co-60 beam [33].

Once the dose to the gas in the cavity is known, the final step transfers the dose
to water from the absorbed dose in the gas through the ratio of the collision
stopping power of water to that of gas in the cavity. Thus, the application
of the Bragg-Gray cavity theory converts the dose from the detector effective

volume to the absorbed dose in water [37].

The theory uses the mean collision mass stopping powers ratio to convert
the dose measured in one medium to another [37]. In practice, the applica-
tion of the Bragg-Gray cavity theory is done under the following important

assumptions:

e The cavity must be small compared to the charged particle range [29]

e The charged particle fluence must be the same in both media (water and
gas) [26]

e The absorbed dose in the cavity is deposited by the charged particles

crossing not photons [37]

2.3.3 Spencer-Attix theory

The Bragg-Gray cavity theory assumes that the dose measured within the
chamber volume is the same as the dose deposited around the detector. How-
ever, if there is a difference in energy absorbed and energy released, this theory
is inaccurate in describing the dose in two media. Therefore, the accuracy of
the Bragg-Gray cavity theory is modified by considering restricted stopping
powers in the absorbed dose determination [26]. This is known as the Spencer-
Attix formalism; developed by J. S. Spencer and F. H. Attix [37].

The Spencer-Attix theory recommends the use of the ratio of energy absorbed
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in two media instead of the mean collisional stopping powers. Hence the re-
stricted stopping power ratio instead of the collisional stopping power ratio
is used to relate the dose in two different media [38]. The amount of energy
absorbed from the electron passing through a medium per centimetre can be
approximated. Therefore, the dose to water is calculated from the dose to air

by using the following equation [37]:

E ater
Dwater = Dgas (_> (23)
P gas
-\ water
Where D, is the dose to air cavity and (%) is the restricted stopping
gas

power ratio. Detectors can impact the measurements when placed in the cen-
tral axis of the beam; the fluence at the point of measurement is perturbed
which alters the dose when water is replaced with a detector [39]. Perturbation
correction is needed if the detector density material differs from water. This

changes both the way that electrons are set in motion and their fluency [26].

2.4 Relative dosimetry

The accuracy of the treatment planning systems relies on dose calculation algo-
rithms. Therefore, beam variation with depth, field size, energy, and source-
surface distance (SSD) is characterized for accurate radiation dose delivery.
Relative dosimetry is performed to determine the shape of the dose distribu-

tion within an absorbing and scattering medium.

The change in field size, beam energy, and SSD can affect the dose distribution
within the patient. This dose distribution is generated by several sources: the
primary beam from the target, the head scattered photons, and the photon
scattered within the patient. The dose delivered to a target is proportional to

the number of electrons passing through the area.

The dose to a point is contributed by the electrons from the surrounding
material and is characterized by percentage depth dose (PDD), beam profile,
and beam output factor. There are different parameters used to analyze the
dose distribution within the patient. They are measured for a wide range of

field sizes for treatment planning and radiation dosimetry purposes [8|, 10} [34].
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2.4.1 Percentage depth dose

The knowledge of how the dose from the radiotherapy beam is distributed with
depth inside the patient is required. This dose distribution at each point in
a water phantom is modeled through percentage depth dose (PDD). PDD is
defined as the dose in percentage at any given depth to the dose at a depth of
maximum [34]. PDD describes how the dose varies with depth and is approx-

imated by the following equation:

Dge
PDD = =2 4 100 (2.4)
dmaz
Where D e, is the dose at any depth along the beam’s central axis and Dz

is the maximum dose at a certain depth in tissue or water.

This parameter is measured mostly with an ionization chamber in a scan-
ning water tank along the beam’s central axis. The dose is measured in the
up and down movement while the beam is on at a constant source to surface
distance (SSD). The PDD has a build-up region to a depth of maximum dose

and drops exponentially at a deeper depth as shown in Figure 2.6.
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Figure 2.6: Depth dose distribution measured along the beam’s central axis

for different photon energies at a reference field size of 10 x 10 cm? (Figure
from Ref.[34]).

The surface dose in photon beams is caused by electron contamination

through the treatment head of the linear accelerator. Photon interactions
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occur at a deeper depth compared to electron beams. This is known as the
skin-sparing effect in photon beams. The amount of dose at each depth varies
with beam energy, hence the depth of maximum dose for each photon and
electron energy beam differs. The Build-up region is underneath the surface,
low dose with no sufficient medium above. The dose is proportional to the
number of electrons passing through the point in a medium. More electrons
are passing through at the depth of maximum dose; hence there is a high dose.
The fall-off region is due to photon attenuation. Scattered photons do not

contribute to the percentage depth dose in small fields [34] 36].

2.4.2 Dose profiles

Dose distribution and variation away from the central axis are quantified with
beam profile measurements [26]. Dose profile measurements are performed by
scanning across the center of the beam at a reference depth of either 5 cm
or 10 cm, and the SAD of 100 cm. The dose at each point is normalized to
the dose at the beam’s central axis. Beam profiles are more important in the
treatment planning beam modeling to ensure that the prescribed dose covers

the target volume.

The beam profile is divided into two regions: the central region and the penum-
bra region [26]. The central region is the uniform high dose region that is de-
livered inside the target volume. The low dose region on the sides of the beam

dimensions where the dose drops rapidly is known as the beam penumbra.

Generally, the points at the center of the beam (umbra region) receive enough
radiation dose compared to points in the beam penumbra region. The penum-
bra is wider in large field sizes compared to small photon fields. Some areas
outside the beam are not irradiated, yet they are getting a full dose. The entire
beam in a small photon field is the penumbra, and the beam profile has no flat
portion in the middle [40].

Beam penumbra is defined at the beam edges as the distance between 20%
and 80% of the maximum dose. It is a combination of both the physical
feature which is related to the source size, and the dosimetric aspect due to
electrons scattered at the field edge [34] 36].
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Figure 2.7: Beam profile for a broad beam size. Penumbra is from 20%
to 80% with 80% of the field size showing a high dose region. (Figure from
Ref.[34]).

The radiation field size ensures that the uniform dose is measured in the
beam profile and is defined as the distance between the 50% dose points. The
dose distribution across the photon beams axis is shown in Figure 2.7. Due
to its dependence on the distance from the source, it is measured at 100 cm
from the source. During commissioning, beam profiles, field output factors,
and PDDs measured at different beam sizes are modeled into the treatment
planning system. Therefore, the planning system uses this information for

treatment time calculations.

Bremsstrahlung interactions produce more photons at the center of the beam.
Due to higher energy at the center, megavoltage beams experience more filtra-
tion. The variation of dose near the umbra region is evaluated. To minimize
higher doses at the center of the target, flattening filters are used in radiother-

apy. They not only produce a uniform beam but impact the energy spectrum.

The concepts of field flatness and symmetry are used to evaluate the flattening

filters. Beam flatness is expressed as the difference between the maximum and
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the minimum dose within the 80 region on either side of the beam central axis
divided by their sum [34]:
Dmax - szn

F=———""x100 2.5
Dma:p + Dmm i ( )

Where D,,., and D,,;, are the maximum and minimum doses within the 80%
region, respectively, the megavoltage (MV) photon beam must be properly
aligned with the flattening filter. Symmetry is a measure of how symmetric
the beam is on both left and right sides within the umbra. It is determined
by comparing the area on the left to the area on the right divide by the sum
of these two areas [34 [36]:

_AL—AR

5 AL+AR*

100 (2.6)

Where Ay and Apg are the areas on the left and right sides of the beam profile
within the 80% region.

2.4.3 Field output factors

Photon scatter within the linear accelerator head is divided into two com-
ponents: the collimator scatter and the phantom scatter [26].Output factors
account for scattering from the Linac head and the phantom. They are re-
quired to model all the higher energy beams in the treatment planning sys-
tems. Output factors are also known as the total scatter correction factors.
The detector readings of any field size are normalized to the reference field size
of 10 x 10 cm? at a reference depth of 10 cm in water. The total scatter cor-

rection factor accounts for the effect of field size scatter to the point of interest.

Field output factors characterize how the dose varies with field size to a point
in a phantom. This is a field size and phantom scatter-dependent factor. How-
ever, in a small beam size, the field output correction factor is included in the

ratio of the chamber response [20]:

felin
chlin,fmsr o (MQCliTL> kfclin,fmsr (2 7)
Qclin,Qmsr — Mfmsr Qclin,Qmsr :
Qmsr
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Where Qgﬁ;ﬁlgx; is the field output factor which converts the dose from the
reference field to that of the clinical field, Méiﬁz is the detector response for
the clinical field size, MCGZZ: is the chamber reading for the machine-specific
reference field, @msr and Qclin corrects for the differences in energy for both
the machine-specific reference field (fmsr) and clinical field size (fclin), respec-
tively, kgcllﬁg;f; is the detector-specific output correction factor that accounts
for the differences in smaller field sizes from a clinical reference field size. The
fmsr is the machine-specific reference field for different radiotherapy machines
such as CyberKnife, Gamma-knife, TomoTherapy, Radio-surgical collimators,

etc.

The detector-specific output correction factors are given as the function of
the square field size for the different chambers in TRS 483 [20]. The expres-

sion for the detector-specific output correction factor is given by the following

equation [9].
felin fmsr
kfclin,fmsr o Dchin/DQmsr (2 8)
Qclin,Qmsr feli f .
Myetin/ My

Where Dgcl;;; /DI and Méillﬁ /M, 521/;2 is the ratio of doses and detector read-

Qmsr

ings in clinical fields and msr, respectively.

Previous studies have shown large discrepancies in field output factors mea-
sured with various types of detectors in small fields [41], [42] 43]. For the reason
that volumetric detectors tend to underestimate the field output factors when
the field size is smaller compared to the chamber effective volume due to the

volume averaging effect [45] 46].

2.5 Dose calculation algorithms

Dose computation from a photon beam to the point of interest in a mate-
rial is determined by using a computer treatment planning system (TPS).
Dose calculation algorithms are mathematical models used in radiation ther-
apy treatment planning systems to predict the dose distribution in a patient’s
body. This is performed based on the characteristics of the radiation beam

and the anatomy of the patient [34].
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In this study a mordern TPS, Monaco, was used in the calculation of dose
in 3D volumes. The system uses the following algorithms to calculate the dose

to a point in a patient:
e Pencil beam algorithm
e Collapsed cone convolution
e Monte Carlo simulation

Tissue heterogeneity corrections are handled quite differently by these algo-
rithms. Some algorithms are correction based while others are model-based
[34]

2.5.1 Pencil beam convolution algorithm

In the pencil beam algorithm, heterogeneity along a one-dimensional path
length is considered, and no density scaling non-homogeneity corrections out-
side the beam path is considered. The change in electron transport in the
lateral direction is not taken into account; hence the dose estimation in lung

tissues is inaccurate [47].

2.5.2 Collapsed cone convolution algorithm

In collapsed cone convolution, in-homogeneity corrections are applied in three
dimensions. Therefore, the changes along tissue that the radiation beam is
going through and the changes in lateral electron transport are modeled [34].
However, the heterogeneity correction is applied on the assumption that the
dose kernels are based on the density of water for any medium [34]. The dose is
then summed from the primary beam, head scatter and electron contamination

components [48].

2.5.3 Monte Carlo simulation

The Monte Carlo algorithm models the individual particle tracks from a Linac’s
head to the patient’s volume. Direct Monte Carlo is applied in situations where

the transient charged particle equilibrium does not exist [34].

Each particle is tracked in a particular voxel to produce different cross sec-
tions for both electrons and photons [47]. Both the Monte Carlo and collapsed
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cone account for the change in electron density. However, the Monte Carlo al-
gorithm modeled the radiation transport in tissue more accurately [47]. This

is regarded as a gold standard for photon dose calculations in radiotherapy.

2.6 Beam scanning detectors

Various types of detectors respond differently in small photon fields; the choice
of a detector is critical. The volume-averaging effect of a detector guides the
choice. Hence multiple detectors such as diodes, diamond, organic scintillators,
and films are recommended for measurement of the small field output factors
[43]. Small volume detectors are mostly used for beam profiles and PDD

measurements, while diodes are recommended to measure sharp penumbra.

2.6.1 Small volume detectors

Ionization chambers are most frequently used for absolute dose measurements.
All the factors that affect the detector response in point dose measurements
are well known. As the steep dose gradient characterizes narrow photon fields,
therefore, the use of the ionization chamber still remains a challenge. However,

small-volume detectors are still very useful in small photon field measurements.

This work aims to compare the output factors measured with small-volume

ionization chambers to the other special 2-D detectors such as films and EPID.

2.6.1.1 Ionization chambers

An ionization chamber is a gas-filled detector with two electrodes, anode and
cathode. Incident radiation ionizes the gas molecules within a sensitive volume
to form positive and negatives ions. Positive ions move to the cathode(-) while
negative ions move to the anode(+). A bias voltage then collects ion pairs to

produce a measurable current.

Depending on their specific application, ionization chambers are manufactured
in different shapes and sizes. A pinpoint ion chamber with a volume of 0.015
cm?® might be too large for field sizes smaller than 1 x 1 ecm?. The smallest field
size that the pinpoint chamber can measure is 2 x 2 cm?. The PTW 0.125 cc

Semiflex 3-D ion chamber has a volume-averaging effect [44].
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Scanning speed is important when using a 3-D semiflex ion chamber with
a sensitive volume of a PTW Pinpoint 0.07 cc to measure profiles and penum-
bra due to its collection efficiency. Smaller volume detectors require low scan

speed. However, their response is not affected by the scanning direction [44].

2.6.1.2 Solid state detectors

Silicon diodes are the most commonly used solid-state detectors in radiation
therapy. They have a relatively small volume compared to the gas-filled detec-
tor to provide the sharpest penumbra. This is due to the density differences

and higher atomic number of silicon compared to that of gas.

Silicon diodes are semiconductor detectors based on the principle of the con-
duction band and valance band with a relatively large energy gap between the
two bands. If silicon is doped with impurities such as phosphorus with an extra
electron; the diode is known to be an n-type with electrons as the majority
carriers. In p-type semiconductors, silicon is doped with boron and holes are

the majority carriers.

The schematic representation of a p-n junction of the diode detector is shown
in Figure 2.8 below [29]. The p-type and n-type semiconductors are put to-
gether to create a depletion zone in the middle. Incident radiation interacts
through the depletion zone to create electron-hole pairs. Electrons move to-
wards the n-type while holes move in the direction of the p-type. The signal
is detected due to the movement of charges. As a result, the measured current

is directly proportional to the energy deposited by the incident radiation [29].

Diodes are designed for different energy ranges. A different response is ob-
tained with various photon energies. The main limitations of diode detectors
are temperature dependence, energy dependence, and the directional depen-

dence [29]. Hence they are not used mostly in dosimetry.
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Figure 2.8: A p-n junction of the diode radiation detector. Incident radiation
creates electron-hole pairs in the semiconductor detector [29].

2.7 Radiochromic film

Films, in general, are used in radiotherapy departments for quality assurance
purposes. They are used to determine the actual field size before perform-
ing any measurements. There are two types of films: radiographic and ra-
diochromic [26]. Radiographic films have been used in radiotherapy mostly
to measure beam flatness and symmetry, light /radiation field congruence, star
shot test, picket fence test as well as a two-dimensional (2-D) dosimeter due to
their superior spatial resolution [49].Films can be used to obtain the required
accuracy in absorbed dose measurements [50]. They are optional in beam pro-

file measurements to eliminate the volume averaging effects.

However,radiographic films are energy-dependent; they produce a different re-
sponse for different beam energies and reach a saturation point in terms of
dose [51].The energy-dependence of radiographic films limit their use in dosi-
metric applications [49]. In contrast, radiochromic films (RCF) are insensitive

to visible light but more sensitive to red light, have no silver halide crystals,
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and therefore no need for chemical processing to convert silver ions to silver
atoms [52].

2.7.1 Overview of RCF in small fields

As discussed in section 2.2.3, the size of the detector with reference to the
field size can lead to volume averaging effect. Therefore, unsuitable detector
for relative dose measurements results in up to 60% difference in field output
factors [53].

RCF has a great potential for small field measurements due to its high spatial
resolution [21]. However, a crucial literature summary on the work done by
other investigators in the use of film for the dosimetric measurement of small
fields is not provided in the new JAEA TRS-483 protocol [9].

In the study by Gonzalez-Lopez et al(2015), film was used as an alternative
for small fields relative dosimetry [54]. The performance of RCF was evalu-
ated against the two volumetric detectors, 31006 (PTW, Freiburg, Germany)
Pinpoint (0.015 cm?), and 31010 Semiflex thimble-type (0.125 cm?).

A good agreement was obtained for the output factors measured with the
three detectors for field sizes equal to or greater than 2 x 2 cm? [54]. Also,
a good agreement was observed between the RCF measured dose profiles and
calculated Monte Carlo profiles for 1 x 1 cm? field size [54].

2.7.2 The layout of radiochromic films

Gafchromic film is the most commonly used radiochromic film in radiation
therapy for measuring the radiation dose. The structure of Gafchromic EBT3
film consists of two pieces of matte-surface clear polyester base, 125 um and
an inner active layer of approximately 30 pum thick [26] 55]. The function of
the polymer layers on top and below the active layer is to keep the film intact.
The structure of a radiochromic EBT3 film is shown in Figure 2.9 below. A
layer of radiation sensitive organic micro-crystal is sandwiched between the

two polyester layers (top and base substrates) with a transparent coating.
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Figure 2.9: Gafchromic EBT3 film configuration showing an active layer
sandwiched between the two clear polyester film substrates (taken from

Ref.[56]).

EBTS3 film is the latest to be produced by GafChromic. EBT2 films had

two active layers which led to many issues regarding resolution.

2.7.3 Measurement principle of a radiochromic film

When radiochromic film is exposed to ionizing radiation, the dye molecules
are ionized resulting in a change in color. This change in color corresponds to
the amount of absorbed dose. Incident radiation interact with the radiation-
sensitive layer containing a dye precursor which is sandwiched between the two

polyesters as shown in Figure 2.9 [56].

Monomers are induced that creates polymer chains [57]. The chemical pro-
cess is illustrated in Figure 2.10. Light transmission is measured from the
irradiated film. These transmission measurements are then used to determine
the optical density to obtain a signal information [29]. The change in both
polymerization and opacity is directly related to the amount of radiation ab-
sorbed by the film.This causes a change in the film’s optical density which is
related to the absorbed dose by the film [57]. Therefore, the signal can be

measured from the scanned film with a flatbed or Vidar scanners
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Figure 2.10: The core of radiochromic film technology shows the active
component of lithium pentacosa-10,12-diynoate (LiPCDA). Polymerization in-

duced by incident radiation can be seen in the film (taken from Ref.[57]).

Figure 2.11 shows the electron microscopy image of the active crystal. The

electron microscopy crystal image shown by the figure below provides infor-

mation about the crystal structure of the film at the atomic level, including

the arrangement of atoms and the orientation of crystal planes.

Figure 2.11: Electron microscopy crystal of the active material. This is a
radiosensitive component of the EBT-type film. Fluid flow during the coating
process orientate the rods shown in the photograph parallel to the coating

direction (taken from Ref.[57]).
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The orientation of the active material crystal is parallel to the coating di-
rection. This is caused by the fluid flow during the coating process. The active
material crystals become light polarizers after irradiation. This polarization

creates the directional dependence of the film.

The film thus produces different results when measurements are performed
in portraits versus the landscape orientation. As recommended, pixel value
measurements must be performed at the centre of the film to minimize the
lateral artifacts]29].

2.7.4 Dosimetry measurements with radiochromic film

Gafchromic EBT3 films have been assessed to have a high spatial resolution,
and good energy response with a low volume averaging effect; low dose gradient
areas can be accurately resolved [40, 21, 26]. These types of films are exposed
to a higher radiation dose ranging from 0.2 Gy up to 10 Gy [58], with fitting
parameters that are acceptable to a maximum dose of 40 Gy[55]. However,

each new batch of the film must be calibrated due to batch-to-batch variation.

The following parameters must be taken into consideration with film dosime-
try: calibration curves to be accurately produced, light channel to be properly
selected, and consistency in the readout period. The results are not obtained
immediately and the response changes depending on the amount of time[29].
Film protocol must be properly set for dose measurements, IMRT and VMAT

verification.

Table 2.1 below shows the specifications of GafChromic EBT3 film from the
manufacture’s website [56]. GafChromic EBT3 film has several specifications,
including: the active area of 20 cm x 25 cm, the sensitivity range of 0.1 Gy
to 20 Gy which makes it suitable for a wide range of radiation doses, and the

spatial resolution of 30 micrometer (um).

30



Table 2.1: Specifications of radiochromic (GAFChromic EBT3) film

Property GAFChromic EBTS3 film

Configuration Active layer of 30um is sandwiched be-
tween 125um polyester substrates

Size 8” x 107

Dose range 0.1 to 20 Gy

Energy dependence

Dose fractionation response

Dose rate response

Stability in light

Stability in dark

Uniformity

< 5% difference in net optical density
when exposed up to 18 MeV

< 5% difference in net optical density
for a single 25 Gy dose

< 5% difference in net optical density
at a rate of 3.4 Gy/min

< 5 x 107® change in optical density
per 1000 lux-day

< 5 x 107* change in optical density
per day at 23

Better than £ 3% in sensitometric re-
sponse and better than + 2% with
FilmProQA

With radiochromic films, the amount of color change or darkening is pro-
portional to the amount of radiation dose delivered; hence the optical density
(OD) versus radiation dose curve is linear. Film dosimetry is based on inten-
sity measurements in the form of pixel values which represents the darkness of
the image. If the film is too dark, the optical density is very high, which leads

to lower pixel values. Therefore, the darker the film, the lesser the measured

intensity.

This is a much better film for quantitative measurements in radiotherapy
dosimetry; no need for processing. The signal is obtained from a transmis-
sion measurement. For the same change in dose, EBT Gafchromic film gives
a bigger difference in OD. This provides a better Hurter-Driffied (H-D) curve,

which is a typical dose-response curve [59)].
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Previous studies evaluated parameters such as dose rate response, energy de-
pendence, and dose uniformity of the Gafchromic EBT3 film [26]. The effects
of beam energy, and dose rate on the EBT3 films have been characterized and

found to be insignificant [60].

2.7.5 Clinical application of EBT3 films

Small fields are more conformal to the target with a very steep dose gradient
compared to large fields [26]. The requirements for precision and accuracy are
high in small photon fields. The use of a film may minimize errors due to non-
tissue equivalence and positional uncertainty in output factor measurements
[25].

The first application of Gafchromic EBT films in small photon field dosimetry
was in the commissioning of intensity-modulated radiation therapy (IMRT)
and volumetric-modulated arc therapy (VMAT) as well as in the dose verifica-
tion of IMRT and stereotactic treatment plans [61]. The relatively advanced
techniques, such as IMRT and VMAT, use small photon fields with steep dose
gradients [62]. In other clinics, films are used for invivo dosimetry in total
body irradiation (TBI).

A relatively new radiochromic film (Gafcromic EBT -XD) was tested against
the EBT3 films for high-dose treatment verification and the study found EBT-
XD to be more accurate in terms of measuring the dose distributions for a
typical SRS-treatment than EBT3 [63]. EBT-XD are recommended for high
dose measurements greater than 10 Gy. EBT3 films are designed for absolute

dose measurements of less than 10 Gy in high energy photon beams.

Films with commercially available software were used for patient-specific dose
verification for IMRT and VMAT treatment plans to evaluate the agreement
between the planned and measured dose distribution. This study found an
improvement in the results of gamma passing criteria between the measured

dose and the calculated treatment planning dose (calculated maps) [64].

A study by Micke et. al. 2011 used Gafchromic (EBT) film for dose verification

in IMRT plans [65]. The need for a consistent procedure during calibration
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and measurement for high precession and accuracy was pointed out. In addi-
tion, the importance of a high spatial resolution in high-dose gradient regions

and some clinical dosimetry challenges related to scanning was indicated [65].

This study by Micke et. al. proved that using Gafchromic(EBT) film is fea-
sible for dose delivery verification in small photon fields of IMRT and SRS
treatment plans [65]. Gafchromic EBT3 films are proven to be dose rate in-
dependent; no corrections are needed to characterize the high dose rate beam
such as flattening filter-free (FFF). It has been reported that the EBT3 film
response is not affected by changing photon energy [40].

Any orientation can be used during exposure with no angular dependence.A
big difference in output factor measurements between the EBT2 film and vol-
umetric detectors in field sizes less than 2 ¢cm x 2 cm? was reported [54]. The
report of AAPM TG-101 recommended the use of an appropriate dosimeter to
overcome the challenges of the volumetric detector in aligning the detector at
the centre of the field [26].

2.8 Electronic portal imaging device

Electronic portal imaging device (EPID) have replaced the use of conventional
film cassettes for treatment field verification. Contrary to kilo-voltage (kV)
imaging, mega-voltage (MV) energies are used to create portal images with
poor contrast. Target position relative to the CT scanner’s anatomical in-
formation and beam dimensions are shown in the portal images. Therefore,
higher photon energies produced images generated by the flat panel detectors

are required to verify patient set-up before the radiotherapy treatment.

Its advantage over a film cassette is in detecting and correcting random and
systematic errors [66]. Therefore, digital image enhancement for better image
quality has made the EPID to be a preferred technology for imaging compared
to film. The most commonly used flat panel EPID with the Elekta system is
the solid state detector based on amorphous silicon (a-Si) [67]. In this study,
EPID will be used for small field output factor measurements only to compare

with film measurements.
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2.8.1 Operating principle of (a-Si) EPID

The a-Si EPID consists of a copper layer and a phosphor screen with photo-
diode array [68]. Incident radiation is converted into a visible light by a-Si
scintillator material. An array of photodiodes within the a-Si panel then de-
tects this visible photon. A copper (Cu) layer in the a-Si EPID absorbs low

energy scattered radiation from the patient [69)].

The detection area of an Elekta EPID is 41 x 41 cm? with 1024 x 1024 pixels
(matrix size) and a spatial resolution of 0.25 mm mounted at a fixed distance

of 160 cm from the source [70].

2.8.2 GLAaS algorithm

EPIQA software uses GLAaS algorithm to convert images measured by EPID
into dose map. Pixel values from a-Si detectors are transformed into matrices
of absorbed dose to water at any given depth [71]. Generally, EPID images
are converted into absorbed dose in water at d,,,,. However, in this work the
algorithm was configure to transform images to dose at a reference depth of

10 cm.

The a-Si detectors are exposed directly to radiation dose with no build-up
or phantom material in between the source and the flat panel [71]. The a-Si
detectors produce a linear dose response; therefore GlAaS algorithm uses linear
regression parameters to account for differences between the primary dose and
MLC-transmitted radiation on a pixel-by-pixel basis [72]. This algorithm was
initially developed for IMRT pre-treatment verification, and later applied in
dosimetric verification of VMAT treatments [73]. In this study, it is evaluated

in small fields output factor measurements.

The differences between the primary dose and the transmitted radiation through

the MLC are modeled by using the following expression[73]:

N N
d; = <Z My * T s + qpﬁs> + (mtRi — Z mTs + Qt,s> (2.9)

s=1 s=1

Where d; is the total dose in the i-th pixel, m, and m; are the slopes for the

primary and transmitted radiation respectively, g, and q; are the intercepts

34



for the field size of primary and transmitted beam, r; is the reading from
the primary radiation beam, R is the reading from the PV cassette, N is the

number of segments, and s is the segment point.

2.8.3 Special applications of EPID

EPID is applied in geometric pre-treatment verification and for daily treatment
set-up. Verification of the treatment fields with respect to patient positioning

has become a standard procedure in modern radiotherapy.

Dosimetric verification methods with EPID have been introduced in the past.
Pre-treatment verification and dosimetric verification of IMRT and VMAT
plans with (EPID) have now become a standard practice in most radiation

therapy centers [69].

EPID is attached to almost all the modern linear accelerators. This is due
to an easy set-up and two-dimensional (2-D) images that are provided in a
digital format [69].

The application of EPID in radiation therapy has been extended to dose verifi-
cation in small photon fields treatment plans such as IMRT and VMAT. Even
though EPID was initially developed for patient set-up verification purposes,

it is currently used as a 2-D dosimeter [74].
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Chapter 3

Methodology

3.1 Materials and Method

In this study, all the measurements were carried at Charlotte Maxeke Johan-
nesburg Academic Hospital CMJAH on an Elekta HD Versa linear accelerator
(linac). Commercially available radiochromic films, GafChromic EBT3 type
from Ashland Inc., Wayne, NJ, USA were used in this study. The film response
to radiation was measured by a calibrated flatbed Epson 11000 XL scanner.

A calibrated cylindrical ionization chamber with a cavity volume of 0.6 cm?
and the PTW UNIDOS E electrometer from PTW, Freiburg,Germany was
used for the output calibration. In addition to film measurements, both EPID
and treatment planning data were acquired as reference measurements and

additional measurements.

In order to expose the radiochromic film to a known dose, the machine output
was measured with a calibrated 0.6 cc farmer-type chamber in a solid water
phantom under reference conditions. Film was irradiated to a range of known
doses to establish the calibration curves for each photon energy. This was

performed in preparation for dosimetry measurements.

Beam profiles were measured with various detectors for each field and compared
with the calculated treatment planning profiles. Dose profiles were required
to determine the radiation field size in terms of full width at half maximum

(FWHM) prior to field output factor measurements.
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3.1.1 Electron density verification

The monitor unit (MU) calculations from the treatment planning systems are
performed based on the number of electrons per volume (electron density).
Electron density determines the attenuating properties of the radiation beam

inside the phantom.

The most common mega-voltage (MV) photon interaction with matter is through
compton scattering. Higher photon energies interact at this region and the
probability of this interaction depends entirely on the material’s electron den-
sity and composition. Hence there is a need for the verification of electron
density of any material. The electron density of the material is determined by

the following equation [34]:

Pe = pmNa <§) (3.1)

Where p,,, is the mass density of the material in gram per cc(g/cc), N4 is the
Avogadro’s number in atoms per mole, Z is the atomic number, and A is the

mass number in grams per mole.

For accurate dosimetry in radiotherapy and also for the treatment planning
system (TPS)to account for tissue heterogeneity, the electron density must be
verified from the Hounsfield units (HU) provided by the computed tomography
(CT).

In practice the CT datasets image gray scale is represented by HU; from air,
water and bone given by -1000, 0, and 1000 respectively. Also represented in
the grayscale, are CT numbers for very high electron density materials (e.g.
prosthesis). The relationship between CT numbers assigned by the CT scanner
and the electron densities provided by the TPS is linear in all the structures,

as shown in Figure 3.2.
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Figure 3.1: CT number (HU) to electron density conversion curve produced
by the Monaco TPS.

At high density material, this curve does not follow a linear trend. There-
fore, computed tomography (CT) yields incorrect CT to density conversion

which results in dosimetry not being accurate.

3.1.1.1 Data acquisition for the TPS

In this study, a solid water phantom was used due to its more convenience in
film dosimetry measurements than liquid water. The solid water phantom used
for all the film measurements is shown in Figure 3.2 below. The images of the
solid water phantom with dimensions: 30 cm x 30 cm x 30 ¢cm were acquired
using a Siemens CT scanner and transferred to Monaco TPS. Contouring of

the CT images was performed using Monaco contouring tools.
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Figure 3.2: Photograph of a solid water phantom placed in a CT scanner for
treatment planning and monitor unit calculation.

Monaco software has the option to force different structures of the scanned
CT images into one. Therefore, electron densities were assigned to the con-
toured CT images and forced to be equal to one. Hounsfield unit (HU) of
water is equivalent to the electron density of 1 g/cm3. The electron density of
the phantom was verified in the TPS through CT numbers assigned by the CT
scanner. The electron density was verified to be equivalent to that of liquid
water using the available calibration curves in the TPS . This is necessary for

the accuracy of dosimetric calculation with a treatment planning computer.

3.1.2 Film preparation for dosimetry

The sensitivity of the film depends on its orientation during scanning. For
consistency with a scanning orientation and calibration purposes, Gafchromic

EBTS3 films were cut into a rectangular shape of 2 x 25 cm? using a film cutter
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and marked for correct orientation. Figure 3.3 below shows the film cutter

used for cutting films into rectangular or square pieces.

Figure 3.3: Photograph of a guillotine cutter used during film preparation.

The known absorbed dose in the range: 0.5 Gy to 25.0 Gy was measured.
To minimize measurement uncertainties due to film handling, gloves and tweez-
ers were used when cutting EBT3 films into smaller pieces. Films were carefully

handled from the side, not in the middle to obtain the correct signal.

All the small pieces of film were marked as per the dose that will be given
to an individual piece, as shown in Figure 3.4 below with one strip left un-
exposed. One piece of film was left unexposed to radiation for background

measurements.
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Figure 3.4: Photographs of films cut into small strips and marked according
to their exposed doses for calibration purposes.

Film dosimetry protocols recommend scanning of all film pieces prior to
irradiation using all three color channels (red, green, and blue) for background

correction [42].

3.2 Linac output measurements

Cylindrical ionization chambers with cavity volume of 0.6 cm® and are the
gold standard for absolute dosimetry measurements under reference conditions.
To use film in absolute dose measurements, proper calibration against the
ionization chamber is necessary for absolute output measurements. Thus, film

was calibrated against the ionization chamber prior to output measurements.

3.2.1 Elekta Versa HD output

Linac output (cGy/MU) was measured with a PTW farmer-type ionization
chamber with a collection volume of 0.6 cc in a solid water phantom to ensure

that the film was exposed to a known dose.
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Chamber measurements were performed at Charlotte Maxeke Johannesburg
Academic Hospital (CMJAH) on an Elekta HD Versa linear accelerator. The
Solid water phantom used allowed for the insertion of a 0.6 cm?® cylindrical
ionization chamber. The picture of the ionization chamber used for output

calibration is shown in Figure 3.5.

Figure 3.5: Photograph of the calibrated 0.6 cm® Farmer type ionization
chamber.

The electrometer used to convert the measured charges to dose is shown in
Figure 3.6 below. The PTW UNIDOS E which is compatible with the variety
of PTW detectors was used for Linac output measurements. The detector
generates a signal which is proportional to the energy deposited by the inci-
dent radiation is measured and converted to dose by the electrometer using a

calibration factor.
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Figure 3.6: Photograph of a PTW UNIDOS E (electrometer).

Sufficient scatter and build-up material was used throughout the measure-
ments. The detector was aligned to the beam’s central axis. Dosimetry mea-
surements were performed under the following reference conditions(illustrated
by the labeled Figure 3.7 below): 90 cm source-surface distance (SSD), 10 x
10 cm? and a depth of 10 cm.

The effective point of measurement of the detector was set to be at the center
of air cavity. The geometry for linac output measurements is shown in Figure
3.7, the 0.6 cm? ionization chamber was placed at a distance of 100 cm from
the radiation source. The point of interest was kept at isocenter during the
measurements. This is known as the source-axis distance (SAD) technique;
the distance from the source to the chamber’s effective point of measurement
is kept to 100 cm.

Measurements were performed for three photon energies: 6MV FFF and 6MV
FF, and 10MV FF beams. The tissue-phantom ratio (TPR) measured at 20
cm and 10 cm depths was used to quantify the two energy beams. Dosimeter
reading from the electrometer was recorded after 100 monitor unit (MU) was
delivered. All readings were repeated three times to obtain the average value.
The absorbed dose to water was calculated as per TRS 398 formalism [33]:

Duyater = MNDkQ (32)
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Where M is the corrected chamber response, Np is the chamber calibration
factor applied to convert charge reading to dose, and k¢ is the beam quality
conversion factor. The calibration factor from the Co-60 beam is converted to

the linac energy.

All the necessary correction factors such as air density, ion recombination,
electrometer and bias polarity, were applied to the chamber reading. The dose

rate in Gy/100 MU was obtained from the chamber measurements.

Figure 3.7: Photograph of the set-up for machine output measurements.
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3.2.2 Film calibration

Each piece of film was placed at a depth of 10 cm with sufficient scatter ma-
terial underneath. The light field was used to align each piece of film at the
beam’s central axis. Gantry and target side were marked on each piece of
film. Monitor unit delivered for each film irradiation was calculated from the

chamber measurements.

3.2.2.1 Film irradiation

2 and placed in

For calibration, films were cut into fifteen strips of 2 x 25 cm
a solid water phantom at 100 cm from source to axis distance (SAD). Films
were fixed with adhesive tapes, placed at the corner of each piece of film to

hold the film tightly on the phantom during irradiation.

Each film piece was exposed to 6MV FFF, 6MV FF and 10MV FF photon
beams with a dose ranging from 0.5 Gy to 25.0 Gy. The maximum dose of 25
Gy was delivered to one of the strips to test the response of the film in high

doses. A field size of 10 x 10 cm? was used during the calibration process.

For each strip, MU to be delivered were calculated from the measured dose
rate determined using ionization chamber. The Linac was well calibrated to
ensure accurate dose delivery during film calibration. Figure 3.8 below shows
the set-up used for film calibration. Film strip was placed at 100 cm distance

from the source, and the build-up of 10 cm was added on top of the film.
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SFD =100 cm

Figure 3.8: Photograph of the film strip placed at a depth of 10 cm for an
SSD of 90 cm, and a reference field size of 10 x 10 cm?.

3.2.2.2 Film scanning

Epson 11000 XL flatbed scanner, shown in Figure 3.9 was used. All irradiated
films were scanned 24 hours later to allow for post-exposure changes to diminish
[75]. For the lamp stability, three empty scans were performed. All three colour
channels were used during the film scans to evaluate film and scanner artifacts

for more accurate results.
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Figure 3.9: Photograph of an EPSON 11000 XL film scanner used in this
study

For calibration purposes, films were placed at the center of the scanner,
scanned in the professional mode, and in the same orientation (land scape
orientation) throughout the measurements to minimize the lateral artifacts
[76]. The resolution of 72 dots per inch (dpi) was used and 48-bit RGB mode.
The dose resolution with 48-bit colour produces 16-bits per channel compared
to 24-bit color. A glass compression plate was used to ensure that the film was

flat on the scanner, as shown in Figure 3.10 below:

1 Glass plate

Figure 3.10: Glass compression plate used during film scanning.
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Scanning of films started by selecting the "preview” to warm up the light
source. This workflow was repeated to ensure the correct alignment and ori-

entation. All images were saved as " TIFFE” files .

3.2.2.3 Film analysis

The imageJ software was used to analyze films. All three colour channels were
selected for data analysis. Default settings were changed to display a gray-
scale. The region of interest (ROI) of 0.5 x 0.5 cm? was drawn at the center
of each piece of film. The measured mean pixel values were converted into
optical density (OD) using the following equation:

(3.3)

P .
OD = logio ( Vunexp )

PVegp.

Where PVunexp. is the pixel value of the un-exposed film for background
correction, and PV,,, is the pixel value of the exposed film. The optical
densities calculated from the measured intensities are used to produce the

film’s characteristic curves.

3.2.2.4 Film beam profile

Films were exposed to 500 MU for different field sizes ranging from 0.5 x 0.5
cm? to 10 x 10 cm?. A line equal to the field width was drawn on a scanned
image across the center of film using ImageJ software as shown in Figure 3.11
(a). The distance in pixels was converted to a known absolute distance to

convert the units for off center values to set the image scale, shown by Figure
3.11 (b).

Treatment planning data was used as the reference, hence the distance from
the off center had to be measured in centimeters. A line profile beyond 2
cm from the edges of the field was drawn across the film to produce the dose

profile.
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Figure 3.11: Film profile measurements with imageJ software, (a) line drawn
across the central axis of the film that is equal to the beam size to set the scale,
(b) dialog of the imageJ software to convert the distance in pixel to absolute
distance in centimeters.

Figure 3.12 illustrates a beam profile for a (e.g 6 x 6 cm?) field size measured

with imagelJ software from the image shown by Figure 3.11 (a).
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Figure 3.12: Dose profile produced by imageJ software.

The obtained data for all different field sizes were exported to an excel
spreadsheet for processing. The logarithmic ratio of the background intensity,
and the transmitted intensity, was used to convert the mean grayscale to the
optical density (OD) to match the profiles in terms of the field width with the

planning data.
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3.3 TPS dose rate

Dose rate (DR) in ¢Gy/MU was calculated by the TPS at a depth of 10 cm,
with a reference field size of 10 x 10 cm? to be compared with the delivered

linac output.

CT scanned image from the TPS is shown in Figure 3.13 with a point of
interest placed at a depth of 10 cm. Monaco software has an option to force
different structures of the scanned CT images to one. Therefore, the electron

density of the CT scanned image was forced to be equal to one.

Figure 3.13: Reference conditions for TPS output measurements, 10 x 10
cm?, 10 cm depth, 90 cm SSD, and 100 MU.

3.4 TPS beam profiles

A line profile was drawn at a depth of 10 cm for each field size in both the
transverse plane and sagittal plane. A side view of a CT scanned solid water
phantom is shown in Figure 3.14, dose values were determined at several points,
left to right of the central axis (across the field) for each field size. The distance

of 2 cm beyond the field edge was maintained through out the calculations.
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Figure 3.14: Line profile drawn at 10 cm depth for a reference field size of
10 x 10 cm?. Relative dose calculated at several points across the beam using
a resolution of 0.1 mm.

Relative dose values calculated by the treatment planning computer were
copied into an excel spreadsheet to plot the beam profile. Using different
detectors, TPS beam profiles were compared with measured profiles for the

same geometry.

3.5 TPS output factors

Treatment field were created in a solid water equivalent phantom in Monaco.
Field output factors were created for a range of field sizes, starting from the
smallest field size of 0.5 x 0.5 cm? produced by the Elekta linac to a reference
field size of 10 x 10 cm?.The calculation point was set at a fixed depth of 10

cm in solid water phantom with an SSD of 90 ¢m from the source.

Radiation dose from each field size was calculated and normalized to a ref-
erence field size of 10 x 10 cm?. The output factors calculated using the
treatment planning computer was be used to validate the measured data with
different detectors. This is illustrated by Figure 3.15 below
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Figure 3.15: CT image of a solid water equivalent phantom with the calcula-
tion point placed at 10 cm depth from the surface for field sizes 0.5 x 0.5 cm?,
0.8x08cm? 1x1cm? 1.5x1.5cm? 2x2cem? 3x3cm? 4x4cm? 5x
5 cm?, 6 x 6 cm?, and 10 x 10 ecm?. The vertical blue lines indicate the field
edges for the various field sizes

3.6 Field output factor measurements

In this study, three different detectors: EBT3 film, two PTW ionization cham-
bers, 31021 semiflex (SF) three-dimensional (3-D) and 31014 Pinpoint (PP),
and a-Si EPID were used to perform field output factor measurements. All
measurements were carried out with three high photon energies, 6MV FFF,
6MV FF and 10 MV FF produced by an Elekta HD Versa linear accelera-
tor. Treatment planning results and literature data were used to compare and

evaluate the results from these three detectors.

3.6.1 Gafchromic EBT3 film

Output factors are determined at the center of the radiation fields and they
map the relative dose from one field to the next and normalized to a reference
field size; sufficient monitor unit must be given to the film to obtain good
results. The relative dose factors for various small field sizes ranging from 0.5
x 0.5 cm? to 10 x 10 cm? were measured at a depth of 10 cm and SSD of 90

cm in a solid water phantom.
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The set-up for the field output factor measurements is shown in Figure 3.16.

Figure 3.16: Photograph of a piece of film (fixed with three adhesive tapes)
placed at 100 cm from the source showing the field size centered on the film.
The target side and the beam size is marked at the edges of the film.

The build-up of 10 cm solid water equivalent material was added on the
film to perform measurements at a depth of 10 cm. As the response of a film

depends on the dose given on it; each piece of film was exposed to 500 MU.

To account for changes in film optical density with time, films were scanned 24

hours after irradiation. This procedure reduces the post-irradiation coloration
effects of Gafchromic EBT films.

Flatbed Epson 11 000 XL scanner with the scanning parameters mentioned

in sectioned 3.2.2.2 were used for field output factor measurements. The scan
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direction also contributes to the in-homogeneity within the exposed area of
the film, and the same processes were repeated accordingly. Using the imageJ
software, one piece of film was uploaded at the time to perform analysis. The

2

square regions of interest with an area of 0.2 x 0.2 cm” was drawn on each

piece of film.

The mean pixel values was determined from the measured pixels at differ-
ent regions to solve for heterogeneity. Optical densities were calculated from
the measured mean pixel values using equation 3.3. During the calibration
process, the 3rd degree polynomial function was found to be the best fit as the
relationship between the dose and OD was shown to be non-linear. The equa-
tion from the dose-optical density curve was used to determine the absorbed

dose.

3.6.2 PTW ionization chamber

PTW 31014 PinPoint ionization chamber and PTW 31021 3D Semiflex de-
tector were used for field output factor measurements in this study. The two
PTW detectors used for output factor measurements are shown in Figure 3.17

below:

PTW 31014 PinPoint chamber || PTW 31021 Semiflex 3D chamber

Figure 3.17: PTW 31014 Pinpoint ionization chamber and PTW 31021 3D
Semiflex.
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Contrary to Gafchromic EBT3 film, all chamber measurements were ac-
quired in water phantom at 90 cm SSD and the 10 cm depth using a PTW
MP3 scanning water tank. The gantry and collimator angles were set to zero
degrees for all the measurements. The chamber was aligned perpendicular to
the beam central axis. For an isocentric set-up, the detector was positioned at
100 ¢m from the source. Ton chamber measurements were performed under the
same geometry set-up as in Gafchromic EBT3 film. The use of the reference
detector in small field measurements is not feasible, therefore, all the mea-
surements were performed without the reference detector. The experimental

set-up for chamber measurements is illustrated in Figure 3.18.

k

Reference
detector

F

£

-

Digital
Y\ thermometer '
; ~ PTW water tank |

1

Figure 3.18: Photograph of the PTW MP3 water scanning tank for small
volume detectors, showing field and reference detectors in perpendicular ori-
entation for beam profile and field output factor measurements.
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3.6.2.1 CenterCheck

The new PTW sotfware includes the detector alignment option. The Cen-
terCheck from the MEDPHYSTO software was used to verify the alignment
of detector with the beam central axis. This was done by measuring the beam
profiles at a depth of 3 cm in water with machine specific reference field size
of 10 x 10 cm?. Two profiles were first measured, in-plane and cross-plane as
shown by the Figure 3.19 from PTW software. This was performed to ensure
that the detector is positioned at the center of the radiation field relative to
the light field.

Figure 3.19: Detector alignment to the cross hairs for dose profile measure-
ments and field output factors.

In-plane and cross-plane profiles at the depth of 3 cm to verify the water
tank level, field alignment and beam center using PTW software. Also, this is
performed to verify accuracy of the effective point of measurements of the vol-
umetric detector. This was performed to minimize the uncertainties associated

with the positioning of the detector.

3.6.3 EPIQA configuration

EPID configuration ensures accurate and reliable dose measurements during
patient specific quality assurance (QA). Radiation field with known dose were

placed on the water phantom Dicom structure to produce photon fluence from
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the TPS. The fluence of the transmitted radiation was measured with MLCs

closed.

Figure 3.20 shows the water phantom DICOM structure for dose calculation.
The acquired EPID images of radiation fields were analyzed using the EPIQA
software. Calibration curves generated based on the measured pixel values and

the known radiation dose are used to convert the pixel values.

The pixel values acquired using the EPID at depth of maximum dose for
photon beams are converted to dose map. EPIQA uses GLAaS algorithm to

convert grey scale to dose matrices at depth of maximum dose in water [73].

Figure 3.20: Water phnatom Dicom structure set used by GLAas algorithm
for dose calculation in TPS.

The portal images from amorphous detectors (a-Si) are transformed into
absorbed dose in water for higher energy beams without any build-up material
on the panel [73].

The radiation dose calculated by the treatment planing system is verified us-
ing this algorithm. Figure 3.21 shows the solid water phantom for calibration

factor measurements.
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Figure 3.21: Set-up for EPID configuration: solid water phantom for dose
calibration factor (MU/Gy) measurements.

The EPIQA software accounts for both the primary beam as well as the
transmitted radiation through the multi-leave collimators (MLC). This is per-

formed by the algorithm on a pixel-by-pixel basis([72]).

The a-Si detectors of an Elekta HD versa linac are fixed at a distance of

160 cm from the source, as shown in Figure 3.22 below:

o8



SDD =160 cm

Flat panel

M F/S=41x41cm?

Figure 3.22: Photograph of the Elekta versa HD linac head (source of ra-
diation) and the electronic portal imaging device fixed at 160 cm from the
radiation source for primary and MLC transmission measurements

The two dosimetric methods, non-transmission and transmission were adopted
in this study. In non-transmission method, there is no attenuating material
between the radiation source and the EPID. The intensity is measured on the

portal imaging device without passing through any attenuating medium.
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3.6.3.1 Primary radiation

In this work, the algorithm was configured to acquire the images at 10 cm depth
for 6MV FFF, 6MV FF, and 10MV FF beams. Detector response to both the
primary radiation and MLC transmission was determined as per EPIQA man-
ual. For the EPIQA configuration, the data in treatment planning system

needed to be label as per the recommendations from the EPIQA manual.

The following field sizes are recommended: 3 x 3 cm? , 5 x 5 cm?, 10 x 10
em?, 12 x 12 em?, 15 x 15 cm?, 20 x 20 ecm?, 25 x 25 cm?. Some fields were
modified in the original radiotherapy (RT) plan template to smaller field sizes
ranging from 0.5 x 0.5 cm? to 2 x 2 cm? below 3 x 3 cm?. The fields that are
mandatory for EPIQA configuration are: 3 x 3 cm?, 10 x 10 cm?, 25 x 25 cm?.

Images were acquired using the Elekta electronic portal imager system known
as iView. For the calibration process, each field was exposed to three different
MUs: 20, 30, and 50 as recommended in the EPIQA manual. The total dose
plan and the individual beam doses were obtained from the Monaco treatment

planning system.

The farmer type ionization chamber with an air volume of 0.6 cm?® was used
to measure the dose calibration factors at various mandatory field sizes. All
the machine output factor measurements were carried out at a depth of 10
cm in a perspex phantom with 100 MU. During measurements, the ionization
chamber set-up was made to match the EPIQA set-up geometry.Images for 10
x 10 ecm? were acquired with 50 MU for all three photon energies (6MV FFF,
6MV FF, 10 MV FF) for calibration purposes.

3.6.3.2 MLC transmission

Firstly, an open square field size of 10 x 10 with 50 MU is recommended;
then the transmission through the multi-leaf collimators (MLC) is performed.
MLC transmission factors for different MUs(50 MU,100 MU, and 200 MU)
were acquired with EPID as per recommendations. Transmitted radiation

2

was also performed with ion chamber for 10 x 10 cm® open field and closed

MLC. All the acquired data was then exported in DICOM format for EPIQA

configuration.
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3.6.3.3 Field output factor measurements

Treatment fields for the field output factor measurements were created in a
water phantom in the Monaco treatment planning computer and exported to
the record and verification system (Mosaiq). TPS dose calculated for portal

imaging is shown in the Figure 3.23 below:

Figure 3.23: Screenshot of a transverse view of the DICOM structure water
phantom showing TPS dose calculation for EPID.

EPID images from small photon fields of 0.5 x 0.5 cm?, 0.8 x 0.8 cm?, 1.0
x 1.0 em?, 1.5 x 1.5 ecm?, 2.0 x 2.0 ecm?, 3.0 x 3.0 cm?, 4.0 x 4.0 cm?, 5.0 x 5.0
cm?, 6.0 x 6.0 cm?, and 10.0 x 10.0 cm? were acquired with 100 MU using the
HD Versa Linac and the Iview system and exported to the DICOM server.

For analysis, images from Iview with their logfiles for each image as well as
the total plan dose and individual plan doses from TPS are required in the
EPIQA software. Absolute dose maps measured at 10 cm depth obtained from
the EPID images were compared to a dose calculated by TPS.
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Chapter 4

Results and Discussions

4.1 Beam profile

Linac geometric uncertainties affect accuracy in dosimetric measurements of
small fields as a result of mechanical machine performance e.g. the determi-
nation of the CAX. As a consequence, measurement and confirmation of the
correct field sizes are crucial when measuring output factors and evaluating
the influence of volumetric chambers on the dosimetric accuracy in small field

measurements.

Different detectors such as radiochromic film (RCF) EBT3 type, PTW 31021
3-D Semiflex (SF), and PTW 31014 PinPoint (PP) were used to measure the
beam profiles for each field size. Both cross-plane and in-plane profiles mea-
sured at 10 cm depth for the square field sizes (F/S) from 10 x 10 cm? down to
0.5 x 0.5 cm? were used to determine the full width at half maximum (FWHM).

In large fields, there is no loss of LCPE, and primary source occlusion. There-
fore, the geometric field size and the FWHM acquired from beam profiles are
almost equal. Contrary to small fields, the field becomes an overlap of beam
penumbras, this happens in small fields as per the statement made earlier.
Hence there is a need to verify the radiation field for each beam size. This de-
pends on a number of factors such as the detector size used for measurements
as well as the minimum field size for each photon energy. This was discussed
in details in chapter 2, section 2.2.1. For a example, Figure 2.2 showed a range
of LCPE of about 1.5 cm in 10MV beam.

2

Only small field sizes from 2 x 2 cm? down to 0.5 x 0.5 cm? are selected
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for beam profiles presentation. This study used treatment planning data as
reference data for beam profiles and field output factors. Treatment planning
dose profiles calculated at 10 cm depth are compared to the measured dose

profiles with different detectors.

Dose profiles for an Elekta HD versa Linac measured at 10 cm depth with
various detectors to verify the beam dimensions for a range of field sizes (0.5
x 0.5 cm? to 2.0 x 2.0 cm?) are shown in the Figures 4.1 to 4.6 below. These

dose profiles are normalized to the central axis value.
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Figure 4.1: Cross-plane and in-plane profiles for 0.5 x 0.5 cm?, and 0.8 x 0.8
cm? field sizes in 6MV FFF beam.

Dose profiles are not the same in smaller field sizes of 0.5 x 0.5 cm? and
0.8 x 0.8 cm? as illustrated in Figure 4.1. Consistently the SF 3-D detector
shows a deviation with the rest of the detector. The signal measured by this
detector is subject to volume averaging effect. The dose is accumulated across
the dimensions of the detector volume. As a result, the penumbra width is

overestimated.

Thus, the SF detector is not suitable to measure small fields beam profiles
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in 6MV FFF beam for field sizes below 1 x 1 cm?. Detector dimension is large

compared to the field size, this affects the measured profiles in both fields.

Figs 4.2 (a), (b), (c), and (d) below show both cross-plane and in-plane dose
profiles of 1 x 1 cm? and 2 x 2 cm? respectively, measured by three different
detectors in FFF beam.
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Figure 4.2: Cross-plane and in-plane profiles for 1.0 x 1.0 cm?, and 2.0 x 2.0
cm? field sizes in 6MV FFF beam.

The measured profiles in both directions by the three detectors are compa-
rable to the calculated TPS profiles for 1 x 1 cm? beam size, see figure 4.2 (a)
and (b). All the three detectors were observed to be suitable for this field size.
The dose measured on the beam’s central axis and at the edges of the field is

almost the same.

For a 2 x 2 cm? field size, all the three various detectors used in this study

measured the beam profiles more accurately in comparison to the calculated
TPS profiles.

The cross-plane and in-plane profiles of EBT3 film, Semiflex 3-D chamber,
and PinPoint measured at 10 cm depth are compared to the TPS computed
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profiles in Figs 4.3 and 4.4 below for 6MV WFF beam.
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Figure 4.3: Cross-plane and in-plane profiles for 0.5 x 0.5 cm?, and 0.8 x 0.8
cm? field sizes in 6MV photon beam.

The use of a relatively larger ionization chamber (SF) in small fields can
scatter and absorb the radiation beam. This has resulted in the perturbation
effect which affects the accuracy of the measured beam profile. Therefore,
there is a slightly increased in dose profiles measured with the SF detector in
both in-plane and cross-plane directions. Good agreement was not obtained
with SF detector compared to other detectors for a 0.5 x 0.5 cm? and 0.8 x 0.8
cm? as shown by the above Figs 4.3 (a) to 4.3 (d).

Figs 4.4 (a) to 4.4 (b) below depict a good match for all beam profiles measured
by the three different detectors compared to the TPS calculated profiles.
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Figure 4.4: Cross-plane and in-plane profiles for 1.0 x 1.0 cm?, 2.0 x 2.0 cm?
field sizes in 6MV photon beam.

Beam profiles in small photon fields are quite different from large fields due
to the lack of electronic equilibrium, the impact of beam collimation and dose-
volume averaging effect. The steep dose gradients are observed at the field
edges. Therefore, higher spatial resolution detectors are required to accurately

measure the profile in the entire field and in the penumbra region.

Figs 4.5 (a) to 4.5 (d) below illustrate beam profiles measured at 10MV FF

beam for the smallest fields.
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Figure 4.5: Cross-plane and in-plane profiles for 0.5 x 0.5 cm?, and 0.8 x 0.8
cm? field sizes in 10MV photon beam.

The field size is defined by MLC in the X-axis and jaws in the Y-axis.

For this reason, a slightly difference was observed in the beam profile mea-

sured along the in-plane direction by the SF chamber in both field sizes. Good

agreement was obtained in the measured profiles with RCF and PP detectors

in both cross-plane direction and in-plane under 10MV FF beam for smaller

fields.

Figs 4.6 (a) to 4.6 (d) show beam profiles measured in 10 MV FF for field

sizes greater than 0.8 cm.
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Figure 4.6: Cross-plane and in-plane profiles for 1.0 x 1.0 cm?, and 2.0 x 2.0
cm? field sizes in 10MV photon beam.

As shown by the above Figs, beam profiles measured with different detec-
tors for the F/S> 1 x 1 cm? along the In-plane direction for 6MV FF photon
energy best match the TPS data. In-plane profiles matched very well for all

field sizes greater or equal to 1 x 1 cm?.

Beam profiles look more or less the same in small fields below 1 x 1 cm?
for all three photon energies except for those measured with a SF chamber.

As the field size increases, dose profile are going to start overlapping.

4.2 Determination of radiation field size

The radiation F'S in small field measurements is defined by the FWHM. As the
field size is reduced, there is a significant difference between the FWHM and
the geometrical field size. Therefore, the field size results in uncertainties in

the FOF measurements, hence it is important to verify the field for each beam.

According to the new TAEA TRS 483 protocol, the equivalent square field
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is determined by the specific clinical equivalent square field size [9]:

Sclm = VX xY (41)

Where S.;, is the smallest equivalent square field size, X is the cross-plane
field width, and Y is the value measured in the in-plane direction for a specific
field size. Equation 4.1 only applies to square field sizes when the ratio of X/Y
is greater than 0.7, but less than 1.4. It is also defined as the FWHM at a

measuring depth in small photon fields.

4.2.1 FWHM for 6MV FFF beam

Dose profiles of all three photon energies were characterized to verify errors
associated with incorrect field width. The F/S defined by the FWHM measured
from beam profiles by all three detectors in 6MV FFF beam are illustrated in
Figure 4.7. The maximum difference observed between the measured FWHM
with a SF and the calculated TPS FWHM is 0.18 c¢m for the smallest F/S of
0.5 x 0.5 cm?

FWHM

Nominal F/S (cm)

Figure 4.7: Measured FWHM with various detectors in 6MV FFF beam.

69



The % difference of FWHM for all detector readings in 6MV FFF beam
is shown by Figure 4.8 below. The maximum difference obtained between the
TPS calculated FWHM and the measured FWHM by all detectors was 26.3%
for SF 3-D detector, 20.1% for PP chamber and 11.3% for RCF for the smallest
field size of 0.5 x 0.5 cm?.

This is a detector related condition, the volume of a SF 3-D detector is too big
compared to the dimensions of 0.5 x 0.5 cm? field size. Thus, the bigger the
volume of the detector, the larger the volume averaging effect. The measured
field size is broaden, hence the higher % difference in FWHM for smaller fields.

30 r T r T ’ T : T ; T
—e— TPS vs. RCF| |
R —»_TPSvs.SF |]
—&— TPS vs. PP
‘J—\QD - -
=
e &
< 15 - -
L
= 10 4 -
(]
X 5 ]
0- .
_5 1 1 I I 1
5 4 6 8 10
Nominal F/S (cm)

Figure 4.8: % difference of the measured FWHM with various detectors for
6MV FFF beam.

At field sizes below 6 x 6 cm?, the measured FWHM by the two volumetric

detectors is less than the TPS values. The two PTW detectors, semiflex and
pinpoint underestimated the FWHM for 6MV FFF beam.
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4.2.2 FWHM for 6MV FF beam

Figure 4.9 shows the FWHM measured by various detectors in 6MV FF beam.
The maximum value observed between the measured FWHM with a SF and

the calculated TPS FWHM is 0.27 cm for the smallest FS of 0.5 x 0.5 c¢m?2.

The FWHM measured with a 3-D SF chamber is larger than the collima-
tor settings at the smallest field size. Therefore, the differences in FWHM
measured by the SF detector increases as the F/S gets smaller due to partial
source occlusion, volume averaging effect and the loss of LCPE. Less signal is

obtained at the beam’s central axis compared to the dose measured outside of
the field.
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Figure 4.9: FWHM measured with various detectors in 6MV FF beam.

Figure 4.10 shows the % differences in the measured FWHM by all detec-
tors in 6MV FF beam. The maximum difference obtained between the TPS
calculated FWHM and the measured FWHM by all detectors was 34.5% for
SF detector, 29.1% for PP chamber and 21% for RCF in the smallest beam

size of 0.5 x 0.5 cm?.
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Figure 4.10: % difference of the measured FWHM in 6MV FF beam.

Flattening filters reduce the amount of head scatter component of the beam.
However, in FFF beams the increased scattered radiation results in broader
dose distribution at the edges of the beam. This larger penumbra region leads
to a larger FWHM in the beam profile. Hence the differences in the measured
FWHM between FF and FFF beams was observed.

4.2.3 FWHM for 10MV FF beam

The FWHM measured by three different detectors is shown by Figure 4.11.
Consistently, the difference in FWHM increases as the field gets smaller in
all three photon energies. The maximum difference observed between the
measured and the calculated TPS FWHM is 0.28 cm in 10MV FF beam for
the smallest F/S of 0.5 x 0.5 cm?. The difference in the measured FWHM by
all detectors was noticeable at the smallest field size of 0.5 x 0.5 cm?. Partial
source occlusion effect as well as the loss of LCPE is observed in smaller field
size of 0.5 x 0.5 cm? in FWHM measured by all three different detectors used
in this study
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Figure 4.11: FWHM measured with various detectors in 10MV FF beam.

Figure 4.12 shows the measured FWHM % differences in 10MV FF photon
beam. The maximum difference obtained between the TPS calculated FWHM
and the measured FWHM by all detectors was 35.5% for SF detector, 32.5%
for PP chamber and 7.3% for RCF in the smallest beam size of 0.5 x 0.5 cm?.
This was a significant decrease in % difference in the measured FWHM by

RCF with an increased in photon energy.

Although the response of RFC shows a minimal energy-dependence, higher
energy photons are highly penetrative and less scattered by the medium. This
results in a decrease in penumbra width with increasing photon energy. Hence
the difference in the measured FWHM of the beam profile with photon energy

was observed.
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Figure 4.12: % difference of the measured FWHM in 10MV FF beam.

As showed by the figure above, the measured FWHM for a 10MV photon
beam at field sizes below 8 x 8 cm? is overestimated by both the PTW detectors
at higher photon beam.

4.3 Field output factors

Prior to field output factor (FOF) measurements, the dose per 100 MU of the
linac was measured at 10 cm depth, 90 cm SSD for 10 x 10 cm? field with
a calibrated ionization chamber. Film calibration requires a known dose rate
(cGy/MU) at a given point in water phantom or solid water equivalent mate-

rial for each beam energy.

Table 4.1 presents the dose delivered for 100 monitor units (MU) at a depth of
10 cm in a solid water phantom. The chamber correction factor, kg to convert
the chamber calibration factor, Np y from the Co-60 beam quality to clinical

beam was below unity for all three photon beams as shown in Table 4.1 below.
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Table 4.1: Solid water measurements of Elekta Versa HD linac under refer-
ence conditions: 10 x 10 cm?, 10 ¢cm depth, and 90 cm SSD.

Energy (MV) TPRgo10 kg  Linac (cGy/MU)

6 FFF 0.674  0.9908 0.8129
6 WEFF 0.676  0.9905 0.8041
10 WFF 0.733  0.9814 0.8858

The machine output (Gy/MU) shown in the above table was used to de-
termine the MU to be delivered to a film.

The beam quality specification (TPRgg19) for a reference field size of 10 x
10 cm? is determined by the ratio of the chamber reading measured at a depth
of 20 cm and 10 c¢m in a solid water phantom. Values of the TPRy 19 were

compared with the commissioning data, see Table 4.2 below.

Table 4.2: Verification of the measured beam quality index under reference
conditions: 10 x 10 cm?, 10 cm depth, and 20 ¢cm depth at both 90 cm SSD
and 80 ¢cm SSD.

Energy (MV) TPRyg 10 [Measured] TPRgg10[Commissioning] % Diff.

6 FFF 0.674 0.678 0.590
6 WEF 0.676 0.686 1.458
10 WFF 0.733 0.737 0.543

The dose rate calculated by the TPS is compared to the Linac output

measurements under the same geometry and the results are shown in Table
4.3 below.
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Table 4.3: Comparison between the calculated TPS and Linac measured dose
rate.

Energy (MV) Linac (¢cGy/MU) TPS (cGy/MU) % Diff.

6 FFF 0.813 0.829 1.93
6 WEFF 0.804 0.818 1.71
10 WFF 0.886 0.901 1.66

The percentage difference between the measured and the calculated dose

rate was found to be well within 2%.

4.3.1 Lateral charged particle equilibrium radius

The radius of the lateral charged particle equilibrium r cpg is determined
for all the volumetric detectors to be used in small photon field output factor
measurements. The radius of LCPE for each photon energy based on the beam

quality was determined by using the following equation [20]:

LcPE = 8.369 % TPR20710(10) — 4.382 (42)

Where TPRyg 19 (10) is the tissue-phantom ratio, also known as beam quality
index, measured at 10 x 10 cm? field size. The relationship between the de-
tector radius and the lateral distribution of charged particles depends on the
beam quality of the incident radiation. Therefore, the required chamber radius
is calculated using equation 4.2 to establish the LCPE.

Table 4.4 below presents the two PTW ionization chamber specifications used

in this study.

Table 4.4: PTW ionization chamber specifications used for measurements

Ionization chamber V [em®] R [mm] L [mm| ¢t [g/cm?|

PTW 30013 Farmer type 0.60 3.05 23.0 4.55
PTW 31021 Semiflex 3D 0.07 2.40 4.80 0.084

PTW 31014 Pinpoint 0.015 1.00 5.00 0.085
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The chamber to be used for FOF measurements depends on the FWHM
measured at a depth of 10 cm for each field size, and the relationship is ex-

pressed by the following expression[20]:

FWHMZQ*T‘LCPE+d (43)

Where d is the extended dimensions of the chamber in either the longitudinal
direction or radial direction and depends on the cavity length, cavity radius,

and wall thickness. In the longitudinal direction, d is determined as follows:

d=L+t (4.4)

L refers to the length of the sensitive volume, and t is the thickness. Whereas
in the radial direction of the chamber, d is calculated as follows:

d=2x%(r+t) (4.5)

r refers to the radius of the chamber’s sensitive volume. Table 4.5 shows the

calculated r;cpg for three photon beams.

Table 4.5: Calculated rycpg for all three photon beams.

Energy (MV) TPRyp 10 [Measured] rrcpglcm]

6 FFF 0.674 1.259
6 WEFF 0.676 1.275
10 WEFF 0.733 1.753

As illustrated in the above table, the radius of the LCPE increases with an
increase in photon energy. Tables 4.6, 4.7, and 4.8 show the calculated FWHM

in three photon beams for the three volumetric detectors used in this study.

Table 4.6: Calculated 6MV FFF FWHM for different detectors.

Ionization chamber 2*rpcpp [cm] djem] FWHM [em]
PTW 30013 Farmer type 2.517 2.755 5.272
PTW 31021 Semiflex 3D 2.517 0.780 3.297

PTW 31015 PinPoint 2.517 0.800 3.317
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Table 4.7: Calculated 6MV FF FWHM for different detectors.

Tonization chamber 2*rrcpp [cm]  dlem] FWHM [em]
PTW 30013 Farmer type 2.551 2.755 5.306
PTW 31021 Semiflex 3D 2.551 0.780 3.331

PTW 31015 PinPoint 2.551 0.800 3.351

As per the calculated FWHM in Tables 4.6 and 4.7 the recommended field
size for both Semiflex 3-D and PinPoint is > 3 x 3 cm?. According to the

PTW manufacturer’s catalog these two chambers can measure the minimum

field size of 2 x 2 cm?.

Table 4.8: Calculated 10MV FF FWHM for different detectors.

Tonization chamber 2*rrcpp [cm]  dlem] FWHM [em]
PTW 30013 Farmer type 3.505 2.755 6.260
PTW 31021 Semiflex 3D 3.505 0.780 4.285

PTW 31015 PinPoint 3.505 0.800 4.305

According to the calculated FWHM as shown in table table 4.8 above
for 10MV WFF higher energy photon, it is recommended to use farmer type

chamber for field size > 6 x 6 cm?.

4.3.2 Radiochromic film calibration

As illustrated in Figure 4.13, small pieces of films cut in rectangular shapes
of approximately 2 x 25 cm? and exposed to known doses with 6MV photon
beam. Film darkness increases with the absorbed dose ranging from 0 Gy up
to 20 Gy:
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Figure 4.13: Images of the exposed films scanned using Epson scanner and
saved in tiff format.
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The dose-response curves for the GAFchromic EBT3 films produced using
imageJ software are shown in the Figure 4.14 within the dose range of up to 8
Gy. A good fit was obtained using a simple second-order polynomial in origin

for all three color channels: red, green, and blue.
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Figure 4.14: OD as a function of dose for the EBT3 film for all three different
color channels: red, green and blue in 6MV photon energy.

The optical density for the blue colour channel is less sensitive to the in-
crease in radiation dose. This behaviour was observed for all the three photon
energies. However, dosimetry with all three colour channels is recommended

depending on the clinical dose range that the film will be used for.

The red colour channel is highly sensitive to the absorbed dose compared to
the other two channels. Hence, dosimetry was only done using the red colour

channel with ImagelJ software for all the three photon energies.

4.3.3 Absorbed dose and energy dependence of RCF

The response of the red colour channel with dose reaches a saturation point

in higher doses. As per the specifications of the EBT3 film, the dose range is
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from 0.1 Gy up to a maximum dose of 20 Gy. Figure 4.15 shows the mean
grayscale of red color channel as a function of dose for all three photon energies.
As illustrated by the figure below, RCFs were verified to be sensitive to the
radiation dose. Film response decreased with an increased in dose. However,
its response remain stable with an increase in photon energy from 6MV to

10MV.
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Figure 4.15: Response of EBT3 film with an increased in dose and photon
energy

The red colour channel reaches the saturation point at higher doses beyond
the 20 Gy level. Stereo-tactic radiosurgery uses doses beyond 20 Gy per frac-
tion. The red channel shows no response in higher doses of 20 Gy; therefore it
is important to characterize and validate the dose-response of the radiochromic

film prior to any dosimetric application.

4.3.4 Dose response curves

Calibration curves of the film were obtained using 6MV FFF, 6MV FF, and
10MV FF photon energies. Rodbard function from ImageJ software was used
to fit the EBT3 films in this study as shown by Figures 4.16, 4.17, and 4.18.
Rodbard fitting model used with R? approximately equal to one.
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Figure 4.16: Optical density as a function of dose in 6MV FFF beam.
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Figure 4.17: Optical density as a function of dose in 6MV FF beam.
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Figure 4.18: Optical density as a function of dose in 10MV FF beam.
The calibration curves established were used for all film dosimetry measure-
ments since they were from the same batch. Mean pixel values were converted
to OD from these calibration curves to plot beam profiles for films.
The above curves were used for all film dosimetry measurements in this study.

The relationship between the dose and the mean gray scale values was deter-

mined by using Rodbard fitting function, and the dose was calculated by using

y=c(2:2)w (4.6)

Where y is the absorbed dose calculated from the OD, x is the optical density

the following equation:

of the film determined from the mean gray scale , and a, b, ¢, and d are the
parameters obtained from the fit. The parameters a, b, ¢, and d used in fitting
the curve are shown in each figure above (Figures 4.12 to 4.14). Equation 4.7

was used to convert the mean grayscale to dose or OD.

4.3.5 EPIQA configuration results

As per EPIQA manual, in the configuration process, the first step is to acquire
the primary radiation without any attenuating material between the source and
the EPID. Secondly, the images for MLC transmission were acquired. Thirdly,

the ionization chamber measurements were performed to give a known dose to
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the flat panel. Therefore, the total dose for each field size is calculated from
both the primary radiation dose and MLC transmitted dose. The EPIQA con-

figuration program was used to produce the results presented in this section.

Primary dose angular coefficient results are illustrated in Figs 4.19 and 4.20.
Dose calibration factor (MU/Gy) for ionization chamber measurements per-
formed at 10 cm depth in a solid water phantom is shown in Figs 4.21, and 4.22
for all three photon energies. The set-up for ionization chamber measurements
was performed at 10 cm depth to match the EPID calibration point. Good

data fit was obtained for all three photon beams.

Figs 4.23, and 4.24 present EPID output factor curves. The EPIQA software

obtained a perfect fit for EPID measurements in all three photon beams.

Prirmary angular ¢

y  =pard+pari+y

park

Figure 4.19: Primary dose angular coefficient fitting results in 6MV FF
beam.
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Figure 4.20: Primary dose angular coefficient fitting results in 10MV FF
beam.
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Figure 4.21: Ionization chamber data fitting results in 6MV FF beam.
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Figure 4.23: EPID output factor fitting results in 6MV FF beam.
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Figure 4.24: EPID output factor fitting results in 10 MV FF beam.

The calibration parameters shown by the curves above are necessary to
configure the EPIQA algorithm for future EPID dosimetry purposes. In order
to use the EPID for FOF measurements, the following data: primary and
transmitted calibration images, ionization chamber data, and EPID output

factor was acquired for two photon beam energies.

4.3.6 Measured field output factors

The response of various detectors was evaluated down to a very small field
size of 0.5 x 0.5 cm? under the same reference conditions but different material
media, water versus solid water. Figs 4.25, 4.26 and 4.27 illustrate the FOF
measured with radiochromic film (EBT3 type) compared with FOF computed
by the TPS at 10 cm depth. For CPE to exist, scatter around the chamber
is required. So, as the field size is reduced, there is less contribution from the
scatter component into the chamber volume; hence the rapid decrease in FOF
is observed in field sizes below 1 x 1 cm?. Also, the actual source is obscured

in smaller fields less than 1 x 1 cm?. This results in reduced beam intensity
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Figure 4.25: FOF results for EBT3 vs TPS data in a 6MV FFF beam.
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Figure 4.26: FOF results for EBT3 film vs. TPS data in a 6MV FF beam.

Film was found to be an appropriate detector for small field size measure-
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ments. This is due to its higher spatial resolution. For 6MV FF beam, the
FOF measured with a radiochromic film (RF) and FOF computed by TPS are
in good agreement except for field sizes ranging from 0.5 x 0.5 cm? to 1 x 1
cm?. The difference is well within 0.06%.

For both 6MV energy beams, the FOF is closer to the treatment planning
values. Therefore, film was found to be suitable for all the measured field

sizes.
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Figure 4.27: FOF results for EBT3 film vs. TPS data in a 10MV FF beam.

Notable variation in FOF values with 10 MV WFF beam was observed in
fields ranging from 2 x 2 cm? to 6 x 6 cm? for the TP system against EBT3
film. This is due to uncertainties associated with film protocol, namely: film
handling, irradiation, scanning, and analysis. This is illustrated by Figure 4.27

above.

The calculated TPS and the measured EBT3 FOF do not agree in a higher
photon energy beam (10MV FF), as shown in Figure 4.27 for all beam sizes.
The FOF values measured with EBT3 film are less than the calculated TP
system data. Minimal variation in film response to different photon energies,
the accuracy of the TPS mathematical models or algorithms and uncertainties

in calibration for 1I0MV FF beam might have led to the observed discrepancies
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between the measured FOFs and the TPS data.

The EBT3 film was then tested against two ionization chambers and a-Si
EPID. FOF measured with different detectors is shown in Figs 4.28, 4.29, and
4.30 below. For a bigger detector size, less signal is measured in smaller field

sizes due to volume averaging effect. Therefore, FOF is reduced.

1.1 ' T . T r T T T T T
1.0

0.9 1

0.8 +

0.7 1

FOF

0.6 1 -

0.4 - -

.-

0.3 T T T T T T T T T T
0 2 4 6 8 10

Field size (cm)

Figure 4.28: EBTS3 film FOF compared to ICs FOF in 6MV FFF beam.

The a-Si EPID could not be used for FOF measurements in the 6MV FFF

beam in this study, EPID’s response showed very strong energy dependence.

The rapid decrease in FOF is much more pronounced in field sizes below 2
x 2 cm? irrespective of the photon energy used for irradiation. Compared to
other detectors, the signal produced by EBT3 film is not significantly affected

by the reduction in field size due to its high spatial resolution.

Misalignment of the volumetric detectors in smaller field sizes is much larger
compared to the RC film. Positioning uncertainty in EBT3 film measurements
is very minimal. Hence the distinction between the FOF measured with RC
film FOF and TPS is very reasonable.
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It should be noted that the two PTW ionization chambers used in this study
are not recommended for determining FOF in small fields. Pinpoint chamber
should not be used for field sizes smallers than 1 x 1 cm?. Therefore, Table 26
from the TAEA TRS-483 does not provide FOCF for a PTW 31014 PinPoint
detector [9].
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Figure 4.29: EBT3 FOF compared to ICs FOF and EPID in a 6MV FF
beam.

The measured FOF with PinPoint, Semiflex chambers, and the EPID is
larger than the FOF measured with EBT3 film and computed by TPS for

beam sizes above 1 x 1 cm? for all three photon energies.

As discussed in section 4.3.2, the detector radius affects LCPE within the
detector material. In a larger chamber radius, charged particles travel longer
path length and therefore deposit more energy within the detector, resulting
in more FOF values measured. PTW ionization chambers with relatively high
radii are assumed to produce accurate results in field sizes larger than 2 x 2
cm? [54]. However, RCF with high spatial resolution has some limitations in
terms of variation in response, handling, and appropriate calibration proce-

dures.
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There is a large difference in the smallest field (0.5 x 0.5 cm?) between the
a-31 EPID’s response and the other detectors in the 6MV FF beam, followed
by a PTW Semiflex 3-D chamber. As shown by the Figs 4.28, 4.29, and 4.30
for all three photon energies, TPS and RCF underestimate the true value of
the FOF at field sizes greater than 2 x 2 cm?.
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Figure 4.30: EBT3 FOF compared to ICs FOF and EPID in a 10MV FF
beam.

As shown by the results obtained in the Figures above, the FOF is reduced
in smaller fields < 2 x 2 em? due to the collimator system’s partial occlusion
of the primary photon source. Also, the influence of scattering decreases with
field size, hence the loss of LCPE is observed in smaller field sizes [77].

The dose measured by the ionization chamber in narrow beams is underes-
timated in the central axis due to the volume averaging effect. This effect is
observed for field sizes below 2 x 2 cm? in both volumetric detectors, PTW
31014 Pinpoint and PTW 31021 3-D Semiflex. Thus, the signal produced
by these two detectors is directly related to their collecting volumes. The

detector-sensitive volumes are large compared to the beam dimensions.

Values of the measured FOF with EBT3 film are compared with the published
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data [42]. Figs 4.31, 4.32, and 4.33 show the comparison results between the
data obtained in this study with the published data.
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Figure 4.31: Measured FOF with EBT3 compared to the published data by
Casar et al (2018) in a 6MV FFF beam.

As shown in Figure 4.31 above, the results obtained for the field output
factor between the measured data and the data obtained by Casar et al (2018)

show a good agreement for all the field sizes.

93



1.1 " T ; T : T T T : T

—=s— Pub.data

109 | —+— Meas.data

0.9 1 -

0.8 1 .

FOF

0.7 1 -

0.6 1 .

0.5 1 .

0.4 g T T T T T ; T T T
0 2 4 6 8 10

Field size (cm)

Figure 4.32: Measured FOF with EBT3 compared to the published data by
Casar et al (2018) in a 6MV FF beam.

Comparison between FOF measured with EBT3 film in this study and the
data published by Casar et al (2018) showed a good agreement in 6MV FF
beam for all beam sizes. consequently, fairly good agreement between the mea-

sured and the published data is shown by all three photon energies.
The large variation between the FOF measured with the two volumetric de-

tectors (3-D semiflex and Pinpoint) and RCF at field sizes above 2 x 2 cm?

may be due to experimental uncertainties in the set-up.
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Figure 4.33: Measured data vs. the published data by Casar et al (2018) in
a 10MV FF beam.

As shown by Figure 4.33 above, FOF measured with EBT3 film in a 10MV
FF beam is compared with the published data, and the response of EBT3
film was found to be lower than the corresponding energy 10MV FF. This low
response of RC film led to a significant difference in measured FOF compared
to the planning data in all the field sizes in the 10 MV FF beam.

4.3.7 Energy dependence of the FOF with EBT3 film

Electrons created by photons move in all different directions. For higher photon
energy beams, the lateral distance traveled by the charged particle is much
longer within the field and in the field borders. As a result, these electrons
contribute less dose in smaller field sizes which cause a decrease in the FOF
with energy. A direct comparison between measured and published data using
EBT3 film is shown in Figure 4.34. The figure below illustrates the variations

in RCF response to different beam energies and field sizes.
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Figure 4.34: Variation of FOF with photon energy between measured and
published data using EBT3 film.

As the beam energy increases, the electron range increases leading to the
significant reduction in FOF measured by high energy photon beam (10MV
FF beam). In addition, the increase in electron range causes a break free from

the interaction point.

The published data was obtained from Casar et al 2019 [42]. The dose con-
tributed by the laterally scattered electrons decreases with an increase in the
energy of the photon beam. The non-equilibrium effect leads to a significant

drop in FOF for small beams as shown by Figure 4.34 for the measured and
published data.

A flattening filter reduces the dose rate but increases the scattered photons.
Hence the dose is lower in both 6MV FF and 10MV FF beams compared to
the unhardened beam (6MV FFF).

4.3.8 Percentage differences in measured FOF

The calculated % difference of the measured FOF with different detectors for
6MV FFF, 6MV FF, and 10MV FF beams are shown in Figures 4.35, 4.36,

and 4.37 below. A big deviation is observed for both ionization chambers as
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the field size is reduced. This behaviour is exactly the same in all three photon

energies.
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Figure 4.35: Variations in the measured FOF with different detectors used
in small photon fields for 6MV FFF beam.

The percentage (%) difference observed is well within 0.3 between the TPS
data and Semiflex 3D chamber. The percentage difference in all three photon
energies increases further from zero percent for field sizes below 2 x 2 cm?.
PTW simiflex has a bigger sensitive volume compared to film and Pinpoint
detectors. Hence there is a large % difference between the chamber and the

computed TPS data.
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Figure 4.36: Variations in the measured FOF with different detectors used
in small photon fields for 6MV FF beam.

As the field size decreases below 2 x 2 ¢cm?, the points start to spread out
as shown by all three graphs, Figs 4.35, 4.36, and 4.37 respectively. The same
behavior is observed in all three photon energies, flattening filter-free beam
and the other two flattened beams. The penumbra for small fields becomes
very large and overlap with the primary photon fluence. This overlap of the
penumbra results in the FOF being underestimated by the two volumetric de-
tectors and the EPID compared to the reference values (TPS data). Less of a
spread in data points is observed with an increase in field size closer to 6 x 6
cm?. However, the difference is well within 0.2% for field sizes above 2 x 2 cm?
in 6MV FFF beam. The maximum % difference of 0.4 is seen between TPS
data and a-Si EPID for the smallest field size of 0.5 x 0.5 cm?.

In smaller field sizes, it is not practical to minimize the spread of data points
due to volume averaging effect of the detectors and LCPE in small field sizes.
The entire chamber sensitive volume is outside the fluence. Only the center
of the detector is irradiated directly by the primary photon fluence; but the
measured signal is averaged over the entire sensitive volume. This results in
the underestimation of dose shown by Figures: 4.35, 4.36, and 4.37. There is a
big % difference between the TP data and the a-Si EPID, as well as the PTW
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3D Semiflex chamber in smaller field sizes
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Figure 4.37: Variations in the measured FOF with different detectors used
in small photon fields for 1I0MV FF beam.

The maximum % difference of 0.6 (Figure 4.40 above) is observed between
the TPS and EPID data for the smallest field size of 0.5 x 0.5 cm?. Even
though the a-Si EPID is said to have a high spatial resolution, the largest %

difference of 0.6 in FOF for the smallest beam size of 0.5 x 0.5 cm? was obtained.

The FOF measured with EBT3 film were closer to the calculated TPS data
than the other two air-filled ionization chambers and EPID. The ionization
chambers (ICs) and the EPID measured the FOF more accurately for field

sizes > 2 x 2 cm? in three photon energies. No results were presented for
EPID in 6MV FFF beam.
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Chapter 5
Conclusion

The joint TAEA-AAPM TRS 483 protocol addresses dosimetry issues up to
10MV photon beam. Hence only three photon energy beams were used in this
study. Various detectors were used to compare with radiochromic film, also to
verify their limitations in small field measurements, as well as to examine the

differences in their responses.

The measured data was compared to the calculated data from the TP system.
As the TPS data was used in this work as a reference data, the maximum %
difference obtained between EBT3 and TPS was well below 0.6 for the smallest
F/S of 0.5 x 0.5 cm? in all three photon energies.

Film dosimetry is quite a lengthy and challenging process, that includes the
following: film preparation, i.e handling films with clean gloves to avoid con-
tamination, cutting films to the desired size for measurements, radiation ex-
posure following the desired setup and irradiation parameters, scanning films

using a suitable scanner and using the appropriate software for image analysis.

However, its high spatial resolution, and large detection area makes radiochrmic
film a reliable reference detector for small FOF measurements. Therefore, re-
peatability of measurements was required to obtain accurate results. Proper
protocol needed to be followed in a clinic to achieve very small uncertainty in
the results. Consistence in the time period between irradiation and scanning
is very important as the polymerization process continues after exposure to
radiation. The 24 hour waiting period between irradiation and scanning was

followed in this study, hence there was a huge delay in obtaining the results.
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Although, the benefits of using film outweighed the challenges of setting-up a
protocol; a new calibration curve for each batch of films must be created due
to variation in different batches. The scanning direction also needs to be taken
into consideration. Different signal in landscape orientation is obtained com-
pared to portrait direction. Lateral response artifact produced by the scanner
due to different film positioning within the scanner is one of the challenges en-
countered with film measurements. Also, the response of the film at the center
of the scanner is different compared to the signal measured at the edges of the
film scanner. Calibration curves had to be created for future film dosimetry.
Therefore, the calibration was produced for every box of film due to batch to

batch variability in sensitivity.

FOF were measured with different detectors to evaluate their limitations in
small fields. High spatial resolution to allow accurate measurement of radi-
ation doses at small scales, tissue equivalent and large detection area of ra-
diochromic film made it to be an ideal detector for small FOF measurements.
Film improved the accuracy of data collection, and has superior accuracy com-
pared to all the detectors used in this study for beam profiles, FWHM, and
FOF measurements. Therefore, it should be regarded as a reference detector

for small fields.

The measured data was validated by comparing with the treatment planning
data (commissioning data) and the published data. Small volume ion cham-
bers are important small fields output factors measurements. Difference in
collection volume produces differences in response due to volume averaging.
Different penumbras are expected to be obtained in beam profile measure-

ments.

All the results obtained with various detectors were compared with a refer-
ence data from the treatment planning system. FOF measured with the two
volumetric detectors and 2-dimensional detectors (RCF and a-Si EPID) were
compared to the planning data measured with different set-up. Detector align-
ment is very crucial in beam profile scanning to accurately determine the beam
penumbra. The smallest volume detector is recommended to obtained the most
accurate and sharpest penumbra. Small size detector results in a very precise

measurements and less volume averaging effect.
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Film results were validated by comparing with the published and software-
calculated data, i.e TP system. FOF correction factor is not need in film
measurements. In volumetric detectors, correction factors obtained from TRS
483 protocol were applied to the ratios of the measured data. This was done
to all the small beam sizes below 3 x 3 cm?. No better detector for small field

measurements.

Most literature recommends the use of two or more detectors for small field
measurements. Radiochromic films are known for their high dosimetric ac-
curacy when properly calibrated due to their high spatial resolution, tissue-
equivalent, minimal energy dependence, and less volume averaging effect. There-
fore, RCF was found to be a suitable detector for small fields measurements

due to less photon perturbation effect.
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Chapter 6

Future work

The % difference between the measured EPID output factors and the cal-
culated TPS data was observed during the measurements to be consistently
higher in 6MV FFF beam; hence the a-Si EPID in flattening filter free (FFF)
beam for FOF measurements was not used in this study. The discrepancies
between the measured FOF with EPID and the FOF predicted by the TPS

can be further investigated and corrected as needed

The radiation dose measured by the EPID in small photon fields for un-
flattened beams, and the influence of back scattered radiation in large fields
versus small beams need to be properly evaluated. Therefore, the performance
of EPID in FFF beams for small photon fields needs to be further investigated.
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