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Abstract

The present work comprises a study of the physics that underlies the image
formation process of a commercial a-Si EPID, the Varian aS500, with particular
emphasis on its adaptation for two-dimensional megavoltage dosimetry. Specifically,

the work focuses on blur kernel elucidation and dosimetric calibration.

A comprehensive model of the aS500 was developed for Monte Carlo
simulations, allowing detector-specific response data to be calculated for direct
comparison with corresponding experimental results. Additional, unrelated Monte
Carlo work that led to the development of single event spectra for five therapeutic

radionuclides is also described.

In this work, we present a comprehensive blur kernel for the aS500 EPID.
Monte Carlo techniques were used to derive a dose kernel and an optical kernel,
which were combined into an overall blur kernel for 6 and 15 MV photon beams.
Experimental measurements of the line spread function verified the kernel shape.
Kernel performance was gauged by comparing EPID image profiles (pre- and post-
deconvolution) with in-air profiles measured with a diamond detector. Quantitative
comparisons demonstrate the relative importance of the optical kemel. Empirical and
semi-empirical kernels are shown to closely approach the performance of the
comprehensive kemnel. A follow-up investigation developed a diamond detector blur
kernel and showed that deconvolution of the volume averaging effects for this

detector had little influence on results, except for very small fields.
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This work also investigated dose calibration curve variability with beam
quality for the aS500 EPID. An over-response of the aS500 to low energy (<1 MeV)
photons was found to be the main cause of this variability. When a 6 MV beam is
hardened by steel shot attenuators, the EPID response can be as much as 8% lower
than that for an open field. A Monte Carlo study suggested that this difference is due
to spectral effects, and that it could be reduced by the addition of an external copper
plate. Experimental results confirm that a copper plate ~ 0.7 cm thick placed 15 cm
above the EPID can reduce calibration curve differences to < 4%, but at the expense

of reduced contrast-to-noise ratio and modulation transfer.
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The blur kernels (LSFpp(x)) for the diamond detector. The
FWHM is approximately 0.27 cm and 0.29 cm for the 6 and 15
MYV beams, respectively. Error bars derive from the statistical
uncertainties in the edge response function data.

A cross-plane profile for a 6 MV 10x10 cm” field
corresponding to that shown in Fig. 4.13 (a). Here the diamond
detector profile has been deconvolved using LSFpp(x). The
resulting diamond fluence is visibly sharper, but the fraction of
X scores < 1 is not increased significantly.

Cross-plane profiles for a 6 MV 2x2 cm? field, with the
diamond detector profile deconvolved (b) and for comparison,
before deconvolution (c). The fraction of  scores <1
noticeably improves after deconvolution of the diamond profile
for this smaller field.

The relative spectral distribution of photons (normalized to unit
area) detected at a plane corresponding to an EPID setup at
SDD = 105 cm for increasing steel shot thickness (a). The
relative changes between the distributions are reduced with 1.0
cm of Cu placed 15 cm above the detection plane (b).

The relative dose to the EPID phosphor in the conventional
setup with 0.5 cm of solid water on its surface, compared to the
IIC response. The curves are normalized to one at 1.125 MeV.
Above 1 MeV we note that the EPID response 1s quite similar
to the IIC curve (mean difference of 9 %). Below 1 MeV there
is a sharp rise in the EPID response due to a transition of
dominant interaction processes in the EPID (photo-electric
effect dominant), which gives rise to the discrepancy between
open and attenuated beam dose calibration curves.

Mass energy-absorption coefficients plotted as a function of
photon energy for Gd,0,S (GOS) and air. Air has a reasonably
uniform coefficient from 0.1 MeV to 20 MeV. GOS however,
has a distinct rise below ~ 0.5 MeV. The total attenuation
coefficient for Cu has also been plotted to indicate the relative
proportion of photons of a given energy that would interact in a
Cu plate placed upstream from the phosphor.

The EPID dose response as a function of photon energy for
different thicknesses of Cu plate placed in contact with the
surface of the EPID. There is a more substantial reduction in
the region below 1 MeV relative to the region above 1 MeV.
The EPID dose response as a function of photon energy for a
0.75 cm Cu plate in the contact and elevated configurations.
Linear fits to the copper plate data above 1 MeV are shown in
gray. In the region below 1 MeV, the elevated configuration
comes closer to the approximately linear trend observable
above 1 MeV than does the contact configuration.
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The ratio of the phosphor dose with the EPID in the elevated
configuration to that in the contact configuration for the energy
bin centered at 0.375 MeV and a Cu plate thickness 0of 0.5 cm.
Based on this data, an elevation of 15 cm was chosen for
subsequent investigations.

Monte Carlo simulated calibration curves for a 105 cm SDD
attenuated beam scenario. Shown are curves for the
conventional setup and for the contact and elevated
configurations including a 0.75 cm Cu plate. Results have been
normalized to the open field (no compensator) case. The
lowest relative doses and ion chamber response correspond to
the thickest compensator (4.5 cm steel shot).

The maximum difference between an assumed ideal (linear)
EPID calibration curve and simulated calibration curves for a
beam attenuated by varying thicknesses of steel shot. The error
bars derive from uncertainties in the fit coefficients obtained in
the regression analysis.

Experimental calibration curves where the attenuated beam
measurements were made at 105 cm SDD (a) and 140 cm SDD
(b) respectively. Maximum differences between the attenuated
beam data and the open field trend lines (extrapolated in the
140 cm SDD case) are 8.2% and 7.7% respectively.

Calibration curves modified by the addition 0of 9.45 mm of Cu
in the contact (a) and elevated (b) configurations. The
maximum deviation was reduced from 8.2% in the
conventional setup to 6.4 % in the contact and 3.2 % in the
elevated configurations.

The maximum discrepancy between the measured EPID
response for an open field and an attenuated field at 105 cm
SDD as Cu thickness is increased in both the contact and
elevated configurations. The error bars derive from
uncertainties in the fit coefficients.

Calibration curves for the 6 MV beam hardened by a stack of
solid water. A similar difference in the curves as for the steel
shot was observed, the maximum difference here being 6.5%.
Adding 0.630 £ 0.04 cm of Cu in the elevated configuration
reduced the maximum difference to 3.7%.

The relative contrast-to-noise ratio (CNR) as a function of
external Cu plate thickness. CNR is reduced substantially in
both configurations, but the drop is greatest for the elevated
plate case. This is possibly due to a reduction in contrast
otherwise present with more scattered photons from the Cu
reaching the phosphor i in the contact configuration.

Ratio of MTF* to MTF>" for the conventional configuration
vs. Cu thickness measured using the QC-3V phantom for the
contact (a) and elevated (b) configurations.
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Chapter 1: Introduction

1.1  OVERVIEW

The main goal of this study was to take an existing electronic portal imaging
device (EPID), specifically the Varian aS500, and, through a rigorous study of the
physics that underlie its operation, improve its operational performance for dosimetry
applications. Originally developed as an imaging tool for the verification of patient
positioning during a course of radiation therapy, the detection characteristics of this
device also make it attractive for quantitative radiation measurement. Such
measurement would allow for the role of the EPID to be extended to operations like
intensity modulated radiotherapy (IMRT) field verification, compensator thickness
verification, and patient transmission dosimetry. The work presented herein
determines some key characteristics of this commercially available device that need
to be understood in the context of dose measurement. Further, it quantitatively
establishes the consequences of these characteristics, and suggests approaches to
operational improvement. In this introductory chapter we ground the work in the
context of radiation therapy as a modality for cancer treatment, introduce the EPH) as

a flat panel imager, and motivate the research to be presented.

1.2 RADIATION THERAPY AND CANCER
Approximately 145 500 Canadians are estimated to have developed cancer in

2004." Cancer itself is actually a group of diseases in which abnormal cells proliferate
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in an uncontrolled manner. As the cells divide, they can form an abnormal lump or
mass known as a tumour. Cancerous tumours can invade and destroy healthy tissue
and even spread to other parts of the body, a state known as metastasis.” The tumour
then competes with healthy tissues for the body’s resources, which can lead to

undesirable symptoms and eventually even death.

Over one-half of those individuals diagnosed with cancer will receive
radiation therapy (or radiotherapy) as a treatment. The general principle behind this
therapy is that ionising radiation (such as gamma rays, beta particles, x-rays, etc.) can
be used to either kill or damage localised proliferating cancer cells while sparing a
higher proportion of healthy cells. The body then naturally eliminates the dead cells
and the progress of the disease is halted. In advanced disease, radiation therapy can
also be used for palliation, slowing the proliferation of tumour cells and reducing

undesirable symptoms and pain.’

After a patient has been diagnosed with cancer amenable to management with
radiotherapy, the information from various imaging modalities such as computed
i(')'r‘nography (CT) and magnetic resonance imaging (MRI) can be used to idenﬁf); P
treatment volume to which a specified dose of radiation can be applied. Basically
two techniques are used to deliver the radiation: (i) external beam therapy where the
radiation comes from an external source, such as a linear accelerator (linac) or
radioisotope machine (i.e. Co-60 unit), and (ii) brachytherapy where small radiation

sources are placed in contact with, or in proximity to the treatment volume (often
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implanted either temporarily or permanently within the patient). The criteria for
deciding which modality is best suited to treating a particular form of cancer are
based on the stage of the disease, its known response to treatment with a particular
modality, and the technology and resources which are available in the clinic.

Tumour control probability can be maximised and normal tissue complication
probability minimised when the radiation is delivered in a manner that yields a
tumourcidal dose to the tumour volume, while minimising the dose to the surrounding
tissues and proximal critical structures. In other words, the goal of radiation therapy
is to get enough radiation into the tumour to effect a cure, and as little as possible into '
the rest of the body. In external beam therapy (of primary interest in this work),
curative or radical treatments are fractionated (split up over a period of ~ 6 weeks) so
that irradiated healthy tissues have an opportunity to recover.’ To disperse the dose
delivered to healthy tissue, the patient is typically irradiated from multiple directions.
As such, the maximum absorbed dose accumulates only in the treatment volume

where the radiation beams overlap.

Innovations such as conformal therapy and IMRT, whgre treatment fields (and
c;&fresponding dose distributions) are shaped using dynamic methods involving multi-
leaf collimators (MLCs) and calculated using inverse planning methods,* allow for
delivery of more complex dose distributions that have a closer correspondence to the
actual tumour shape. Further, they allow for the prescription of higher doses.
Tomotherapy is a state of the art technique that takes the idea of multiple irradiations

from different directions to a logical extreme, where the source is rotated in a helical

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fashion around the patient.® Future directions point towards adaptive radiotherapy™®
and the more intimate incorporation of biological effects in treatment plans® that will
allow treatment to be tailored more specifically to the individual patient’s response to

the therapy.

With increased doses to tumour volumes it becomes increasingly necessary to
ensure the accuracy of treatment fields and doses in order to maximise the benefits of
radiation therapy and minimise the complications.'® Even small changes in the dose
distribution can sigﬂiﬁcantly affect tumour control and/or increase the probability of
complications. The International Commission on Radiation Units and Measurements
(ICRU) states that the overall accuracy in dose delivery should be + 5% or lower. !
Modern treatment planning systems are expected to adhere to even stricter limits such
as 2% in low dose gradient regions.'> This is a rather strict criterion when one
considers the potential sources of uncertainty in a radiotherapy treatment procedure.
These include: variability in machine output, patient alignment and motion, organ
motion, leakage radiation, mechanical alignments, compensator and cut-out
fabrication, alignment of anatomy with markers, etc.’>16 Further, significant errors
can be introduced as a result of inadequacies in treatment planning systems.”’zo- It is
therefore understandable that a substantial effort is made by professionals involved

with the radiation therapy process to minimise these uncertainties.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13  PORTAL IMAGING AND DOSIMETRY IN RADIOTHERAPY

Portal imaging is a technique that historically involved placing an x-ray film
behind the patient to produce a setup verification image based on the exit radiation.
Because the energies of the photons involved are significantly higher than those used
for diagnostic imaging (megavoltage (MV) versus kilovoltage (kV)), the photon
interactions that take place as the photons transit the patient tend to be predominantly
Compton scattering events, which results in a lower overall contrast in the image:.21
Besides patient and field setup verification, portal images can also be used for

dosimetric verification.

Setup verification can detect a large number of potential problems because a
portal image can show the position of a patient’s bony anatomy relative to the edges
of the radiation field. The portal image can be compared with a localisation image
captured by a treatment simulator, or with a digitally reconstructed radiograph (DRR)
produced from CT data. Discrepancies between the two images may indicate setup
errors. Clinical implementation of a regular portal imaging protocol can detect gross
s&up errors (eg. switched field dimensions), as well as errors in patient positiorﬁﬁg
and field positioning (both of which have been shown to exceed 10 mm on
occasion).” Because systematic errors in patient setup can be minimised after the
first few treatment fractions,? the associated cumulative errors in dose delivery can

be largely avoided.
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Dosimetric information can also be extracted from portal images of treatment
fields (imaging fields are generally open fields). The major advantage of making
dose measurements with a portal imager is that it provides. a two dimensional (2D)
map of dose in a plane behind the patient. In contrast, ion chambers provide point
measurements. In one approach, investigators can generate a simulated portal image
using a treatment planning system, and then compare it to an actual image in order to
identify inconsistencies between what is planned and what is delivered.”
Alternatively, the measured image can be processed to yield an estimate of the dose

“or fluence in various planes.'®?°?* In figure 1.1 we present a sample of the different
planes of interest for radiotherapy. The transmission’dose plane lies beyond the
patient and corresponds to the image formation plane inside the detector. Based on
the doses observed in this plane (with patient present and absent), techniques exist to
predict the dose in the entrance, mid-patient and exit planes.?*?” Note that the
entrance plane is defined at the depth of dose maximum on the central axis (CAX).
The exit plane is defined at the depth of dose maximum upstream from the patient’s
exit surface, and the mid-patient plane is defined as being half way between the
entrance and exit planes. Once the dose has been measured in the transmission plane,
the exit dose can be determined as follows. First, the primary dose is derived
(contributions from scatter are estimated and subtracted). Then, the resulting primary
transmission dose image can be back-projected to the exit surface of the patient to
yield the primary exit dose. Finally, the scatter exit dose can be estimated by
convolving the primary exit dose with a scatter kernel, and this can be added to the

primary contribution.?” A number of methods have been suggested for determining
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the mid-plane dose, ranging from a simple linear average of entrance and exit doses,
to more sophisticated algorithms that incorporate CT or depth dose data to predict

how patient attenuation effects modify the entrance or exit dose.”’

14 ELECTRONIC PORTAL IMAGING DEVICES

Traditionally, film (coupled with a screen inside a cassette) has been the
technology of choice with which to obtain portal images because of its high spatial
resolution and ready availability. By calibraﬁng the optical density of exposed film to
dose, it is also possible to use it for portal dosimetry. There are some substantial
drawbacks to film however, which have prompted investigators to explore other
technologies. For example with film, the radiation therapist is required to spend time
loading, setting up, and processing the film medium (while the patient is lying on the
couch).?® Film is subject to processing errors, and must be physically archived or
digitally scanned.”® And most importantly for dose measurement, it presents a
number of challenges because its dose response is non-linear, dependent on
processing variables, and subject to manufacturing variability from batch to batch. In
an ideal scenario, these problems could be solved using an electronic device that

provides equivalent image quality for a similar (or smaller) radiation exposure.
Precursor technologies to the amorphous silicon (a-Si) type EPID that is the

focus of the present work include matrix ion chamber and TV camera-based

systems.29 Other alternatives to film besides EPIDs include scanning systems, where
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the radiation detector subtends only a small fraction of the radiation beam and must
scan the area of interest to produce an image. Because much of the transmission
dosimetry work was pioneered with the matrix ion chamber and TV camera-based

systems, we briefly outline their characteristics here.

In TV camera-based systems a copper plate and underlying phosphor screen
(such as Gd>0,8) make up the x-ray detector. When the copper plate is irradiated
electrons are produced, which then interact with the screen causing it to
phosphoresce. The optical photons emerging from the screen are then reflected onto
a video camera using a 45° mirror, and the video signal is recorded and digitised.
The angular distribution of optical photons is very wide and as a result only 0.01 to
0.1 % of the emitted photons are detected by the camera.”® These devices also suffer

from significant glare (scattered optical photons) and distortions.*®

A matrix ion chamber uses a different approach to form an image. Originally
developed by Meertens and van Herk,*' this device consists of two sets of electrodes
(typically ~ 256 x 256) oriented perpendicular to each other. The electrodes are
éébarated by a gap (typically ~ 0.8 mm) that is filled with a fluid, which becor.ne.:s\.
ionised when the device is irradiated. One set of electrodes is connected to a bank of
electrometers while the other is connected through a multi-position switch to a high
voltage power supply. The device is read out by applying a high voltage to each of
the electrodes in succession and reading out the electrometers in between. One of the

major limitations of this type of technology is that only one of the high voltage
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electrodes is active at any one time, limiting the overall radiation sensitivity of the
EPID. Furthermore, the resulting current J (proportional to the pixel value) is related

to the dose rate D, by the square root relation®?

1

I=aD? +bD (1.1)
where a and b are device-specific parameters. Naturally this leads to additional

complexity in dose calibration and measurement.

Recent advances in active-matrix technology have allowed for semiconductors
(such as a-Si) to be deposited in a controlled manner across large area substrates,
which has led to the fabrication of flat-panel x-ray imagers.28 The detection schemes
used by flat panel imagers can be subdivided into two categories: direct and

indirect>

In the direct detection scheme, image information is essentially transferred
directly from the incident x-rays to electrical charge, with no intermediate stage. In
these devices a thick layer of photoconductive material such as amorphous
selenium?®** is placed in direct electrical contact with an underlying flat panel array.
Interacting x-rays create charge in the photoconductor, which is then collected and

stored by a conductive electrode and capacitor that are incorporated into each pixel of

the flat panel.

In the indirect detection scheme an intermediate process takes place between

the x-ray interaction and the collection of charge. A phosphor such as Gd,0,S:Tb is
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placed in contact with the active-matrix array to generate an emission of optical light
in response to x-ray irradiation. The optical photon fluence is presumed to be
proportional to the energy of the x-ray beam incident on the surface of the detector
directly above it (quantum detection efficiency is approximately 0.018-0.02).>> The
optical light is then collected in each pixel of the active matrix by a photosensitive
element that generates an electrical charge that is stored until the active matrix is read
out. The EPID used in the present work employs an indirect detection scheme and is

discussed in detail in Chapter 2.

1.5 THE MONTE CARLO METHOD

The majority of the studies conducted in the present work employed Monte
Carlo techniques to simulate the transport of both ionising and non-ionising radiation.
'In order to understand the operation of the a-Si EPID we simulated a variety of
physical processes. These included the spreading of dose in the phosphor in response
to an incident pencil beam of photons, the propagation of optical photons emitted
from an isotropic point source inside the phosphor and subsequently impinging onto
the photodiode plane, the changes to a 6 MV linac photon spectrum arising from
passage through a steel shot attenuator, and the dose respc;nse of the phosphor to a
monoenergetic incident photon beam. Each of these processes is very difficult to
examine experimentally. The problem of dose spreading in the phosphor, for
example, would require a very sensitive detector able to measure doses over several

orders .of magnitude across sub-millimetre dimensions. Furthermore, analytical
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solutions only become practical after making fairly severe approximations. The
problem of optical spreading in the phosphor, for example, was initially investigated
as a first-scatter ray-tracing problem that could be solved analytically, but it was
found that the contribution from multiply scattered photons could not be ignored. A
fully accurate treatment increases the complexity of this problem substantially,

making an analytical solution impractical.

The Monte Carlo method provides a practical approach to estimating
‘reasonable solutions to the problems encountered in the present work. Essentially the
method uses statistical sampling of a large number of microscopic processes
occurring in a system to predict the macroscopic behaviour of that system. Radiation
transport can be simulated by considering the fundamental interactions that occur
between particles in the radiation beam and those in irradiated objects. The specific
details of the simulations employed in the present work are described in chapter 3. At

this point however, we can introduce the basic Monte Carlo formalism.*¢*’

The Monte Carlo method is used to obtain an approximate solution to
problems that can be represented in integral form. Thus we consider a general 7~

dimensional integral that yields an arbitrary quantity I'
1

r=|
0

The Monte Carlo method obtains an approximate solution to this integral using a

1 1 u;=l1

I _[ sty ot Y ity = j F(u)du . 12)
0

0 u;=0

random vector U, which is uniformly distributed over the region of integration.
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Using the function f, we can generate a random variable f{U). The expectation value

for this random variable is then

u;=1
(F)= [r@pwdu, (1.3)
u;=0
where p(u) is the probability density function of U. However, U was defined as being
uniformly distributed over the region of integration, so p(x) is constant (and can be

put to unity in this formalism), hence
w1
(@)= [fan. (1.4)
s -
Based on Eq’s. 1.2 and 1.4 we can obtain a probabilistic expression for I
I =(f(0))- (1.5)
Thus we have a random variable f{U) with a mean value of I" and some standard
deviation . Hence, we can define an unbiased estimator of I'" based on a single
sample of vl
g=f@Uuh. (1.6)
If we want to obtain a reasonable estimate of I" and reduce the standard error to less
than ¢, the estimator needs to be generalised to a sample of N random vectors (U,
U ... U™}, Applying the function f'to each vector generates N independent anll
identically distributed random variables FUU 0™ .. ;U™ — all with an expectation

value I and a standard deviation . Eq. 1.6 can then be generalised such that an

estimator G can be defined as

1 "
G=—-2 f(U™). 1.7

k=1
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This is an unbiased estimator of I" with a standard error 6G of

&G = (1.8)

Al

The advantage of the Monte Carlo method is apparent at this point. First of all
in Eq. 1.8 we see that the standard error in the estimator G of I" decreases with the
square root of the sample size N. More importantly the estimator is independent of
the dimensionality of the problem, n. It depends only on the sample size, N. Other
analytic or deterministic approaches to problems of the kind illustrated by Eq. 1.2
exhibit a dependence on n. In general, the number of computations required to solve
the problem increases exponentially with », thus limiting the application of such
methods to integrals of only a few dimensions (or to integrals of higher dimension
simplified by approximations that limit the applicability of the solution). In figure 1.2
(based on a similar figure presented by Bielajew’®) we depict the Monte Carlo
advantage oﬁ an arbitrary scale. As the complexity of the problem increases, we
reach an intersection point where the Monte Carlo method becomes a more efficient
means of finding a solution. The problems associated with radiation detection by an
a-Si EPID discussed earlier fall into a category where the complexity is sufﬁcieﬁt that

the Monte Carlo method is far more practical than analytic or deterministic methods.

1.6 OVERVIEW OF THE THESIS
As stated at the outset of the chapter, the goal of this work was to improve the

operational performance of the Varian aS500 EPID for portal dosimetry applications
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through a rigorous study of the physics that underlie its operation. Specifically we

concentrated on two areas: blur kernel development and dose calibration.

A blur kernel describes the response of an imaging system to a pencil beam of
radiation. An accurate blur kernel is necessary so that the raw EPID image can be
processed to obtain a map of transmission fluence through a standard deconvolution
process. While other authors have generated approximate blur kernels, the present
work addressed several outstanding issues. We used Monte Carlo Fech:ﬁques to
generate a blur kernel based on a comprehensive model of the detector (as opposed to
a simpler generic model), and we simulated the optical component of the blur kernel
to understand the effects of optical photon spreading in relation to the overall blurring
process. We were able to verify our simulated results through a comparison with an
experimentally measured line spread function. Further, we were able to fit analytical
forms to both the overall and optical blur kernels. Finally, we were able to quantify
the accuracy of fluence profile recovery using blur kernels obtained through a variety

of means.

Dose calibration relates EPID image pixel values to ion chamber readjng's“
obtained at the same spatial location. For the aS500 the calibration curve is generally
linear. However, Menon and Sloboda® observed a significant calibration discrepancy
when comparing the response in a open beam to that in an attenuated beam. We were
able to reproduce this experiment and quantify the maximum variation. Monte Carlo

modelling confirmed our suspicion that the discrepancy was due to an increase in the
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dose response of the phosphor screen to lower energy photons. Although the aS500
already contains an internal copper plate, we used an additional, external copper plate
to partially remove the low energy photons preferentially and reduce the variation to
acceptable levels. With this in place we measured the consequent effects on the

imaging properties of the EPID.

The work that follows is organised to provide a logical record of these
investigations. In chapter 2, we present a detailed overview of the characteristics and
operation of the aS500 EPID. Chapter 3 examines the Monte Carlo method
extensively as it relates to radiation transport. We describe EGSnrc and DETECT
2000, the simulation codes used to model the transport of ionising and optical
radiation, respectively. We also present some in-house benchmarking for EGSnrc, as
well as some additional work performed in the fields of microdosimetry and nuclear
medicine.”® The following chapters comprise the majority of the scientific
investigations undertaken. Chapter 4 presents the development and application of
various blur kernels for energy fluence measurement with an aS500 EPID.*! Chapter
5 examines the dose calibration of the EPID in attenuated fields, and describes the
work done to reduce the observed calibration discrepancies.* Finally, chapter 6
concludes with a summary of our work and discussion of future directions in this

field.
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Figure 1.1. A schematic illustration of the various planes of interest in portal

dosimetry.
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Figure 1.2. The time to solution for the Monte Carlo method as compared to analytic
or deterministic approaches. As the complexity of the problem increases, Monte

Carlo offers a more efficient means to solve a given problem.
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Chapter 2: The Varian aS500 EPID

2.1 INTRODUCTION

As introduced briefly in the first chapter, the Varian aS500 EPID (Varian
Oncology Systems, Palo Alto, CA) is a portal imaging device that uses an indirect
detection scheme to generate an MV image. Its fundamental components consist of a
copper plate, gadolinium oxysulfide scintillation screen, and an array of a-Si
photodiodes and thin film transistors (TFTs). It originally appeared on the
commercial market in 1999 and has since become widely available to cancer centers
throughout the world. Three aS500 EPIDs are installed at our center (Cross Cancer
Institute, Edmonton AB). In this chapter we will describe the components and

properties of the detector, as well as the process of image formation.

2.2 DESCRIPTION OF THE VARIAN aS500 EPID
22.1 Overview of the EPID

In figure 2.1 we present a cross sectional view of the aS500 EPID that shows
the relative locations of the various components. For reference, radiation is incident
from the top. At the heart of the EPID is a detection stack, sometimes referred to as a
cassette!, that is made up of both primary image-forming components and supporting
structures. The cassette consists of a protective sandwich comprised of circuit-board
material and foam (top and bottom), a 1 mm thick copper plate, a 134 mg/cm2
gadolinium oxysulfide scintillation screen (Kodak Lanex Fast Back, Eastman Kodak
Company, Rochester, NY), an optical filter (Lee Filter, Lee Filters, Andover UK),

and an a-Si flat-panel photodiode array deposited on a glass substrate followed by the
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bottom layers of the protective sandwich. Exact details of the stack were provided by
Varian through a non-disclosure agreement.” The details as described here are
understood to be in the public domain™>. Each pixel on the flat-panel consists of an

a-Si photodiode and TFT. There are 512 x 385 active pixels with a pitch of 0.784

mm making up the array. This results in an imaging area of ~ 40 x 30 cm’.

Besides the sensitive elements in the detection cassette, additional components
are subject to irradiation and cause scattering, and thus they need to be considered in
this work. The EPID is protected with an epoxy fiberglass cover mounted on a shock
absorption system that will trigger an operational interlock if the device is bumped.
Further, it is housed in a contoured mold of similar material that makes up its back
end and allows for cables to pass underneath the device. As indicated in figure 2.1
there are significant air gaps between the housing and the enclosed detection stack. A
complex bracket assembly joins the EPID to a steel, mechanical R-arm that is used to
move and hold the EPID in position. A motor used to translate the EPID on the R-
arm 1s also present (not shown). The read-out electronics and gate drivers are kept

out of direct exposure to the radiation beam during normal operation.

In typical dosimetric operation at our center (such as for IMRT verification), a
plate of additional buildup material is added directly on top of the fiberglass cover as
shown in the figure. Typically this is 0.5 or 2.0 cm of solid water for 6 and 15 MV

beams, respectively. The additional buildup covers the entire area directly irradiated.
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2.2.2 EPID Primary Components
From an operational point of view there are four primary components (or
component subsystems) residing in the EPID.? Each plays a unique role in the

formation of an MV image.

A 1 mm copper buildup plate is the first major component with which the
incident radiation ineracts. It serves three important purposes. First, itacts asa
buildup layer to promote electronic equilibrium at the imaging plane. It generates
Compton interactions (the principle interaction at typical external beam therapy
energies”), thereby producing primary and secondary electrons that can migrate down
to the phosphor and greatly increase the overall dose deposited per unit incident
fluence. This results in an increase in the broad-area detective quantum efficiency,
DQE(0), but decreases the modulation transfer function, MTF.> Second, it
preferentially attenuates lower energy photons, many of which may have arisen due
to scatter. Reducing the contribution to the image from scattered radiation increases
the contrast. Third, the copper plate blocks electrons generated in upstream

components, also reducing unwanted contributions to the final image.

The purpose of the phosphor screen, the next primary component, is energy
conversion. Incident particles (photons and electrons) excite bound electrons in the
phosphor from the valence to the conduction band. Many of the excited electrons

will return to the valence band through a local state created by small amounts of
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impurities called activators and in the process emit light. For the gadolinium
oxysufide phosphor used in the aS500, the light is emitted with a primary wavelength
of 545 nm (2.4 eV).* Thereisa spbstantial quantum gain at this step. There are
approximately 60 optical photons created per keV of absorbed energy.® This means
that if a typical 1 MeV photon manages to deposit all of its energy, about 6x10*
optical photons would be produced. A reflective foil is placed on top of the phosphor
to ensure that the optical photons migrate down towards the flat panel array. There is
also an optical filter between the phosphor and the photodiode layer that helps to

reduce the glare from multiply scattered optical photons.

The amorphous silicon photodiodes integrate the light into an electrical signal.
The aS500 EPID uses hydrogenated amorphous silicon (a-Si:H) n-i-p photodiodes
that are only a few pm thick. These devicés are fabricated via deposition and
photolithic etching of layers of a-Si:H onto a glass substrate over a large area.
Additional layers of dielectric insulators and conductive metals form the other
electrical components and connections. At the core of the photodiode is an intrinsic
layer of a-Si:H about 1-2 um thick. It is sandwiched between thinner layers of n- and
;;-'c'l'oped microcrystalline silicon. A light photon absorbed by the a-Si:H moves an
electron from its valence to its conduction band, creating a single electron-hole pair.
An externally applied reverse bias voltage (~-5 V) causes the charges to migrate
towards the doped layers where the charge builds up.® In this sense, the device works
much like a parallel plate capacitor.’” The photodiode covers most of the pixel area (

~ 83% fill factor) to collect as much light as possible.3
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The final subsystem of components to consider is the readout electronics.
Coupled with the photodiode is an a-Si:H thin film transistor (TFT)3 Figure 2.2
shows a schematic diagram of a pixel and how it fits into the array. During
irradiation a charge builds up across the intrinsic a-Si:H layer of the photodiode that
is proportional to the exposure. During periods of no irradiation the gate drivers open
up the TFTs on a row by row basis and the external charge preamplifiers collect the

charge. Animage frame is obtained when all rows have been read out.

2.2.3 Image Acquisition

Image acquisition is timed according to sync pulses generated by the linac
control system, which are most conveniently considered in consecutive groups of six
for Varian machines. Pulses intended to produce beam form a subset of each group
of six sync pulses, their number and relative timing depending upon the chosen beam
pulse repetition rate or a beam acquisition trigger. These pulses in turn drive the
EPID sync generator (PVSYNC), which enables a series of rows making up an image
ﬁfg-r;le to be read out between radiation beam pulses. The read-out rate is fixed at 10
Hz (default); thus, the maximum number of rows that can be read out between two
beam pulses is governed by PVSYNC. For a pulse pattern corresponding to a beam
delivery or rep rate of 300 MU/min at 6 MV, the number of rows read per pulse in
IMRT imaging mode was set to 20 for the present work. The image acquisition

processor (ACPU) can hold up to 64 frames in its memory, which is referred to as the

frame buffer. This leads to a small dead time (~ 0.28s) occurring every 64 frames
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when the contents of the frame buffer are transferred to RAM memory, which can
reduce the intensity of the final image when a continuous set of frames are acquired

during beam delivery, and therefore may require correction.®

The aS500 EPID can be deployed at source-to-detector distances (SDDs)
between 105 — 180 cm. At our center the standard deployment distance for
calibration and IMRT verification is 145 cm. The detector can also be offset in the x-
and y-directions by about 10 cm if desired. Images can be acquired in one of three
modes: standard, high, and IMRT. In the standard and high modes a single image is
taken beginning at a predefined time point during the irradiation. The difference
between these modes is the number of frames that are averaged to obtain the final
image — standard typically collects one frame whereas high collects 2-10. This
parameter is, however, adjustable. In IMRT mode, frames are acquired continuously
over the entire time the beam is on. The resulting image is then obtained as the
average over all frames acquired (hence is an integrated image of the entire
irradiation). Delivery of 30 MU at a rep rate of 300 MU/min at 6 MV results in an

image averaged over approximately 120 frames.

Defective pixels are treated in the following manner. During EPID
acceptance testing and commissioning a pixel defect map is generated by taking a
pair of dark field (or no radiation) images where no pixel correction is applied. There
is a fixed period of time between the acquisitions that allows for the leakage current

to be integrated. Subtraéting the two images then reveals the leakage present in each
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pixel. This allows any defective pixels to be manually identified. For subsequent
image acquisitions, pixels identified as defective are assigned a value that is obtained

by interpolation from their four nearest neighbors.

2.2.4 Image Calibration

Image calibration requires the acquisition of two different images — a dark
field image, DF(x,y), and a flood field image, FF(x,y). These must be acquired
separately for each acquisition mode. The manufacturer recommends that they be
updated on a regular basis (every two weeks).? The DF image is acquired in the
absence of radiation and is therefore independent of the linac on which the EPID is
mounted. It is meant to correct for any imperfections in the detector array as well as
variations in electrometer offsets. Multiple frames are acquired in quick succession
(~ 6.7 frames per second) and then averaged to minimize image noise. An example
DF image is shown in figure 2.3. The FF image is acquired by irradiating the entire
imaging area (all pixels) without an object in the radiation field. It is used to correct
for variations in pixel sensitivity as well as to improve image quality by smoothing
oiit field inhomogeneities. Like the DF image it is obtained from image frames " ~
measured several times in quick succession and averaged to reduce noise. A FF
image reflects radiation field inhomogeneity, individual pixel sensitivities and

electrometer gains. An example FF image is shown in figure 2.4.
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An acquired image I(x,y) is routinely and automatically obtained from a raw

EPID image I,4(x.y) using the correction scheme

_ 16V -DF(x,y) k @.Dn
FF(xy)-DF(xy) " .

Ixy)
Here krrmean is the mean value of all the FF pixels, and pixel value units are averaged
across all frames taken for each of the raw, dark, and flood field images, respectively.
In general, this technique has the effect of removing pixel contributions from the dark
field as well as flattening the image and normalizing out individual pixel sensitivities,
operations appropriate for clinical imaging. However this correction scheme,
particularly dividing by the FF, has some implications when the EPID is used for

fluence measurement, which will be discussed in chapter 4. A sample image of a 10

x 10 cm” field (defined at the EPID’s imaging plane) is shown in figure 2.5.

2.3 COMPREHENSIVE MODEL OF THE EPID

Monte Carlo simulations were used to model both the transport of ionizing
and optical radiation through the EPID at different stages of this work. The Monte
Carlo codes used for these simulations are discussed in detail in chapter 3. Here, it is
relevant to conclude our overview of the asS500 EPID with a discussion of how its
various components were incorporated into the Monte Carlo simulations. Other
authors have presented a-Si EPID models used in Monte Carlo work"*!* and these
models vary considerably in the level of detail incorporated. Schach von Wittenau et
al.'® argued that the various nondetector portions of a flat-panel detector system (such
as the covers or supporting structures) cause significant image degradation due to

their contribution to the scattered radiation that delivers dose to the phosphor. Hence,
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at the outset of the present work, it became clear that if we wanted to obtain an
accurate blur kernel for the aS500 and distinguish the relative contributions to it from
various detector components, it would be necessary to make the detector model as
complete as possible. As mentioned earlier, the EPID manufacturer provided us with
the technical details of this detector, and based on this information we were able to

develop a comprehensive model that incorporated 18 different layers.

2.3.1 Assumptions in the Radiation Transport Model

We simplified the model somewhat by assuming that the detector was a
symmetric stack of materials with overall dimensions 40 X 30 x 9 cm>. This has one
obvious implication in that any potential effects arising from asymmetrical structures
such as the R-arm mounting brackets, cables, or drive motors were not accounted for.
Therefore a blur kernel derived from a pencil beam incident on our model of the

EPID would be inherently symmetric and spatially invariant.

Additional solid water (2.5 cm thick in most cases) was modeled in intimate
contact with the bottom of the detector to approximate the backscatter contribution
from the underlying mechanical structures. A thiclcness of 2.5 cm was chosen to be
consistent with other work available at the outset of the present study.>!! A more
recent investigation by Siebers ez. al.’ suggests that 1.0 cm of water placed 2.1 cm

behind the detector is sufficient to model the backscatter.
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EGSnrc (discussed in chapter 3) is a standard Monte Carlo code that simulates
the transport of ionizing radiation with specific emphasis on medical physics
problems.'>'® For the EGSnrc simulations it was necessary to define the material
composition of each layer present. For the primary or simple materials such as
copper, air, or gadolinium oxysulfide the exact chemical compositions are well
known,'” but some of the other materials were approximated as mixtures (rather than
specific compounds). For example the properties of the printed circuit board material
FR4, a glass fiber epoxy laminate, were estimated as follows. FR4 is generally
composed of multiple layers of 7628 fibreglass that are impregnated with an epoxy
resin.'® We estimated an overall density of 1.35 g/cm3 based on a density of ~1.05
g/cm’ for the fibreglass'® and ~1.80 g/em® for epoxy resin'®, which were assumed to
be combined in a 60:40 ratio, respectively.'® We assumed the fibreglass to have
approximately the same chemical composition as alkali borosilicate.” The chemical
composition of the epoxy resin was determined from the information listed online at
the Macrogalleria.”’ The amount of each element in a given mixture was determined
by the relative atomic weight. For FR4, this information is listed in Table 2.1.
Modelling some of the EPID materials as mixtures introduces another uncertainty
inasmuch as the effects of chemical bonds between the constituent elements on the
average ionisation energy are not accounted for. However, since the contributions to
the overall detector response from materials such as FR4 are presumed to be

119 and

relatively small, which we infer from the work of Schach von Wittenau et a
their low relative areal densities, gross estimates of their composition should be

sufficient for our purposes.
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2.3.2 The Optical Model

The Monte Carlo code DETECT2000 is designed to model the propagation of
optical photons through various media, simulating scattering and absorption events.>!
It required three parameters to describe each different medium: 1) the scattering
coefficient, 2) the absorption coefficient, and 3) the index of refraction. In addition,
the boundaries of each material had to be described as one of six surface types
defining the transmission and reflection properties at that surface. For the phosphor,
these parameters were chosen to be consistent with information provided by Kodak®

(Eastman Kodak, Rochester NY), the screen’s manufacturer.

Modeling the optical filter required some assumptions. This filter was
designed to reduce the amount of light passing through it without altering its colour,
and was originally intended for photographic, theatre, television and film set
applications. Therefore it was assumed that absorption, rather than scatter, was the
dominant interaction mechanism within it. The filter has an overall optical
transmission of about 25% with a transmission of about 22% for photons of 545 nm

wavelength (Lee Filters, Andover UK).

There is also a polyester reflector present on the upstream surface of the
phosphor. At the 545 nm wavelength, it has a reflectivity of 0.88.%* Rather than
model the polyester, we defined the upper phosphor surface as having a reflection
coefficient of 0.88. The boundary between the phosphor and the filter was assumed

to be a polished surface where boundary crossing is dictated by Fresnel reflection and
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Snell’s law of refraction. We assumed that the remaining five surfaces of the
phosphor (including the lower surface) were ground surfaces (as such the normal to
the surface in the refraction calculations follows a Lambertiag distributionm).
Immediately downstream from the optical filter is the photodiode array, which is
deposited on a glass substrate. The optical portion of the detector stack is surrounded
by black paper, which prevents any outside light from entering, and absorbs any light
that exits the constituent layers. Optical backscatter from the glass substrate was
assumed to be negligible. Table 2.2 provides a summary of the parameters used in

the optical model.

2.4 SUMMARY

This chapter describes the composition and operating principles of the aS500
EPID. With an understanding of the indirect detection scheme the EPID uses to
generate an MV image, along with information provided by the manufacturer, we
were able to develop a comprehensive model of it for the purposes of simulating
ionizing radiation transport and dose deposition, and optical photon transport.
Imiplicit within this model are a few simplifying assumptions that should not, for dur
purposes, impact greatly on the simulation results. We are now poised to examine the
specific Monte Carlo methods used to simulate the transport of both ionizing and
optical radiation through this detector, so that we can subsequently investigate

particular problems which arise when using the EPID for portal dosimetry.
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Element Relative Weight
C 0.304
H 0.028
o) 0.391
Si 0.226
B 0.024
Na 0.017
Al 0.007
K 0.002

Table 2.1. The relative weights of the elements used in the FR4 model mixture.

Scatter M.F.P. Absorption Index of
Material (cm) M.F.P. (cm) refraction
Scintillation Screen
Gd,0.S:Tb 0.0017 10 2.6
Optical Filter 10 0.005 1.6

Table 2.2. The parameters used in DETECT2000 to model the optical photon
transport. Kodak® provided a scatter MFP between 10 and 25 pm and an absorption
MFP of greater than 10 cm. For comparison, Kausch et al.'* used a scatter MFP of 25
1m, an absorption MFP of 4 cm, and an index of refraction bf 2.4 in a different

transport code, and did not model the optical filter.
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Figure 2.1. A cross section view of the aS500 EPID (not to scale). This view shows
the relative locations of the various components of the detector. The image detection
stack in the center consists of the materials indicated as well as numerous suppoh?
structures (such as foam, epoxy, and paper.) The additional buildup material shown
is typically solid water, and is added to the detector to enhance buildup for dosimetry

applications.
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Figure2.2. A schematic diagram of a typical pixel and how it is connected to the
readout electronics. Optical photons absorbed by the amorphous silicon move
electrons into the conduction band, from where an externally applied reverse bias
voltage causes the charges to migrate towards the n- and p-doped layers above and
below, effectively making the device behave like a capacitor.” During periods of no
irradiation the gate drivers open up the TFTs on a row by row basis allowing the
external charge preamplifiers to collect the charge. An image frame consists of a

readout of all rows. .
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Figure 2.3. A sample dark field image. Approximately 60 frames were acquired
with the beam off. This image reflects non-uniformities in the detector array (due to
the manufacturing process and possible damage) and variations in electrometer

~

offsets.
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Figure 2.4. A sample flood field image. Approximately 30 frames were acquired
with the EPID deployed at 140 cm SDD [6 MV, 300 MU/min, IMRT scan mode].
The image reflects radiation field inhomogeneity, individual pixel sensitivities and

electrometer gains.
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Figure 2.5. A sample image of a 10 x 10 cm” field (defined at the imaging plane)
with the EPID deployed at 140 cm SDD [6 MV, 300 MU/min, IMRT scan mode]..

The correction scheme defined by Eq. 2.1 has been applied.
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Chapter 3: Monte Carlo Method and Simulation Codes

3.1 INTRODUCTION TO THE MONTE CARLO METHOD

The Monte Carlo method was developed shortly following World War II and
is largely credited to the Polish born mathematician Stanislaw Ulam who first came
up with the approach while playing a game of solitaire.! As introduced in chapter 1,
the fundamental idea behind the method is to employ statistical sampling that
describes microscopic processes in order to obtain approximate solutions to
quantitative problems concerning the behavior of macroscopic systeﬁs. As such, the
Monte Carlo method offers an efficient alternative to deterministic or analytic
solutions for problems with a high degree of complexity. In the present work we are
concerned with the transport of both ionizing (10 keV ~ 20 MeV photons and
electrons) and non-ionizing (optical photons) radiation through layered media where
the physics describing the various interactions that take place are well known. The
coupled integro-differential equations that describe the electromagnetic shower
development lend themselves to a deterministic solution only under severe
approximations. Over any energy range of interest to us, the Monte Carlo technique

aﬁpears to be the best known solution method that can be applied.>*

We consider the problem of photon transport through a given medium to
illustrate the Monte Carlo approach to radiation transport.” The distance to an

interaction site is described by the well-known probability distribution function

p2)de=pe™dz, (CRY
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where z is the distance to the next interaction and is valid on the range 0 <z < o, and
M is the interaction coefficient (a function of the particle’s energy and of the medium).

A cumulative distribution function ¢(z) can then be defined as.
o(z)= j p(2)d’ =1—-e™**. (3.2)
0

By its definition, the cumulative distribution function can be mapped onto a range of

random variables », where 0 <r < 1, and r is uniformly distributed. Hence
r=c(z)=1-e™*-. 3.3)

Thus a sample of interaction distances, z, that have the distribution described in Eq.

3.1 can be generated from a uniformly distributed set of random numbers by inverting

Eq. 3.3.
-1
z=—In(l-r). (B.4)
)7

In this way, we can make use of an available random number generator to simulate
the fate of individual photons released in the medium. Random number generators
(RNGs) effectively generate a sequence of pseudorandom numbers with a uniform
distribution based on a given seed number. For Monte Carlo investigations it is
desirable to have an RNG that is portable (ie. produce the same sequence on different
machines) and is able to produce a random sequence independent from other
sequences (so as to avoid correlations in the results of parallel operations).
RANLUX,*’ the RNG used in EGSnrc, possesses these features and a has a period >
10'%. An initial photon’s fate, including the fates of all subsequently generated
daughter particles, across the duration of the simulation, is commonly referred to as a

“history.” Averaging over a given set of histories can then provide an approximation
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to quantities of interest (such as photon fluence through a given area). Each particle
history corresponds to one point in a multi-dimensional space (with the
dimensionality depending on the number of interactions), hence the averaging
procedure corresponds to a multi-dimensional Monte Carlo integration,2 and thus 1s
subject to some statistical uncertainty depending on the number of histories simulated

(V). Usually the uncertainty decreases as N "2 (Eq. 1.8).3#

3.2 OVERVIEW AND BENCHMARKING OF EGSNRC
3.2.1 Introduction to EGSnrc

The software package used for Monte Carlo simulation of ionizing radiation
transport in the problems described herein was EGSnrc V3.8 The roots of this
software can be traced back to the early 1960s when the first electromagnetic cascade
codes began to emerge to assist in the simulation of high-energy (> 1 GeV) nuclear
physics experiments. EGS (electron gamma shower) was initially developed at the
Stanford Linear Accelerator Center (SLAC) in the 1970°s where it was used for
shower detector design. A shower refers to the cascade of individual particle paths in
ar ‘interacting medium that directly result from (and include that of) a single incident
particle.2 Over the ensuing years the code passed through several incarnations,
gaining popularity for medical physics applications in the late 1980s when EGS4 was
released with the ability to track showers down to much lower energies. Towards the
end of the 1990s the EGS code system found a new home at the National Research

Council of Canada, and the first version of EGSnrc was released in the summer of
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2000. EGSnrc was fitted with a completely new electron transport algorithm that
eliminated the known shortcomings of its predecessor, the PRESTA algorithm.
EGSnrcV3 is now capable of simulating coupled photon and electron transport down
to energies of 10 keV, which in water translates to micrometer scale resolution (2.5

um based on continuous slowing down approximation (CSDA) range’).

In overview, the EGSnrc system simulates the transport of photons, electrons
and positrons through specifically defined media and allows one to tabulate
radiological quantities of interest such as the energy deposited in specifically defined
regions. Hence it allows for the simulation and estimation of such quantities as
particle fluence and dose per particle history. The calculations are a faithful
simulation of physical reality.” Initially, particles are bom into phase-space
distributions that reflect the radiation source being simulated. Each particle then
travels a given distance as determined by a probability distribution function based on
the particle’s total interaction cross section. At an interaction site, each particle then
adopts a new energy and direction based on the differential cross section
corresponding to the specific interaction that takes place, which is obtained by
sainpling a probability of occurrence distribution. Additional particles produced at
the site of an interaction are also transported. This process continues in a step-wise
fashion until all the particles deposit all of their energy in the defined media, or leave
the geometry under consideration. Quantities of interest are then calculated by
averaging the results over N histories and, as mentioned above, are subject to

statistical uncertainties that usually decrease as N2,
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Four basic processes are modeled for the interactions of photons (described as
neutral particles) with surrounding media: pair and triplet production, incoherent
(Compton) scattering, photo-electric absorption, and coherent (Rayleigh) scattering.
The algorithm followed has four steps. First, the distance to the next interaction is
determined (process outlined in Eq’s. 3.1-3.4). Second, the particle is transported in a
straight line, accounting for geometrical constraints, to the site of the interaction.
Third, the specific interaction type is determined randomly, based on its relative
contribution to the total cross section. Finally, the particle is issued a new energy and
direction based on the differential cross section for the interaction selected. Further,

newly energized daughter particles are added to the simulation to also be transported.

A condensed history algorithm10 is used for the charged particle transport. If
we consider that a fast moving electron (~ 1 MeV) undergoes approximately 10°
interactions before local absorption and that typical simulations require at least 10
histories for decent statistical accuracy, that would result in the simulation of 10'?
individual interactions.>'® Although the speed of modern computers is rapidly
advancing, at present, such simulations would typically take several daysto - ~
complete.? Thus event-by-event simulation of charged particle interactions is not
very practical. In the condensed history approach, the cumulative effects of elastic
and inelastic collisions that occur over a transport step are accounted for by sampling

energy and direction changes from appropriate multiple scattering distributions.
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EGSnre uses a class II condensed history algorithm™'® in which collisions
with small energy losses are grouped, but the rarer collisions where larger amounts of
energy are lost (“catastrophic™ collisions) are treated individually. Catastrophic
events include hard bremsstrahlung (energy threshold AP), hard inelastic collisions
(energy threshold AE), and annihilation events. Soft bremstrahlung emissions are
accounted for using the restricted radiative stopping power (assumed constant over a
transport step). Similarly soft inelastic collisions deposit energy based on the
restricted collisional stopping power (which is again assumed to be constant.) Elastic
scattering is accounted for using differential cross sections derived from multiple
scattering theory.? The overall algorithm followed for the transport of charged
particles is similar to that for neutral particles. First the distance to the next
catastrophic interaction is determined. The charged particle is then transported, but
energy is lost continuously as determined by the stopping powers. Further, multiple
elastic scattering is accounted i"or such that some of this energy may be deposited in
regions not on the linear transport path of the particle. In the vicinity of media
boundaries (defined by default as being within 3 elastic mean free path lengths)
event-by-event interactions are individually simulated. Finally, at the site ofa
catastrophic event, the specific interaction is determined and the charged particle’s

energy and direction are altered accordingly.
EGSnrec is distributed with multiple user codes, some of which were also

employed in this work. These codes enable the user to more quickly encode some of

the more common geometries encountered in medical physics simulations. User
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codes employed in this work were DOSXYZnrc and DOSRZnrc,!! which correspond

to Cartesian and cylindrical coordinate geometries, respectively.

3.2.2 Benchmarking

The EGSnrc software and the techniques it employs have been benchmarked
extensively.*®'>"> We chose to study a supplemental series of simple problems for
which analytic solutions are available, in order to test the accuracy of EGSnrc in
simulating radiation transport through very thin layers of material such as are found
in the aS500 EPID. This section is not intended to be an exhaustive investigation of
the ability of EGSnrc to simulate reality. Here, we confine our attention to examining

the absorbed dose to a thin foil as outlined by Attix.**

The problem considers a monoenergetic (kinetic energy T) beam of electrons
perpendicularly incident on a very thin foil with a fluence ® (particles/cmz). The thin
foil allows for the following assumptions to be made: a) that the collisional stopping
power remains relatively constant as the electron traverses the foil, and b) that the
majority of bremsstrahlung photons generated inside the foil will escape without
depositing energy. At such thicknesses, the & rays produced in the foil will carrya
non-negligible amount of energy out of the foil. To a first approximation then, the
dose to the foil will be proportional to the restricted collisional stopping power

(dT/pdx) 4 Here A is defined as the kinetic energy of d rays that will escape the foil.

A is chosen based on the energy of an electron with a continuous slowing down
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approximation (CSDA) range equal to the foil thickness. To first order, the dose to

the foil is then

D=1.602x10"°d>(£} [Gy]. (3.5)
pax),

The restricted collisional stopping power can be obtained from the expression15

ALY g gy 2Remecn | (T2 )4 6-(em)-
[pdeA(T’A)— 7 {h{ﬂ}h{uzjw (z.7) 5], (3.6)

where [ is the electron velocity in light speed units, 7y is the classical radius of the
electron, moc’ is the electron’s rest mass energy, 7. is the electron density, I is the
mean ionization energy, 7= T/ mocz, 7=A/T, 0 is the density effect parameter, and for
electrons

2,,2

G (r,))=-1-5*+ 1n[4(1—77)7]]+-1—_1—77+ (- ,62)[52’7—+(2r+1) In(l —77)] . 3D

Higher order corrections to the simple analytic dose estimate of Eq. (3.5) can
be obtained if one considers that: (i) 8 rays with kinetic energy > A (fe. those that
escape the foil) will likely also deposit some energy, and (ii) elastic scattering will

lengthen the overall path length of each incident electron traversing the foil.

To estimate the energy deposited by escaping d rays requires that we
determine the number of such species. The Moller electron scattering cross section

can be obtained by integrating the differential cross section

- 2 2 72 2 2 ’
do;,  2mimge 1[ T z (Tj 2+1 T ] 59

= + + = ———],
dr’ g T T-TY (+1f\T) (@+1PT-T
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for all d rays with energy greater than A. Thus

o =T]’z—d";4 ar’
M ] th

s o , (3.9
2agmyc*|1 1 7t 1 (T 2t+1, (T-A
= > —+ + | =4 |- > 1n
B |A T-A (@+1FT*\2 (z+1f L A
The number Ny .. of such d rays produced per incident electron is then
oy pPtZN

N, =—H——4, 3.10
5. y (3.10)

where p s the foil density, ¢ is its thickness, Z is the atomic number, N, is Avagadro’s
number (6.022E+23 atoms/mol) and 4 is the atomic mass (in g/mol). On average
each of these electrons will travel through half of the foil thickness. Under the
assumption that Gy o 1/T5’, T being the kinetic energy of the & ray, the average

kinetic energy is

zan( )
2A

(T5)=——T;:—{A—— (3.11)

Using this energy, we can calculate a secondary restricted collisional stopping power,
(dT s/pdx) 4 for these d rays. Then, using Eq. 3.5 we can determine their dose

contribution.

For thin foils, Lewis'® predicts an increase in path length due to elastic

scattering of

, (3.12)
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where k; is the first elastic scattering moment. This can be approximated as roughly

one half of the mass angular scattering power of the medium,'’ or

1(6)
k= TR (3.13)

which describes the scattering of electrons traveling path length .. <> is the mean
square scattering angle. For the case of low electron energy and small relative atomic

mass, the mass angular scattering power can be calculated as

02 2 2 2 172
u=167zNA§—r:(’”°c ) ln( 11,337PC,J , (3.14)
pl A "\ Bpc Z" mye*

with pc being the electron momentum multiplied by the speed of light.15 The resulting

total dose obtained from the first and second approximations can then be multiplied

by the path length correction % to give a final estimate of dose.

For a primary test case we chose to consider a monoenergetic (T = 1.0 MeV)
fluence of electrons (& = 10° e”/cm?) incident on a thin (t =0.001 cm) Cu (Z =29, A
=63.55 g/mol, p=8.96 g/em’, 1=322 ¢V, §(1 MeV) = 0.5799) foil. The EGSnrc
simulation scored the dose per history inside a 1 X 1 cm?’ region on the foil irradiated
by a beam of electrons of the same dimensions (effects due to lateral spreading w;re
assumed negligible as irradiationby a2 x2 cm’ beam resulted in a negligible dose
difference). The resulting foil dose in the simulation was Dggs = 1.8038 & 0.0007
Gy. To first order, the outlined analysis predicts a dose of D; = 1.7501 Gy, which is

already within 3 % of the EGS result. Absorbed energy from escaping d rays are

estimated to add Ds = 0.0173 Gy, bringing the analytic estimate to within 2 %.
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Incorporating the effects of elastic scattering brings the final dose estimate to Dy, =
1.8132 Gy. This is within 0.5 % of the EGSnrc result. Table 3.1 summarizes the

results for this and some additional tests.

As shown, we investigated a range of materials and thicknesses. As thickness
increases, the assumptions inherent in the analytical prediction break down and the
discrepancy with the Monte Carlo result increases. Elemental gadolinium was chosen
to represent a high Z material and because it is present in the phosphor screen of the
portal imager. Water was chosen because it is a material of fundamental interest for
dosimetric investigations. Because water is a compound, its restricted collisional
stopping powers were derived from ICRU Report 37" and the NIST tables® rather
than direct calculation of Eq. 3.6. It is important to note here that the CSDA range of
an electron with T = 0.01 MeV (the default value of ECUT in EGSnrc) is 2.5um in
water. For a foil of this thickness, the difference between the simulation and

analytical prediction was 0.1 %.

3.3 SINGLE CELL BETA DOSIMETRY
3.3.1 Introduction

Monte Carlo simulation provides a valuable tool for understanding radiation
transport in relation to a vast range of dosimetry problems. With the successful

benchmarking of the code for very thin foils of water, there was some interest in our
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center to use EGSnrc to investigate a nuclear medicine application. The problem was
to determine the single event spectra for beta-emitting sources used in intraperitoneal
radionuclide therapy — a treatment modality employed to slow the progress of cancers
that have metastasized to the peritoneal cavity. Here we outline how this problem

was set up and solved using EGSnrc.'®

A single event spectrum, f3(z), is the distribution of specific energy, z
(microdosimetric equivalent of absorbed dose), produced by the traversal of a target
volume by individual particles.' Specifically, we determined single event spectra for
five therapeutic radionuclides (Lu-177, Cu-67, Re-186, Re-188, and Y-90) for single
cells in two source geometries (see figure 3.1). The first geometry considered a
surface-bound isotropically emitting point source, whilst the second immersed the
cell in a bath of free radioactivity. Together, these geometries represent a targeted
intraperitoneal radionuclide therapy. Understanding how each radionuclide differs in
terms of the physical process of energy deposition is of use in selecting of a particular

radionuclide for this type of therapy.

3.3.2 Monte Carlo Simulations

One of the improvements made to EGSnrc in comparison with its predecessor,
EGS4, was the ability to simulate individual charged particle elastic scattering events
in the vicinity of a medium boundary (single elastic scattering mode). The previous

charged particle transport technique used in EGS4 adjusted path lengths for elastic
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scattering based on Moliere’s multiple scattering theory,zo which restricted the
transport step sizes to lengths over which the theory applied. EGSnrc however, is
restricted only by considerations of efficiency, and it turns out that single elastic
scattering becomes more efficient to simulate over distances of approximately 3
elastic mean free paths (MFPs).? Thus in order to improve the accuracy of the
boundary crossing algorithm employed by the simulation, whenever a charged
particle is within 3 MFPs of a boundary, EGSnrc runs in single scatter mode by
default. Sacrificing efficiency for a more accurate simulation of elastic scattering, we
modified the code to run in single scatter mode whenever a charged particle was
within 100 MFPs from the nearest boundary. For reference, using the screened
Rutherford cross section for electrons® of energy T = 1 MeV in water, we estimate
MFP = 0.25 um. Hence in the vicinity of a cell 20 pm in diameter (see figure 3.1)

almost all elastic scattering was simulated on an event-by-event basis.

The other major consideration that required attention before approaching this
problem was imposed by the minimum simulation cutoff energy for electrons, ECUT
=10 keV. Any electron with T < 10 keV is no longer transported and all of the
energy is assumed to be locally deposited. Using the CSDA, a 10keV electron has a
range of approximately 2.5 pm in water.” Single event spectra for electrons with
energies < 10 keV therefore had to be modelled independently of the EGSnrc
simulations. To investigate the effect of this cutoff on the calculated single event

spectra, we repeated some of the surface bound geometry simulations (described
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below) with ECUT ranging from 40 keV downward, so we could estimate the error

this parameter introduces by extrapolation.

The simulations were set up in the following manner. In all cases, both the
target and the surrounding medium were modelled as water. The target volume was
defined as a sphere of 10 pm radius. Energy deposition in the target volume for each
history was recorded and tallied in 50 eV wide bins to form a distribution of energies
absorbed by the target volume resulting from a given set of initial conditions. The
surface-bound radioactivity was simulated as a single isotropically-emitting point
source positioned on the surface of the target volume. For both source geometries the
specific emission energy of a particle was taken as the mean energy across a 1 keV
bin to form a “monoenergetic” single event spectrum. Monoenergetic single event
spectra were generated for initial energies from 11 to 2500 keV, spanning the range
of emission energies for the radionuclides investigated. Radionuclide-specific spectra
can then be generated by appropriately summing the monoenergetic spectra. For each

emission energy, 2 x 10° histories were collected.

To simulate the free radioactivity it was too inefficient to randomly sample
position, energy and trajectory individually for each beta emission (Y-90 for example
emits B particles with ranges > 1 cm). Instead, we approximated the spectrum of
electrons incident on the target volume. For each radionuclide, the CSDA spectrum
was calculated in the manner described by Johns and Cunningham.*! Under the

assumption that the bath of activity is in a staté of charged particle equilibrium, the
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amount of energy emitted by any small volume is equal to the amount of energy
absorbed in the same volume. The spectrum of energies emitted by the volume is
given by the radionuclide’s beta spectrum, denoted by I(T). The relative intensity of
electrons of kinetic energy 7 in the CSDA spectrum is given by

Y

c(T)= ) [rr)ar, (3.15)

S

ot
where S,,(T) is the total stopping power and 7gm« is the maximum beta energy for the
radioisotope. The beta emission spectra I(7) and the CSDA spectra C(7) for the
radionuclides used in this study are shown in figure 3.2 a) and b) respectively. For
the free radioactivity it was further assumed that the electrons followed random
trajectories through the target. Initial trajectory direction cosines were input based on
a uniform, random sampling of vectors connecting two points on the surface of the
target sphere. To verify this approach, we observed that the resulting path-length
distribution (obtained as the distribution of interpolated linear paths through the
sphere) corresponds identically with that for a convex body exposed to a uniform
isotropic fluence of infinite straight lines. This type of randomness is referred to as

isotropic uniform randomness.?

Once the monoenergetic single event spectra were obtained for each case they
were weighted according to the specific radionuclide’s beta emission spectrum and
summed to produce the composite radionuclide single event spectrum.'® This work is

not presented here.
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3.3.3 Results and Discussion

The simulations demonstrated that the single event spectra for low energy
electrons (< ~50 keV) are characterised by the presence of a peak at a specific energy
that correspond.s to the initial energy of these electrons. This phenomenon can be
seen in the low energy electron single event spectra illustrated figure 3.3 for surface
bound (a) and free radioactivity (b). At these energies the target volume may either
fully encompass the range of the electrons, or allow for the possibility that the
electrons deposit all of their energy in the target volume because their tortuous paths
are completely confined to the volume, which would result in the observed peaks.
For subsequent calculations that required spectra for electrons with initial energies <
10 keV, the spectra were modelled after the 11 keV spectrum with an appropriately
defined peak. The low-z tails decreased sufficiently from 15 to 11 keV that they were

not deemed to constitute a significant portion of the spectrum below 10 keV.

Higher energy electrons crossing the target volume were seen to deposit less
energy than low energy electrons, which is likely due to the decreased stopping
power. Single event spectra for electrons with higher initial kinetic energies are
shown in figure 3.4 for surface bound (a) and free radioactivity (b). The surface ~
bound spectra appear almost symmetric about the midpoint of the distributions, while
the spectra for the free radioactivity are peaked toward the higher energy range of the
distribution. The differences in the spectra between surface bound and free
radioactivity at all energies stem from the differences in the path length distributions

that describe the electron trajectories.
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We compared results obtained using EGSnrc to those of two other Monte
Carlo codes by repeating the calculations of other investigators for two beta energies
in the surface bound source geometry. Bolch and Kim™ pre;ented single event
spectra for 100 keV and 1 MeV electrons bound to the surface of a 10 pm diameter
cell as determined with the OREC Monte Carlo code. Stewart et al.** repeated this
work with the PENELOPE code system. The OREC code system tracks electrons in
water event by event, down to a cutoff energy of 7.4 eV®. The PENELOPE system
implements a condensed history algorithm similar to that described for EGSnrc. Hard
electron interactions, defined as events in which the polar scattering angle or the

26

energy loss exceed user-selected values,™ are simulated in a “detailed” way while

multiple scattering theory is applied to the remaining soft interactions.?*

Table 3.2 contains the values of (z f> , the frequency-mean specific energy for

a sphere of radius 5 um, determined by all three code systems. There is very good

agreement between EGSnrc and OREC for 1 MeV electrons. At 100 keV, EGSnrc

produces a value for (z f> that is 7.4% lower than that from OREC and 2.4% greater

than that from PENELOPE. The shapes of the 100 keV spectra are similar, though
not identical, and it is unclear if this results from differences in the transport physics

or is a potential artefact related to the 10 keV cutoff energy.

The effect of the cutoff energy on the Monte Carlo generated monoenergetic

single event spectra was found to be minimal. Spectra for T =0.5 and 1.0 MeV were
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indistinguishable whether ECUT was set to 10 keV or 40 keV, and the T=0.1 MeV
spectrum showed only a very small difference in the low-z tail. This suggests that for
the majority of energies relevant to beta-emitting radionuclide therapy, the 10 keV
cutoff will not adversely affect results. For T =20 and 50 keV and ECUT =15 keV
and 20 keV respectively, the higher ECUT values increased the height of the high-z
peak and slightly decreased the tail regions. However, an investigation of peak height
versus ECUT value suggests that at ECUT = 10 keV, these differences are
approaching an asymptotic value. In general, we conclude that for very low values of
T, EGSnrc may slightly overestimate the true number of events depositing all of their
energy in the target volume, but that this overestimation would not be significant in

the context of the overall single event spectra generated for each radionuclide.

34 OVERVIEW OF DETECT2000
3.4.1 Introduction to DETECT2000

One of the problems considered in the present work concerns the transport of
optical photons through the scintillation screen of the aS500 EPID and an adjoining
optical filter, and onto the amorphous silicon photodiode plane. Because this problem
involves multiple optical scattering and absorption events, determiristic solutions that
incorporate simple ray tracing and attenuation of first and second order interaction
events proved to be insufficiently accurate. Hence once again Monte Carlo
techniques appeared to offer the most attractive method for solution. The transport of

non-ionizing radiation, and in particular optical photons, cannot be performed with
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EGSnrc because at these much lower energies, the physics of photon interactions is

markedly different. Instead, we opted to use the DETECT2000 Monte Carlo code.”’

DETECT2000 was developed to model the behavior of optical systems, with
special emphasis on scintillation detectors.?” It evolved from the DETECT code
originally developed at the University of Michigan,?® and its successor DETECT97
created at TRIUMEF, to model the position and energy response of positron emission
tomography (PET) detectors.”’ DETECT2000 incorporates several new features
including wavelength dependent transport coefficients and an improved random
number generator, and has been translated from the C to C++ language. The code
initiates individual scintillation photons according to a user-defined distribution and
follows each through different detector components. It simulates transmission and
reflection from surfaces, accounts for bulk absorption, re-emission, and scattering
processes, and records the fate of each photon. Distances to collision events are
determined by sampling from a probability distribution function that is based on the
combined mean free paths for scattering and absorption. Relative cross section

weightings then determine which specific interaction takes place.

DETECT2000 requires three parameters to simulate the propagation of
photons through each material: 1) the scattering coefficient, 2) the absorption
coefficient, and 3) the index of refraction. The interaction coefficients are specified in
terms of the photon mean free path between scattering or absorption events. In

addition, the boundaries of each material must be described as one of six surface
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types, which define the transmission and reflection properties at that surface. We
considered two surface types in this work. One was a polished surface where the
boundary is defined at a flat intersection of surfaces. Here photon boundary crossing
is dictated by Fresnel reflection and Snell’s law of refraction. The other was a ground
surface, where the interface between the two materials is assumed not to be perfectly
flat. Instead the surface is roughened such that the normal to the surface in the

refraction calculations follows a Lambertian distribution.?’

Details of the optical parameters used in the DETECT2000 simulations for the

aS500 EPID are provided in section 2.3.2 and a summary is provided in table 2.2.

3.4.2 Benchmarking DETECT2000

Because DETECT2000 is much less well known in the medical physics
community than EGSnrc, we believe it is appropriate to include some discussion of
the applications for which this code has been used previously, as well as a description

of the preliminary in-house benchmarking performed.

As mentioned, DETECT2000 was derived from the DETECT code which-was

used by Tsang et al?®

to model the position encoding multicrystal detectors used in
PET. It was tested against experimental results acquired using the EXACT HR PLUS
block detector (Siemens Medical Solutions USA, Inc., Malvern, PA). DETECT was

able to reproduce the line spread function (LSF) for four columns of crystals with an

accuracy of + 0.5 mm and to predict crystal-by-crystal photopeak pulse heights and
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full-widths at half maximum (FWHMs) within a range of £14% and +9%/-6%,
respectively. DETECT2000 has been used by Cayouette ez al*® to determine the
performance of a multilayer BGO scintillation block (also used for PET). More
recently, Monajemi ez al.>! used DETECT2000 to model the transport of optical
photons in a CdWO4 scintillation detector (being developed for MVCT) to determine
detector imaging characteristics. Maximum discrepancies betweeh measured and
modeled MTE(y), relative NPS(f) and DQE(f) were found to be 1.5%, 1.2% and 1.9%,
respectively, for 1.25 MeV photons. MTF(f) discrepancy was shown to be 2.5% for a

6 MV beam.

We considered a simple problem having an analytical solution to verify the
basic operation of DETECT2000. Figure 3.5 illustrates the geometry of the problem.
We consider an isotropically emitting point source of optical photons centered inside
a 40x40x40 cm® volume. The medium inside the volume is defined such that the
scattering mean free path is very long (10° cm) and the absorption mean free path is
very short (0.1 cm). We then score the photons that cross a plane defined z cm above
the point source. The number of photons that reach the scoring plane, Ngetected, can be
determined by considering the photons that reach a ring of radius 7 and incremental

area d4 = 2rdr, a distance ! from the source.

N, °F rzexp(~ANr? +2%)
N, =— dr
detected 2 (r2 + 22)3/ 2
0

(3.16)

Here N, is the number of photons emitted from the point source (10%, and A is the

absorption coefficient (10 cm™, scattering ignored in this analysis). The right-hand

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



63

side of Eq. 3.16 was evaluated numerically. Because of the rapid fall-off of the
integrand, it is sufficient to consider a radial integration out to 20 cm for values of z
<< 20 cm. We considered integration planes at z=0.1, 0.2 and 0.4 cm. Table 3.3
summarizes both the analytical and Monte Carlo results, rélative differences between
which are minimal and decrease as the number of photons scored for a particular

%2 trend.

plane increases, roughly following an N
This simple investigation of DETECT2000 confirmed our understanding of its

operation and instilled confidence in the results it provided in later investigations.

3.5 SUMMARY

In the present work we are concerned with modeling the response of the
aS500 EPID to MV radiation. Analytic approaches to the problems we wish to study
are complex and only feasible by introducing simplifying approximations. Thus, the
Monte Carlo method is a superior alternative for examining many of the problems
under consideration. In order to model the transport of ionizing radiation incident on
the detector through the various components of the imaging cassette and arrive at-an
estimate of the dose deposited in the phosphor (including the dose from scattered
particles), we chose to use EGSnrc. We performed some supplementary in-house
benchmarking of this code, and also demonstrated that it can be successfully applied
to a microdosimetry problem. In order to model the spreading of optical photons

within the EPID phosphor layer we chose a separate code, DETECT2000, which was
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specifically developed by the nuclear and particle physics community to model the

transport of optical photons in scintillation detectors.
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thickness  Degcs D.  difference
Material _ (cm) (Gy) (Gy) (%)
Cu 0.00100 1.804 1.813 05
Cu 0.01000 2.608 2.684 29
Gd 0.00100 1.515 1.498 -1.1
Gd 0.00340 1.766 1.783 1.0
HO 0.00025 2373 2.370 -0.1
H,O 0.01430 2.680 2.752 2.7

Table 3.1. A summary of Monte Carlo thin foil dose estimates for a 1 MeV incident

photon beam compared to corresponding analytical predictions, for a variety of

materials and foil thicknesses. In general, discrepancies are 1% or less where the

assumptions inherent in the analytical method are strongest.

<z>
Monte Carlo System 0.1 MeV 1.0 MeV
EGSnrc 0.63 0.27
OREC 0.68 0.26
PENELOPE 0.615 Within 6 % of OREC

Table 3.2. Values of (z f) calculated for a sphere of radius 5 pm using the Monte

(irlo codes EGSnrc, OREC, and PENELOPE. Agreement between EGSnrc and

OREC is very good at 1 MeV, but shows a 7.4 % discrepancy at 0.1 MeV.

PENELOPE also shows reasonably good agreement with EGSnrc.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Plane  z(cm) Nperecroooo Nanayticar  diff. (%)
1 0.1 74211 74246 0.05
2 0.2 18746 18767 0.1
3 04 1562 1599 2.31

Table 3.3. The number of optical photons passing three scoring planes for a simple
benchmarking problem (Fig 3.5) detected by DETECT2000, compared to the
analytical expression of Eq. 3.16. 10° photons were simulated. Predictably, the
relative difference between the Monte Carlo results and the theory increases as the

number of particles detected decreases.
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q free § emitter

surface-bound

target cell

20 um

Figure 3.1. The geometries used in the single cell beta dosimetry investigation. In
the first geometry a beta-emitting radionuclide is part of an antibody that binds to the

surface of a spherical cell. In the second geometry we consider the case of a cell

immersed in a bath of radioactivity. Sample electron tracks are shown for each case.
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Figure 3.2. Beta emission spectra () and CSDA spectra (b) for the radionuclides

used in this study. I(T) denotes the relative intensity of beta emissions of kinetic
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energy T. C(T) denotes the relative intensity of electrons with energy T at any point

in the medium. The spectra have not been normalised.
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Figure 3.3. Single event spectra for low energy electrons in the surface bound (a)
and in the free radioactivity (b) geometries. Below 50 keV the spectra show a peak at
a value of z corresponding to the initial energy of the electrons. The low energy

- spectra change rapidly with energy.
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energies. The free radioactivity geometry results show a shift towards higher z values

relative to the corresponding surface bound case due to larger mean path lengths

through the target.
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# source

Figure 3.5. A point source of optical photons inside a 40x40x40 cm’ cube. The

dominant interaction in the medium is absorption. Photons are scored as they cross a

.

plane at a distance z above the source.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



72

3.6 REFERENCES

IR. Eckhardt, “Stan Ulam, John von Neumann, and the Monte Carlo method,” Los
Alamos Science 15, 131-137 (1987).

?I. Kawrakow and D.W.0O. Rogers, The EGSnrc Code System: Monte Carlo
Simulation of Electron and Photon Transport, NRCC Report PIRS-701 (NRCC,
Ottawa ON, 2002).

3G.S. Fishman, Monte Carlo Concepts, Algorithms and Applications, 1 ed. (Springer
Verlag, London, 1996).

“R. Y. Rubinstein, Simulation and the Monte Carlo Method, 1 ed. (Wiley-
Interscience, Hoboken, NJ, 1981).

>A. F. Bielajew, Fundamentals of the Monte Carlo method for neutral and charged
particle transport (pre-publication manuscript, Ann Arbor MI, 2001).

SF. James, “RANLUX: A Fortran implementation of the high-quality pseudorandom
number generator of Luscher,” Computer Phys Commun 79, 111-114 (1994).

M. Luscher, “A portable high-quality random number generator for lattice field
theory simulations,” Computer Phys Commun 79, 100-110 (1994).

81. Kawrakow, “Accurate condensed history Monte Carlo simulation of electron
transport. II. Application to ion chamber response simulations,” Med Phys 27 (3),
499-513 (2000).

M. J. Berger, J. S. Coursey, and D. S. Zucker, ESTAR, PSTAR, and ASTAR:
Computer Programs for Calculating Stopping-Power and Range Tables for
Electrons, Protons, and Helium Ions (version 1.2.2). [Online] Available:
http.//physics.nist.gov/Star [2005, February 7] (National Institute of Standards and
Technology, Gaithersburg, MD, 2005).

M. J. Berger, “Monte Carlo calculation of the penetration and diffusions of fast~
charged particles,” in Methods in Comput Phys, edited by B. Alder, S. Fernbach, and
M. Rotenberg (Academic, New York, 1963), Vol. 1, pp. 135-215.

'D. W. O. Rogers, I. Kawrakow, J.P. Seuntjens, and B.R.B. Walters,NRC User
Codes for EGSnrc Report No. PIRS-702(revA), 2002.

121 Kawrakow, “Accurate condensed history Monte Carlo simulation of electron
transport. I. EGSnrc, the new EGS4 version,” Med Phys 27 (3), 485-98 (2000).

138 R.B. Walters, J. Treurniet, D. W. O. Rogers, and I. Kawrakow,QA tests of the
EGSnrc system and comparison with EGS4 (Draft) Report No. PIRS-703, 2003.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permiséion.


http://vhvsics.nist

73

“F H. Attix, Introduction to Radiological Physics and Radiation Dosimetry (John
Wiley and Sons, New York NY, 1986).

*ICRU,ICRU Report 37: Stopping Powers for Electrons and Positrons, 1984.

1°H. W. Lewis, “Multiple Scattering in an Infinite Medium,” Phys. Rev. 78, 526-529
(1950).

. Kawrakow and A. F. Bielajew, “On the condensed history technique for electron
transport,” Nuclear Instruments and Methods 142B, 253-280 (1998).

18A. M. Syme, C. Kirkby, T. A. Riauka, B. G. Fallone, and S. A. McQuarrie, “Monte
Carlo investigation of single cell beta dosimetry for intraperitoneal radionuclide
therapy,” Phys Med Biol 49 (10), 1959-72 (2004).

- ICRU,ICRU Report 36: Microdosimetry, 1983.

2G. Z. Moliere, “Theorie det Strenung schneller geladener Teilchen. L.
Einzelstreunng am abgeschrimten Coulomb-Field,” Z. Naturforsch 2a, 133-145
(1947).

*'H. E. Johns and J. R. Cunningham, The Physics of Radiology 4th ed. (Springfield:
Charles C. Thomas, Springfield, IL, 1983).

22A. M. Kellerer, “Chord-length distributions and related quantities for spheroids,”
Radiat. Res. 98, 425-37 (1984).

ZW.E. Bolch and E-H. Kim, “Calculations of electron single event distributions for
use in internal beta microdosimetry,” Radiat. Prot. Dosim. 52, 77-80 (1994).

#R. D. Stewart, W. E. Wilson, J. C. McDonald, and D. J. Strom, “Microdosimetric
properties of ionizing electrons in water: a test of the PENELOPE code system,” Phys
Med Biol 47, 79-88 (2002).

2°E-H. Kim, W.E. Bolch, W. D. Reece, and J. D. Poston, “A microdosimetric
algorithm for electron point kernel data: 1. Monoenergetic electron sources,” Radiat.
Prot. Dosim. 63, 245-52 (1996).

265, Baro, J. Sempau, J. M. Fernandez-Varea, and F. Salvat, “PENELOPE: an
algorithm for Monte Carlo simulation of the penetration and energy loss of electrons
and positrons in matter,” Nucl. Instrm. Methods Phys. Res B 100, 31-46 (1995).

27C. Moisan, F. Cayouet, and G. McDonald, DETECT2000 A Program for Modeling

Optical Properties of Scintillators (Dept. of Electrical and Computer Engineering,
Laval University, Quebec City, QC, 2000).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



74

%G. F. Knoll, T. F. Knoll, and Henderson T. M., “Light Collection Scintillation
Detector Composites for Neutron Detection,” IEEE Trans. Nucl. Sci. 35 (1), 872-875
(1988).

G. Tsang, C. Moisan, and J. G. Rogers, “A simulation to model position encoding
multicrystal PET detectors,” IEEE Trans. Nucl. Sci. 42 (6), 2236-2243 (1995).

Op. Cayouet, C. Moisan, N. Zhang, and C.J. Thompson, “Monte Carlo Modeling of
Scintillator Crystal Performance for Stratified PET Detectors with DETECT2000,”
IEEE Trans. Nucl. Sci. 49 (3), 624-628 (2002).

ST T. Monajemi, S. Steciw, B. G. Fallone, and S. Rathee, “Modeling scintillator-
photodiodes as detectors for megavoltage CT,” Med Phys 31 (5), 1225-34 (2004).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

Chapter 4: Comprehensive Monte Carlo calculation of the
point spread function for a commercial a-Si EPID

4.1 INTRODUCTION

While a-Si EPIDs are primarily .employed as MV imagers for patient position
verification, there has been a significant amount of work in recent years to exploit the
quantitative dosimetric information available from these devices. Because of their
generally linear response to dose,'” a-Si EPIDs can be used to produce a two
dimensional pixel map of entrance or exit energy fluence within a given treatment
field. The most immediat;e application of this work employs the EPID for pre-
treatment verification of fields with high dose gradients, such as those used in
intensity modulated radiotherapy (IMRT).* A future objective is to perform exit
dosimetry (projecting upstream from the detector to obtain a dose distribution within

the patient) in a clinical setting.

To date, commercial a-Si EPIDs have used an indirect detection scheme to
generate an image. An incident photon beam enters the detector stack (eg. see Fig.
4: 1) and passes through several materials before interacting with a copper plate Where
C-c;npton scattering predominantly occurs. The resulting electrons migrate dowﬁ )
from the plafe into the scintillation screen and deposit energy within. This causes the
screen to phosphoresce — emitting optical photons, which may then be detected by an
array of amorphous silicon photodiodes. This generates a charge buildup on each
diode that can be integrated and read out electronically forming a digital image.

Contributions to the image also come from photons that have scattered upstream in
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parts of the detector such as the collision cap, supporting materials, or solid water
buildup, and downstream in the photodiode glass substrate or rear cover. These
multiple radiation transport paths result in blurring of the fluence incident on the
detector. Recovering the incident energy fluence is necessary for making accurate
measurements of transmission dose,’ and can be accomplished approximately using
standard deconvolution techniques.’ These techniques require a blur kemel, or point
spread function (PSF) — the response of the system to a beam of infinitesimal width —

which, in turn, is the motivation for undertaking the study presented in this chapter.

Previous Monte Carlo studies of the PSF as well as the detective quantum
efficiency (DQE) of a-Si EPIDs have made use of models that contain the basic
components of the detector such as the copper plate, scintillation screen, glass
substrate and in some cases water buildup.>**” Schach von Wittenau ef al.®
developed a “notional” detector, which was intended to be representative of a typical
a-Si EPID and included an outside cover. They concluded that radiation scattered
from “non-detector” components should be a significant source of image degradation.
In order to incorporate such effects, our study focuses on a commonly available
c_c>_1;_1mercial EPID, the Varian aS500 (Varian Oncology Systems, Palo Alto, CA)_, N
v&ﬁch is described in detail in the second chapter. We incorporate a comprehensive
model of the aS500 based on data provided by the manufacturer (Sec. 2.3). From the
model we derive a blur kernel for the aS500 for 6 and 15 MV photon beams using
Monte Carlo simulation. We b.reak down the physical processes involved in signal
creation into: i) dose deposition in the scintillation screen, and ii) spreading of optical

photons emerging from the screen through an optical filter and onto the a-Si
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photodiodes. We merge these two results using a convolution process to obtain a
comprehensive overall PSF (‘comprehensive’ refers to simulations run with a full
material description of the detector). A measurement of the line spread function
(LSF) is ﬁsed to verify the form of each kernel. We then evaluate the performance of
the kernels in deblurring clinical images by comparing relative fluence profiles
against those measured with a diamond detector. The comprehensive kernels are well
fit by triple exponential functions, and are also well approximated by semi-analytical

kernels based on a simplified model of the detector.

42 THEORY AND METHODS
4.2.1 Point Spread Function

Monte Carlo methods are used to simulate dose deposition and optical
spreading independently. Figure 4.1 provides an illustration of the geometry used.
Dose deposition in ten equal phosphor layers is scored in response to a pencil beam of
photons normally incident at the surface of the buildup material on the central axis
(CAX). Optical spreading is scored in response to isotropically emitted optical
photons originating at ten equally spaced depths (corresponding to the centers of the
modeled phosphor sub-layers), along the CAX. Both the magnitudes of dose
deposition within the phosphor and of optical spreading will be shown to have a
dependence on depth within the scintillation screen. The first dependence arises
because dose is not uniformly deposited within the screen, and the second because the

thickness of the screen influences the output optical fluence.” As a result, we bégin
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with the assumption that the overall point spread function (PSF®**™") can be obtained
as a convolution between two depth dependent components: the phosphor dose point

spread function (PSF™) and the optical point spread function (PSF),

10 *
Z(w:‘_ J'PSF“"(r', z;)-PSF®(r-r,z,) dr']

0

PSFo™ (r) = = — , (4.1)

w,

2

i=l
where 7 is the radial distance from the EPID entry point of an infinitesimally narrow
beam and z; is the discretized phosphor depth corresponding to the center of a
phosphor layer. Implicit in this expression is the further assumption that each PSF is
independent and spatially invariant. The dose kernels were normalized to the CAX
Monte Carlo scoring bin of maximum dose. We assume that optical photon
production is linearly proportional to the dose deposited.'®!! The optical kernels for

each depth (z;) were weighted (w, ) by the ratio of the number of optical photons that

reach the photodiode plane from depth z; to the number that reach it from the closest

depth Z]10-

4.2.2 EGSnrc Simulations

- EGSnrc version 3'>" with user code DOSRZnre, (described in Sec. 3.2) was
used to simulate the transport of ionizing radiation and score the dose deposited in the
phosphor screen. We used the default cut-off energies PCUT = AP = 10 keV and
ECUT = AE =521 keV. We modeled incident fluence as a thin photon pencil beam
(r=0.001 cm) having an energy distribution taken from published spectral data for

generic Varian 6 and 15 MV beams, grouped into 0.25 MeV energy bins and
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averaged across a radial bin (r = 2.5 cm) at the central axis.!* Accelerator-specific
phase-space files that relate energy distribution to beam position were not used. The

photons were normally incident on the surface of the solid water buildup layer.

Dose deposition within each of the 10 layers comprising the scintillation
screen was scored in equally spaced radial bins (Ar = 0.00784 cm, or 1/10 of a pixel
width) to generate PSF™. The area of the incident pencil beam was only 3.14x10°
cm?, compared to 1.93x10™ cm?® area of the central scoring cylinder. Dose was
s;:ored out to a maximum radial distance of 30 cm because that provided a balance
between characterizing the detector response over the full 30 x 40 cm® imaging area,
and the computation time required to obtain dose estimates with reasonable statistical
uncertainties in the outermost bins. For each dose kernel at least 2 x 108 histories
were run, resulting in a maximum statistical uncertainty of + 0.2 % in the central axis

dose. The average dose in the full thickness of phosphor is

(PSF™ ()) =%ipspm‘ r,z). 4.2)

i=]

In order to accurately weight the optical spreading kernel with respect to tl;e
site of optical photon emission, it is necessary to understand how dose varies with
depth within the phosphor. To investigate this we generated a central axis depth dose
curve by summing the dose in the first five radial bins (a diameter of ~1 pixel width)

for each of the 10 screen layers.
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4.2.3 DETECT2000 Simulations

For the optical component of the problem we used the DETECT2000 Monte
Carlo code,'® described in Sec. 3.4. Figure 4.2 depicts the geometry under
consideration. As a result of the fluence of electrons and photons ®o(x’,y") incident
on the screen, a three-dimensional dose distribution builds up within it. From the
subsequent phosphorescence, we wish to determine the output optical fluence incident

on the amorphous silicon array of the detector stack, ®(x,y).

Simulations were initiated with non-polarized photons originating
isotropically'® at ten equally spaced points (point sources on CAX) within the
scintillation screen, corresponding to the midplanes of the EGSnrc scoring layers. All
sources were given equal weighting for the simulations. The variation in optical
source intensity due to the variation in dose with screen depth is incorporated into the
overall kemnels by the relative weighting of the dose kernels. Monoenergetic photons
of wavelength 545 nm were specified because this is the dominant wavelength in the
Gd,0,S:Tb emission spectrum by an order of magnitude.!” Although the index of
refraction, and scattering and absorption coefficients have a small dependence on
Wayelengtb, the variance in wavelength is small (< 4%),"” and therefore we expegg _
that existing uncertainties in the values of the photon transport parameters (ie. scatter
MFP = 10-25 pum in Gd,0.S:Tb) will be the dominant source of uncertainty in our
results. Photons were scored in radial bins (Ar = 0.00392 cm, or 1/20 of a pixel
width) as they crossed the boundary plane between the filter and the a-Si photodiodes.
For each point source, 1.5x10 histories were run. Additional histories (7x107) were

simulated for the tenth layer to look for evidence of a change in the observed
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exponential falloff at larger radii, as some authors have used a double-exponential

form to model optical spreading.>*'®

In addition to the optical spreading kernels generated in response to photons
emitted from each layer z;, which are used in our comprehensive overall kernel, we

also consider an average response kemel defined as

10
ZPSF”‘(r,z,.)-PSF"“"(rI,z,.)-w:l
(PSF™ (r)) == = : 4.3)

S,

“i

i=l
where PSF?(r,,z,) is the relative central axis dose to layer z; and w, is the relative

proportion of optical photons that strike the photodiode plane emitted from layer z;.

4.2.4 Combining the Kernels

The phosphor dose and optical PSF components were obtained in a cylindrical
geometry for two reasons: first, because the PSF is, in theory, symmetric in the
azimuthal direction and secondly, because annular bins of width Ar exhibit smaller
statistical uncertainty than scoring bins of dimension ArxAr in Cartesian geometry.
The kernels were combined in radial frequency space using the Hankel transfonr‘x‘:l‘9
This allowed us to preserve the resolution necessary to adequately describe the optical
kemnels without the need for a large amount of computer memory. Egs. (4.4-4.6)

describe this process.

HPSF™(g,2,)= 27 [PSF™(r;2,)J,(2m7) rair (4.4)
0
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HPSE™ (g,2,)= 27 | PSE* (r,z,)J, ) r (45)
0
10
22" [[PSE™ (g.2,)- HPSF™ (g,2,)) 7, (27 adg
PSF overall (r)= i=l o m (4.6)
w

Si

i=l
Here g is the radial frequency and Jp(27gr) is the Bessel function of the first kind of

order 0. We used numerical quadrature to perform each of the integrations

(interpolating PSF™(r,z;) to match sampling intervals).

In order to render it suitable for image deconvolution, we mapped the radial
PSF*! onto a 42 x 42 cm® Cartesian grid having the same pixel pitch as the EPID.

As pointed out by Rathee et a/*°

the area overlap mapping method can lead to errors
in the Cartesian pixel values in steep gradient regions. We overcame this problem by
exploiting the small bin width in our model and dividing each pixel into 317
micropixels. Each micropixel was assigned the value of the radial region with which

it overlapped most, and the final pixel value obtained as the average over its

composite micropixels.

4.2.5 Experimental Measurement of the Line Spread Function

To provide experimental confirmation for this analysis, a standard angled slit
technique? was used to measure the EPID line spread function (LSF). The angled
slit technique was developed to measure the presampled analog modulation transfer

function of a system beyond the Nyquist frequency (beyond which digital sampling
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introduces an aliasing effect). A line of radiation is projected through a slit oriented
at a small angle (~1-3°) with respect to one of the axes of the pixel matrix. Without
this angle, the LSF is sampled only at points separated by a single pixel width.
Introducing the angle allows us to identify the center of the slit (via maximum pixel
values) with a precision smaller than a pixel width, and then to sample the LSF at

distances from that center not restricted to integer multiples of a pixel width.

An illustration of the experimental apparatus is given in figure 4.3. Images
were taken uéing a pair of machined lead blocks (25x10x5 cm?, 25 cm in the beam
direction) separated by steel shims that formed a slit of width 380 um to generate a
line of incident radiation on the detector. The blocks were supported by a translation
stand, which allowed the slit to be angled at 1.7° with respect to the EPID photodiode

array. A 2 xS cm’ field (defined at isocenter) was projected onto the blocks, which
were placed in intimate contact with the EPID deployed at 140 cm from the source.
Solid water buildup layers 0.5 and 2.0 cm thick were placed on top of the EPID for
the 6 and 15 MV beams, respectively. A pair of images were taken for each
measurement: the first with the beam traveling through the slit, and the second with
th;beam slightly offset so as to miss the slit. Each image was subject to the stax;gard
correction where a dark field image was subtracted from the raw image and the result
divided by a flood field image (Sec 2.2.4). For both images the high (quality)

imaging mode was used, with the number of frame averages raised to 1000 to

increase the signal-to-noise ratio.
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The pixel values used to form the LSF were obtained by subtracting the offset
image from the slit image, thereby reducing the contribution from scattered radiation.
We performed a linear regression analysis on the image column maxima to define a
line coincident with the center of the slit. The distance to all data points (measured as
x) was then calculated from this center line at x = 0. Outlier pixel values, defined as
lying 5 s’tandard deviations outside of a local average (comprising ~1 % of the raw
data), were removed from the data set, and the remaining pixel values were
normalized to a global maximum. Then the pixel values were filtered using a
windowed averaging technique to reduce noise (window width = 0.08 pixel). The
effects of this filtering on the resulting LSF appeared negligible and were

subsequently ignored.

We simulated the experimental data by integrating the Monte Carlo generated

PSF**™! to obtain the LSF? as
LSF™(x)= [PSF™"(xy) dy. %))

The integration was performed numerically, with values of PSF*'*?!(x,5) obtained by
interpolation of PSF**®(7). The LSF was then convolved with a pair of top hat -~
functions — one to account for the finite slit width and the other to account for the

pixel width (aperture function).
4.2.6 Other PSF’s

A literature survey demonstrates that the techniques used to géherate aPSF

for clinical dosimetry applications using the aS500 EPID vary. Certainly it is
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possible to generate an empirical spread function without the detailed knowledge or
analysis described above. Chang and Ling for example assume a Gaussian shape, and
determine the adjustable parameters by iterative optimization of the fit between
measured and planned dose profiles for an IMRT field. Inspection of the measured
line spread function for a similar detector,?* other Monte Carlo kernels generated for
the aS500 EPID,>* and our own PSF***®", suggests that the kernel would be better fit
by a triple exponential curve. Hence we compare our comprehensive overall kernel

with the empirical form,

PSFoverall (r) — e-Plr +I>ze;P3" +-P4€—P5r° (4.8)

triple exp

The parameters P;-Ps were initially determined by fitting the triple exponential to our
PSF®"?!. Then they were optimized through an iterative process to yield image-
derived fluence values that conformed to diamond detector measured fluence profiles
(described below) for a 10x10 cm? field, and later a 20x20 cm? field. Note that we
distinguish a kemel not obtained through Monte Carlo simulation with our

comprehensive model by a descriptive subscript.

We also consider a ‘thin stack’ kernel that consists of the combination of

o

PSFg . (), adose kernel based on a simplified model of the EPID, and a fit to our

averaged optical spreading kernel [Eq. (4.3)]. The simplified EPID model, analogous
to that of Warkentin et al.,* consists of a water build-up layer (0.5 or 2.0 cm
depending on energy), copper plate (0.1cm), phosphor screen (0.034 cm), glass

substrate (0.11 cm) and water backing (2.5 cm) layer in intimate contact. We

5¢

generated PSFX_, () by scoring dose in the same annular bins as for the
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comprehensive model, but for the full thickness of phosphor. Based on our optical

Monte Carlo results, the averaged optical kernel was assumed to have a single

exponential form, (PSFopl (r))l = exp(—=Ar). As with the comprehensive kernel,

PSF=!  (r) was obtained as the convolution of its two components. Development

of the thin stack kernel was motivated by reports from other authors describing
overall kernels obtained from different models of the detector stack. Schach von
Wittenau ez al.® developed a “notional” a-Si detector that roughly approximates the
aS500, and conducted a Monte Carlo investigation of its blur kemnel. McCurdy et al?
used the EGS4 user code DOSRZ to score the dose response to an incident pencil
beam inside the Lanex Fast-B screen of the aS500 detector. The dose distribution
was then combined with a double exponential plus delta function glare kernel
developed from earlier work by Heijman ef al. 18 for a video EPID. Warkentin ez al.*
used a similar approach, modeling the dose deposition for a simplified detector in
XYZDOS, and convolving that result with a glare kernel. The latter was determined

empirically by fitting a double exponential function to fluence profile measurements.

42 7 Fluence Recovery

All kernels were assessed by the degree to which they successfully
deconvolved static field images. We investigated kernel performance first on
reference images of an open 10 X 10 cm? field (defined at isocentre) at 6 and 15 MV,
and then on a 2 X 2 cm? field, a 20 x 20 cm?” field and a 10 x 10 cm? 45° physically
wedged field. In all cases the EPID was deployed at 105 cm SDD. It was assumed

that variation in the blurring process over the SDD range (105 - 160 cm) was
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negligible. We used solid water buildup thickness of 0.5 cm for 6 MV and 2.0 cm for

15 MV.

It is important to note that image pixel values are the result of acquiring a raw
image, subtracting a dark field image, and then dividing the result by a flood field
image (Sec. 2.2.4).7 This produces an image that is uniform for an open field, but in
doing so washes out the beam profile. In order to recover the profile without re-
introducing pixel sensitivity variations we followed the correction technique of
Warkentin ef al.* We used the Helax-TMS (MDS Nordion, Kanata, Canada)
treatment planning system (TPS) to predict the fluence distribution incident on our
detector. The TPS predicted the dose at a depth of 3 cm inside a water phantom of
approximate EPID dimensions. Using the same water kernel described in reference 4
the dose was deconvolved to predict the flood field fluence incident on the detector.

This result was then convolved with our comprehensive PSFove!

to generate a
simulated flood field image. Each acquired EPID image was subsequently multiplied
by the simulated flood field image to yield pixel values PV(x,y). Henceforth we refer

to this pre-processed image as the “flood field restored image™.

The pixel values PV(x,y) can be considered a convolution of the incident

energy fluence W(x,y) with the true detector PSF(x,y)
PV(x,)=C [ [¥(x,y)-PSF(x-x,y—-y) &x'dy’. 4.9)

Here C is a normalization factor that relates the pixel values to the blurred enérgy

fluence distribution in the photodiode plane. In this work C is not determined
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independently, hence our attention is confined to an examination of relative fluence.
Approximating the true detector PSF(x,y) with our calculated PSF™*™(x 3), we

inverted Eq. (4.9) to recover ¥(x,y) via deconvolution as

_1pra_ FTEVGy}
¥y = FT {FT{PSFWH(X’}/)}}, (4.10)

where FT and FT"' denote the Fourier transform and its inverse, respectively. Both
the original and deconvolved images were normalized to the mean pixel value ina 1 X

1 cm? region in the center of the field.

4.2.8 Kernel Performance Evaluation

In order to evaluate kernel performance in recovering incident energy fluence,
we compared profiles measured using the EPID with those measured using a PTW
diamond detector®*?’ type 60003 (PTW Freiburg, Germany) with 1.7 cm (15 MV)
and 1.1 cm (6 MV) diameter brass buildup caps and Wellhofer’s Blue Phantom
scanning apparatus (Wellhofer Dosimetrie, Schwarzenbruck, Germany). A similar
comparison has been made by other authors.* The apparatus was set up to scan in the
cross-plane and in-plane directions through the central axis at the same SDD as the
EPID’s imaging plane (106.3 cm). The diamond detector was oriented along the ™
gantry axis. Corresponding EPID data was obtained by extracting a line of pixels in
the middle of each field. The field edges were determined using the MATLAB
(Mathworks Inc., Natick, MA) edge detection function. The diamond detector and
EPID profiles were then aligned using a shift-correction that minimized the

displacements between points having 50% of maximum intensity, yielding a
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maximum error in profile overlap of a single pixel width. It should be noted that the
profiles measured with the diamond detector are themselves blurred because of the
finite size of the detector plus buildup cap, an effect which becomes most relevant
when comparing small fields, ie. 2 X 2 cm®. In order to give a true measure of the
relative fluence, the diamond detector profiles would also need to be deconvolved

with an appropriate detector response function.

For quantitative comparisons, we used the | evaluation technique proposed by
Bakai et al.,”® which is based on the y evaluation concebt of Lowetal® Inthey
technique, a multi-dimensional ellipsoid of acceptance is defined by ADpax — the
maximum acceptable dose difference at a point, and Adp.x — the maximum acceptable
distance-to-agreement. For values of [x|< 1, the difference in two dose distributions is
considered to be acceptable. In our comparisons we chose ADp., = 2% (of the signal
at the central axis), and Adp.x = 0.0784 cm (one pixel width). Reported % scores

compare profile data only; measurements over the entire EPID imaging plane were
not obtained with the diamond detector. In general, two numbers are reported for the
fraction of ) scores < 1.0 corresponding to each case considered. The first compares
the relative EPID dose in the flood field corrected image profile (blurred) to the
relative in air dose profile measured by the diamond detector (approximating

fluence). The second compares the relative EPID profile after deconvolution (a better
approximation to fluence obtained from the EPID image) to the same diamond

detector profile.
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4.2.9 Diamond Detector Response Function and Fluence Recovery

It is important to note that the majority of diamond detector profiles presented

~ have not been subjected to a deblurring process themselves. Traditionally this has

been justified by the small active volume of the detector (0.0014 cm?), however, these
measurements are not free from volume averaging effects as our results will
demonstrate. As a follow up investigation, we modeled a blur kernel for our diamond
detector in the dose measurement configurations outlined above. Using DOSRZnre,
we first developed an edge response function, and from this we derived a one-
dimensional blur kernel. We then deconvolved a raw diamond profile to recover the
relative incident fluence, which allowed us to gauge the significance of ignoring this

step.

Based on the information available in the operator’s manual,?® we developed a
rudimentary model of the diamond detector that consisted of a brass buildup cap
(CusZny, p = 8.6 g/cm’), a central volume containing the diamond (modeled as
carbon, p =3.5 g/cm3), and a water filler that approximated the structural materials in
the rest of the detector volume. The brass buildup cap had a length of 2.0 cm, a
c:l'igrneter of 1.1 or 1.7 cm, and a thickness of 0.185 or 0.485 cm corresponding to the
6 or 15 MV setup, respectively. The diamond was modeled with a diameter of 0.240
cm and a thickness of 0.031 cm, and was centered on the z-axis 0.1 cm beneath the

buildup cap. Signal wires were not incorporated into the model.
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Although DOSRZnrc is published with a variety of source options, none are
sufficient for modeling an edge response function. Essentially, we needed to score
the dose to the diamond detector as it traversed a radiation field boundary
(contributions from photons scattered in air beside the buildup cap are neglected). To
accomplish this, a broad parallel beam incident from the side (positive y-axis,
ISOURCE = 10) was simulated. Both the 6 MV and 15 MV spectra were the same as
those used to generate PSF™. The x and z beam parameters were defined to match
the dimensions of the diamond detector model projected on the x-z plane. We then
modified the published code to include a parameter XSHIFT — a translation in the x-
direction of photon coordinates — immediately before entering the SHOWER
subroutine. XSHIFT was increased stepwise for successive simulations in increments
of 0.05 cm until the cumulative translation was such that no incident photons struck
the edge of the brass buildup cap. This produced the diamond detector’s edge

response function ERFpp(x).

The derivative of the edge response function is the line spread function,*

which for a scanning “point™ detector is a blur kernel, LSFpp(x),
d AR
LSFpp (x) = 'ZY'ERFDD (=, 4.11)

or numerically,

ERFDD (xi+l ) - ERFDD (xi—l) .

— X

LSFyp(x;) = 4.12)

Xy
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Because the blur kernel is symmetric in the x-dimension (as modeled), we averaged
corresponding data values on either side of the center line to reduce statistical

fluctuations in the results.

To recover the fluence incident on the diamond detector, we performed the
same operation outlined in section 4.2.7 (Eqn. 4.10), only limited to the x-dimension.
We initially concentrated on the diamond detector profile measured in the cross-plane
direction through a 6 MV 10x10 cm” field in order to understand the difference
incorporating this operation would have on our results. We then extended the
investigation to include a cross-plane profile through a 6 MV 2x2 cm” field, where
previously the flood field corrected EPID data (without deconvolution) had resulted

in a sharper profile than that measured with the diamond detector.

43 RESULTS AND DISCUSSION

4.3.1 Dose Deposition Kernel

431 .1 Depth Dose in Scintillation Screen
Figure 4.4 depicts the depth dose scored in a 0.0784 cm diameter radial bin for

both 6 and 15 MV beams. These curves demonstrate the degree of nonuniformity of

dose deposited across the thickness of the phosphor by the pencil beam, and exhibit

both a buildup region and a falloff region. The maximum dose occurs at a dgpth of

0.0136 cm for the 6 MV beam and 0.0170 cm for the 15 MV beam. There is a 28%
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difference between the maximum and minimum doses at 6 MV, anda 17 %

difference at 15 MV.

4.3.1.2 Pencil Beam Response in Scintillation Screen
Figure 4.5 shows the behaviour of (PSF““(r)) , the dose in the full thickness

of the phosphor, at 6 and 15 MV. Energy differences in primary electron transport
result in close range (< 5 cm) differences in these dose PSFs. The relative dose in the
‘tails’ contributed by scattered photons is lower for 15 MV than for 6 MV. For both
beam ener;gies the curves are observed to drop eight orders of magnitude.at a radial
distance of 30 cm. The central scoring bin yielded an average dose per history of
(2.12%0.04) x 10"® Gy and (1.52 + 0.03) x 107" Gy for the 6 and 15 MV beams,
respectively. The average dose per history scored inside a 30 cm radius circle was
(8.57+£0.03) x 102 Gy at 6 MV and (1.194 + 0.004) x 10% Gy at 15 MV. The
uncertainties are standard deviations calculated from subsets of 10 runs, each having

1/10™ the total number of histories.

{.7?32 Optical Spreading Kernel
Figures 4.6 and 4.7 depict results from the DETECT2000 simulations. Figure
4.6 shows the total number of optical photons incident on the photodiode layer as a
function of the depth of emission within the phosphor. Relative contributions from
each phosphor layer increase in a roughly linear fashion as the photodiode layer is

approached. Given the broader distribution of detected photons emerging from the

upper layers (see Fig. 4.7), it appears that the contribution to the overall optical
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fluence from these layers is not entirely negligible. Kausch ez al’! estimated a total
escape probability of 70 % for photons 50 um from the photodiode plane within a 1
mm thick phosphor, whereas we calculated a value for photons 51 pm from the filter
(about the same depth in the phosphor) of only about 6 %. It is important to note that
in our EPID model, the optical filter significantly reduces the number of photons

reaching the photodiode plane.

In Fig. 4.7 we present the relative optical fluence as a function of radial
distance from emission points located in the first (z= 0.0017 cm) and tenth (z=
0.0323 cm) phosphor layers, as well as two intermediate layers. The curves exhibit
an initial shoulder and fall off exponentially beyond 0.04 cm (~ 1/2 pixel width) with
very similar exponential decay coefficients. As depth in the phosphor increases, a
distinct peak centered at the origin emerges due to an increasing contribution from

non-scattered optical photons. The average response kernel defined in Eq. (4.3) was

fit using a single exponential function, (PSF°"‘ (r))l =exp(-Ar). Due tothe

fit
different CAX depth dose curves (see Fig. 4.4), there is a slight dependence of the fit
on beam energy. Regression analysis yielded values of A = 49.3 cm™ andA = 49.5
cm’™ for the 6 and 15 MV beams, respectively, with a squared correlation coefficient

of 0.999 for each case. The results are shown in figure 4.8.

4.3.3 Overall Blur Kernel
The overall blur kernels obtained by combining the dose and optical kernels - -

are presented in figure 4.9. We see that the curves are generally similar in shape- to .
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corresponding dose kernels for the full thickness of phosphor (Fig. 4.5). The 15 MV
curve is broader inside a 5 cm radius, but tends to exhibit behavior similar to the 6

MV curve in the tail. As observed by previous i.mrestigators,8 the inner broadness of
the 15 MV kermel is primarily due to lateral electron transport. Dose deposition

simulations done with electron transport turned off confirm this. Also shown for

reference in figure 4.9 is (PSF"") for the 6 MV beam. Incorporating optical

spreading noticeably broadens the overall kernel. 6 MV kemels for different
thicknesses of the solid water backscatter (2.5, 1.5 and 0.0 cm) are shown in figure
4.9 (c) to gauge the relative contributions of the opt.ical spreading and backscatter.
Note that the 0.0 cm case did not include the rear housing material of the detector,
which was present for the 1.5 and 2.5 cm solid water cases. Modeled backscatter
contributions manifest outside a radius of ~1 cm and appear to contribute to the
broadening of the overall kernel with roughly the same magnitude as optical

spreading in the tail regions.

4.3.4 Comparison with Experimental LSF

Figures 4.10 and 4.11 show the processed images analyzed, as well as the raw
shtand offset images acquired to measure the LSF for the 6 MV and 15 MV pht;;:;ﬁ
beams, respectively. The images have been magnified by a factor of 2.5 to give a
better view of the slit region. Figure 4.12 compares the simulated LSFs to our
experimental data, which is plotted to a maximum distance from the center of the slit
of 1.2 cm (15 pixels). A windowed average (spanning 2(_) data points) was fit to the

data points to help quantify the differences. Both the 6 and 15 MV simulation results
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agree quite well with the experimental data. At aradial distance of 2.5 pixels we
observe the largest differences of 0.9% and 1.2% of the central value for the 6 and 15
MYV beams, respectively. These small differences likely arise from uncertainties
inherent in our Monte Carlo model (i.e. the assumption of a uniform water slab for
backscatter, a spatially invariant incident photon spectrum,'* and a point x-ray source)
as well as limitations in the experimental method (i.e. scatter from the lead blocks
forming the slit, and non-uniformity in slit width). Beyond a distance of 15 pixels
from the center of the slit, it becomes difficult to distinguish the EPID signal from the

background noise.

4.3.5 Energy Fluence Recovery

Figure 4.13 depicts cross-plane and in-plane profiles for a 6 MV 10 x 10 cm?
field generated by deconvolution with PSF***™, plotted along with flood field
restored 1mage profiles and diamond detector profiles. In figure 4.14, the magnitudes
of the y scores are shown as functions of cross-plane and in-plane distance. As
expected, the differences between flood field restored image and diamond detector
profiles are significantly reduced. The largest reductions occur outside the field and
ci;;e to the field edges. The deconvolved EPID image profiles have sharper edéeg
than the diamond profiles. This is due to the volume averaging in the diamond
detector buildup cap. Inclusion of the optical kernel provides better agreement with

the measured profile. In Fig. 4.13 (c) we show the cross-plane geometry again where

the deconvolution has been performed with (PSF"") . Although perhaps not obvious

at first, the difference becomes apparent in Fig. 4.13 (d), where we focus on the
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exterior portion of the penumbra where the deconvolution has been performed both

with PSF***!! and (PSF”") . In figure 4.15 we present histograms of the % scores for

the profiles in figure 4.13. With deconvolution using PSF®*™" there is a substantial
increase in the fraction of acceptable i scores, from 49.0 % to 92.0 % for the cross-
plane profile, and from 43.4 % to 89.9 % for the in-plane profile. Post-deconvolution

% values > 1.0 are mainly attributable to differences in the high gradient regions at the

field edges. When the deconvolution is performed using <PSF “d) there is almost no

change in acceptance results using our chosen parameters (AD = 2%, Ad=0.0784

cm). When the parameters are tightened (AD = 1%, Ad = 0.0784 cm), % values > 1.0

after deconvolution are reduced to 78.6 % for PSF°¥**!! and 66.1 % for (PSF”") ;

A 10 % 10 cm? field at 15 MV was also examined, where the differences
between the flood field restored image (before deconvolution) and diamond detector
profiles are greater than at 6 MV. Deconvolution in this case increased the proportion
of i scores < 1.0 from 37.4 % to 83.3 %. The 15 MV result did not reach the same
degree of acceptance as the corresponding 6 MV case for several reasons: there were
;;;/er values already in the acceptance range at 15 MV, there was more noise invt;le
15 MV image, and the detector response function was not deconvolved from the

diamond detector profile (15 MV measurements were made with a thicker buildup

cap, hence were blurred more).
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Kernel performance across a range of field sizes was assessed by considering
2 x 2 cm® and 20 x 20 cm? fields. Quantifying performance for the 2 X 2 cm? field
proved difficult since the diamond detector buildup cap blurs the incident fluence
over a significant fraction of the field width. A follow-up study examining diamond
detector blur and which includes this field is presented in section 4.3.7. For the 20 x
20 cm?” field at 6 MV the number of % scores < 1.0 increased from 43.1 % to 96.0 %.
There is a slight under-response (~1%) as compared to the diamond detector profile
outside the field edges. For this larger field, the photon spectrum is known to change
with radial distance.”*** Our work did not attempt to model variations in the kemel
with distance from the central axis, however, as the flood field correction process

(section 2.2.4) already compensates for off-axis spectral effects to a large degree.

We also considered a 10 x 10 cm? 45° physically wedged field at 6 MV, the
fluence profile for which is depicted in figure 4.16. The improvement seen in the
measurement after deconvolution with PSF®**™! is not as substantial as for the
corresponding open field; the fraction of % scores < 1.0 increased from 40.3% to
73.9%. Noise in the diamond detector profile is ~ 5%. On the right hand edge of the
ﬁeld we see that deconvolution results in an over-response. Because the phosph;);
energy response is non-uniform® and the beam is harder in this more heavily
attenuated portion of the field, it is likely that the open field kernel used in
deconvolution is overcompensating. The inaccuracies introduced in the open field

cases by ignoring beam spectrum.changes off-axis beyond those addressed by flood

correction are expected to be considerably smaller in magnitude.
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4.3.6 Other PSF’s

The triple exponential kernel fit parameters are shown in table 4.1 along with
¥? values“’ indicating the goodness of fit to our comprehensive kernels. For an open
10 x 10 cm” field at 6 MV the deconvolution using the triple exponential kernal
mmproved  scores < 1.0 to 90.3 % — approaching the value of 92.0 % obtained with
the comprehensive kernel. Similar results were found for the 15 MV case (see table
4.2). It was possible to manipulate the kernel’s pm@eters to improve the kernel’s
performance for a specific field size (ie. we were able to obtain 92.6 % of  scores <
1.0 fora 16 x 10 cm’ field), but this resulted in decreased performance for the other
field size investigated. It is therefore important to keep in mind that when an
analytical function is used to represent the PSF, fit parameters should be derived from

a consideration of the kernel’s performance across the intended application range of

field sizes, rather than for a single field.

PSFpr=  also performed quite well. In comparison with the other kernels for
the 6 MV beam (Fig. 4.17) it exhibited a steeper falloff in the tail, but this did not
appear to greatly affect its performance for our agreement criteria. At 6 MV for alo
x 10 cm? field the percentage of ¥ scores < 1.0 was 93.0 %, and for a 20 x 20 cm®

field, 92.0 %. Other authors have used empirically determined “glare” kernels in

combination with Monte Carlo calculated dose kernels for simplified detector

NP e 1 statistic here should nof be confused with the ¢ score described previously in this paper.

N(r_r\2 i .
Here 2; = ZM, where F; and and E; are the fitted and expected (comprehensive simulation) PSF values,

=m0 .
respectively. o is the standard error in the expected value, which has been approximated as the standard deviation in the dose
kernel points.
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models.>* Our result for (PSF°"‘> suggests that only a portion of these glare kernels

can be attributed to optical spreading, and that the remainder (such as a second
exponential term) is needed to compensate for missing contributions to the dose

kemnel.

4.3.7 Diamond Detector Response Function and Fluence Recovery

The follow-up investigation allowed us to calculate blur kernels (LSFpp(x))
for the diamond detector in 6 and 15 MV photon beams, which were then used to
deconvolve selected beam profiles. The Monte Carlo g.enerated diamond detector
blur kernels are shown in Fig. 4.18. These kernels were found to have a FWHM of
0.27 cm and 0.29 cm for the 6 and 15 MV beams, respectively. Statistical
uncertainties in the edge response function data were ~ 2% and their propagation

resulted in the error bars in the figure.

In Fig. 4.19 we present the resulting diamond detector measured fluences
where the profiles have been subject to deconvolution using LSFpp(x). Fig. 4.19(a)
con51ders the cross-plane profile for a 6 MV 10x10 cm? field, corresponding to that
shown in Fig. 4.13 (a). Comparing the two figures, it is apparent that the resultmg;
diamond fluence is sharper after deconvolution. However, the improvement does not
appear to be significant when assessed using our (2%, 0.0784 cm) agreement criteria.
The percentage of ¢ scores < 1 with the deconvolved diamond profile improves from

46.2% to 89.7%, versus an improvement from 49.0% to 92.0% without

deconvolution. With tighter criteria (1%, 0.0784 cm) the percentage ofy scores<1
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with the deconvolved diamond profile improves from 20.9% to 75.9%, versus an
improvement from 20.6% to 66.1% without deconvolution. This suggests that for the
10x10 cm’ and 20x20 cm?” fields presented in th15 study, deconvolving the diamond
profiles would not have a signiﬁcaﬁt effect on the reported y scores using the (2%,
0.0784 cm) criteria. It is possible that we may observe a larger difference in the

scores reported when the EPID image deconvolution is performed with
(PSF‘“") indicating a stronger effect resulting from incorporating the optical

spreading in the PSF"*™!,

In figure 4.19(b) and (c) we present a small field case, showing cross-plane
profiles for a 6 MV 2x2 cm’ field after, and prior to, deconvolution of the diamond
detector profile, respectively. In (c) there is a notable sharpening of the EPID profile
after deconvolution of the EPID image, but the flood field corrected image profile is
already considerably sharper than the diamond detector profile, so a quantitative
comparison using the y method indicates that EPID image deconvolution affords little
improvement. With the diamond profile deconvolved, the true effect of deconvolving
the. EPID image is now apparent. The percentage of x scores < 1 improves from _
96.0% to 99.2%. Thus it can be seen that the volume averaging effect present in the
diamond detector measurements becomes increasingly more significant for smaller

field sizes.
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44  SUMMARY AND CONCLUSIONS

By comprehensively simulating the processes of dose deposition within the
scintillation screen of the aS500 EPID and spreading of optical photons arriving at the
photodiode plane, we wer‘e able to derive overall blur kernels for 6 and 15 MV photon
beams consistent with EPID LSF measurements. The kernels were implemented in a
deconvolution process that yielded relative energy fluence measurements from EPID
images for a variety of static fields. Using the % metric, we compared deconvolution
results to energy fluence measurements made using a diamond detector. We saw a
dramatic improvement in EPID rélative energy fluence profiles after deconvolution,
with  scores > 1.0 generally limited to high gradient regions where volume
averaging effects influenced the diamond detector readings. Agreement within 2 %
relative fluence or 0.0784 cm distance to agreement was consistent across a range of
field sizes, in both the cross- and in-plane directions. The influence of the optical
kernel was found to be negligible for these  acceptance parameters, but for tighter
parameters (AD = 1%, Ad = 0.0784 cm) it resulted in an improvement from 66.1%
(without the optical kernel) to 78.6% (with the optical kernel) of ¥ scores < 1 (from
20.6 % before deconvolution). The comprehensive kernels are a limited
r;i;'i'esentation of physical reality insofar as the spectrum from which they were o
derived was a generic CAX spectrum for a Varian linac, assumed to be emitted from
the x-ray focal spot and invariant as a function of radius. In the situation where a
steel wedge modifies the incident spectrum across the field, the kernel does not
perform as well as for open fields. Furthermore, the assumption of a spatially

invariant kernel may also be weakened somewhat by electrical cabling and support
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structures below the apparatus that result in non-uniform backscatter contributions to

dose in the phosphor, an issue recently addressed by Ko et al.’

There are several approaches to obtaining a blur kernel for 2-Si EPID-based
dosimetry applications. Using a simple analytical function to approximate the kernel
offers the advantages of being quick to implement and flexible in permitting
adjustment of parameters to optimize performance. We found that a triple
exponential form, which could be determined by entirely empirical means, closely

F*"“! and was able to closely match the

approximated our comprehensive PS
performance of our comprehensive kernel. Combining a dose kernel derived from a
simplified model of the EPID with an empirical optical kernel seems to bridge the gap
between empirical estimation and full simulation. Monte Carlo simulation of the dose
deposition in the phosphor layer ensures that the major portion of the physics
controlling the shape of the PSF is accurately modeled. An empirically derived

optical spreading kernel then characterizes the spread of optical photons, but in

addition may compensate for inaccuracies in the radiation transport simulation.

The comprehensive simulation presented here provides additional insight into
the physical processes contributing to the overall blur kernel for a commercial a-Si
EPID. The optical part of the kernel, frequently modeled as a double exponential
function, was found to exhibit a falloff best described by a single exponential, and to
demonstrably broaden the overall PSF. Apart from an overall constant appearing in

the deconvolution formula [Eq. (4.10)], the blur kernel obtained froma full
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simulation of the image formation process did not incorporate any free parameters,
yet performed very well in recovering incident energy fluence for a range of static
field sizes at both 6 and 15 MV. Consequently, the full simulation approach
described here appears suitable for generating PSF’s that could be used as clinical
standards for different EPID designs. Lastly, in a follow-up investigation we
quantified the blur arising from volume averaging in our diamond detector
measurements, and removed it from selected beam profiles. It was demonstrated that
for the (2%, 0.0784 cm) acceptance criteria, the consequences of this operation for the
majority of results presented here are minimal. A notable exception was that
deblurring the diamond profile for a 2x2cm? field resulted in improved y, scores after
EPID image deconvolution, which previously was not the case. This result confirms
the notion that deblurring diamond detector profiles can be important for very small

fields.
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Form P, (cm™) P, P; (cm™) Py | Ps(cm™) ¥ (fit to
PSFOVCT&“)

pSEerel ] 25.0 | 8.0E-04 2.0 1.7E-05 | 0.18 0.075
wripleexp [cv ey
PSEoel | 23.0 2.5E-03 1.7 8.0E-06 0.18 0.589
2~ mipleexp 15SMV .

Table 4.1. Parameter values determined empirically for the triple exponential form of

the PSF.

Kernel |Energy| Field Size Profile Field Before After
MYV) (cm®) Direction Deconvolution | Deconvolution

PSFovt 6 | 10x10 |cross-plane open 49.0 92.0
PSFevt 6 |10x10 | in-plane open 43.9 89.9
PSFevel 15 | 10x 10 | cross-plane open 374 83.3
PSF>™ | 6 |20x20 |cross-plane| open 43.1 96.0
PSFeol 15 | 20 %20 | cross-plane open 22.8 85.8
PSFover 6 10 X 10 | cross-plane | wedged 45° 40.3 73.9
(pspmd> 6 | 10x10 |cross-plane| open 20.6* 66.1*
PSEovenl 6 | 10x 10 | cross-plane open 20.6* 78.6*
PSF | 6 |10x10 |cross-plane| open 49.0 90.3
PSF,‘,’;T:B,,, 6 | 20x20 |cross-plane open 43.1 96.2
PSFome, | 15 | 10x 10 |cross-plane|  open 37.4 84.4
PSF:;T::Q 15 | 20x 20 | cross-plane open 22.8 88.0
, ]5'31::;1‘;;';“‘c .| 6 10 x 10 | cross-plane open 49.0 93.0
PSFg= | 6 | 20x20 | cross-plane open 43.1 92.0

~

Table 4.2. A summary of the percentage of % scores < 1.0 (in last two columns)
corresponding to the different kernels and parameters investigated in this work. The
acceptance criteria were defined as a distance to agreement of 0.0784 cm and a dose
difference of 2% of the central axis value. Values marked with an asterisk used a

smaller dose difference of 1%.
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incident beam

solid water buildup

fibreglass cover

copper plate

Gd,0,8:Tb
optical filter

photodiode
surface

back cover
solid water

protective housing

L

Figure 4.1. The principal components of the EPID detector stack. Additional
supporting structures and substrate materials such as glass, foam, paper and fiberglass
are-also present. The pencil beam is incident on the top surface of the buildup layer.

The phosphor is divided into 10 equal layers defined by discrete values of z.
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Figure 4.2. Geometry considered for the optical component of signal spreading.
Optical photons are produced with an isotropic distribution in the scintillation screen
(s) at point P(x"Y’,2), and trave] through the screen and through the optical filter (£)
until they strike the photodiode surface (d) at a point Py4(x,y,d4). Two possible optical

photon paths are illustrated.
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Figure 4.3. The apparatus used to measure the LSF. A 2 x 5 cm” field is projected

onto a 380 pm slit to form the slit image at an angle of 1.7° (a). Subsequently the
lead blocks are laterally translated ~ 2 cm on the translation stage such that the field

does not pass directly through the slit, thereby forming an offset image (b).
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Figure 4.4. Relative dose deposited along the CAX in the EPID scintillation screen.
The dose deposited in a 0.0784 cm diameter radial bin for each of the ten layers is
normalized to the layer having maximum dose. The figure illustrates the presence of
dose buildup and fall-off within the screen in response to an incident pencil beam of

photon radiation.
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Figure 4.5. The relative dose in the full thickness of phosphor as a function of near
radial distance (0-2.5 cm) (2) and far radial distance (0-30 cm) (b) from the point of
incidence of a 10 pm wide pencil beam. Both the 6 and 15 MV beam responses have

been normalized to unity in the central scoring bin.
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Figure 4.6. The total number of optical photons scored on the exit surface of the
optical filter as a function of the depth of the point of emission within the scintillation

screen. 1.5x107 photons were initiated at each emission point.
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Figure 4.7. The relative optical fluence reaching the photodiode plane as a function

of radial distance, for four different emission depths. This set of four curvesis a

PN - -

sample of the ten produced in this study. A distinct shoulder emerges on the curves
for emission depths closest to the detection plane due to an increasing contribution

from non-scattered optical photons.
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Figure 4.8. (PSF""‘) for 6 MV (a) and 15 MV (2) beams. Single exponential fits to

shown.
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the data with attenuation coefficients A =49.3 and 49.5 cm™, respectively, are also
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Figure 4.9 (a) and (b). PSF®"*™(#) calculated for 6 and 15 MV beams, normalized to

the central bin, shown in the near range (0-2.5 cm) (2) and far range (0-30 cm) (b).
(PSF"“d (r)> is also shown at 6 MV to illustrate the change in the kemel due to optical

spreading. The 15 MV kernel is broader inside a 5 cm radius due to increased lateral
electron transport at the higher energy. The tails display similar behavior, running

nearly paralle] beyond 10 cm.
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Figure 4.9 (c) and (d). In (c) 6 MV results are shown for different thicknesses of

solid water backscatter to gauge the relative contributions of backscatter and optical
spreading. (PSF‘“" (r)) is also shown in (d) to directly illustrate the influence of the

solid water backscatt;;r thickness on the dose deposition kernel. For the 0.0 cm case,

the rear panel of the detector was also removed.
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Figure 4.10. The images used for the LSF measurement at 6 MV. The original slit
image (a), the offset image (b) as well as the final image (c) resulting from
subtracting the pixel values of image (b) from image (a). The images have been

magnified by a factor of 2.5 to give a better view of the slit region.
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Figure 4.11. The images used for the LSF measurement at 15 MV. The original slit
image (a), the offset image (b) as well as the final image (c) resulting from
subtracting the pixel values of image (b) from image (a). The images have been' ~

magnified by a factor of 2.5 to give a better view of the slit region.
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Figure 4.12. A comparison of our 6 MV (a) and 15 MV (b) LSF experimental data
with the LSF calculated from our simulated PSF. A windowed average fit of the data
points (spanning 20 points) is shown for each case as well. The data and simulation
agree well as they fall through over two orders of magnitude across a distance of 15

pixels.
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Figure 4.13 (a) and (b). Cross-plane (a) and in-plane (b) profiles fora6 MV 10x 10
cm? field after deconvolution with PSF*™, plotted along with flood field restored

image and diamond detector profiles.
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Figure 4.13 (c) and (d). In (c) the deconvolution had been performed with

(PSF’“) in the cross-plane geometry. Differences due to the incorporation of the

optical kernel are highlighted in (d), which focuses on the penumbra region where
deconvolution has been performed both with (solid line) and without (dotted line) the

optical kernel.
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Figure 4.14. Magnitudes of the 7 scores corresponding to the image profiles in Fig.
4.12, cross-plane (), and in-plane (b). Distinct peaks are seen in the high gradient
regions both before and after deconvolution. The most substantial decrease is seen in

the regions outside of the field.
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Figure 4.15. Histograms comparing the y scores of the flood field restored and
deconvolved image profiles in Fig. 4.12, cross-plane (2 and b), and in-plane (c and d).
The dashed line on each histogram indicates a y score of 1.0 — below which the
difference is considered acceptable. Deconvolution increased the percentage of
z;é.;‘eptable points from 49.0 % (a) to 92.0 % (b) cross-plane, and from 43.4 % (cS jco
89.9 % (d) in-plane. After deconvolution the scores are more heavily weighted
towards the low end (most acceptable — least discrepancy). Due to the high gradient
regions at the edges of the field and the volpme averaging inherent in the diamond

detector measurement, some high % scores cannot be avoided.
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Figure 4.16. A 10 X 10 cm? 45° physically wedged field at 6 MV. Deconvolution
improves the profile measurement outside of the field. Improvements inside the field

are not apparent.
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Figure 4.17. Comparison of different approaches to kernel calculation for the 6 MV
beam. The solid line is the result derived from our comprehensive Monte Carlo
model. The dotted line is a triple exponential function, obtained by fitting the

comprehensive kernel, which could also be determined empirically. The open circles

depict the result from our thin stack model, which differs in the tail region.
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Figure 4.18. The blur kernels (LSFpp(x)) for the diamond detector. The FWHM is
approximately 0.27 cm and 0.29 cm for the 6 and 15 MV beams, respectively. Error

bars derive from the statistical uncertainties in the edge response function data.
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Figure 4.19 (a) . A cross-plane profile for a 6 MV 10x10 cm? field corresponding to
that shown in Fig. 4.13 (a). Here the diamond detector profile has been deconvolved
using LSFpp(x). The resulting diamond fluence is visibly sharper, but the fraction of

% scores < 1 is not increased significantly.
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Figure 4.19 (b) and (c¢) . Cross-plane profiles for a 6 MV 2x2 cm? field, with the
diamond detector profile deconvolved (b) and for comparison, before deconvolution

(c). The fraction of y scores < 1 noticeably improves after deconvolution of the

diamond profile for this smaller field.
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Chapter 5: Consequences of the spectral response of an a-Si
EPID and implications for dosimetric calibration

51 INTRODUCTION

This chapter considers the aS500 EPID as a dosimeter with specific emphasis
on its response across a 6 MV spectrum of photon energies and the consequences for
dose calibration. In general, EPIDs have demonstrated considerable success in
making dosimetric measurements'™ and offer an efficient alternative to other two-
dimensional dose measurement technologies such as film. It has been established that
a-Si EPIDs that employ high-Z scintillation screens, such as Gd,0,S:Tb, have an
increased sensitivity to low energy (<1 MeV) photons.3 11 This is in contrast with
the fairly linear response vs. photon energy observed above 1 MeV where the
Compton interaction dominates. Generally, EPID pixel values are calibrated against
ion chamber readings in an open reference field where the energy spectrum is
essentially that which exits the head of the linac.*® However, the energy spectrum
incident on the EPID can vary from that used for calibration. For example, beam
hardening caused by a compensator or copious tissue can lead to a decreased fraction
0va .iow energy photons incident on the EPID. Such scenarios can alter the detec’;o;
response from that observed under open field calibration conditions and introduce

errors when converting from pixel values to dose.

In this chapter we investigate practical means to minimize the over-response

of a commercial EPID to low energy photons. Our aim is to obtain a consistent EPID

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



132

dose-response under a variety of irradiation conditions where the incident 6 MV
spectrum has hardened compared to an open field. Here we focus on the EPID
response during compensator design verification measurements, but this work can
also be applied in situations where a patient or phantom has hardened the beam.
Naturally, any means of acquiring a consistent dose response needs to be balanced

against possible degradation of the EPID’s imaging characteristics.

Studies undertaken to date for other EPIDs suggest that this goal can be
achieved for water-equivalent attenuators using an additional layer of copper (Cu)
placed on top of the detector.>'® This layer would augment the internal Cu plate
found in indirect detection EPIDs, which has been shown by Lachaine ez al’® to have
an optimal detective quantum efficiency for a thickness of 1 mm. Additional buildup
material is useful in dosimetry applications to ensure that charged particle equilibrium
is attained at the phosphor layer, and can also serve to further attenuate scattered
radiation incident on the detector. Partridge ez al.'® suggest that Cu would be ideally
suited for this purpose. Due to a sharp rise in mass attenuation coefficient below 500
keV, Cu preferentially attenuates the photons to Whjch the EPID has an increased
sensitivity. McDermott ef al.® considered the response of an Elekta iViewGT a-Si
EPID deployed downstream of a solid water phantom. They demonstrated that the
EPID response varied with the air gap between the phantom and the EPID and found
that the variation in EPID response was significantly reduced by placing a 2.5 mm

layer of Cu on top of the EPID.
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Previous work has been primarily concerned with reducing the variation in
EPID response arising from scattered radiation, by modifying the detector setup after
dose calibration.>'® The work .presented in this chapter seeks to reduce the variation
due to beam hardening in a 6 MV beam by modifying the detector prior to dose
calibration. We approach the problem using Monte Carlo simulation to gain insight
into the energy response characteristics of the aS500 EPID both in its conventional
dosimetry configuration and with an external plate placed on top of the detector
housing. Monte Carlo is also used to simulate the spectral changes to an open beam
introduced by uniform attenuators of varying thickness. These results are then
combined to predict trends in the overall EPID response for a range of Cu plate
thicknesses. Finally, the predicted trends are investigated experimentally by
measuring EPID calibration curves for a variety of operating conditions. Images ofa
standard quality control phantom are used to quantify the effects of the external plate

on the imaging characteristics of the detector.

52 METHODS
5.2.1 Monte Carlo Investigations

EGSnrc version 321

(with user code DOSXYZnrc) was used to simulate the
transport of ionizing radiation with default cut-off energies specified as PCUT = AP =
10 keV and ECUT = AE= 521 keV. Two types of simulations were performed. First,
the spectral changes resulting from the passage of a 6 MV beam through a steel shot

layer of variable thickness were determined to estimate the degree of beam hardening
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that occurs during passage through a clinical compensator. Then the energy-specific

dose deposited into the phosphor layer of the EPID was obtained.

5.2.1.1 Energy Spectrum Variation

The beam hardening simulation used an energy spectrum for a generic Varian
6 MV linac partitioned into 0.25 MeV wide bins and averaged over a small circular
field (r = 2.5 cm) at the central axis.” 2x10° photons were normally incident at a
point on the surface of a compensator model (beam divergence was ignored). The
model consisted of a layer of steel shot of variable thickness sandwiched between 0.6
cm thick Lucite panels. The steel shot was assumed to have a composition of 0.99 Fe
and 0.01 C and a density of 4.69 g/cm3 (low density is due to the packing ratio),
consistent with measurements performed on the physical compensators.’ The layers
ranged in thickness from 0.5 to 4.5 cm in increments of 0.5 cm. The Styrofoam
housing used to contain the shot was not modeled. Primary and scattered photons
emerging from the bottom Lucite panel were collected and scored in 0.25 MeV wide
bins as they crossed a 10 x 10 cm? plane in air located 35 or 70 cm below the
compensator (corresponding to the distance between the compensator and detector for
a source-to-detector distance (SDD) of 105 or 140 cm, respectively). For the purpose
of assessing the effect of adding Cu on the photon spectrum, the simulations were

repeated with a 1.0 cm Cu plate located 15 cm above the detection plane.
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5.2.1.2 EPID Energy Response

The detector simulation modeled the central axis dose to the phosphor layer of
the EPID for a series of monoenergetic beams of size 10 x 10 cm” projected in
parallel geometry onto a comprehensive model of the EPID.'® Dose was scored
scored ina 1 x 1 cm® voxel on the central axis through the full thickness of phosphor
(340 um). Beam energies were defined by the centers of consecutive 0.25 MeV wide
bins (to correspond to the scoring bins defined for the preceding simulation) spanning
the range 0 — 2 MeV. Beyond 2 MeV we took advantage of the slower change in
deposited dose with increasing energy and used larger steps'(O.S MeV and 1.0 MeV)
up to 6 MeV. Doses at intermediate energies were obtained by linear interpolation.
The simulations were run with enough histories to reduce the statistical uncertainty in
each result to <2 % (~2 x 107 histories for each energy interval). In order to speed
up simulation, electron range rejection was used. This technique checks the electron
range against the distance to the nearest boundary and terminates the history if the
electron will not escape and is below a specified energy, which we set at 0.611 MeV.
Differences between simulations with range rejection turned on versus off for a model
of the EPID in its conventional configuration irradiated by a monoenergetic 2 MeV
p~ﬁ;ton beam were < 1 %; thus we assume that the uncertainties introduced by usﬁlg

this technique are smaller than the statistical uncertainties.
The EPID model was developed based on data for the Varian aS500 provided

by the manufacturer (Sec. 2.3). The principle detector components include a 0.896

g/cm® Cu plate and Lanex Fast-B screen (0.134 g/cm® Gd;0,8:Tb)."” Our model also
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incorporated structural components such as the screen housing and protective cover.
An additional slab of 2.5 cm of solid water was modeled directly beneath the EPID to
simulate the contribution from photons scattered frqm supporting hardware. In
dosimetric operation at our center, 0.5 cm of solid water is placed directly on top of
the EPID cassette to provide additional buildup at 6 MV. We refer to this as the
“conventional” configuration. Other configurations simulated incorporate an
additional, external plate. Cu was investigated as the primary candidate material for
this plate, but aluminum and lead were also considered. Both the position and
thickness of the external plate were varied. We considered positions directly on top
of the EPID (in place of the solid water) or elevated from its surface. When elevated,
the plate was supported by a layer of low density (0.05 g/cm®) Styrofoam 0 - 30 cm

thick. The external plate thickness varied from 0.25 — 1.25 cm.

5.2.1.3 Simulated Calibration Curve
To generate a simulated calibration curve relating the calculated EPID
response to an ideal ion chamber (IIC) measurement, we first combined the above

results into an overall EPID response,

Reppp = Zr(Ex) ¢(Ei), | N(5.1)

for each particular measurement scenario. Here #(£;) is the response to a
monochromatic photon beam of energy E; modeled as the dose to the phosphor, and
@(E;) is the fluence of incident photons of energy E; impinging on the EPID, modeled
as the spectral weight scored in each energy bin. EPID dose calibration, as we have

indicated, is performed relative to in-air dose measurements made by an ion chamber.
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Thus our simulations need to include a model of ion chamber response. To model an
IIC response, we assumed a reading directly proportional to the dose deposited in the
ion chamber cavity, and chamber walls and buildup material sufficient to obtain
charged particle equilibrium, so that

CPE air
R =Dy =K&'=) ¢(E,)-E, (—”—;ij . (5.2)

E.

Note that D" is the dose to air in the ion chamber cavity in the measurement

ar
scenario, K2 is the corresponding collision kerma, and ['uﬂj is the mass energy-

E

absorption coefficient for air at energy E;. The EPID response Rgpjp can then be

plotted against Ryc to yield a simulated calibration curve.

5.2.2 Experimental Measurements

Experimental measurements aimed to address the following problems. First,
we wanted to reproduce and quantify the calibration curve discrepancy between open
and steel shot attenuated beams reported earlier by Menon and Sloboda.* Then,
guided by the Monte Carlo investigations outlined above, we wanted to determine the
appropriate thickness of Cu to place above the EPID to minimize this discrepancy.
Due to scatter from the external plate, it was also of interest to determine the best
location for it relative to the imaging cassette surface. Finally, we aimed to quantify
the EPID’s contrast-to-noise ratio (CNR) and spatial resolution for the different

scenarios as a means of assessing the consequences of introducing the external plate

on EPID imaging performance.
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5.2.2.1 EPID and Ion Chamber Measurements

EPID measurements were made with the aS500 operating in IMRT mode.
This mode continuously acquires frames over the entire time the beam is delivered
and yields an averaged image. In all cases a Varian 2100X linac delivered 60 monitor
units (MU) at a rate of 300 MU/min, resulting in approximately 104 frame averages
in the images analyzed. All measurements were made at 6 MV, with the exception of
one set made at 15 MV to determine whether or not the dose-response difference is
predominantly a low energy phenomenon. Ion chamber measurements were made
using a Capintec PR-06C Farmer Replacement Chamber coupled to a Capintec Model
192 Exposure/Exposure Rate Meter (Capintec, Inc. Ramsey, NJ). The ion chamber
was fitted with a 1.5 cm (radial thickness) acrylic buildup cap. All measurements
were performed using a field size of 10 x 10 cm? defined at the phosphor layer inside
the EPID, or in a horizontal plane containing the center of the ion chamber. For open
field measurements, the SDD was varied from 105 to 160 cm, which served to vary
the dose rate at the detector. This resulted in a near-constant energy spectrum
incident on the central area of the detector (apart from minor changes arising
primarily from the change in head scatter with distance). For attenuated beam
measurements, the detectors were fixed at an SDD of 105 or 140 cm, and the dose
rate at the detector was varied by placing different thicknesses of compensator
material in the beam. This approach demonstrably hardened the incident photon

spectrum. Unless otherwise noted, results presented are for an SDD of 105 cm, as it
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was found that ion chamber readings for the attenuated beams at SDD = 140 cm fell

outside the range of open field readings.

Reported ion chamber measurements are normalized to the measurement
recorded for an open 10 x 10 cm? field at 105 cm SDD. This allows for comparison
of measurements made on subsequent days while minimizing effects due to variation
in linac output or differences in measurement conditions such as temperature or
pressure. Reported EPID responses are the result of averaging 13 x 13 pixels (~1 X 1
cm?®) centered on the central axis. Similar to the ion chamber, the reported results are
normalized to the average pixel value recorded for an open 10 x 10 cm? field defined

at 105 cm SDD.

5.2.2.2 Beam and Detector Configurations

As in the simulations, the conventional setup had a 0.5 cm solid water slab
placed atop the EPID. The EPID was then image-calibrated (both flood and dark
field images taken) with the solid water slab in place. A number of 15 X 15 cm® Cu
plates, each 0.315 + 0.002 cm thick, were stacked to produce varying thicknesses of
e'J.(.t.ernal plate. Subsequent image calibrations with the Cu plates in place were not
performed. Thus all raw image data (see Eqn. 2.1) were divided by a flood field
image taken with the solid water slab in place. In this way we could track the relative
effects of increasing Cu thickness by direct examination of the pixel values.
Alternatively, calibrating the EPID image with a flood field image taken with a Cu

plate in place is unlikely to affect the results because all points on figures 5.8 and 5.9,
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for example, would simply be divided by a different factor, which would cancel out in
the normalization process. Clinically speaking, image calibration should be done
consistently in a single configuration that is adopted for dosimetry, as image

calibration will affect absolute dose calibration.

The Cu was placed in two configurations: the first directly on top of the
detector (contact configuration), and the second on top of a 15.3 cm Styrofoam slab
placed on the detector (elevated configuration). The elevated configuration was used
to examine the effect of scatter generated in the buildup plate on the EPID response.
The distance of 15 cm was arrived at based on the results of the Monte Carlo
simulations. The solid water slab was not present in configurations where the

external Cu plate was used.

Compensators were used to attenuate the beams. These were constructed via
the standard technique used in our center described by Menon and Sloboda.*
Styrofoam slabs (~ 25.5 X 25.5 x 5.1 cm®) were cut and filled with steel shot to
various uniform depths from 0.5 to 4.5 cm in 0.5 cm increments, covering the
relevant range of steel shot thicknesses seen in the clinic. The slabs were sandwiched
between Lucite plates 0.6 cm thick. As mentioned in Sec. 5.2.1.1, when the packing

ratio of the steel shot is accounted for, the material has a density of 4.69 g/cm’.

We also considered a scenario designed to mimic those in which an EPID

would be used for transmission dosimetry with a patient in the beam. Slabs of solid
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water (25 X 25 x 1 cm®) were centered in the field and stacked on the treatment couch
to a maximum thickness of 20 cm. The couch was placed at 100 cm from the source
and the EPID deployed at 140 cm SDD. Images were taken with the EPID in the
conventional configuration and with 0.630 * 0.004 cm of Cu in the elevated

configuration.

Finally, the spectral effect at 15 MV was quantified using two measurement
geometries wherein a given open field SDD and attenuator thickness yielded identical
ion chamber readings. Specifically, measurements were made at 142 cm SDD for an
open field, and at 105 cm SDD for a beam attenuated by 3.5 cm of steel shot. An
open field measurement at 105 cm SDD was again used for normalization. At this
beam energy it was found that the ion chamber gave identical readings (within 0.2 %)

for the two measurements.

5.2.2.3 Imaging Performance

Images of a QC-3V phantom and the PIPSpro 3.2.03 software package
(Standard Imaging, Inc., Middleton WI) were used to assess the effects of the
different beam/detector configurations on both the CNR and spatial resolution as
measured by fsy for a square wave modulation transfer function (SWMTF). On each
image, regions of interest (ROIs) are defined that correspond to eleven different
regions in the phantom. Five of these consist of bar patterns with spatial frequencies
ranging between 0.76 and 0.10 Ip/mm, and are used to calculate a SWMTF. The

other six regions consist of uniform materials of varying depth. The CNR is taken as

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



142

the difference between average pixel values for the brightest and darkest regions
divided by the standard deviation of the image noise in these regions. For a detailed
description of the methodology employed refer to Rajapakshe et al.'® and the PIPSpro

User’s Guide.”

The images were taken in IMRT mode through delivery of 60 MU at a rate of
300 MU/min, the same parameters used for the other measurements. The QC-3V
phantom was placed at isocenter while the EPID was deployed at SDD =120 cm, a
distance chosen to allow room for both external plate configurations and to keep the
projected field within the area (15 x 15 cm®) covered by the Cu plates. Images were
taken for the conventional configuration as well as with the Cu plate in the contact

and elevated positions.

5.2.3 Calibration Curve Differences

For both the Monte Carlo and experimental results it was necessary to
evaluate the difference between the open and attenuated beam calibration curves.
The open field case yields a linear relation®® between the relative jon-chamber
rézi.ding (Ric) and relative EPID pixel value (Rgpip, which is assumed to be
equivalent to phosphor dose for the Monte Carlo results); thus it can be fit with a

straight line.

Reep =01 + a- K¢ (5.3)
Other work® has suggested that the attenuated field curve can be well fit using a

quadratic form.
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Repp =2 + @y Rc +b, - R’ (5.4
For the Monte Carlo investigation, we assumed an ideal response (y; = 0, a) = I) for
the open field. For all other cases the coefficients were determined using the
regression analysis tool in Sigmaplot 8.0 (SPSS Inc., Chicago, IL) by fitting all data
points on each curve. The maximum difference between the open and attenuated

curves is then estimated as

open atten a—a i
(mE%m’mEt;m]maxzﬂ_yz + (;%'f)— (5.5

Differences quoted are expressed as a percentage of 9{21;?;3 at the point of maximum

difference, R ICImaxd , Or

QR open _qatten
difference = ( 2 0 1'"“ -100% (5.6)

9{;{;}% (mIC | max d )

53 RESULTS

5.3.1 Monte Carlo Investigations

5.3.1.1 Energy Spectrum Variation .
Figure 5.1(a) shows the relative spectra computed in the plane at SDD = 105

cm in relation to the 6 MV spectrum incident on the compensator model. We can

make two observations. First, there is a substantial reduction in the number of

transmitted photons. Second, we note that the mean energy of the spectrum increases

from 1.67 MeV for the incident beam to 2.08 MeV for the beam filtered by 4.5 cm of

steel shot, a change of 24%. Hence there is significant beam hardening through the
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range of attenuator thicknesses examined. In Fig. 5.1(b) we see an example of the
spectrum change with a 1.0 cm Cu plate placed 15 cm above the detection plane. The

relative change in the distribution is significantly decreased for the low energy bins.

5.3.1.2 EPID Energy Response

In figure 5.2 we present the results of the dose response simulations for the
EPID in the conventional setup as a function of energy. The uncertainties are <2 %
of the scored dose, as represented by the error bars. Error bars are omitted in

subsequent figures, but have equal or smaller magnitudes. Also plotted is an

ar

estimated IIC relative dose response, E, (igl“-) , taken from equation 5.2. For
P Jg

comparison, we have normalized each curve to the dose scored in the energy bin
centered at 1.125 MeV (the same normalization applies to Figs. 5.4 and 5.5). For
photon energies > 1 MeV, the IIC response and EPID response are reasonably
consistent with each other. In this region the mean difference between the curves is 9
%. Below 1 MeV however, the EPID response deviates substantially from the IIC
response. At the lowest energy, the difference is greater than an order of magnitude.
The increased sensitivity of the EPID in this region is likely due to the sharp increase
in the mass energy-absorption coefficient of GdzOZS,ZO shown in figure 5.3. This
increase is due to a transition of physical interaction processes; at the lower energies

the dominant interaction is the photo-electric effect experienced by incident and

scattered photons in the phosphor, as opposed to Compton interactions in the
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overlying copper plate at higher energies. For air this transition occurs at a

significantly lower energy.

In figure 5.4 we present the simulated dose response as a function of photon
energy with the Cu plate in the contact configuration. As the thickness of the plate is
increased, the overall dose to the phosphor goes down. More importantly with the
addition of the Cu plate, the dose response in the low energy region is substantially
reduced relative to the smaller reductions at higher energies. Increasing the Cu plate
thickness enhances this effect. Table 5.1 summarizes the differences between the
EPID response and the IIC response for the four scoring bins below 1 MeV for the
EPID configurations of Fig. 5.2, 5.4 and 5.5. With increasing thickness of the Cu
plate, the reduction in this difference 1s most evident at the lowest energy. Difference
reductions are also observed in the second, third and fourth bins. Figure 5.5 shows
the dose response when the Cu plate thickness is kept constant (0.75 cm), but the
position of the plate is changed from the contact to the elevated configuration. Below
1 MeV we see a further reduction in the differences between the EPID response and
the IIC response when the Cu plate is elevated (see table 5.1). Figure 5.5 also shows
that in the elevated configuration the EPID response increases for energies > 3 MeV.
This increase, however, is not likely to have a significant effect on the overall EPID
response in compensator hardened beams, as the relative spectral changes in this

energy range are small compared to those below 1 MeV.
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In order to select an optimal elevation for the Cu plate, additional dose
response simulations were performed at 0.375 MeV with a 0.5 cm Cu plate.
Elevations between 0.0 cm (contact configuration) and 30.0 cm were investigated.
Results are shown in Fig. 5.6. At 15 cm and beyond the curve appears to level off.
Further, a gap larger than 15 cm was found to present a practical disadvantage with
respect to couch clearance of the EPID. Hence a 15 cm gap was adopted for the
elevated configuration. While the external Cu plate decreases the number of incident
photons seen by the EPID, it also adds to the low energy portion of the spectrum by
introducing Compton scattered photons. It is unlikely that electrons produced in the
external Cu plate contribute significant additional dose to the phosphor (the CSDA
range in Cu for a Compton electron of the mean energy produced from a 1 MeV
photon is ~ 0.3 mm, which is less than the thickness of the internal Cu plate). By
introducing a gap between the external Cu plate and the EPID, the fluence of
scattered photons incident on the EPID will be reduced as the photons spread out over

a larger area.

5.3.1.3 Simulated Calibration Curve

With estimates available for both the photon energy spectrum emerging from
the compensator and the dose response of the EPID, we were able to create simulated
calibration curves for different beam/detector configurations using Eq’s. 5.1 and 5.2.
Figure 5.7 presents such calibration curves at SDD = 105 cm for the conventional

setup as well as for 0.75 cm of Cu placed in the contact and elevated configurations.
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The data is normalized to the open field, SDD=105 cm result (zero steel shot
thickness) in the upper right hand corner. As the compensator thickness is increased,
both the ion chamber response and dose to the phosphor are reduced. The data in the
lower left hand comer corresponds to the response when the beam is attenuated by a
4.5 cm thick steel shot compensator. For the conventional setup there is a distinct
curvature in the calibration curve. The curvature is reduced by adding Cu at the
surface of the EPID cassette, and reduced even further by introducing a 15 cm gap

between the Cu and the cassette surface.

The maximum difference between the open field calibration curve and the
attenuated field calibration curve for each case investigated was evaluated using Eq.

5.5. With the EPID in its conventional configuration, the Monte Carlo simulations

predicted a maximum difference of 10.6% at R ICI maxd = 0.58, which corresponds to

attenuation through ~ 2.6 cm of steel shot. The shapes of the attenuated curves

exhibit a definite curvature for higher relative IIC readings, but are well approximated
by straight lines for lower readings (below R 1c =0.65). A linear fit to the lowest

five points of the attenuated curve with the EPID in the conventional configuration
has a squared correlation coefficient of 0.9999. However, a quadratic form
incorporating all of the data points was chosen to fit to this and the other attenuated
curves. The simulations including an external Cu plate show a clear reduction in the
maximum difference between open and attenuated field curves as Cu thickness

increases. For example, adding 1 cm of Cu cuts the maximum difference from 10.6%

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



148

to 5.5% in the contact configuration and 2.9% in the elevated configuration. These

results, summarized in figure 5.8, motivated a subsequent experimental investigation.

5.3.2 Experimental Measurements
5.3.2.1 Calibration Curve

Results for both open and attenuated beam measurements at 6 MV are shown
in figure 5.9. The EPID was deployed at two distances, SDD = 105 and 140 cm, for
the attenuated beam measurements. At both SDD’s we have normalized the pixel
values to the open field value at the same SDD. Uncertainty in the ion chamber and
EPID readings is approximately 0.5 % and 1%, respectively, so error bars are
approximately the same size as the data symbols. Linear fits to the open field data
and quadratic fits to the attenuated field data are also shown. Due to the limited
deployment range of the EPID, the majority of the attenuated beam data at 140 cm
SDD (fig. 5.9b) lies to the left of the open field data. The linear fit to the open field
data has been extrapolated to illustrate the discrepancy between the open and
attenuated beam measurements. The maximum differences are 8.2% (105 cm SDD)
and 7.7% (140 cm SDD) occ::zring at Ric values of 0.54 and 0.29 respectively. A
quick survey of 200 compensator central axis thickness measurements made at our
center yielded a mean value of approximately 1.5 cm, which translates into a typical

difference of 6.2% at 105 cm SDD.
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At 15 MV the difference between EPID pixel values for an open beam at 142
cm SDD and a beam attenuated by 3.5 cm of steel shot at 105 cm SDD was < 0.2 %,
the same difference as observed with the ion chamber. This result supports the idea
that EPID dose calibration differences resulting from beam hardening are much less

significant for high energy beams than for lower energy beams.

Figure 5.10 depicts the effects on the 105 cm SDD calibration curves when
0.945 £+ 0.006 cm of Cu is added to the cassette in the contact and elevated
configurations. The maximum difference from the ideal calibration curve is reduced
from 8.2% for the conventional configuration to 6.4% (contact) and 3.2% (elevated).
It was found that the maximum difference occurred at Ric|max g = 0.50 £ 0.02 for all
Cu thicknesses tested, corresponding to a steel shot compensator thickness of ~3.5

cm. Note that the results are expressed as a percentage of

RED(Ric e = 0-50%0.02) (see Eq. 5.6). Figure 5.11 plots the magnitude of the

maximum difference as it changes with Cu thickness for both configurations. We see
that in the elevated configuration there is a substantial reduction in the discrepancy
with Cu thickness, whereas in the contact configuration considerably more Cu is
né;;assary to achieve an equivalent reduction. We see that 1.0 cm of Cu reduces il;e
difference from 8.2% fo 6.1% and 3.0% in the contact and elevated configurations,

respectively.

When the beam was hardened by solid water rather than steel shot a similar

dose-calibration curve difference was observed. This indicates that the observed
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difference is not unique to the imaging of steel shot compensators, and could present
a significant dose calibration error in situations involving a beam attenuated by a
patient. These results are summarized in Fig. 5.12. In this case the EPID was
deployed at 140 cm SDD and the point of maximum discrepancy occurred outside of
the open field data range. The maximum difference from the ideal calibration curve

for the conventional configuration was found to be 6.5% (at Ric = 0.57). Adding

0.630 = 0.04 cm of Cu in the elevated configuration reduced the maximum

discrepancy to 3.7%.

5.3.2.2 Imaging Performance

It was found that adding an external Cu plate substantially affects both the
CNR and the MTF of the system. In figure 5.13 we plot the CNR as a function of Cu
thickness, normalized to the value obtained for the conventional configuration. The
elevated configuration is observed to have a more substantial reduction in CNR for a
given thickness of Cu. A thickness of 1 cm reduces the CNR by approximately 21%
and 28% in the contact and elevated configurations, respectively. The fso values
reported by the software were found to be reasonably constant (0.41 ip/mm*2 % in
both configurations) even as the Cu thickness was increased to a thickness of 126
cm. A summary of the fs5o values is presented in table 5.2. This result however may
be misleading as the MTF values are expressed relative to that for the largest bar
pattern (0.76 lp/mm). Figure 5.14 shows the relative change in MTF from the
conventional setup as the Cu thickness is increased. The change at all spatial

frequencies for a given thickness is very similar for both configurations, indicating
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that the shape of the MTF does not vary much. The magnitude of the modulation
transfer decreases by 38 £ 1 % and 39 + 2 % for a Cu thickness of 1 cm in the contact

and elevated configurations, respectively.

54  DISCUSSION
Our results indicate that variations in the incident photon spectrum at low
beam energies (eg. 6 MV) can lead to quantifiable differences in EPID dose
“calibration curves. The deviation from an ideal open field calibration curve is
correctable to a limited extent by the addition of an external Cu plate, but at a cost of

reduced image quality.

The Monte Carlo simulations conducted support our conceptual understanding
of the dose response of the EPID in the conventional configuration (see Fig. 5.2).
Compared to an IIC response, the simulations demonstrate an enhanced sensitivity to
low energy (< 1 MeV) photons and a fairly similar response at higher energies. We
believe it is the low-energy photon interactions in the screen that result in the
observed dose calibration differences between open and attenuated beams. Spectral
differences in steel shot hardened beams are greatest below 1 MeV (see Fig. 5.1),

which makes the detector response in this energy range quite important.

Estimating the EPID’s dose response from first principles is not a simple task.

There are a number of physical processes at work, but in general, the similarity of the
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EPID’s response to that of the IIC for energies > 1 MeV is due to the fact that the
Compton interaction is dominant in this regime for both detectors. Because this
interaction is independent of atomic number (Z)*' we expect similar behavior. The
photo-electric effect however exhibits a strong dependence on Z,>' explaining the
differences observed for energies <1 MeV. In order to derive an estimate of the
EPID’s dose response above 1 MeV, one has to first consider that the dose to the
EPID’s phosphor is primarily due to electrons emerging from the internal Cu plate®*
(due to build-up). A plot of the total interaction coefficient with energy for Cu is
shown in Fig. 5.3. In Cu, the Compton interaction dominates between ~ 0.13 MeV
and ~ 9 MeV,” although between 1 and 6 MeV we also expect some contributions
from pair production. In addition to electrons from the internal Cu plate, there are
other significant factors at play as well. For example, the dose contribution to the
phosphor from incident and scattered MV photons interacting in it is not negligible.
In the 1-6 MeV incident photon energy range the Compton interaction is also
dominant in gadolinium oxysulfide.’ To predict the EPID’s dose response, one has
to consider both the energy-dependent effects of build-up, and the charged-particle
range limits that determine the extent of transient charged particle equilibrium in the
phosphor itself. However, because the IIC response is based on the mass energy-
absorption coefficient for air (see Fig. 5.3) which is dominated by the Compton
interaction between ~ 0.01 MeV and ~ 25 MeV,? it is not unreasonable to expect that
their relative response curves be similar in the 1 — 6 MeV range. It should be obvious

at this point why the problem is a good candidate for Monte Carlo simulation.
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A transition of dominant processes occurs below 1 MeV in the EPID. For an
incident photon energy of 0.5 MeV, the Compton electrons produced in the internal
Cu plate are no longer forward peaked and have a CSDA range in Cu of ~ 0.1 mm,
further, below 0.13 MeV the dominant interaction in Cu becomes the photoelectric
effect. Thus the probability for electrons to escape the Cu plate in this energy range
is much reduced. The results of Jaffray ez al.® suggest that below 1 MeV, electrons
set in motion in the Cu plate are no longer the dominant contributor to energy
deposited in the phosphor. In gadolinium oxysulfide, the photoelectric effect is
significant at ~ 1 MeV, but becomes the dominant interaction at ~ 0.35 MeV. The
photoelectric cross section increases substantially as incident photon energy decreases
below 0.35 MeV, resulting in the shape of the overall mass energy-absorption
coefficient seen in figure 5.3. As mentioned, Compton scattering is still the dominant
process in air down to ~ 0.01 MeV. Hence, we can expect a deviation in the

behaviors of the EPID and IIC response curves below 1 MeV, as seen in Fig. 5.2.

The Monte Carlo simulations predicted trends that were subsequently verified
experimentally. There is a significant difference between open and attenuated dose
calibration curves in the conventional configuration and this difference increases as
the photon spectrum incident on the EPID hardens. The difference is reduced with the
addition of an external Cu plate. Note that the differences seen in the Monte Carlo
simulation results (Fig. 5.8 and Fig. 5.11) are not exactly the same as those in our
experiments, as the simulations are based on a generic Varian 6 MV energy spectrum

and a simplified beam geometry (pencil beam passing through compensator models,
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and parallel beam geometry). Nonetheless we do note that the Monte Carlo results

are consistent with experimental observations within measurement uncertainty.

Ultimately, we need to assess the clinical significance of the observed
differences between open and attenuated beam calibration curves. Our results
indicate that this problem could yield errors of up to 8.2% for compensator
verification measurements, and of up to 6.5% for patient transmission dose
measurement. Based on compensator factor data from our center an error of 6.2%
could be typically expected for compensator measurements (based on measured
versus planned differences, which may include some systematic errors). Without
modifying the EPID itself, these errors could presumably be cut in half if a single
linear calibration curve is obtained from both the open and attenuated beam data. In
this instance the resulting calibration line would lie between both sets of data. Thus,
if we wanted to limit the dose calibration difference to +2%, we need only reduce the
maximum difference to 4%. From the fits to the data in figure 5.11 this could be
achieved using an external Cu plate ~ 0.7 cm thick in the elevated configuration.
Similarly a reduction of the difference in the contact configuration is feasible, but ~
2.5 cm of Cu is required to obtain the same result. However, as we have shown, ~
adding an external Cu plate leads to degradation of the MTF and CNR, which is a
mitigating factor in achieving an optimal solution. The calibration discrepancies
presented are extreme cases (for compensators) and under more typical operational
conditions, the degree of beam hardening is expected to be less. For example, a 0.5

v

cm Cu plate in an elevated configuration coupled with a calibration curve based on
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data both from open and attenuated beams would keep the dosimetric uncertainty due
to this effect at an acceptable level (< 2%) in many instances. On the other hand, we
also note that gttenuation due to thick tungsten leaves found in multi-leaf collimators
could present even more extreme cases than those addressed here. The additional
space required for the Cu in the elevated configuration does however introduce some

operational limitations.

On examining the QC-3V results, we see that the CNR and modulation
transfer at a given spatial frequency are both reduced by adding Cu. The elevated
configuration is associated with a greater reduction in CNR than the contact
configuration. Recalling the experimental geometry, the Cu plate is almost directly
under the QC-3V phantom in the elevated configuration, whereas in the contact
configuration there is a gap of nearly 20 cm between the phantom and the Cu.
Photons that have scattered through large angles in the Cu are likely to contribute to
background noise in either case. However photons that have scattered through small
angles have the potential to enhance contrast in the contact case, but exhibit enough
lateral travel in the elevated case to cross between regions of interest, thus decreasing

thé’ contrast. o

5.5 CONCLUSION
With the clinical role of EPIDs expanding to include dosimetry, it becomes
increasingly important that dose calibration be as accurate as possible for all beam

conditions. In this chépter we demonstrate that for low energy (< 6 MV) beams a
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change in the incident energy spectrum, as typically occurs when compensators
modify the beam, can result in a dose measurement difference as great as 8.2% fora
Varian aS500 EPID if an open field calibration curve isused. It is also demonstrated
that a similar discrepancy may likewise occur when the EPID is used for patient
transmission dosimetry. Monte Carlo simulations confirm that this behavior is due to
an increase in the dose response of the EPID phosphor to low energy photons (<
1MeV). Further, the simulations suggest that the increase in the dose response of the
phosphor can be partially mitigated using an external Cu plate to differentially
attenuate the low energy portion of the incident photon spectrum. To reduce the
maximum difference between the calibration curve for an open field and that for a
beam attenuated by steel shot compensator material (maximum difference between an
averaged calibration curve and either of the preceding) to <4 % (< 2 %), an external
Cu plate ~ 0.7 cm thick is required in the elevated configuration (15 cm above the
surface). A Cu plate in contact with the EPID surface can achieve an equivalent
reduction, but a thickness of ~ 2.5 cm would be required. In the elevated
configuration a 0.7 cm thick Cu plate will reduce the CNR by 19%, and the MTF ata

given spatial frequency by 30%.
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EPID setup \E bin | 0.125 MeV | 0.375 MeV | 0.625 MeV | 0.875 MeV
0.50 cm H,0, conv 399 93 39 ’ 14
0.50 cm Cu, cont 150 85 36 16
0.75 cm Cu, cont 82 72 30 12
1.25 cm Cu, cont 23 60 25 8
0.75 cm Cu, elev 76 61 21 8

Table 5.1. The relative difference (expressed as a percentage of the 1.125 MeV
energy bin value) between the EPID energy response and the IIC energy response for
the energy bins <1 MeV. The differences decrease with increasing Cu plate

thickness and are smaller with the Cu plate in the elevated configuration compared to

the contact configuration.
Cu thickness (cm) | fsp contact (Ip/mm) | fso elevated (Ip/mm)
conventional 0.410 0.410
0.315 0.407 0.410
0.630 0.408 0.407
0.945 0413 0.411
1.260 0.406 0.405

Table 5.2. The f5p values reported by the PIPSpro software package. The values as

.~

céiéulated appear to be reasonably constant with increasing Cu thickness.
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Figure S.1. The relative spectral distribution of photons (normalized to unit area)
detected at a plane corresponding to an EPID setup at SDD = 105 cm for increasing
steel shot thickness (a). The relative changes between the distributions argre_duped

with 1.0 cm of Cu placed 15 cm above the detection plane (b).
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Figure 5.2. The relative dose to the EPID phosphor in the conventional setup with 0.5
cm of solid water on its surface, compared to the IIC response. The curves are
normalized to one at 1.125 MeV. Above 1 MeV we note that the EPID response is
quite similar to the IIC curve (mean difference of 9 %). Below 1 MeV thereisa
sharp rise in the EPID response due to a transition of dominant interaction processes
in the EPID (photo-electric effect dominant), which gives rise to the discrepancy

between open and attenuated beam dose calibration curves.
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Figure 5.5. The EPID dose response as a function of photon energy for a 0.75 cm Cu
pﬁte in the contact and elevated configurations. Linear fits to the copper plate data
above 1 MeV are shown in gray. In the region below 1 MeV, the elevated
configuration comes closer to the approximately linear trend observable above 1 MeV

than does the contact configuration.
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Figure 5.6. The ratio of the phosphor dose with the EPID in the elevated
configuration to that in the contact configuration for the energy bin centered at 0.375
MeV and a Cu plate thickness of 0.5 cm. Based on this data, an elevation of 15 cm

was chosen for subsequent investigations.
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Figure 5.7. Monte Carlo simulated calibration curves for a 105 cm SDD attenuated
beam scenario. Shown are curves for the convc;.ntional setup and for the contact-and
elevated configurations including a 0.75 cm Cu plate. Results have been normalized
to the open field (no compensator) case. The lowest relative doses and ion chamber

response correspond to the thickest compensator (4.5 cm steel shot).
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Figure 5.8. The maximum difference between an assumed ideal (linear) EPID
calibration curve and simulated calibration curves for a beam attenuated by varying
thicknesses of steel shot. The error bars derive from uncertainties in the fit

coefficients obtained in the regression analysis.
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from 8.2% in the conventional setup to 6.4 % in the contact and 3.2 % in the elevated

configurations.
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Figure 5.11. The maximum discrepancy between the measured EPID response for an
open field and an attenuated field at 105 cm SDD as Cu thickness is increased in both
the contact and elevated configurations. The error bars derive from uncertainties in

the fit coefficients.
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Figure 5.12. Calibration curves for the 6 MV beam hardened by a stack of solid
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water. A similar difference in the curves as for the steel shot was observed, the
maximum difference here being 6.5%. Adding 0.630 0.04 cm of Cu in the elevated

configuration reduced the maximum difference to 3.7%.
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the contact configuration.
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Chapter 6: Summary and Future Directions

6.1 SUMMARY

The work presented herein comprises an in-depth study of the physics that
underlies the operation of the Varian aS500 EPID. The intent of the present work
was to identify means to improve the operational performance of the EPID for dose
verification by focusing on blur kernel elucidation and dosimetric calibration. We

have been able to provide new insight and to generate workable ideas on both fronts.

Previously, other authors have generated a map of transmission fluence from a
raw EPID image using standard deconvolution with an approximate blur kernel.! The
present work identifies and addresses several outstanding issues in blur kernel
identification and fluence measurement, by making use of Monte Carlo techniques to
generate a kernel for 6 and 15 MV photons based on a comprehensive model of the
detector. The overall kernel incorporates two components: one describing ionising
radiation transport and dose deposition, and the other describing the spreading of
optical photons passing through the phosphor screen and optical filter. The latter
allowed us to understand and quantify the contribution of optical spreading to the .
overall blurring process, and more importantly, to demonstrate its impact on fluence
profile recovery. We measured the line spread function for the EPID, which provided
experimental verification for the Monte Carlo results. Further, we fit analytical forms
to both the overall and optical blur kernels, in order to facilitate the work of others

having an interest in deconvolving EPID images. Finally, we were able to quantify -
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and compare the accuracy of fluence profile recovery using blur kernels obtained

through a variety of means.

An accurate dose calibration curve is necessary when the EPID is used for
dosimetric purposes. Other authors have shown that in open fields, where there is
little change in the incident photon spectrum, the relation between pixel values and
ion chamber readings obtained at a given spatial location is very linear.!” The present
work demonstrates that pixel calibration factors can vary by over 8% from their open
field counterparts when a 6 MV beam spectrum is hardened by passage through steel
shot compensator material. A Monte Carlo investigation of this phenomenon
confirmed our suspicion that the discrepancy was due to an increase in the dose
response of the integral phosphor screen to lower energy (< 1 MeV) photons.

Further, the Monte Carlo simulations suggested that an external copper plate could be
used to pre-filter the low energy photons and thereby reduce large shifts in the low
energy components of the spectrum that result from beam hardening. This would
then produce a more uniform response in measurement situations involving changes
to the open field spectrum. This copper plate would be significantly larger than a
standard internal copper plate (0.5-1.0 cm versus 0.1 cm). This was verified -+
experimentally, as we were able to generate dose calibration curves with substantially
reduced differences between open and attenuated field pixel calibration factors.
Images of a standard QA phantom demonstrated that adding the external copper plate

did however have the disadvantage of reducing the CNR and relative MTF.
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Because of its availability at our centre and large installed commercial base,
the aS500 was a natural choice of a-Si EPID to investigate. As discussed in Chapter
4, it was deemed important to focus on a specific EPID model rather than work with a
generic detector. Nevertheless many of the findings in the present ;;vork can be
logically translated to other a-Si EPID models. For example, the variation in EPID
pixel calibration factors associated with beam hardening was found to be a property
of the high-Z Gd,0,S:Tb screen, and therefore is likely to be observed to a greater or

lesser extent in all a-Si EPIDs incorporating a similar screen.

The work presented herein essentially takes an existing 2D MV imaging
technology, identifies and quantifies its specific limitations for dose measurement
purposes, and through an in-depth study of the underlying physics suggests means by
which those limitations may in large part be overcome. In doing so the present work
provides demonstrated concepts and techniques to improve 2D clinical dose

measurement with an a-Si EPID in radiotherapy.

6.2 FUTURE DIRECTIONS =
At the conclusion of the present work the field of portal dosimetry finds itself
at an exciting stage. Both the technology and body of knowledge have matured to a
point where applications such as 2D and 3D pre-treatment field verification are now
possible.!”® Portal images can be accurately predicted using Monte Carlo

techniques,” based on the phase space of particles exiting the treatment headofa
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linac, and compared with measured images. The natural progression after verifying
the energy fluence distribution for an open field is to verify the distribution after

transmission through a patient.

With the onset of Monte Carlo treatment planning®®, it will become possible
to obtain a prediction of transmitted fluence for individual patients. The
corresponding measurement of this fluence via EPID imaging can be used to identify
discrepancies between the dose planned and the dose delivered. IfakV orMV CT
dataset of the patient in treatment position is available, the primary fluence could be
extracted and back-projected through the patient to estimate the 3D distribution of
dose accumulated in the patient.” Furthermore, this could be done separately for each
treatment fraction, which would ailow archival of the dose delivered throughout the
treatment. Such measurement-based dose monitoring would provide opportunities to
modify the dose delivery in order to boost areas where dose is not accumulating as
specified by the treatment plan, or to reduce any excessive dose that may be
accumulating in organs at risk.

- It should also be mentioned that a good deal of the methodology employed in
the present work is applicable to other digital MV imaging technologies. For
example, the computed radiography (CR) plate is another replacement for film that
contains a photostimulable phosphor such as BaFBr:Eu.!%!! The phosphor traps
excited electrons in metastable states, which then emit optical light when the plate is

scanned with a laser. A photodetector can be used to read the emissions and generate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



178

a digital image. The advantage of these plates is that they are portable and reusable.
In many ways they behave similarly to an a-Si EPID, and so can also potentially be
used for dosimetric purposes. As with the present EPID work, Monte Carlo
modelling will allow investigators to simulate the response of the phosphor under a

variety of irradiation conditions.

It is very likely that forthcoming advances in portal dosimetry will have a
significant impact on radiotherapy. Ultimately, such work will lead to improvements
in the radiotherapy process by allowing a measurement-based estimate of the dose
that accumulates in a patient to be obtained, thereby enabling refinements in dose
delivery leading in turn to improved outcomes for cancer patients treated with

radiotherapy.
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