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ABSTRACT

Radiation therapy is continuously increasing in complexity due to technological
innovation in delivery techniques, necessitating thorough dosimetric verification.
Comparing accurately predicted portal dose images to measured images obtained during
patient treatment can determine if a particular treatment was delivered correctly. The goal
of this thesis was to create a method to predict portal dose images that was versatile and
accurate enough to use in a clinical setting. All measured images in this work were
obtained with an amorphous silicon electronic portal imaging device (a-Si EPID), but the
technique is applicable to any planar imager.

A detailed, physics-motivated fluence model was developed to characterize fluence
exiting the linear accelerator head. The model was further refined using results from
Monte Carlo simulations and schematics of the linear accelerator. The fluence incident on
the EPID was converted to a portal dose image through a superposition of Monte Carlogenerated, monoenergetic dose kernels specific to the a-Si EPID. Predictions of clinical
IMRT fields with no patient present agreed with measured portal dose images within 3%
and 3 mm.

The dose kernels were applied ignoring the geometrically divergent nature of incident
fluence on the EPID. A computational investigation into this parallel dose kernel
assumption determined its validity under clinically relevant situations.
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Introducing a patient or phantom into the beam required the portal image prediction
algorithm to account for patient scatter and attenuation. Primary fluence was calculated
by attenuating raylines cast through the patient CT dataset, while scatter fluence was
determined through the superposition of pre-calculated scatter fluence kernels. Total dose
in the EPID was calculated by convolving the total predicted incident fluence with the
EPID-specific dose kernels. The algorithm was tested on water slabs with square fields,
agreeing with measurement within 3% and 3 mm. The method was then applied to five
prostate and six head-and-neck IMRT treatment courses (~1900 clinical images).
Deviations between the predicted and measured images were quantified.

The portal dose image prediction model developed in this thesis work has been shown to
be accurate, and it was demonstrated to be able to verify patients’ delivered radiation
treatments.
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CONTRIBUTION TO SCIENCE

In this section, a chapter-by-chapter summary of this thesis’ contributions to science is
presented.

In previous works by other researchers, the assumption of a parallel incident beam for
patient dose calculation was examined and found to have a clinically insignificant effect,
thus allowing the use of much faster calculation techniques. In this thesis’ Chapter Three,
the effect of the practice of using parallel dose kernels in portal dose calculation was
examined for the first time. Similar to patient dose calculation, it was found that applying
the dose kernels in a parallel geometry did not introduce clinically significant error into
the EPID dose calculation.

In Chapter Four, a comprehensive fluence model for portal dose image prediction was
created. This physics-based method was originally modeled on the Pinnacle Treatment
Planning System’s (TPS) fluence model. This model was found modified to improve
accuracy when determining dose images of square and IMRT fields. This was achieved
by adapting the model to use a Gaussian-like extrafocal function (rather than a Gaussian
extrafocal function used in the Pinnacle treatment planning system) and a constant
extrafocal spectrum (rather than a spectrum that softened off-axis as dictated by the
softening of the focal photons). These modifications were driven by results of Monte
Carlo simulations of the linac fluence and portal dose image prediction process. The
determination of the new parameters were calculated by exploiting Monte Carlo
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simulation results. The portal dose image for IMRT fields without a patient or phantom in
the beam were then accurately predicted.

In Chapter Five, the fluence model was further developed with the explicit modeling of
two effects determined by other researchers (the asymmetric backscatter created by the
EPID arm and the optical glare effect) and accounted for according to research by
Rowshanfarzad et al. (2010) and Kirkby et al. (2005). These effects were previously
modeled implicitly in the Monte Carlo dose kernel generation. Additional modifications
determined by our research group included the use of manufacturer schematics for the
MLC design, and Monte Carlo to determine the initial energy fluence profiles. These
changes greatly reduced the number of variable parameters in the prediction model,
thereby reducing the potential for errors in parameter determination, while
simultaneously improving achievable accuracy. Using the manufacturer schematics and
accounting for the asymmetry of the backscatter effect improved the accuracy of the
algorithm by up to 6% for some fields.

Also in Chapter Five, we further developed the patient scatter model using scatter fluence
kernels based on the earlier work of McCurdy and Pistorius (2000, 2001). In the current
work, the patient scatter fluence kernels generated using Monte Carlo were recalculated
using the latest versions of BEAMnrc and EGSnrc (several significant version upgrades
from the EGS4 package used in the earlier work). The “NRC” versions of the EGS code
improves on the accuracy of the electron dose deposition calculation. This increase in
code accuracy inherently increases the accuracy of the scatter fluence kernels used to

xvi

determine the patient scatter incident on the EPID. Employing the energy spectra
particular to the linac used during measured image acquisition, as calculated by
BEAMnrc, to simulate the patient scatter kernels is also improves accuracy over the
spectra determined by Mohan (1985). Importantly, this is the first work combining a
calculated fluence model, rather than measured fluences, with a patient scatter model to
determine dose delivered to an EPID.

Chapter Six uses the new portal dose image prediction model to predict patient treatment
images in order to dosimetrically verify patient IMRT treatments. This is one of the few
examples in the literature where patients are followed throughout their entire treatment
course. This work is also the first time the developed patient scatter model method was
applied to actual patient CT data to verify complex IMRT treatments in a clinical setting.
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CHAPTER ONE: RATIONALE

1.1 OVERVIEW OF RADIATION THERAPY
Approximately 60% of all patients diagnosed with cancer will receive radiotherapy as a
component of their treatment [1]. The other main methods used to treat cancer are
surgery and chemotherapy. A combination of these treatments, as dictated by the
diagnosis and the medical condition of the patient, is typically used to attempt to control
the tumour without damaging the rest of the body. Surgery and radiation therapy
treatments focus on local control of the cancer, while chemotherapy acts systemically to
treat disease that may have spread to other areas in the body. The radiation damage
inflicted on the malignant cells inhibits their reproduction and controls the tumour.
Unfortunately, normal tissues are also harmed by radiation. Therefore, the objective of
radiation therapy is to maximize and localize the dose to the tumour to destroy it, while
minimizing the dose to the normal tissues to limit complications. The total treatment
typically takes place over a period of about five to eight weeks, with a small amount of
radiation dose (typically 1.8-2.0 Gy) delivered during each treatment session, or
“fraction”.

In order to effectively control the tumour, accurate radiotherapy treatment planning and
delivery is required. Prior to the 1970s, patient treatments were planned using external
body contours (to obtain the patients’ shape and size) and two-dimensional imaging
techniques (planar radiography). The patient was assumed to be composed purely of
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homogenous water and charts of isodose distributions measured in water were used to
plan the treatment. During the 1970s and 1980s, the development of computed
tomography (CT) and magnetic resonance imaging (MRI), aided by advances in
computer technology, provided the ability to acquire three-dimensional imaging data sets
of individual patients. The CT and MRI data allowed the tumour and organs-at-risk
(OARs) to be delineated in three-dimensions, with the MRI data providing better contrast
of soft tissues and the CT data providing superior visualization of bony anatomy.
Furthermore, the CT data could be converted into an electron density map of the patient,
and then used in treatment planning to calculate the dose delivered. Treatments were not
simply planned on blocks of homogeneous water anymore, but customized on real
patients with individualized body compositions. This marked the start of threedimensional conformal radiation therapy (3D-CRT), where the treatment beams
(typically numbering from two to six) were collimated to the shape of the tumour. This
beam collimation shapes the delivered fluence and therefore the delivered dose to the
treatment volume – limiting the dose to the normal tissues to create a “conformal” dose
distribution surrounding the target (tumour). Hence, the descriptive name of ‘3D
conformal therapy’. A customized patient treatment plan can be designed and calculated
by using dedicated computer software known as a treatment planning system (TPS).
Beam modifying devices such as wedges or tissue compensators can be inserted to
compensate for patient shape with the goal of delivering a uniform, conformal dose to the
tumour. The customized treatment plans are developed by trained technologists known as
‘treatment planners’ or ‘dosimetrists’.
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Intensity-modulated radiation therapy (IMRT) was conceived of in the 1980s [2,3],
developed in the 1990s [4-8] and widely implemented in industrial nations in the 2000s.
IMRT uses several beams of complex photon fluence patterns at various gantry angles to
achieve an even more conformal dose distribution as compared to 3D-CRT. Multi-leaf
collimators (MLCs) are still used to shape the beam to a fine precision and were initially
used in 3D-CRT treatments as an automated replacement for labour-intensive,
collimating blocks fabricated from lead alloy. Eventually the MLCs were utilized for
IMRT delivery, with the leaves forming multiple small fields during irradiation to create
a complicated fluence pattern delivered to the patient. Contours of the tumour and OARs
on the patient’s CT dataset, as delineated by the radiation oncologists and combined with
dose objectives and/or constraints fore each structure, are used as inputs into the TPS’
IMRT optimization algorithm. The optimization algorithm then calculates the optimal
fluence distributions required to satisfy the dose objectives and constraints. This typically
involves a gradient-descent style optimization algorithm to minimize an objective
function created based on the dose objective/constraint inputs. The treatment fields
typically contain high dose gradients to deliver a dose pattern in the patient which
conforms to the shape of the target, giving rise to the importance of patient positioning
for accurate delivery. IMRT fields are non-intuitive compared to those in 3D-CRT, and
the complexity of the technique has driven clinics to adopt more detailed treatment
verification methods. Recently, rotational IMRT has been introduced into the clinic,
adding a further degree of complexity during treatment – IMRT fields are delivered while
the gantry is rotating around the patient, combined with modulation of the dose rate and
gantry speed.
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1.2 DOSIMETRIC ACCURACY
Sources of uncertainty in radiation therapy are classified in two groups – Type A and
Type B [9]. Type A uncertainties are estimated from statistical analysis of repeated
experiments, with a standard deviation assigned. An example of a Type A uncertainty
would be patient setup during a treatment course. Type B uncertainties can be determined
by methods other than statistical analysis and the errors are limited to a certain range. An
example of a type B uncertainty would be an error in the dose calibration of a linac. All
individual uncertainties are added in quadrature to obtain the total uncertainty.

The International Commission on Radiation Units and Measurements (ICRU) states a
maximum acceptable dose uncertainty in radiation therapy delivery is ± 5% and is based
upon what was realistically achievable during treatment (i.e. the minimum uncertainty in
linac output and patient setup) and what was most effective (i.e. the reduction of tumour
recurrence and normal tissue complications) [10]. Clinically, dose errors of at least 7%
have been detected [11]. One clinical example involved the results of a study that was
carried out to examine the difference between treating tonsillar carcinoma with photons
and electrons [11]. The fractionation schedule and dose delivered was identical in both
cases, but there was less tumour regression in the patients treated with the electrons. A
new calibration of the photon and electron dosimetry showed that, previously, an
erroneous calibration of the electrons resulted in a 7% lower dose in comparison to the
photons. In another example, gynecological patients were observed to have severe skin
reactions and diarrhea following treatment [11]. The cause was determined to be an
underestimation of calibration factors in a photon treatment that resulted in a 7-10 %
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overdose. In this case, 50 patients out of a total of 88 were overdosed before the error was
detected.

The effect of dose on both the tumour and normal tissues can be approximated as a
sigmoid shaped curve obtained from both clinical and radiobiological observations (see
Figure 1.1). The tumour control probability (TCP) and normal tissue complication
probability (NTCP) can be used to determine prescription dose and dose limits,
respectively. The TCP is the probability of tumour control, while NTCP is the probability
of tissue complication, each for a given dose. For a treatment to be successful, one needs
to treat a patient with a dose that maximizes the probability of tumour control and
minimizes the probability of normal tissue complications.
Figure 1.1 [TCP vs. NTCP]: Diagram depicting the relative relationship between
the tumour control probability (TCP) and the normal tissue complication
probability (NTCP).

1

TCP
Probability

NTCP

0

Dose (arbitrary units)
5

Estimates of acceptable uncertainties may be obtained by analyzing the slope of the doseeffect curves. The relative steepness of an individual TCP curve is stated as ǻ50/75,
which is an increase in percent dose to improve tumour control probability from 50 to
75%. A steep curve results in a small value of ǻ50/75, i.e. a small increase in dose leads
to a large increase in tumour control probability. A similar value is determined to
measure the steepness of an NTCP curve and is referred to by ǻ25/50 – the percent
increase in dose that results in an increase in normal tissue complication probability from
25 to 50%. A normal tissue that has a small value of ǻ25/50 is more sensitive to an
increase in dose than one that has a large value of ǻ25/50. Studies of the ǻ25/50 and
ǻ50/75 show that a maximum dose uncertainty of ± 3.5% maximizes tumour control
probability (through the delivery of a large, uniform dose to the tumour) and minimizes
normal tissue complication probability (by limiting the amount of dose delivered to the
normal tissues) [9, 12].

Other studies concerning radiobiological modeling have obtained similar maximum
uncertainties. For example, Brahme used the results of the linear quadratic model to
determine that the uncertainty in the tumour dose must be limited to 5% in low-gradient
regions and 3% in high gradient regions to ensure adequate tumour control [13]. Boyer
and Schultheiss calculated theoretically that a 1% increase in dosimetric accuracy could
increase the cure rate of early stage cancers by 2% [14].

It has been stated that currently the maximum achievable uncertainty (including patient
positioning uncertainty, CT data, beam stability and consistency, dose calibration and
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dose calculation) is approximately 5%. However, in the future, it is expected that a 3%
overall uncertainty will be achievable [11].

1.3 RADIATION THERAPY ACCIDENTS
There have been a number of radiation therapy accidents that could have been prevented
or detected sooner if dosimetric verification had taken place during a patient’s treatment.
Two incidents in the 1960s and 1970s (described in section 1.2) that helped outline the
clinical dose uncertainty limit for tumour control and normal tissue tolerance were both
due to calibration errors. Other examples include plan errors due to software or data
transfer malfunctions. The use of incorrect decay curves of Co-60 to calibrate a
teletherapy unit, in which the calculated decay of the source was more rapid than the
actual decay, caused overdoses to 426 patients [15]. The Therac-25 linear accelerators
that were developed by the Atomic Energy Commission Limited (AECL) for therapy
caused at least six accidents between 1985 and 1987. A combination of multiple software
malfunctions and a lack of hardware safety interlocks caused the linac to massively
overdose patients – resulting in serious injuries and 3 documented deaths [16].

Therapy accidents still happen today in spite of the addition of significant safety
monitoring hardware and software (e.g. monitor unit chambers, record and verify
software) over the past two decades. In 2001, a linear accelerator in Poland overdosed 5
patients undergoing breast radiation therapy, causing all five to require skin grafts [17].
In 2005 in New York, NY, a computer crash that occurred during planning resulted in the
MLC positions not being saved for an IMRT treatment of a tongue patient. Three
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fractions of the IMRT treatment were delivered with the MLCs parked – no beam
modulation was performed for any gantry angle and the patient died as a result of the
significant overdose [18]. In Scotland in 2006, a 15-year old girl received an overdose
of 58% because of an erroneous monitor unit value in her treatment plan that was not
detected until 19 out of 20 fractions were delivered. She passed away as a result of the
overdose [19, 20].

Stereotactic radiation therapy delivers a very high dose of radiation to a tumour, in fact
much higher than conventional, external beam radiation therapy, with a high degree of
precision. Typically, the number of fractions is also reduced in comparison with
conventional radiotherapy. With the increased dose for any individual fraction, it is much
more important for every individual fraction to be accurate. In February of 2010, a
hospital in Missouri announced that half of its stereotactic patients were overdosed by
approximately 50% due to a mistake in commissioning [21].

Accidents like those mentioned above could have been prevented by using dosimetric
verification during patient treatment. Even with pretreatment verification of complicated
plans, there remains the potential for inadvertent plan changes occurring after the patient
plan has been dosimetrically verified. Patient weight loss or organ motion could also
result in incorrect doses being delivered to the patient. Dosimetric verification of patient
delivery is the only way to ensure that the correct dose was delivered to the correct
volume of the patient.
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1.4

DOSIMETRIC

VERIFICATION

FOR

RADIATION

THERAPY

TREATMENTS
Radiation therapy treatments have evolved into complex techniques that are oftentimes
non-intuitive. Technology is constantly being improved or changed, so new treatment
techniques are often being introduced into the clinic. Dosimetric verification carried out
during patient treatments can ensure the accuracy of the entire patient treatment process
and would be able to catch significant errors immediately [20, 22]. It is apparent from the
above discussion that verification of patient treatment dosimetry is necessary and a very
worthy objective.

1.5 HYPOTHESIS
Can the image formation of an amorphous-silicon electronic portal imaging device be
modeled within 3%, 3 accuracy for radiation therapy treatments, including IMRT?
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CHAPTER TWO: INTRODUCTION

As described in Chapter One, external beam radiation therapy is a complex process where
dosimetric accuracy will influence a patient’s outcome. The following sections describe
how the treatment is modeled or simulated in a treatment planning system and how the
treatment is dosimetrically verified and with which devices. Monte Carlo simulation for
dose calculation will also be discussed. This chapter also reviews previous work
concerning electronic portal imaging devices (EPIDs) as dosimetric verification tools.

2.1 BEAM MODELING (FOR TREATMENT SIMULATION)
Modern external beam radiation therapy requires extensive and accurate modeling of the
radiation that is used to treat patients, in order to plan the customized treatments in the
treatment planning system (TPS). An understanding of the linear accelerator head
components and its radiation sources, as well as beam characteristics (such as “horns”
and off-axis energy spectra softening), is essential in the creation of a portal dose image
prediction model, despite whether the effects of the beam are explicitly or empirically
modeled. The following sections describe the linear accelerator head components, how
the components influence the beam and how these effects are modeled. Monte Carlo
simulation as a tool for beam simulation and radiation transport is also described.
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2.1.1 The linear accelerator
Clinical linear accelerators possess multiple systems to create the x-ray photon radiation,
and to control and conform the radiation to a particular volume, in order to treat patients
(see Figure 2.1). A high-energy electron beam is incident upon a target, typically a
tungsten alloy, and when an electron decelerates within the target due to collisions with
the atomic nuclei, the electron loses kinetic energy. A portion of the energy lost is
converted to a spectrum of x-ray photons with a maximum energy equal to the incident
energy of the electron beam. The photon beam generated in this manner is described as a
bremsstrahlung beam (“braking radiation”); the typical spectrum of photon energies used
for treatment ranges from 4 MV to 24 MV. CancerCare Manitoba currently uses a 6 MV
spectrum for all IMRT treatments.
Figure 2.1 [Linear Accelerator Head]: Schematic of linear accelerator head with the
main components identified. Note the rounded leaf-tips of the multileaf collimator
(MLC).
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Immediately below the target is the primary collimator, which is typically constructed of
thick lead. The primary collimator serves to block scattered photons and electrons
emanating from the target in directions away from the patient, thus ensuring the beam is
composed of forward-directed photons that will be used for the treatment. The interior
cross-section shape of the collimator is a cone opening towards the patient, accounting
for the inherently divergent nature of the beam emanating from the nearly point source at
the target.

A flattening filter is used to ensure that the photon fluence exiting the linear accelerator
treatment head will have a uniform intensity, giving a flat dose profile measured at depth
in water. The flattening filter is generally cone-shaped in order to preferentially attenuate
the photons on the central axis to obtain the flat profile. Without this, the dose profiles are
significantly peaked at the central axis, due to the forward-directed bremsstrahlung
photons [1]. Specifically, for a 6 MV beam, the differential attenuation through the
flattening filter impacts the x-ray spectrum, creating an increasing proportion of lower
energy photons as one moves off-axis (i.e. softening the energy spectrum). Conversely,
the central axis photons are of a higher mean energy, with the thickest part of the
flattening filter creating a significant hardening of the spectrum. The resulting fluence
profile exiting the flattening filter is not perfectly flat but rather increases as one moves
off-axis. This results in beam “horns” in the measured profiles at shallow depths (see
Figure 2.2). However, due to the softer energy spectrum off-axis resulting in an increased
rate of attenuation, these beam horns flatten out at depth in water. Typically, the
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flattening filter is designed to provide a flat beam profile at about 10 cm depth in water
(see Figure 2.2).
Figure 2.2 [Water Tank Profiles]: Profiles of a 6MV, 20x20 cm2 photon field,
obtained with measurement in a water tank with depth. Note the beam "horns"
towards the edges of the profiles for the 1.6 cm (black) and 5.0 cm (red) depths. The
10 cm (green) profile demonstrates the "flattening" of the profile due to the
flattening filter.
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The primary collimator and flattening filter do not change for individual patient
treatments, although there are specific flattening filters and targets for each of the
available beam energies on a linear accelerator. The customization of treatments for
individual patients is achieved through secondary collimators (jaws) and a multileaf
collimator (MLC). The secondary collimators are able to shape the beam into squares or
rectangles of various sizes. The MLC is composed of many narrow “fingers” or “leaves”
of tungsten that are moved by a dedicated electric motor under computer control. This is
the main component that conforms the beam to the tumour volume and also modulates
the fluence allowing for complex fluence delivery. The MLC design is dependent on
manufacturer, but individual leaf widths are usually 0.5 cm or 1.0 cm, with a set of 27 to
60 leaf-pairs (up to 120 leaves total) used to shape the beam. The MLC is made from
tungsten alloy and are several centimeters thick in the direction of the beam
(approximately 6.8 to 7.5 cm).

2.1.2 The dual source model for fluence exiting the treatment head
In order to accurately plan patient treatments and calculate dose distributions, the fluence
exiting the linear accelerator head must also be accurately modeled. With the multitude of
linac head components, complex geometry and the probabilistic nature of photon
interactions, highly accurate calculation of the fluence is possible only with timeintensive Monte Carlo simulation. Physically-based models [2-8] have been created to
approximate both the focal source (non-interacting photons directly from the target) and
the extrafocal sources (photons from the target that have scattered off other linac head
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components, which accounts for about 10% of the total radiation incident on the patient
[8]).

Work by Jaffray et al. [7] investigated the shape and size of the x-ray source for nine
clinical linacs, defining the total x-ray source incident on the patient as separate focal
radiation and extrafocal radiation sources. The results led to a hypothesis that the total xray source should be modeled as a focal source that is the “high-intensity, field sizeindependent component” and an extrafocal source that has a “low-intensity, field sizedependent component” to improve the calculation accuracy of treatment planning
systems [7].

The specifics of the dual-source model were further explored in the work of Sharpe et al.
[8] (See Figure 2.3). The focal source was assumed to be a distribution with a FWHM
(full-width at half-maximum of about 1 to 2 mm, taken from the work by Jaffray et al.
[7]. The beam profile horns created by attenuation in the flattening filter were modeled as
a radially symmetric distribution about the central axis. The extrafocal source was
measured with a diode at a large distance (245 cm) using collimators with diameters
ranging from 5.3 to 22.9 mm. An increase in extrafocal radiation was detected as the
aperture of the collimator became larger. Using the measured data, a flexible extrafocal
source model was created that enabled dose calculation in air and water for various field
sizes. The amount of extrafocal radiation contributing to each calculation point was
determined by backprojecting through the field-defining collimators from the point of
interest to the position of the extrafocal source plane (see Figure 2.3). The extrafocal
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source was assumed to be at the position of the flattening filter since that component
provides the majority of scattered photons in comparison to all other components of the
treatment head. The photon spectrum used was that determined by Mohan et al. [9]. Dose
profiles and dose-per-monitor-unit calibration factors were calculated with the
convolution/superposition dose calculation method for various field sizes, with and
without the extrafocal source model. The convolution/superposition method involves the
convolution of terma with a spatially invariant dose deposition kernel and the
superposition with a kernel that is influenced by regional changes in the primary fluence
(changes in spectra) or variations in scattering due to patient geometry [10, 11]. The
measured values matched closely to the calculation including the extrafocal source
model, particularly in the beam penumbra area. Previously, the beam penumbra was
empirically fit to measured data [12], but the dual-source model was now able to predict
it.
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Figure 2.3 [Dual Source Model]: Dual source model with a narrow focal source and
broad extrafocal source. When determining the extrafocal contribution at a
particular point in the calculation plane, the field aperture is back-projected from
the point of interest to the position of the extrafocal source. (Reprinted from Sharpe
et al. [8] with permission granted by the American Association of Physicists in
Medicine (AAPM) on July 19, 2011.)

18

2.1.3 Pinnacle Treatment Planning System
The Pinnacle Treatment Planning System (TPS) was developed by Philips Medical
Systems to plan patient radiation treatments and calculate dose distributions in the patient
[13]. The dose calculation mechanism in Pinnacle is mainly based on the work of Mackie
et al. [10, 14-16], Ahnesjo [16] and Papanikolaou [11]. The fluence modeling is based on
work from a variety of sources including Ahnesjo [2], Mohan et al.[9] and Graves et al.
[17] Although the Pinnacle manual [13] does not reference Jaffray et al. [7] or Sharpe et
al. [8], there are many similarities between their methods and the Pinnacle fluence model.
The Pinnacle TPS is versatile and can be commissioned for a variety of linear
accelerators.

The focal fluence source is modeled as a narrow Gaussian function with an adjustable
FWHM, typically on the order of 1 to 2 mm. The extrafocal source is also modeled as a
Gaussian function with an adjustable FWHM, but typically using a wider FWHM of
several centimeters. The maximum height of the extrafocal Gaussian function is defined
as the maximum extrafocal proportion possible (i.e. for the largest field size possible – a
40x40 cm2 field) and is also adjustable. For all other field sizes, the proportion of
extrafocal fluence is relative to the maximum extrafocal fluence proportion, based on
field area. The extrafocal height represents the maximum amount of extrafocal radiation
at the central axis (i.e. the amount of extrafocal at isocenter when the jaws are at 40x40
cm2). The extrafocal fluence for every field size is relative to this maximum extrafocal
fluence. The extrafocal fluence for each particular point in the dose calculation plane is
determined by backprojecting through the collimators to the extrafocal source typically
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placed at the flattening filter position. Both the width and height of the extrafocal source
function influences the out-of-field characteristics of calculated dose profiles. The model
prediction of dose in water is compared to measured dose profiles and depth-dose curves
in a water tank; adjustments in the FWHM and extrafocal height can be made so the
prediction will better match the shoulder and tail regions of the profiles. The energy
spectrum of the incident fluence is adjusted by comparing measured depth dose curves in
a tank of water to the calculated depth dose curves. The proportion of photons in each
energy bin is adjusted until the calculated depth dose matches the measured. Note that the
energy spectrum is due to the combined focal and extrafocal fluences.

Additional parameters are required to more fully model the effects of the flattening filter.
First, the decrease in photon attenuation as one moves off-axis is modeled by a userdefined, radially symmetric profile similar in shape to an inverted cone to represent the
incident focal fluence. This serves to modify the shape of the dose profiles at depth in a
water phantom. The user-defined profile is radially symmetric, reflecting the symmetry
of the flattening filter about the beam’s central axis. The off-axis softening in the energy
spectrum is modeled by an equation that softens the central axis energy spectrum as a
function of radius. The parameters used in the equation are dependent on the maximum
energy of the central axis spectrum (Emax), the energy of the individual bins (Ei) and the
weighting of each bin (Wi) on the central axis, the off-axis angle from the radiation
source (θ) and an adjustable off-axis softening parameter (OAS). The new weighting of
the energy bin (W’i) at a particular angle is then:
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Both the off-axis softening and the incident fluence profile are adjusted by matching the
in-field region of dose profiles for various field sizes and depths.

The transmission through the jaws is handled as a single transmission factor that is
compared to the dose profile outside the field [13]. The MLC modeling is more
complicated as their design is much more complex than the jaws. The MLC transmission
is handled as a single transmission factor directly under the leaf. The MLC’s rounded
leaf-tip (see Figure 2.1) is approximated by a circle of user-defined radius and is adjusted
to match to the penumbra region of dose profiles [13]. The TPS raytraces through the
leaf-tip to calculate the transmission relative to the full MLC transmission in order to
obtain a more accurate penumbra match. Narrow regions in-between the individual leaves
exhibit a higher transmission than in the middle of the leaf, an effect referred to as
interleaf leakage and minimized by the tongue and groove design in the profiles of the
leaf sides, designed to provide overlapping volumes of leaf collimation (see Figure 2.4).
The “tongue-and-groove effect” is an area of underdosage that occurs between adjacent
leaf pairs when a tongue and a groove alternately define the field edges of added fields
(see Figure 2.5). The tongue-and-groove width parameter in Pinnacle is the section of the
MLC that attenuates through half of the leaf thickness. If the width parameter is
increased, the penumbra region widens; if it’s decreased, the penumbra region narrows.
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Figure 2.4 [MLC design]: An image of adjacent leaves of the multileaf collimator
edge-on, parallel to the direction of the beam. The adjacent leaves fit together via
the tongue and groove, with the region in-between the leaves being where the
interleaf leakage originates.
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Figure 2.5 [Tongue-and-Groove Effect]: The tongue-and-groove effect is described
in this figure. A circular aperture can be achieved by creating two segments with the
MLCs. The regions where the tongues and grooves overlie one another are found in
the bottom left of the figure. Examining the profile taken across the position of the
arrowns, there is approximately a 30% fluence reduction in the areas where the
segments overlap. This results in about a 15% dose reduction, taking into account
blurring attributed to the lateral scatter of photons. (Adapted figure reprinted from
“Seminars in Radiation Oncology, Volume 5, Issue 2, R. Mohan, Field shaping for
three-dimensional conformal radiation therapy and multileaf collimation, pages 86-99,
1995” with permission from Elsevier granted on June 30, 2011 [18].)
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2.1.4 Monte Carlo Simulation and EGSnrc
The gold standard in radiation transport calculations is the Monte Carlo simulation
technique [19]. Monte Carlo simulation requires repeated sampling of random numbers in
order to describe stochastic processes. This technique is useful in beam modeling and
treatment planning applications. Monte Carlo simulation is desirable because it is
versatile and able to accurately determine dose distributions in nearly any situation.
When Monte Carlo techniques were first used to simulate radiation transport, only simple
scenarios were possible (e.g. a point source incident on a homogenous slab phantom). As
computing power increased, more complex situations could be simulated; presently,
Monte Carlo simulation can be used for patient-specific treatment planning [20, 21]. The
drawback of Monte Carlo simulations for most clinically relevant radiation transport is
that they take a great deal of time if a high degree of accuracy is required.

There are multiple families of codes that are used to simulate external beam radiation
therapy: EGS, MCNP, PENELOPE, GEANT. The most commonly used code in the
radiotherapy community is based on EGS4 (Electron Gamma Shower 4) [22]. EGS4 was
initially used to simulate the high energy linear accelerator at SLAC (Stanford Linear
Accelerator Center), but Kawarakow et al. [23], Rogers et al. [24] and others [14, 25] at
the National Research Council of Canada in the Ionizing Radiation Standards laboratory
have customized EGS4 for improved accuracy in the therapeutic and diagnostic energy
ranges and renamed the code EGSnrc. The EGSnrc family of codes specifically handles
many applications in radiation therapy, including clinical linear accelerators, phantoms,
patients (as represented by CT data sets) and ionization chambers.
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2.1.4.i BEAMnrc, DOSXYZnrc, DOSRZnrc and other software related to EGSnrc
BEAMnrc is a software package that utilizes EGSnrc code to simulate individual
components in the linear accelerator head and allows combining the components into a
complete description [24]. All head components (complete with dimensions and
composition) are created using the manufacturer’s design and blueprints. Various
component modules are available to describe a wide variety of geometries, such as
SLABS (models a series of slabs or a single slab, like the target), CONESTAK (models a
series of cones or cylinders), FLATFILT (handles the complex schematics of a flattening
filter and is similar to CONESTAK), JAWS (models secondary collimators),
DYNVMLC (models the complex Varian MLCs used in IMRT delivery) and others.

The probability of photon interaction is dictated by the linear attenuation coefficient (or
interaction cross-section), which is dependent on the properties of the material and
energy of the photon. This attenuation information is generated and saved in a look-up
file using PEGS4 (Preprocessor for EGS4) [23]. Data about the material (whether it is an
element, compound or mixture; atomic composition; etc.) is entered into the program and
a series of photon cross-sections for a range of energies is created. The random numbers
are sampled against the cross-sections, determining whether the photon will interact in
the material, and by what type of interaction. (See Section 8.2 in the Appendix for a more
detailed discussion on Monte Carlo simulation.) Compton scattering, pair production,
photoelectric effect and Rayleigh scattering are all simulated in BEAMnrc, with all the
relevant interaction cross-sections contained in the PEGS4 data file. After the photon
interacts, the resulting particles (e.g. scattered photon and electrons) will also be tracked,
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with the scattered photon able to interact again according to the cross-sections valid for
its energy. Any electrons created will slowly lose kinetic energy while depositing dose in
the medium. BEAMnrc is also able to simulate electron interactions including the
bremsstrahlung creation process, in order to fully simulate radiation transport in the
variety of materials used in radiotherapy including the linear accelerator and
patients/phantoms. PEGS4 data files also include bremsstrahlung production crosssections.

The output of a BEAMnrc simulation is a phase-space file that contains all the
information describing the photons and charged particles crossing a user-specified plane.
This file can be analyzed to determine fluence exiting the linear accelerator through the
phase-space file processing algorithm (BEAMdp) or through in-house software. The
phase-space file can also be used as input into other EGS family codes to determine dose
delivered to a specific object (detector, phantom, patient CT).

DOSXYZnrc and DOSRZnrc are EGSnrc user-codes and are designed to calculate dose
delivered to modeled objects in Cartesian and cylindrical coordinates, respectively. The
incident radiation on the modeled object can be an electron beam or photon beam in a
variety of source configurations, or a phase-space file generated by BEAMnrc containing
a mixture of photons and electrons to take into account electron contamination in the
beam.
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2.2 IMRT DOSIMETRY DEVICES
As discussed previously, IMRT treatments involve complex processes that deliver
highly-modulated fluence patterns. In contrast to three-dimensional conformal radiation
therapy (3D-CRT), the fluences of IMRT fields are not easily inferred from the field
aperture. IMRT typically creates steeper dose gradients in the patient and more highly
conformal dose distributions than those achievable with 3D-CRT. Therefore, dosimetric
verification of IMRT fields is even more critical than for 3DCRT fields. The highly
modulated fields make the choice of verification detector more challenging compared to
simpler fluence delivery scenarios. The detector must have a fine spatial resolution to
minimize volume averaging effects, which occurs when the detector’s cross-sectional
area is larger than the field size or dose gradient being measured. Smaller detector sizes
typically exhibit poorer signal-to-noise, though. The detector would ideally exhibit a
linear response for ease of modeling, possess the ability to measure absolute dose, and
have the potential for an integrated dose reading to obtain a cumulative dose for the entire
treatment. A combination of detectors can also be used to satisfy all requirements [26].

IMRT patient-specific dosimetry can be carried out pre-treatment (prior to patient
treatment) or during treatment (in vivo). Currently at CancerCare Manitoba, every IMRT
patient’s plan is verified prior to treatment delivery. A point dose measurement in an
IMRT quality assurance (QA) phantom and one or more two-dimensional film images are
taken for the composite delivery of all beams (usually about 4-9 per patient). The
measurements are then compared, using the γ-evaluation [27], to results obtained from
the TPS, using the QA phantom in place of the patient’s CT dataset for the TPS’s
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calculations and comparisons. Pre-treatment verification measurement may also be
carried out in three dimensions with polymer gel dosimetry devices. Monte Carlo
simulation is being investigated by one group as a replacement for film and point dose
measurements, as Monte Carlo is considered the gold standard for radiotherapy
calculations [28]. This technique would need to be rigorously validated against
measurement for a variety of patient plans before being implemented. The authors
suggested that Monte Carlo simulation be used as a screening tool to mark TPS plans that
do not agree, with measured verification only occurring as a secondary check.

In vivo verification techniques require a measurement obtained during treatment. With
IMRT, array detectors are clearly beneficial as the entire field can be examined. Ion
chamber arrays, such as IBA Dosimetry’s transmission ray detector (Schwarzenbruck,
Germany) and PTW’s DAVID (Freiburg, Germany), could measure the dose entering the
patient and EPIDs [29-35] have been used to measure beams exiting the patient.
Comparisons to calculated or TPS results can be carried out in two and three dimensions.

Every verification technique and IMRT dosimetry device has advantages and
disadvantages. The following sections describe most devices and what aspect of patientspecific IMRT dosimetry they are useful for.

2.2.1 Point measurement devices
Ionization chambers are usually placed inside a water phantom or a specialized IMRT
phantom. Cylindrical ionization chambers are typically used because they possess a
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number of useful qualities for dose measurement: 1) linear response with dose and dose
rate, 2) high stability, 3) directional independence, 4) independence with respect to beam
quality and 5) the ability to calibrate individual chambers to a standard chamber [26].
One drawback of ion chambers is that when using a small chamber, positioning of the
chamber becomes extremely important because a small error in the chamber position can
potentially result in a large error in the dose measurement due to the presence of steep
dose gradients. For this reason, typically one attempts to position ion chambers in
homogeneous dose regions away from areas of steep gradients. Large chambers can also
be problematic due to the influence of partial volume effects.

Solid state dosimeters, like diodes, MOSFETs and diamond detectors, typically have
smaller sensitive volumes than ionization chambers. Their small volume and high
sensitivity to radiation in comparison to ion chambers (20 to 100 times greater) [26] make
solid state dosimeters suitable for IMRT and small-field dosimetry. Diode detectors are
usually used for on-axis field areas but care must be taken when using them for off-axis
areas, since they are more sensitive to low-energy photons (as compared to waterequivalent detectors) due to their higher atomic number material (silicon) [26]. Diodes
often possess a directional dependence (the value of the dose detected can vary by up to
3% for beams perpendicular to the diode as opposed to parallel beams) [21] and can
suffer from irreversible radiation damage, which limits their sensitivity. Metal oxide
semiconductor field effect transistors (MOSFETs) are easy-to-use dosimeters that
possesses a small detector size and a linear response with dose [36]. These detectors
possess a directional dependence as well, with a maximum of 2.5% variation at gantry
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angle 90º, as compared the value obtained at gantry angle 0º [36]. The atomic
composition of diamond detectors is close to tissue-equivalent (carbon), but the physical
density is much greater (3.5 times that of water). Diamond detectors also have less of a
directional dependence (< 1 % for angles ±135º [37]) and a higher resistance to radiation
damage in comparison to diode detectors. Unfortunately, diamond detectors possess a
dose-rate dependence that makes them unsuitable for IMRT dose distributions [26]. Solid
state dosimeters work best as relative dosimeters and as a check to ionization chamber
measurements[26].

Thermoluminescent dosimeters (TLDs) are an integrating dosimeter, commonly
configured in chip, rod or powder form, with an atomic composition close to tissue.
TLDs are very portable and do not need to be connected to a power source during
irradiation. TLDs require a sensitivity calibration with each use due to energy response
variations and their sensitivity decreases over time with use. The achievable accuracy of
TLDs is only about 3-5% with careful use and they should not be used in situations where
a precision better than 3% is needed [26]. The use of TLDs is time- and labour-intensive,
which limits their use to situations where ionization chamber measurements are
unfeasible, such as multiple measurement positions or measurements on the patient skin
surface during treatment.

2.2.2 Two-dimensional tools and devices
Radiographic film is useful in relative IMRT dosimetry and modeling beam penumbra
due to its high spatial resolution. Disadvantages to using radiographic film include
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labour-intensive chemical processing, over-sensitivity to low energy photons (due to
silver halide content in the emulsion layer) and a lack of reliable absolute dosimetry
capability. Radiochromic film differs from radiographic film in that it is nearly tissueequivalent and it does not require development with a chemical processor prior to reading
the image. However, a long time period is required for the radiochromic film to ‘set’ after
irradiation (typically overnight) before readout. Early versions of radiochromic film were
too insensitive to radiation to be used for IMRT measurements. A newer version of
radiochromic film has an improved sensitivity, but pixel-to-pixel noise may limit its
precision, especially in low dose areas [26]. Radiographic and radiochromic film can be
used for absolute dose measurements but their use is challenging and typically results in
large dose uncertainties. Film does work very well for two-dimensional IMRT field
relative dosimetry, can be used for field-by-field verification and when used in
combination with an ion chamber, is effective for absolute dosimetry [26].

Array detectors are attractive for IMRT dosimetry because unlike film, they operate in
real-time, obtaining a two-dimensional image after each field delivery. Diode array
detectors typically have low spatial resolution compared to film – the first commercially
available diode detector array had a resolution of 0.707 cm in a 10x10 cm2 central region,
with a 1.414 cm resolution in the outer areas of the array. Ionization chamber arrays also
typically have a larger pixel size of about 1 cm, but are quite stable (1% within 4 months)
and very linear with dose. Neither type of array detector (diode or ionization chamber) is
suitable for commissioning a linear accelerator that will deliver IMRT treatments due to
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the low spatial resolution, but they are useful for routine quality assurance (QA) checks
[26].

EPIDs, in particular a-Si EPIDs, have been investigated for a variety of IMRT QA
processes including leaf-positioning verification [38, 39], clinical IMRT verification [2935, 40, 41] and radiation vs. light field checks [42]. EPIDs are already available with
most clinical linear accelerators, they operate in real-time (as opposed to film) and they
possess a much finer spatial resolution in comparison to array detectors. A drawback to
using EPIDs are that the only way to obtain a cumulative dose value for an entire
treatment is to carry out a full patient dose reconstruction, for which there currently is no
commercial software available [26]. Other drawbacks are that the EPID cannot be placed
within a phantom (unlike film and ion chambers) and the EPID measures dose to
phosphor instead of dose to water. EPIDs, however, can be used for pretreatment IMRT
field QA and transit dosimetry through a patient or phantom if one compares the
measurement to a predicted EPID image (see Section 2.4 on Portal Dosimetry). At this
time, EPIDs are recommended by AAPM Task Group 120 [26] to be used for individual
field QA once patient IMRT verification is established with an ion chamber and film.

2.2.3 Three-dimensional detectors
Three-dimensional dosimetry comprises techniques that allow a full 3D dose distribution
to be measured. The technique is particularly attractive for the investigation of new
treatment delivery procedures [26]. Original 3D dosimeters were gel-based, leading to the
term “gel-dosimetry”, but there has been development of 3D dosimeters that are plastic
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instead [43, 44]. Currently, 3D dosimetry techniques are typically explored in a research
capacity.

Polymerizing polyacrimide gels (PAGs) contain molecules which polymerize when
exposed to radiation, proportional to the dose accumulated. The gel polymerization
changes other properties, notably the water protons’ magnetic resonance (MR)
characteristics and optical scattering capabilities. A disadvantage to some types of PAGs
is that the gels are susceptible to atmospheric oxygen and need to be manufactured in a
hypoxic environment [45]. Another gel dosimeter was created [46] using a gelled version
of the liquid Fricke dosimeter [47] (a ferrosulphate solution). One drawback to the Fricke
gel dosimeter is that the dose distribution fades with time and must scanned within 2
hours of irradiation [48]. The dose distributions of both PAGs and Fricke gels may be
determined using MR and optical-CT (with a laser replacing the x-ray source) scanning;
IMRT verification with the PAG technique in particular appears promising [49-51].
Currently, the only commercial product capable of 3D dosimetry is one made of
polyacrimide gel (named “BANG” after its component compounds [52]) from MGS
Research Inc. (Madison, CT) [26].

A new polymerizing material has been created for 3D dosimetry: PRESAGE [43, 44].
PRESAGE is composed of a radiochromic plastic and has shown potential as a 3D
dosimeter because the dose response is insensitive to atmospheric oxygen, unlike gel
dosimeters. Also, the polymers absorb light rather than scatter it during optical-CT
scanning, leading to a more accurate dose read-out [53].
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2.3 PORTAL IMAGING
A portal image is a digital or film image created from a field (or “port”) of radiation
exiting the patient. Portal imaging devices were originally used in the clinic to verify
patient set-up, with the images compared to planning images or digitally reconstructed
radiographs from the planning CT data. The patient’s bony anatomy is compared between
the two images to ensure the patient is in the correct position – the planned position. In
addition, portal images of the treatment field may used to verify the aperture shape.

A variety of portal imaging techniques have been used over the years, with the first
widely-adopted approach being film cassettes in the mid-1970s [54]. Although film
creates a portal image with high spatial resolution, it has a few drawbacks. The film
needs to be developed in a chemical film processor unit after every exposure, creating a
time delay between obtaining the set-up image, verifying position and delivering
treatment, adding to the overall patient treatment time. This is undesirable since setup
errors increase the longer the patient remains on the couch [55]. Image contrast is highly
dependent on delivering an appropriate dose to the film, which then depends on the
human operator selecting the appropriate setting on the treatment unit for an estimated
patient thickness. Furthermore, the physical bulk of film poses challenges for long term
storage, recall and reference.

Due to these issues, film for portal imaging has largely been replaced by electronic portal
imaging devices (EPIDs) [54-56]. These devices provide a much faster read-out (realtime or nearly real-time) and allow for the patient to be repositioned more quickly. The
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first generation of commercial EPIDs was either camera-based (Siemens, Elekta/Philips)
or a matrix of liquid ionization chambers (Varian). The second generation of EPIDs
became available in the early 2000s and employ an active matrix flat-panel imager
(AMFPI). This technology is the current standard in the clinic and is available from most
radiation therapy linear accelerator vendor.

2.3.1 Camera-based EPIDs
A prototype for the camera-based EPID dates back to the 1950s [57, 58], but was not
commercially implemented until the 1990’s [59-70], likely due to lack of cost-effective
technology. A metal plate (usually copper), backed with a scintillating screen (usually a
phosphor such as gadolinium oxysulphide) converts incident x-rays to optical photons.
The incident x-rays interact in both the metal plate and the phosphor, creating highenergy electrons that deposit energy in the phosphor. This energy is converted to optical
photons in the phosphor layer, some of which leave the phosphor and are observed by the
camera. Due to the camera being very susceptible to radiation damage, the camera is
positioned outside of the primary beam, usually mounted in a shielded area recessed
within the gantry. Therefore, camera-based systems need one or two mirrors to redirect
the optical photons from the phosphor to the camera. These systems then also require a
light-tight enclosure surrounding the phosphor-mirror-camera components, resulting in a
somewhat cumbersome device. If the camera is analog instead of digital, then the signal
is digitized before recording.
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A weakness of this system is its low detective quantum efficiency (DQE), an image
quality measure based on the efficiency of the imager to create an output signal from an
input signal. The maximum DQE achieved using a camera-based system is approximately
1% [71, 72], even after much research into optimizing the performance (i.e. using CCD
cameras) [70]. The main reason the DQE is low is due to the bulky design of these
systems incorporating a long, inefficient optical path (consisting of mirrors and lenses)
between the phosphor and the camera, resulting in large optical photon losses. Also,
optical photons from the phosphor may scatter but still be detected by the camera. The
scattered optical photons appear to be created at one position in the screen when they
actually originate elsewhere. This is called the optical glare effect and is present when
scattered optical photons reach the camera. The glare effect in the final image can
account for more than 25% of the total signal, and serves to degrade image contrast [72].
The camera optical components usually add barrel-distortion into the image, degrading
geometric accuracy. The camera-based EPIDs do have a high spatial resolution (0.8 to
1.0 mm) [73], but the resulting image quality is still fairly poor due to the low DQE and
presence of significant optical glare.

2.3.2 Scanning liquid ionization chamber (SLIC) EPID
The scanning liquid ionization chamber (SLIC) EPID was developed by a group at the
Netherlands Cancer Institute in the 1980s [74-78]. The EPID consists of two planes of
electrodes, separated by a 0.8 mm gap filled with fluid (iso-octane) and a plastoferrite
plate. X-rays interacting with the plastoferrite plate create high energy electrons, which
then ionize the fluid. A matrix of 256x256 electrodes (at a resolution of 1.27 mm for each
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pixel) collect the ions. Each row of electrodes is read sequentially and then recorded,
which results in an image in about five seconds.

Advantages to the SLIC EPID are its compact design and its lack of geometric distortion
in the resulting image. A disadvantage is the low DQE of ~0.5%. The sequential read-out
(i.e. high voltage applied to one electrode at a time) of the system also causes much of the
generated signal in the liquid to be lost. Although the image is available in near real-time
and digitally, the image quality is fairly poor.

2.3.3 Active matrix flat-panel imagers (AMFPIs)
Active matrix flat-panel imagers are currently the standard type of portal imager used in
cancer treatment centers [54-56]. Like the camera-based EPIDs, the AMFPIs are also
comprised of a metal plate backed by a phosphor screen. However, the optical photons
are captured by a two-dimensional grid of photodiodes instead of a camera. The
photodiodes and accompanying thin-film transistor switches of current commercial flatpanel imagers are made of hydrogenated amorphous silicon (a-Si). When the photons
interact in the copper layer of the EPID (through Compton scatter, the photoelectric effect
and pair production), the scattered electrons create optical photons in the phosphor layer.
The generated optical photons create electron-hole pairs in the photodiodes, where the
accumulated charge is converted to a digital signal. The a-Si EPIDs are read out line-byline, but at a much faster rate than the SLIC EPID, with achievable read-out times less
than ~ 0.125s [79]. Due to the use of a scintillator to convert incident x-ray energy to
optical photons, this design is described as an “indirect detection” a-Si EPID. Although
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not clinically used, several research groups have also investigated “direct detection” a-Si
EPIDs which do not incorporate a phosphor layer to generate optical photons [80, 81]. In
direct detection EPIDs the x-rays generate electron-hole pairs directly in the photodiodes.
These distinctions in a-Si EPID design are mentioned here as a reference to the reader,
but it should be noted that all current commercially available a-Si EPIDs are indirect
detectors.

Investigations into the image quality of indirect a-Si EPIDs, showing that they have lower
system noise (about 1%) than either camera or scanning liquid ionization chamber
EPIDs, possess a detective quantum efficiency (DQE) 70-80% greater than camera-based
EPIDs [82] and a modulation transfer function (MTF – a measure of spatial resolution)
comparable to that of a camera-based EPID [55, 73, 82]. Amorphous-silicon EPIDs have
a higher resolution than previous systems (1024x768 or 1024x1024, over a detector area
of about 40x30 cm2 or 40x40cm2), at about 0.39 mm per pixel side. The proximity of the
phosphor to the light collectors (the photodiodes) improves optical photon collection
efficiency and also reduces the optical photon glare observed in comparison to camerabased systems, resulting in a larger DQE compared to other EPID technologies.

The a-Si portal imagers are resistant to radiation damage, as long as the electronics
surrounding the detector area are not irradiated. The imagers have been shown to be
stable and reproducible over long periods of time [79, 83]. One potential drawback of aSi EPIDs is the evidence of ghosting, or image lag, that occurs when charge in the
photodiodes from a previous image remains and is read-out in the subsequent image to
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create a latent image [83, 84]. The severity of this effect is dependent on the number of
monitor units (MU – a measure of how long the beam is on) delivered to the EPID and
the frame rate of the EPID. This effect is largest when imaging with a large number of
MUs then a small number of MUs (>2% difference for a first to second dose ratio of
greater than five times) [83]. During image collection of IMRT fields, the ghosting effect
remains uncorrected due to the small effect on clinical fields (low MU and low delivery
energies – 6 to 10 MV) [85].

A-Si EPIDs are known to possess desirable dose-measuring characteristics as well. Apart
from the high efficiency and high spatial resolution of the system, the a-Si EPID is linear
with dose and dose rate [79, 86]. The energy response of the flat-panel imager is not
uniform; that is, the imager over-responds to low-energy photons (less than 1 MeV) in
comparison to a water-equivalent detector [86, 87]. The over-response of the imager at
low-energies needs to be accounted for when using the EPID for dosimetric purposes.
Also, the flood-field processing of the image carried out automatically by the clinical
acquisition software removes beam-specific information from the image (i.e. the beam
“horns” or characteristic off-axis profile shape). However, this dosimetric information
can be reintroduced into the image using a technique proposed by Greer [88] to remove
the flood-field correction and account for the pixel sensitivity information. The acquired
image (I) is automatically corrected from it’s raw form (Iraw) by subtracting the dark-field
image (DF) and multiplying by the ratio of the mean value of the flood-field image
(FFmean) and the two-dimensional flood-field image (FF):

§ I ( x, y ) − DF ( x, y ) ·
¸¸ ⋅ FFmean .
(2.2) I (i, j ) = ¨¨ raw
FF ( x, y )
©
¹
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To reintroduce the flood-field and obtain the raw image (retaining the dark-field
correction), the acquired image is multiplied by the flood-field ratio:
(2.3) I raw ( x, y ) = I ( x, y ) ⋅

FF ( x, y )
.
FFmean

The flood-field inherently corrects for any pixel-to-pixel sensitivities, therefore a measure
of pixel sensitivity matrix (PSM) is required to account for this effect. In the work by
Greer [88], the EPID was irradiated with a 10x25 cm2 field and the EPID was displaced
by 2.5 cm in the cross-plane direction after each irradiation. This created a cross-plane
CAX profile of the pixel sensitivity. The PSM can be extended into two dimensions by
assuming that the ratio of the flood-field profile to PSM profile is radially symmetric, and
can be applied to the raw image to obtain the flood-field corrected image (I’):
(2.4) I ' ( x, y ) =

I raw ( x, y )
.
PSM ( x, y )

2.4 PORTAL DOSIMETRY
Verification of patient treatments with portal imaging may be carried out in a variety of
methods generally classified as either “forward” or “inverse” approaches. A forward
approach predicts the dose in the EPID via calculation and compares the results to
measurement. An inverse approach uses a measured EPID image to derive the primary
fluence at the EPID, which is then backprojected to calculate dose in the patient. The
calculated patient dose is typically compared to the dose distribution determined by the
treatment planning system. The inverse and forward approaches may be further divided
into categories related to when the measurement is taken, i.e., ahead of treatment
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delivery, often-termed ‘pre-treatment’, or during treatment with the patient present, oftentermed ‘in vivo’.

Forward approaches can be performed with or without attenuating material in the beam.
Groups have delivered the treatment fields to the EPID directly (no phantom) as a method
of pre-treatment verification and compared the measured data to corresponding predicted
images involving simulation of the EPID response [40, 89-94]. Transmission-dependent
forward methods, that would be appropriate for use with a patient in the beam, have been
developed and tested with simple water-equivalent slabs and anthropomorphic phantoms
[86, 95-99]. Again, the measured EPID image is then compared to a calculation of the
predicted portal dose image.

There has been some application of the forward method for patient dosimetry verification
in the clinical setting. Kroonwijk et al. [34] compared EPID images acquired during
patients’ prostate treatments with predicted images created using the patients’ planning
CT data. Rectal gas pockets during the time of treatment caused differences between
measurement and prediction of up to 15%. Van Elmpt et al. [99] collected data during a
breast treatment, with the measurement compared to an image prediction technique that
converts the patient’s CT to an equivalent homogeneous phantom (EHP). The prediction
generally agreed with measurement within a 3% dose difference, but there were
discrepancies seen at the border of the lung. In Pasma et al. [35], disagreements between
measured and predicted portal images of more than 5% were found in prostate treatment
images when the patient had large rectal gas pockets. van Zijtveld et al. [32] determined
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that discrepancies between measured in vivo images and their portal dose image
prediction were due to the differences in patient geometry compared to the planning CT
and the effect of the treatment couch.

Inverse approaches can also be performed as pre-treatment or in vivo. For pre-treatment
cases, the dose reconstruction is carried out in a virtual phantom or in the patient’s
planning CT dataset. McNutt et al. [100, 101] iteratively adjusted the incident primary
energy fluence of the linac in the treatment planning system until the portal dose image
prediction matched with the measured data. The prediction was carried out using an
“extended phantom”, which is an amalgamation of the phantom’s CT dataset and the
EPID [97]. This energy fluence was then used to determine the three-dimensional dose
distribution in the planning CT to within 3%. van Zijtveld et al. [102] converted
measured open images to delivered fluence in a fashion similar to McNutt et al. [100,
101]. The measured and predicted portal dose images (calculated using fluence exported
from the TPS) were compared, and the fluence was iteratively adjusted until the
measured and predicted images converged. This fluence was then imported into the TPS
to calculate dose distributions in the patient’s planning CT and was accurate within 2%
and 2 mm. Van Elmpt et al. [103-105] calculated the three-dimensional dose distribution
with Monte Carlo simulations in inhomogeneous phantoms and patients’ planning CTs
by extracting the energy fluence from measured non-transit portal images to an accuracy
of 3% at isocentre. To obtain the energy fluence, van Elmpt et al., deconvolved the lateral
scatter dose from the open-field image to obtain the dose delivered to the EPID. The
energy fluence is assumed to be proportional to the EPID dose, accounting for attenuation
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in the EPID [105]. In another open image approach, Ansbacher reconstructed the threedimensional dose distribution in a cylindrical virtual phantom using a non-transit image
of an IMRT field [106]. This work used a calibration of the acquired EPID image to a
calculation made with in-house software, as if the EPID was replaced by a cylindrical
phantom, and compared to ionization chamber measurements acquired at the phantom.
The author stresses that using a physical measurement is not required as a calculation in a
TPS could also be employed [106]. The reconstruction results were within 2% of
ionization chamber and film measurements. Spies et al. [107] determined primary energy
fluence of fields delivered to a slab phantom by iteratively correcting for the phantom
scatter. This is carried out using precalculated Monte Carlo scatter kernels that are
dependent on the phantom’s radiological pathlength. The energy fluence, determined
from the removal of the scatter from the measured image, was then backprojected to the
phantom. Partridge et al. [108] extended this method to involve more complex phantoms
and a megavoltage cone-beam CT of the phantom to determine the phantom’s exact
position. IMRT fields were then delivered to the phantom, with the EPID collecting
images during the “treatment”. The energy fluence was backprojected to the megavoltage
CT dataset to determine the dose distributions, which were within 3% and 3 mm of the
planned distributions.

The inverse approach can also be performed in vivo, with the measured images acquired
during patient treatment. McDermott et al.[29] collected EPID images during prostate
patient treatments, with the in vivo verifications eventually replacing the pre-treatment
verifications of IMRT treatments. van Zijtveld et al.[33] used daily cone-beam CT data to
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determine prostate patients’ daily delivered dose to within 3% and 3 mm. However,
currently the vast majority of EPID dosimetry applications are carried out with radiation
delivery directly to the EPID without phantoms or patients in the beam path.

2.4.1 Portal dosimetry research at the Antoni von Leeuwenhoek Hospital
At this time there is only one research group in the world that has significant experience
with in vivo patient dose reconstruction using EPID dosimetry, and therefore warrants a
focused discussion here. The Antoni van Leeuwenhoek Hospital in Amsterdam, The
Netherlands, has used EPIDs for pre-treatment verification and delivery verification with
two- and three-dimensional dose reconstruction in phantoms and patients since the mid1990s. Their method was originally developed for liquid ionization chamber EPIDs [109]
and has since been applied with a-Si EPIDs [29-31, 41, 103-105, 110-114]. The
procedure includes a large set of empirical correction factors to account for i) the dose
response of the EPID, ii) scatter dose within the EPID, iii) scatter from the patient or
phantom incident on the EPID, as well as iv) scatter within the phantom or patient and v)
attenuation within the phantom or patient that contributes to the total dose distribution
[29, 31, 41, 103, 104, 112]. Factors i, ii and iv are corrected using profiles measured with
an ion chamber and the functions used in each step were empirically fitted to the
measured profiles.

The measured image first converts the EPID greyscale to dose values with the correction
factor function that accounts for the dose response of the EPID (factor i). A pair of
empirically derived EPID scatter kernels are applied to the portal dose image that is
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corrected for lateral scatter (factor ii). The parameters of one of the scatter kernels (K1),
which itself is deconvolved from the dose image, are determined by matching CAX
values between EPID measured images and ion chamber measurements. The parameters
of the second scatter kernel (K2) are derived from fits of EPID dose profiles to film
measurements; K2 is convolved with the result of the deconvolution. The scatter on the
EPID due to the patient (factor iii) was determined by calculating the transmission of the
patient – by taking the ratio of two measured portal dose images, one with and one
without the patient in the beam. The signal remaining after removing the primary
transmission is the scatter. With this method, for every image acquired with a patient or
phantom, an image without the patient is required to estimate the transmission and
therefore determine the primary dose delivered to the EPID. The primary dose and the
patient transmission are required to calculate the primary dose at the radiological or
geometrical midplane of the patient or phantom (factors iii and v). The scattered midplane dose (factor iv) is then determined by the convolution of an empirical kernel with
the primary mid-dose and the scatter-to-primary ratio, which is a function of the primary
transmission. In Wendling et al. [111], the dose from an IMRT field was reconstructed in
simple, homogenous phantoms within a 2% dose difference and a 2 mm distance-toagreement (DTA) as determined by the γ-evaluation.

Patient-specific IMRT QA with a homogeneous slab phantom in the beam eventually
replaced film for pre-treatment verification at the Antoni van Leeuwenhoek center [41].
The resulting measured EPID image was then backprojected to the mid-plane of the slab
using the method described in the previous paragraph. The two-dimensional dose
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distributions generally agreed within 3% and 3 mm, with seven plans revealing small
underdosage regions ranging from 5% to 16%. The underdosed areas exposed an error in
the treatment planning system’s model of the tongue-and-groove width; the error was not
identified with the standard TPS commissioning fields. Further investigations of this
verification technique into other treatment sites led to completely replacing the pretreatment technique with in vivo dose verifications with success [29]. McDermott et al.
determined that calculating the dose distributions for the first three to five fractions of a
treatment was sufficient to verify the treatment fully [29].

The group then extended their procedure to enable calculations in three-dimensions.
Initially, Monte Carlo simulations were used to calculate the three-dimensional dose. The
EPID energy fluence was extracted from the measured image taken without a phantom in
the beam, with Monte Carlo simulation providing the dose distribution calculation in a
homogeneous phantom [105]. This pre-treatment method was extended to include dose
calculation in an inhomogeneous phantom [104] and then patient CT data [103]. The
group also extended the full backprojection technique (as presented in Wendling et
al.[111]) to three dimensions [112]. The original two-dimensional method was employed
and calculated in many planes parallel to the EPID plane. The patients’ CT datasets were
used in place of the phantoms, but the inhomogeneity of the patient was not accounted
for. These three-dimensional dose calculations then required depth-dependent corrections
to be added to the model. The beam hardening with depth was explicitly modeled as an
attenuation correction and depth dependence was added to the function used to determine
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the scatter within the patient. The dose build-up effect was empirically modeled to
improve accuracy.

The Dutch group has had much success with their empirical modeling of portal dose
image formation, as well as backprojection-based patient dose reconstruction. A recent
(2011) investigation included an explicit calculation for patient transmission, removing
the requirement for acquiring an open-field image and an image with the patient for each
field delivered [114]. However, many aspects of the calculation are still based upon
empirical fits instead of physics basis – which would be highly desirable. A physical
model based on a greater understanding of the physics of portal dose imaging would
facilitate a deeper understanding of the processes occurring and allow for greater
flexibility in the types of treatments that could be modeled.

The approach investigated in this thesis includes a physics-motivated portal dose image
prediction model, that uses results from Monte Carlo simulation to model the primary and
patient scatter fluence incident on the EPID and the dose delivered to the EPID. The
measured data required to create a fluence model is limited to that required for
“commissioning” of the portal dose image prediction model (i.e. open-field, square and
rectangular images). The source parameters of the fluence model are adjusted to match
the predicted results to the measured results to account for the individuality of the linac
being modeled. This is an empirical determination of the parameters but the functions are
based on analytical representations of the photon sources confirmed by the literature
(focal source)and Monte Carlo simulation (extrafocal source).
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The leaves of the MLC are accurately modeled by taking into account the interleaf
leakage and rounded leaf-tips. The fluence of any linac could be modeled with this
method, as long as the manufacturer schematics are available for the Monte Carlo
simulation and MLC model. As the MLC modulate the fluence in IMRT treatments, the
patient treatment plan which includes the weighted MLC positions for every field (i.e.
how many monitor units (MU) are delivered for a particular MLC position). The
algorithm created here can implement treatment plans from two most common TPSs for
calculation of the incident fluence: Eclipse (Varian Medical Systems, Palo Alto, CA) and
Pinnacle (Philips Medical Systems, Milpitas, CA).

The attenuation of the beam by the patient is calculated directly through an equivalent
homogeneous phantom (EHP) created from the patient’s CT dataset. The patient scatter
fluence incident on the EPID is calculated with the use of pre-calculated patient scatter
fluence kernels. The scatter fluence kernels are created from the results of Monte Carlo
simulation of a polyenergetic beam incident on a range of water slab thicknesses and
reconstructed over a clinically relevant range of air gaps.

The dose calculated at the EPID plane used pre-calculated dose kernels, specific to the
EPID used to collect the measured images. The Monte Carlo-simulated dose kernels used
the manufacturer schematics of each layer in the EPID and represent dose delivered to the
phosphor layer of the EPID – the image formation layer – due to an ideal incident pencil
beam of photons. This method inherently models the over-response of the EPID with
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respect to water for low-energy photons. The optical photon glare is modeled using a
result of a Monte Carlo simulation (taken from the literature). Furthermore, an empirical
model to estimate the asymmetric backscatter of the EPID support arm was included to
further improve accuracy. Finally, to ensure greater accuracy in the model, an empirical
correction related to the phantom thickness, field size and air gap was implemented in a
manner similar to that seen in TPSs.

The portal dose image prediction method presented in this thesis is general enough to be
implemented in any clinic and requires little a priori knowledge to predict an accurate,
patient-specific portal dose image.

2.5 THESIS SUMMARY
IMRT for patient radiotherapy consists of complex processes, both in treatment planning
and delivery. Due to this inherently intricate nature of the plans, verification of patient
treatments in vivo would be highly advantageous. The portal dose image prediction
model described in this thesis is applicable to a wide variety of treatment plans and
treatment sites.

In Chapter Three, the parallel dose kernel assumption for EPID dose calculation is
examined. For treatment planning and patient dose calculations, a dose kernel derived in
a parallel geometry is typically used, even though the beam is divergent, to increase the
speed of dose calculation. This assumption had never been tested for EPID dose
calculation. In this chapter, the effect of using parallel vs. tilted dose kernels (ranging
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from incident pencil beam angles of 2º to 14º) to calculate EPID dose is tested through
convolution (parallel) and superposition (tilted) with a simple fluence. It was shown that
the parallel dose kernel assumption is valid for clinically relevant situations.

Chapter Four discusses the development of a versatile, physics-based fluence model. This
model is based on the Pinnacle TPS (Philips Medical Systems, Milpitas, CA). The
comprehensive fluence model consists of a focal source (represented by a Gaussian
function) and an extrafocal source (a Gaussian-like function). Aspects of the MLC are
accounted for in a similar fashion to Pinnacle (i.e. a half-circle to represent the rounded
leaf-tip and transmission factors to account for interleaf leakage and transmission through
the MLCs). The effect of the jaws and the tongue-and-groove effect were also modeled.
The energy spectra for each source was calculated using Monte Carlo and the focal
spectrum was softened off-axis. The portal dose image was determined through the
convolution of the energy fluence with a series of monoenergetic dose kernels specific to
the aS1000 EPID, also calculated using Monte Carlo. The comprehensive fluence model
was commissioned with square and rectangular open-field images obtained with the
EPID. The model parameters were adjusted until the predicted and measured images
matched within 2% and 2 mm. The fluence model was then tested on 10 prostate and 10
head-and-neck IMRT treatments, with the EPID images obtained with no attenuating
material in the beam. The results showed that the comprehensive fluence model was able
to predict IMRT treatments within 2% and 3 mm.
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Chapter Five includes a discussion of the improvements to the comprehensive fluence
model and the incorporation of a patient scatter prediction. In the comprehensive fluence
model, blueprints obtained from the vendor improved the modeling of the MLC leaves.
Transmission through the MLC was then explicitly calculated using Monte Carlosimulated energy fluence, as was the incident energy fluence across the entire field. The
patient/phantom scatter was determined with a precalculated library of Monte Carlogenerated scatter fluence kernels, for various water thicknesses and air gaps. The
appropriate scatter kernel would be applied at the EPID plane to account for the scatter
fluence due to the phantom. The algorithm was tested against measured images for a
number of thicknesses of slab phantoms (2 to 25 cm) and air gaps (15 to 50 cm) for
square fields. A prostate and a head-and-neck IMRT plan were also delivered to slab
phantoms, yielding in a prediction accuracy of 3% and 3 mm.

Chapter Six is an examination of portal dose images obtained during patient treatment, or
also commonly described as in vivo. Transit images for 11 IMRT patients (5 prostate and
6 head-and-neck plans) were acquired throughout the entire treatment. The portal dose
image prediction algorithm was able to predict portal dose images generally within 3%
and 3 mm. Details of the patient treatment bed were not accounted for in the prediction
and led to some areas of disagreement, particularly for the prostate patients. Prostate
patient image prediction also was influenced by gas pockets found in the rectum, leading
to areas of underprediction . Head and neck patients were seen to have lost weight during
treatment, illustrated by an increase in measured dose.
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Chapter Seven summarizes the thesis and discusses future investigations that will be
performed building on the portal dose image prediction model developed and tested here,
and its application to the dosimetric verification of patient treatments.

The appendix to this thesis contains a glossary of commonly used technical terms, details
concerning Monte Carlo simulation, the analysis of images and how to acquire EPID
images. The specific parameters used in Chapters 4 and 5 are also further described. The
appendix also includes permissions acquired to reprint the previously copyrighted
material presented in this thesis.
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CHAPTER THREE: INVESTIGATION OF TILTED DOSE
KERNELS FOR PORTAL DOSE PREDICTION IN ELECTRONIC
PORTAL IMAGERS

In Chapter Two, beam modeling, dose verification devices and portal dosimetry were
discussed. This chapter will examine the parallel dose kernel assumption for portal dose
prediction and the effect of using kernels generated with a divergent (or tilted) beam
versus kernels generated with a parallel beam. This chapter was previously published in
the peer-reviewed journal Medical Physics.*

3.1 INTRODUCTION
Dose delivery accuracy has been shown to have a considerable effect on patient outcome
[1, 2]. Various authors have recommended that dose delivery uncertainty be limited to
5% [3], 3.5% [4] and 3% [2]. Currently, a 2% to 3% dose calculation uncertainty is
satisfactory, contributing to a total delivery uncertainty of approximately 5% [5]. In the
future, with improvements in linear accelerator operation, patient set-up, dose calibration,
patient data and dose calculation accuracy, an overall uncertainty of 3% will be
achievable [5]. That corresponds to a dose calculation uncertainty of about 1%. This
accuracy increase emphasizes the need to strive for accurate dose calculation algorithms
not only in patients, but also radiation detectors used in quantitative dose measurements.

*

Reprinted with permission from the AAPM, granted on April 8, 2011.
K. Chytyk and B. M. C McCurdy, “Investigation of tilted dose kernels for portal dose image prediction in
electronic portal images,” Med Phys, 2006. 33 (9): p. 3333-3339.
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There has been great interest in the use of flat-panel amorphous-silicon electronic portal
imaging devices (a-Si EPIDs) as dosimetric verification tools [6-19]. Implementing a
portal dose image prediction technique in a clinical setting requires that the calculation
method be fast as well as accurate. To achieve these goals, several authors have produced
calculated portal dose images through the application of precalculated Monte Carlo dose
kernels representing the dose spread in the detector system [7, 10, 12, 15, 18, 19]. A twostep approach which convolves these precalculated dose kernels with incident EPID
photon fluence has been utilized by McCurdy et al. [7, 18] and Siebers et al. [19]. These
EPID dose kernels are typically generated in the plane of the dosimetric detection
material using an incident photon pencil beam parallel to the central axis of the beam.
The calculation approach does not account for the true divergent nature of a clinical beam
(this is known as the ‘parallel kernel approximation’, as illustrated in Figure 3.1) in order
to minimize image prediction time.

Figure 3.1 [Parallel vs. Tilted Kernels]: Illustration of the parallel kernel
assumption and tilted kernels applied to a divergent fluence.

Perpendic ular (convolution)
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A number of groups [20-26] have investigated the various effects of beam divergence
(inverse-square primary dose reduction and linear increase in field dimensions with
depth, and tilting of the dose kernels) [5] on patient dose calculations. Examining the
effect of kernel tilting on tissue maximum ratios (TMRs) for 15 MV x-rays, Mackie et al.
[20] discovered a difference of less than 1% on the central axis up to a depth of 20 cm for
a 20 x 20 cm2 field at a 100 cm source-to-surface-distance (SSD). To reduce computation
time, one study did not physically tilt the kernels, but accounted for the divergent beam
by applying an inverse-square correction to the dose deposition site [24]. Liu et al. [25]
investigated the difference between this dose deposition approach, an inverse-square
correction of the terma (total energy released per unit mass) at the photon interaction site
and actually tilting the kernels. Compared to full Monte Carlo simulations, the tilted
kernels resulted in the greatest calculation accuracy of the three methods.

Sharpe et al. [26] conducted a study that considered the parallel kernel approximation
with respect to patient dose calculations for radiotherapy treatment planning in a
comprehensive investigation. Various situations were examined for a range of
monoenergetic photon energies (2, 6 and 10 MeV) and a number of source-to-surfacedistances (SSDs) and field sizes (50 to 100 cm and 5 x 5 to 30 x 30 cm2). A polyenergetic
6 MV beam was also simulated and both parallel and tilted kernels were compared to
experimental data. Discrepancies of up to 4.4% of the maximum dose on the central axis
were observed for a monoenergetic 10 MeV beam with a 30 x 30 cm2 field size and a 50
cm SSD, due to the large field size, short SSD and high energy of the scenario.
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These studies indicate that a parallel kernel approach may be acceptable for portal dose
image prediction. However, to date there has been no investigation of the accuracy of
portal dose calculations when applying parallel dose kernels in a divergent clinical
geometry where incident fluence is not parallel across the field. This study examined the
validity of this parallel dose kernel assumption for an a-Si EPID (aS500 or aS1000,
Varian Medical Systems Inc., Palo Alto, CA) although results should be similar for
similarly constructed EPIDs. Other topics concerning this type of EPID, such as optical
glare, detector lag or backscatter from objects near the detector, were not explicitly
considered in the detector model or dose calculations since the focus of this exercise was
to consider the specific effect of the parallel kernel approximation. It should be noted that
optical glare in the phosphor layer has been studied extensively via Monte Carlo
simulation [15, 27, 28]. It has been determined that the linear relationship between
radiation energy deposition and optical photon creation ensures that a convolution
calculation is appropriate to model that phenomenon. Detector lag is an electronic effect
that may be reduced or removed through acquisition techniques. Backscatter from objects
near the detector (such as the detector support arm) has been approximated by
introducing equivalent backscatter material into the simulation (see Section 3.2.1), as
determined by Siebers et al. [12].

‘Tilted’ dose kernels for this detector were obtained at a number of incident angles (0° to
14°, every 2°) for a range of monoenergetic photon energies (0.1, 2, 6 and 18 MeV).
These kernels were obtained in Cartesian coordinates (instead of cylindrical coordinates)
to allow detection of asymmetries. The parallel kernels were then convolved with a

63

simple incident fluence map; a superposition employing the tilted kernels (simulating a
divergent beam) and the same incident fluence map was also carried out. The incident
fluence map was defined as a flat field in order to more easily isolate the difference
between the predicted dose images. For the field sizes and source-to-detector distances
(SDDs) examined here, the two predicted images were compared using the χ-comparison
test [29] (a revision of Low et al.’s [30] γ-evaluation) with a dose gradient threshold ∆D =
1.0% and a distance-to-agreement, ∆d = 0.0784 cm (the detector pixel width) in order to
quantify the difference between the two methods and assess the significance of the
parallel kernel assumption. The gain in time when applying the parallel kernels rather
than the tilted kernels was a factor of approximately 6000 (10.5 seconds vs. 18 hours,
respectively).

3.2 MATERIALS AND METHODS
3.2.1 Monte Carlo simulations
EGSnrc [31], with electron transport algorithm PRESTA-II and user codes DOSXYZnrc
and DOSRZnrc, was utilized to simulate an a-Si flat-panel EPID dose response in
Cartesian and cylindrical coordinates, respectively. The simulated detector design
(specifications provided by Varian Medical Systems Inc., Palo Alto, CA) consisted of an
uniform epoxy front cover followed by a 2.2 cm air gap and the imaging cassette. The
imaging cassette includes a 0.1 cm thick copper buildup plate and a Lanex Fast-B
phosphor (gadolinium oxysulphide, density of 3.5 g/cm3) screen surrounded by hard
foam shielding. The phosphor was modeled as three individual layers of equal thickness
since dose deposition varies with depth in the phosphor [15, 28]. The dose delivered to
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the phosphor is the dose of interest for the dose kernels since this dose is proportional to
the number of optical photons created in the phosphor, and therefore proportional to the
signal collected in the photodiodes. The screen is sandwiched between two 0.8 cm thick
layers of polymethacrylimide hard foam, which protects the interior of the imaging
cassette. A 2.1 cm air gap and 1.0 cm uniform water slab placed downstream from the
imaging cassette was determined by Siebers et al. [12] to behave as equivalent
backscatter material to the rear housing. An additional 3.0 cm slab of uniform water
buildup was added directly upstream of the detector front cover, since several authors
have used additional buildup to ensure electronic equilibrium in the phosphor layer [7,
10, 15]. The simulated area of the detector for dose kernel generation was approximately
40 x 40 cm2 (slightly larger than the clinical detector area of 40 x 30 cm2) for the ease of
calculating with a square geometry rather than a rectangular one.

Dose kernels in the phosphor layer of the detector were generated with an incident pencil
beam of monoenergetic photons of energies 0.1, 2, 6 and 18 MeV. The cut-off energies of
the electrons and photons in the simulation (below which all lower energies are no longer
tracked) used for all the dose kernel simulations were ECUT = 0.521 MeV and PCUT =
0.01 MeV, respectively. DOSRZnrc was utilized to create a kernel (using 1x108 photon
histories and a circular incident pencil beam radius of 0.00044 cm) of non-uniform radial
resolution (smoothly varying from 0.005 cm to 5.0 cm), for each energy. Only
perpendicularly incident photon pencil beams were simulated in cylindrical coordinates.

65

DOSXYZnrc was used to simulate dose kernels at high and low spatial resolutions in
Cartesian coordinates. The high spatial resolution dose kernels used 0.0784 x 0.0784 cm2
voxels (equivalent to the pixel size of the aS500 detector), while the low spatial
resolution dose kernels used ~1 x 1 cm2 to ~3 x 3 cm2 voxels, depending on the incident
photon energy. Two spatial resolutions were used to provide data with low statistical
uncertainties in low gradient, low dose, outlying regions while retaining spatial resolution
in high gradient, high dose regions. A square incident pencil beam of dimensions 0.00078
x 0.00078 cm2 was employed to achieve an equivalent beam area to the incident circular
beam used in the DOSRZnrc simulations. The number of histories run for the high and
low resolution kernels were 1x109 and 5x108, respectively. Dose was scored in the
phosphor (where the portal dose image is formed) with incident pencil beam angles
ranging from 0° to 14° in 2° increments relative to the perpendicular (see Figure 3.2). The
pencil beams were tilted along the negative x-axis of the detector geometry. The x- and yaxes of the detector lie in the plane of the phosphor.
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Figure 3.2 [Set-up for Dose Kernel Generation]: Pencil beam orientations for
Cartesian geometry Monte Carlo simulations. The pencil beams are incident on the
center of the a-Si detector’s phosphor layer. The y-axis of the detector is in the plane
of the phosphor and orthogonal to the x-axis.
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For a 105 cm source to detector distance (SDD) and a 35.7 x 26.8 cm2 field defined at
isocentre, the maximum angle incident upon the detector was less than 14° along the
diagonal of the field. This choice of SDD and field size represented the ‘worst-casescenario’ where the incident angle of the ray-lines of the photon beam was maximized
(largest angle was 14°). For more clinically applicable smaller fields and increased SDDs,
the maximum angle of primary radiation incident upon the detector would be less than
14° as well.
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3.2.2 Dose kernel analysis
To ensure consistency between the DOSRZnrc and DOSXYZnrc user codes, the
Cartesian dose kernels were compared to the radial dose kernels. Dose in the three
phosphor layers of the kernels was combined through weightings described by Kirkby et
al. [15]. The change in total energy per incident fluence of the kernels with respect to tilt
angle was examined.

Since the kernels were bilaterally symmetric about the pencil beam, the voxels were
averaged about the x-axis to reduce statistical fluctuations in the Cartesian kernels [32].
The bilaterally symmetric kernel data was then combined into concentric, square rings of
voxels (Figure 3.3), to further reduce statistical uncertainty in any single voxel to less
than 2% (less than 0.08% of the maximum dose). The doses were averaged over the
combined squares, with the dose defined at the average coordinate of the combined
voxels.
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Figure 3.3 [Rebinning of Cartesian Dose Kernels]: The creation of concentric rings
of squares through voxel combination. This figure is representative of the geometry
of the high resolution kernels. The dose is defined at the effective center of the
combined voxels.

The interior region of the high resolution dose kernels was then combined with the
outlying region of the low resolution dose kernels by a single replacement of interior
region data. The extent of this replacement depended on the size of the low resolution
voxels. These irregularly gridded data sets (due to the voxel-combining step) were then
interpolated to regular grids of 0.0784 x 0.0784 cm2, matching the detector pixel
resolution. This was accomplished by linearly interpolating from triangles generated
through Delaunay triangulation [33]. The resulting interpolated data (resulting from the
voxel combination and linear interpolation) were compared to the radial dose kernels to
establish reliability.
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3.2.3 Tilted vs. parallel kernels
The clinical impact of employing parallel dose kernels instead of tilted dose kernels
(Figure 3.1) was estimated by applying the parallel and tilted kernels to a flat field of
photon fluence incident on the EPID, represented by a top-hat function with a value of 1
within the field size and 0 elsewhere. The convolution (parallel kernels) and
superposition (tilted kernels) methods of dose calculation were employed for two field
sizes (35.7 x 26.8 and 27.2 x 20.4 cm2 at isocentre) and two SDDs (105 and 140 cm). The
2 field sizes just covered the 40 x 30 cm2 phosphor area of the detector in the 105 and
140 cm SDD trials, respectively. The parallel dose kernels were convolved with the
incident fluence (using the two-dimensional Fast Fourier Transform (2-D FFT) method)
to calculate dose. To utilize the superposition method, the appropriate tilted kernel for an
exact angle of incidence for a given calculation voxel was interpolated from the available
regularly gridded kernels. The resulting kernel was rotated azimuthally by the angle
between the x-axis and the vector joining the central axis and the voxel of interest, and
then translated to the voxel of interest. The repositioned kernel was then interpolated to
the detector pixel coordinates.

Some fluctuations in the superposition results were observed due to a violation of energy
conservation. The spurious errors were due to the rotation and interpolation of the dose
kernels during the superposition process. To remove this effect, these interpolated kernels
were normalized in order to maintain the total energy of the non-translated, non-rotated
kernel, thus ensuring energy conservation. A similar rationale was used during the
normalization of tilted kernels in a previous study by Liu et al. [25].

70

The results of the convolution versus full superposition approach were evaluated by the
χ-comparison test [29] with ∆d = 0.0784 cm (the detector resolution) and ∆D = 1.0%.
The χ-comparison test is a quantitative dose distribution evaluation (based on the local
dose error) that is founded on and analogous to the γ-evaluation [30]. If the resulting χcomparison scores are between (or equal to) -1 and +1, the acceptance criteria ∆D and ∆d
have been satisfied.

3.3 RESULTS AND DISCUSSION
3.3.1 Dose kernel comparison
The consistency of the parallel Cartesian kernels in relation to the parallel radial kernels
was demonstrated by comparing x-axis profiles through the 0° kernels, as shown in
Figure 3.4. This comparison established the compatibility of the simulations in the
cylindrical and Cartesian geometries, which was important since they employ two
separate EGSnrc user codes. The dose variations between the respective points in the two
geometries differed by 15% for the innermost Cartesian voxel, where one expects the
maximum difference between the geometries to occur. All remaining points showed less
than a 1.4% difference with respect to the maximum dose, and a mean difference of
0.07% for all points. As well, the total energy of the kernels scored in the two coordinate
systems disagrees by a maximum of 0.47%. Discrepancies between the two kernel
geometries, particularly at small radii, could be attributed to differences in pixel size
since at small radial distances the radial kernel has a higher resolution than the Cartesian
kernel [34].
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Figure 3.4 [Dose Kernel Radial Profiles]: Profiles of 6 MeV parallel, Cartesian
kernels (interpolated from the combined voxel kernel) and parallel radial kernels to
demonstrate consistency between the two geometries. All errors are less than 2%
(0.08% of maximum dose).
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The total energy per incident fluence of the kernels varied up to 4.6% with tilt angle,
particularly for the 18 MeV kernel (see Figure 3.5). This energy discrepancy may have
been caused by the fact that the thickness of water buildup (3.0 cm) used on the detector
was actually not sufficient to achieve dmax for a monoenergetic 18 MeV photon beam.
The buildup thickness chosen was consistent with the buildup implemented in our clinic
for dosimetric EPID applications. The total energy per incident fluence of the dose
kernels with increasing photon energy (not presented here) was in agreement with the
previous work of Jaffray et al. [35] and McCurdy et al. [7]. Regarding total energy
deposited in the phosphor layer of the detector, a less than 0.9% difference was observed
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between the ‘raw’ and interpolated Cartesian kernels. This systematic discrepancy in total
energy can be attributed to the processing of the kernels through the Delaunay
triangulation and linear interpolation to a higher resolution [34]. The convolution and
superposition calculations both used only the interpolated kernels so this difference did
not affect the comparison or the final conclusion.

Figure 3.5 [Total Energy with Tilt Angle]: Differences in total energy of the tilted
pencil beam kernels relative to the total energy of the 0° kernel for each photon
energy.
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X-axis profiles of the tilted and perpendicular Cartesian kernels were also compared. The
higher energy kernel profiles (6 and 18 MeV) demonstrated noticeable asymmetry at the
maximum tilt angle (14°) while only minimal discrepancies at the lower energies (2 and
0.1 MeV) were observed. Figure 3.6 illustrates the asymmetry of the 18 MeV dose kernel
at 14° incidence.

Figure 3.6 [Comparison of 0° and 14° Kernels]: (a) Isodose contours of the 0° (solid
line) and 14° (dashed line) kernels. The contours range from 1x10-18 Gy cm2 to
5x10-22 Gy cm2 (b) Radial profiles illustrating the discrepancies between the
perpendicularly incident and maximum tilt (14°) angle, 18 MeV, Cartesian kernels
for the proximal (-x) and distal (+x) halves (see Fig 3.2).

3.3.2 Superposition vs. convolution of dose kernels
The assessment of the parallel dose kernel assumption was achieved through dose
calculations using both the tilted and parallel kernels applied to an ideal uniform field of
fluence incident on the EPID. Figure 3.7 (a) presents an x-axis profile of the
superposition and convolution dose calculations for the more clinically relevant scenario
(27.2 x 20.4 cm2 field size, 140 cm SDD). The χ-comparison in this situation yielded
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similar results for all energies, demonstrating a distance-to-agreement within the detector
pixel resolution and a dose difference maximum of 1.0% (Figure 3.8). Positive values of
the χ-comparison indicated that the parallel kernel assumption underestimated the tilted
kernel superposition results (Figures 3.7 (c), 3.8, and 3.9). Approaching the field edges, it
was demonstrated that the parallel kernel assumption created an increasing
underestimation of the superposition (Figure 3.7 (c)). Beyond the field edges, the
underestimation continued. This behaviour trend was expected due to the gradual change
in kernel energy content with tilt angle. At the field edge, a small overestimation occurred
likely due to a change from ‘dose difference’ to ‘distance-to-agreement’ and back again
in the underlying χ-comparison calculation.

75

Figure 3.7 [Profiles and χ-comparisons of Convolution vs. Superposition]: (a)
Convolution (parallel kernels) vs. superposition (tilted kernels) with an incident tophat function fluence, displayed as dose profiles. (b) Greyscale intensity image of the
χ-comparison scores between the convolution and superposition methods. Note the
radial symmetry. (c) Profile (along the x-axis of the detector’s phosphor layer) of χcomparison scores between the convolution and superposition results. If |χ
χ| ≤ 1,
then the acceptance criteria are satisfied. All data is for the 0.1 MeV, 140 cm SDD,
27.2 x 20.4 cm2 field size scenario with ∆d = 0.0784 cm and ∆D = 1.0%.
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The fraction of pixels which satisfied the acceptance criteria of the χ-comparison test (∆d
= 0.0784 cm, ∆D = 1.0%) are represented by histograms (Figures 3.8 and 3.9). Figure 3.8
demonstrates the increasing asymmetry in the χ-comparison with increasing incident
photon beam energy, indicating a slightly greater tendency for the parallel kernel
assumption to underestimate the superposition with higher incident photon energies. This
was most likely due to the lack of buildup in the 18 MeV monoenergetic case. The other
energies did show a variation between tilted and parallel dose kernels, as shown in
Figures 3.8 and 3.9, particularly for the “extreme” case of a short SDD.
Figure 3.8 [χ
χ-comparison Histograms of Clinical Scenario]: (a) Low and (b) high
energy histograms of χ-comparison displaying the fraction of voxels satisfying the
threshold criteria. The 140 cm SDD, 27.2 x 20.4 cm2 field size is shown, with
thresholds of ∆d = 0.0784 cm and ∆D = 1.0%. If |χ
χ| ≤ 1, then the acceptance criteria
are satisfied.
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Figure 3.9 [χ
χ-comparison Histograms of Extreme Scenario]: (a) Low and (b) high
energy histograms of χ-comparison displaying the fraction of voxels satisfying the
threshold criteria. The 105 cm SDD, 35.7 x 26.8 cm2 field size trial is shown, with
thresholds of ∆d = 0.0784 cm and ∆D = 1.0%.

The worst-case scenario (35.7 x 26.8 cm2 field size, 105 cm SDD) resulted in higher dose
differences for the χ-comparison for each energy within 1.8 % (Figure 3.9). Higher dose
differences were expected as the SDD was decreased and field size was increased,
resulting in larger incident angles of primary radiation fluence into the detector, ie. the
kernels were further from being parallel than at longer SDDs. Qualitatively similar to the
clinically relevant case, a general underestimation by the parallel kernel assumption was
demonstrated (Figure 3.9).

Comparisons of the parallel vs. tilted dose calculation for all energies exhibited the
greatest disagreement along diagonal profiles, coinciding with the largest rotation of the
tilted kernels and the largest error in the full superposition calculation, most likely due to
the repositioning and interpolating operations. There were some fluctuations in the χ-

78

comparison results (Figure 3.7 (c)) near the origin since the azimuthal angle of many of
the low radius voxels immediately surrounding it was approximately 45°, corresponding
to the largest rotation imposed on the kernels. Evidence of radial symmetry in the χcomparison (Figure 3.7 (b), a greyscaled intensity map of the 2-D χ-comparison scores)
was consistent with the introduction of the tilted kernels into the superposition dose
calculation. The radial symmetry demonstrated increasing differences from the parallel
kernel as a function of tilt angle, as would be expected.

3.4 CONCLUSIONS
This study validates the practice of applying parallel dose kernels in a divergent clinical
geometry to determine the dose deposited in an a-Si EPID, allowing fast calculation of
portal dose images using the two-step algorithm. Monte Carlo dose kernels for an aS500
detector were generated with DOSXYZnrc at incident angles ranging from 0° to 14° and
monoenergetic photon energies of 0.1, 2, 6 and 18 MeV. To improve statistics, the voxels
were averaged bilaterally and then combined into concentric square rings to reduce
statistical uncertainty to less than 0.08% of the maximum voxel dose. The parallel dose
kernels were convolved with a top-hat function fluence incident on the EPID while the
tilted kernels were used to perform a full superposition with the same incident fluence, in
order to calculate the dose deposited using both calculation methods. Two field sizes and
two SDDs were examined for each photon energy. A χ-comparison test compared the
convolution and superposition results and produced an agreement between the methods
for ∆D = 1.8% and ∆d = 0.0784 cm for the worst-case-scenario of 35.7 x 26.8 cm2 field
size and 105 cm SDD at all energies. The more clinically relevant cases (27.2 x 20.4 cm2
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field size, 140 cm SDD) showed a ∆D = 1.0% and ∆d = 0.0784 cm agreement over all
energies. In a clinical spectrum, the effects of the parallel kernel assumption would be
expected to be smaller due to the larger proportion of low energy photons. It was
observed that generally the parallel kernel assumption slightly underestimated the
deposited dose, showing increasing differences with increasing radii from the central
axis.

The time for the algorithm to compute the full superposition (18 h) was approximately
6000 times greater than the convolution time (10.5 s). The calculations were carried out
using Interactive Data Language (IDL; RSI, Boulder, CO). Implementation on different
software and hardware combinations may affect this ratio.

This work demonstrates that Monte Carlo generated EPID dose kernels applied with a
parallel geometry assumption are sufficient in predicting portal dose images, and that a
full superposition is not required for dosimetric accuracy of better than 1.8% for extreme
cases and less than 1.0% for clinically relevant scenarios.
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CHAPTER FOUR: COMPREHENSIVE FLUENCE MODEL FOR
ABSOLUTE PORTAL DOSE IMAGE PREDICTION

Chapter Three discussed the validation of the parallel dose kernel assumption for portal
dose image prediction. The current chapter will outline the development of a versatile,
physics-motivated fluence model to use for pre-treatment verification of open IMRT
fields. This chapter was previously published in the peer-reviewed journal Medical
Physics.*

4.1 INTRODUCTION
As radiation therapy techniques grow increasingly complex, a need for thorough
dosimetric verification of these treatments is evident. These techniques typically deliver
higher doses to the tumour with a more conformal dose distribution. High dose gradients
are present and are inherent to the techniques. These factors increase the demand for
verifying that the planned dose distribution was actually delivered to the patient. One
verification tool under investigation is the amorphous silicon electronic portal imaging
device (a-Si EPID) [1-16]. This EPID is commonly used for geometric verification in the
clinic [1], but it has also shown promise as a means for dosimetric validation [2-14]. The
response of the a-Si EPID is linear with dose [1, 7, 16], but it also possesses other
favourable imaging characteristics such as high quantum efficiency, spatial resolution,

*

Reprinted with permission from the AAPM, granted on April 8, 2011.
K. Chytyk and B. M. C. McCurdy, “Comprehensive fluence model for absolute portal dose image
prediction,” Med Phys, 2009. 36 (4): p. 1389-98.
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signal-to-noise ratio and noise power spectra [16]. There is a particular interest in
utilizing the a-Si EPID for the verification of IMRT treatments [3-13].

One approach for a-Si EPID dosimetric verification is transit dosimetry, where the
measured image is used to determine energy fluence exiting the patient or phantom. The
energy fluence may then be backprojected through the patient CT dataset and used to
calculate patient dose, which is compared to the planned dose distribution [10, 13, 14] or
to film [11, 12]. Another method is to generate a 2-dimensional predicted portal dose
image, which is created by simulating the portal image formation process as determined
by the imager characteristics. By comparing information from predicted images to
measured treatment images captured by EPIDs [2-4, 6] and assuming patient setup has
been verified, one can determine whether the expected fluence pattern exited the patient,
and therefore if the correct dose was delivered within a desired tolerance.

There are many proposed methods for portal dose image prediction. One approach is a
full Monte Carlo technique, where radiation transport through the treatment head and
dose deposition in the detector are simulated [3]. Some groups have used precalculated
Monte Carlo dose kernels [2, 4, 17] or analytical dose kernels [6, 8] to represent the dose
delivered to the detector system. Usually, these dose kernels are convolved with a photon
fluence map incident on the EPID. A two-step approach which convolves Monte Carlo
dose kernels with an incident EPID photon fluence for static fields has been utilized in
our earlier work [2, 17]. However, the fluence exiting the treatment head in that work was
estimated with a cumbersome ionization chamber measurement of fluence profiles for
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every portal dose image predicted. Therefore, the field was measured twice – once with
an ionization chamber and once with an EPID.

Li et al. extracted the energy fluence of the treatment field from the TPS, convolving the
extracted fluence with dose kernels [4]. Their model consisted of separate dose kernels
for MLC-transmitted and open regions of the field to obtain a more accurate portal dose
image prediction. Greer et al. [8] also found a difference in EPID response between open
and MLC-blocked fields and determined that a correction for this difference should
improve IMRT dosimetry. A recent investigation carried out by the same group [9] has
provided further insight into a method conceived by van Esch et al. [6] and employed by
the Eclipse Treatment Planning System (TPS) (Varian Medical Systems, Palo Alto, CA).
In that work, Vial et al. studied the effect of MLC transmitted radiation on the portal dose
image prediction method that was originally proposed by van Esch et al. [6]. To obtain a
predicted dose image, the detector response function was convolved with the fluence
extracted from the TPS. The detector response function (or dose kernel) was a sum of
triple Gaussians that were iteratively adjusted to fit a predicted image to an acquired test
image specified by the vendor. A collimator scatter factor was employed in the prediction
algorithm to account for linear accelerator output with respect to field size, while a
correction was added to better predict MLC-blocked fields. A reference dosimetry dose
calibration was also incorporated into the algorithm. Although this method had
previously been found to be adequate for IMRT fields (an agreement within a dose
difference of 3%, and a distance-to-agreement or DTA of 3 mm) [6], the work of Vial et
al. [9] found the algorithm to be insufficient for accurate portal dose prediction. The

85

EPID response to MLC-transmitted radiation was reduced to 0.79 times that of an open
field, and was further reduced with respect to off-axis distance. To improve prediction
accuracy, the authors suggested that the EPID response function and the incident fluence
need to be modeled in more detail.

This work addresses the issues of a detailed EPID response function and an improved
source model specifically for portal dose image prediction. To efficiently implement
treatment verification using our previous work [2, 17], a general fluence determination
for portal dose image prediction is required, especially to model the complex modulation
of IMRT. A physically-based fluence model, analogous to that used by the Pinnacle TPS
(Philips Medical Systems, Milpitas, CA) [18], was developed. Model parameters were
adjusted in order to match MLC-defined predicted images to a series of measured
‘commissioning’ images taken with an aS1000 EPID (Varian Medical Systems, Inc., Palo
Alto, CA). The model presented here accounts for the initial fluence profile, MLC
transmission, interleaf leakage, tongue and groove effect, rounded leaf tips, extrafocal
scatter, primary fluence, off-axis spectra softening and jaw transmission. Monte Carlo
studies resulted in the proposed modifications to the extrafocal source shape and energy
spectrum of the fluence model. Improvements over the approach taken by the TPS
include using a non-Gaussian extrafocal source distribution and separating the energy
spectrum and off-axis softening of the focal and extrafocal sources. The conversion of
predicted energy fluence to a portal dose image is accomplished by convolving the
energy fluence with a series of monoenergetic dose kernels, calculated via Monte Carlo.
The fluence model parameters were manually adjusted in order to match predicted
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images to measured images of MLC-defined fields, in a process analogous to the
commissioning of a TPS utilizing a physical head fluence model. Once the model was
commissioned, it was tested on ten clinical prostate and ten clinical oropharyngeal IMRT
fields. It is demonstrated that the proposed fluence model, combined with a dose
deposition calculation accounting for the detector energy response, is capable of accurate
portal dose image prediction as shown by agreement with static and IMRT field
measurements.

4.2 METHODS AND MATERIALS
4.2.1 Measured images of MLC-defined fields for commissioning
Measured EPID images were taken with an aS1000 EPID mounted on a Clinac iX
(Varian Medical Systems, Palo Alto, CA). The active detection area of the amorphous
silicon EPID is 40x30 cm2 with a resolution of 1024x768 pixels. The imaging cassette of
the detector consists of a 1 mm thick copper buildup plate and a Lanex Fast-B phosphor
(gadolinium oxysulphide) screen. The Clinac iX is a dual-energy (6 MV and 23 MV)
linear accelerator equipped with 120-leaf Millenium MLCs. Our institute’s IMRT
treatments are delivered with 6 MV only, therefore all measurements here were taken
with a 6 MV photon beam. However, the methods presented are probably applicable to
any beam energy as the process is analogous to the Pinnacle TPS [18]. Using the IAS3
(Image Acquisition System v.3) Service Monitor of PortalVision (Varian Medical
Systems, Palo Alto, CA), a total integrated image for each delivered field is obtained,
where the integrated image is averaged over the total number of frames taken throughout
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the field delivery. Details on acquiring images are included in the Appendix (Section
8.1).

The MLC-defined fields for the commissioning of our model were similar to the fields
used for TPS commissioning (1x1, 2x2, 5x5, 5x20, 10x10, 20x5 and 20x20 cm2, with the
jaws positioned at 25x25cm2), with 100 MUs delivered to the imager. These images were
re-acquired over a range of SDDs including 100, 115, 130, 140 and 160 cm. The 160 cm
SDD image set did not include the 20x20 and 5x20 cm2 fields because these fields
extended beyond the EPID detector area at that distance. Commissioning was performed
at an SDD of 140 cm since this distance is commonly used for our clinical imaging. The
model parameters (outlined in Section 4.2.4) were manually adjusted to match the
predicted images to the measure images. Images acquired at SDDs other than 140 cm
were used to check the robustness of the model at various SDDs.

During image processing of the aS1000 images, a dark-field and a flood-field correction
are applied. Unfortunately, the flood-field correction eliminates profile fluence
information inherent to the beam and creates difficulty in using the a-Si EPID for
accurate dosimetry. By following a procedure described by Greer [15], the beam profile
of the measured image was reintroduced.

4.2.2 Dose calibration
A calibration of the imager to absolute dose units through reference dosimetry was
desired for IMRT validation. Since the majority of our current and future work is or will
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be carried out at a SDD of 140 cm or greater, the chosen image for the calibration was a
10x10 cm2 field at 140 cm SDD (100 MU delivered), although any SDD and field size
could be used. For the calibration, 1 MU delivers 1 calibrated unit (CU) to the center of
the imager. For an integrated image taken during the entire beam-on time, PortalVision
(Varian Medical Systems, Palo Alto, CA) obtains data for a number of frames which is
dependent on beam-on time, with the resulting image being an average over the total
number of frames. The total integrated signal of the image (i.e. resulting image multiplied
ref
by the number of frames) is denoted as S total
on the central axis for the 10x10 cm2

measured image. In practice, an averaged signal over a 24x24 pixel region of interest on
the central axis is used (~1x1 cm2). Then 1 CU is defined as:
(4.1) 1CU =

ref
S total
.
100

ref
The central axis dose of the predicted image for the same field size ( D pred
) and SDD is

proportional to the CUs of the corresponding measured image with the constant α,
defined as:
(4.2) α = 100 ⋅

ref
D pred
ref
S total

.

pred
Therefore, to obtain a predicted image in CU ( S total
),
D pred
pred
S
=
⋅ N MUs
total
(4.3)
α
meas
),
and to obtain a measured image in CU ( S total

meas
meas
(4.4) S total
= S mean
⋅ N frames

,

where NMUs is the number of monitor units delivered (valid for both IMRT and static
fields), Nframes is the number of frames taken, Dpred is the dose of the predicted image in

89

meas
dose units and S mean is the dose of the raw measured image in greyscale (averaged over

Nframes) and α is given as in Equation 4.2. This provides a simple method to give

predicted and measured dose images in arbitrary ‘calibrated units’.

4.2.3 Monte Carlo simulation of linear accelerator
To examine the characteristics of both the focal and extrafocal fluence independently, the
linear accelerator was simulated using BEAMnrc [19], with the DYNVMLC component
module for simulation of the Millenium MLC [20]. The phase-space files (generated at
the isocenter plane) were applied to a simulated water tank in DOSXYZnrc [21] to
validate the BEAMnrc model predictions against measured water tank data. A large
(20x20 cm2) and small (5x5 cm2) field size were defined by MLC, with jaws set to 25x25
cm2. The fluence generated by each component of the linear accelerator model was
tracked using the latch mechanism in BEAM. The default electron and photon cut-off
(ECUT and PCUT) values were used – 0.521 MeV and 0.01 MeV, respectively. After
validation, the phase-space files were analyzed with BEAMDP [22]. The extrafocal
fluence was investigated, examining energy spectrum, profile and contributions of the
various linear accelerator head components. In addition, the focal fluence was analyzed
for its profile shape.

4.2.4 Fluence model for predicted images
The proposed fluence model consists of a focal fluence source and an extrafocal fluence
source [18, 23, 24]. Based on the results of the Monte Carlo simulations described in
Section 4.2.3, the Pearson VII function (see Figure 4.1 and Equation 4.5) was used to
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model the extrafocal source. The Pearson VII is similar in shape to the Gaussian (a
common function used to approximate an extrafocal source [18, 23]), but the Pearson VII
tails fall off more slowly. The Pearson VII is defined as:
(4.5)

y=

,

a
§ 4( x − b) 2 § 2 1d − 1· ·
¨
¸¸
¨
©
¹¸
¨1 +
2
c
¨¨
¸¸
©
¹

d

where a as the amplitude, b is the center, c is the FWHM and d is the parameter which
controls the approach to zero of the function. As the d parameter approaches a value of
ten, the Pearson VII approaches a Gaussian. Other functions may be proposed with
similar properties to the Pearson VII. However, we chose this function since it maintains
simplicity by only adding one additional fit parameter compared to that of the Gaussian.
The focal fluence source was modeled as a Gaussian and both sources had a user-defined
FWHM and adjustable contribution. The relative contributions of both the focal and
extrafocal sources can be adjusted to match the tails and shoulders of the predicted
profiles to the measured profiles. These contributions are governed by the extrafocal
height parameter, which is the proportion of extrafocal fluence scatter at the central axis
for the largest field possible (in this case, a 40x40 cm2 jaw-defined field). The amount of
extrafocal fluence at the central axis for each field calculated is then relative to this
parameter, with the focal fluence contribution being defined as (1 - extrafocal height).
This approach is analogous to the TPS method of weighting the focal versus extrafocal
fluence.
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Figure 4.1 [Gaussian and Pearson VII Functions]: Profiles of sample Gaussian and
Pearson VII. Both functions have the same FWHM of 3.0 and amplitude of 1.0, with
the Pearson VII’s ‘d’ parameter (see Equation 4.5) equal to 0.5.

The attenuation through the flattening filter in the linear accelerator head creates the
characteristic beam profile of the focal fluence. In this work, the Monte Carlo simulation
of the linear accelerator provided our ‘initial focal fluence profile’ estimate. The initial
focal fluence profile is a radially symmetric function that is used by the fluence model to
account for field shape and focal source effects. The fluence profile also characterizes the
attenuation effects of the flattening filter on the focal fluence component. The off-axis
softening of the focal fluence, also due to the presence of the flattening filter in the beam,
is taken into account with Equation 4.6, as in the TPS [18]:

(4.6)

·
§
¸
¨
¸
¨
1
Wi ' = Wi × ¨
¸
¨ 1 + §¨ Ei ·¸ ¸
¨ ¨ E ¸¸
© © max ¹ ¹

OASoft ×θ

,
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where the adjustable parameter OASoft is the ‘off-axis softening parameter’. Ei is the
energy of the photon with corresponding weight Wi, Emax is the maximum photon energy
in the spectrum, θ is the angle from source to calculation point and Wi’ is the proportion
of photons with energy Ei off-axis. The focal fluence energy spectrum was defined by the
Monte Carlo simulation analysis outlined in Section 4.2.3 since, in contrast to
measurements with a water phantom, it is not possible to obtain percentage depth dose
data for energy spectra adjustment with an EPID. Whereas the TPS uses a single energy
spectrum for focal and extrafocal fluences, we employed an extrafocal spectrum that was
separate from the focal spectrum and also defined by the BEAMnrc simulation analysis.
This extrafocal energy spectrum was radially constant, i.e. the extrafocal spectrum was
not softened off-axis.

The magnitude of extrafocal fluence for a particular point on the EPID was calculated in
the standard manner, by determining the amount of extrafocal fluence ‘seen’ at that point
through the MLC-defined field [25]. The MLC-defined field is projected onto the plane
of the extrafocal fluence source (in this model, the base of the flattening filter) and then
convolved with the extrafocal source function. Convolution may be used here since the
MLC defines the field aperture at a single plane perpendicular to the beam central axis.

A number of details concerning the multi-leaf collimators were modeled. The MLCs
were assigned a transmission factor to account for the transmitted fluence through the full
thickness of the leaves. The MLC transmitted photon spectrum was assumed to be equal
to that of the incident photon spectrum, as is assumed in Pinnacle [18]. The rounded-leaf
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tips of the MLCs were approximated as a circle of user-defined radius, with raytracing
occurring through the tips. Clinical leaf offsets were used to correct the difference
between the light field and the radiation field. The phenomenon that occurs when MLCs
are non-adjacent, known as the tongue and groove effect, was represented as the
transmission through one-half the MLC thickness. The interleaf leakage of adjacent
leaves was assigned a transmission factor for the tongue and groove width.

The secondary collimators were assigned their own transmission factor to account for the
transmitted fluence through the jaws.

This fluence model consists of a number of parameters that are to be adjusted during the
commissioning process (see Figure 4.2). All parameters are manually adjusted until all
open-field profiles agree within 2% and 2 mm, to obtain one set of parameters for all
square and rectangular fields. To adjust the fluence in-field, the incident focal fluence
profile and the off-axis softening parameter (see Equation 4.6) are varied. The shoulders,
tails and penumbra of the field are controlled with the full-width half-maximums
(FWHMs) of the focal and extrafocal source functions and the radius of curvature of the
MLC leaves. Transmission coefficients for the jaws, MLCs and interleaf leakage also
account for out-of-field characteristics, as does the tongue-and-groove width. The focal
and extrafocal spectra are not adjusted after being determined by BEAMnrc. The leafoffsets are determined by the vendor and are not adjusted either. A list of the parameters
and their values is found in the Appendix (Chapter 8.4).

94

Figure 4.2 [Comprehensive Fluence Model Commissioning]: Procedure to
determine fluence model. In-field parameters to adjust are the focal fluence incident
profile and off-axis softening parameter (see Equation 4.6). Out-of-field parameters
refer to the full-width half-maximums (FWHMs) of the focal and extrafocal sources,
the extrafocal height (percentage of Gaussian contribution) and the radius of
curvature of the MLC leaves (match to penumbra of field). The transmission
variables include a jaw, a MLC and an interleaf leakage transmission coefficent, as
well as an adjustable tongue-and-groove width.

4.2.5 Converting the fluence to dose
A library of monoenergetic dose kernels (0.1 – 6.0 MeV) was generated by DOSRZnrc
[21]. These dose kernels were specific to the aS1000 imager and the simulation geometry
included detailed specifications provided by the manufacturer. To approximate the
backscatter from the rear housing of the detector, a 21 mm air gap and 10 mm uniform
water slab placed downstream from the imaging cassette, as determined by Siebers et al.
[3] and employed by Li et al. [4], was included. This additional backscatter also provides
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an increased detector dose response which emulates an optical glare effect, so the optical
glare effect is not explicitly modeled here [4]. A pencil beam of photons was simulated
perpendicularly incident to the detector, with dose bins in the phosphor layer consisting
of concentric rings of varying width (high resolution at lower radius and low resolution at
higher radius). The dose kernels for all energies were converted to Cartesian coordinates
and then convolved with the resulting predicted energy fluence from the model and the
results summed over energy to find total dose in the detector. This method for converting
fluence to dose for EPIDs has been used previously [2, 17], since energy response of the
EPID is modeled and the assumption of perpendicularly incident fluence has been shown
to be accurate in most clinical situations [26].

4.2.6 Clinical IMRT validation
The developed portal dose image prediction model was tested with clinical IMRT fields
incident on the EPID. Ten prostate and ten oropharyngeal clinical plans were chosen for
validation. These plans each contained seven fields and were designed by the Pinnacle
TPS using direct machine parameter optimization, with step-and-shoot delivery. The
predicted and measured images were evaluated in-field, by applying a threshold of 10%
of the maximum dose, and using the χ-comparison [27] (a computationally efficient
implementation of the γ-evaluation [28]) for an absolute local dose difference of 2% and
a DTA of 3 mm. Whereas our institution uses values of 3%, 3 mm as part of routine,
clinical, non-EPID IMRT quality assurance, we decided to impose a more stringent
acceptance criteria. The prostate cases were part of the PROFIT trial (prostate
fractionated irradiated trial – Ontario Clinical Oncology Group). The oropharyngeal cases
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were planned using the RTOG 0022 trial guidelines (Radiation Therapy Oncology
Group), although these patients did not formally participate in the trial.

One oropharyngeal field (plan 5, field 5) was calculated using the Gaussian model (with
combined focal and extrafocal spectra) and compared to the Pearson VII model (with
independent focal and extrafocal spectra) for accuracy against the measured IMRT field.

4.3 RESULTS AND DISCUSSION
4.3.1 Monte Carlo simulation of linear accelerator
The BEAMnrc simulation of the linear accelerator was validated with measured water
tank data taken with a silicon diode (PFD, IBA Dosimetry, Schwarzenbruck, Germany).
The in-plane and cross-plane profiles through central axis at depths of 1.5 cm, 5.0 cm,
10.0 cm and 20.0 cm agreed within a 1% dose difference for a 20x20 cm2 and 5x5 cm2
field (90 cm SSD setup). The percentage depth doses also agreed within a dose difference
of less than 1% from 1.5 cm to 30 cm depth. Therefore, we assume our BEAMnrc model
of the linear accelerator is accurate.

Analysis of the BEAMnrc simulation of the linear accelerator with the BEAMDP tool
revealed the extrafocal fluence outside the defined field, the magnitude of which is
dependent on field size and slowly decreasing with radius (see Figure 4.4). However, if
one calculates extrafocal fluence based on the best fit Gaussian function matching the
predicted and measured dose images at 140 cm SDD, the fall off is much sharper than
that observed with the best fit Pearson VII function. For example, see the extrafocal
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fluence distributions for a 20x20 and a 5x5 cm2 field in Figure 4.3. The Gaussian
function may provide a slightly better match to the Monte Carlo in-field, but any
variations in this region can be compensated for with other model features, such as initial
focal fluence profile, as is common in TPS commissioning. In Figure 4.3 (b), the 5x5 cm2
Monte Carlo determined extrafocal fluence is not as accurately predicted by the Pearson
VII extrafocal fluence well away from the field edge in the MLC-blocked regions of the
image in comparison to the 20x20cm2 field, but improved compared to the best fit
Gaussian result.
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Figure 4.3 [Profiles of Extrafocal Source Fluences]: Profiles of Monte Carlo,
Gaussian and Pearson VII calculated extrafocal source fluences for a (a) 20x20 cm2
and a (b) 5x5 cm2 field. Note the sharp drop-off to zero of the Gaussian extrafocal
fluence as compared to the Monte Carlo and Pearson VII extrafocal fluence
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Figure 4.4 [Extrafocal Fluence from Linac Components]: Contributions of each
linear accelerator component to the total extrafocal fluence as determined by Monte
Carlo simulation. The graph ranges are chosen to emphasize the low fluence range
outside of the field for (a) a 20x20 cm2 and (b) a 5x5 cm2 field at an SAD = 100 cm.
The high fluence range in the central area of the field was dominated by the
flattening filter scatter.
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BEAMDP analysis further revealed that the non-zero, out-of-field extrafocal fluence was
due mostly to scatter from the MLC, with a small contribution from the secondary
collimators (see Figure 4.4). Kim et al. [29] found that the MLC scatter was also
dependent on field size and could be estimated as a constant background, their results
focusing on the examination of in-field properties. MLC scatter increases with field size
due to increased surface area of the MLCs exposed to the beam [30]. The Pearson VII
function allows the spatially broad MLC scattered extrafocal fluence to be modeled more
accurately than can be achieved with a single Gaussian function. Inside the field, the
majority of extrafocal scatter comes from the flattening filter, as expected.

The extrafocal fluence spectrum was also studied with BEAMDP. In the TPS fluence
model, the extrafocal and focal spectra have been combined and handled as a single
spectrum that varies with off-axis distance. The focal spectrum clearly softens off-axis,
but Monte Carlo simulation reveals that the extrafocal spectrum varies little with radius
(see Figure 4.5) and is the justification for a radially independent extrafocal spectrum that
is separate from the focal spectrum.
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Figure 4.5 [Focal and Extrafocal Spectra]: (a) Focal spectra as determined by
Monte Carlo modeling for scoring rings from 0 to 1 cm and 10 to 12 cm. Note the
change in spectra off-axis, particularly in comparison to (b). (b) Extrafocal spectra
as determined for scoring rings from 0 to 1 cm and 10 to 12 cm. Note that the
spectrum does not change noticeably off-axis, with respect to the central axis.
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As a starting point for the beam modeling, the focal fluence profile determined by the
Monte Carlo simulation was used as the initial fluence profile. The initial fluence profile
only required minor adjustments (< 2%) to accurately model the measured images.

In the literature, a variety of functions have been investigated as extrafocal source
functions, including, but not limited to: a polynomial [31], an exponential [32], a
triangular function [33] and a Gaussian [34-37]. The use of the Pearson VII as the
extrafocal source in this model is better able to account for the field-size dependency of
the MLC scatter, particularly outside the field. The extrafocal source function used in this
work improves prediction of MLC scatter especially outside defined apertures, but an
alternative approach could be to add a third source to the model specifically to predict
MLC scatter. Yang et al. [32] proposed a three-source model, with one focal point source
and two extrafocal sources to account for flattening filter scatter (modeled as an
exponential) and primary collimator scatter, respectively, but the model did not explicitly
include a source for MLC scatter. Ahnesjö [38] explicitly modeled jaw scatter via
analytical methods, but did not extend the model to the MLC. Furthermore, other work
by Ahnesjö found that a triangular function more accurately matched a flattening filter
scatter source, in comparison with a Gaussian [33]. Zhu and Bjärngard stated their use of
a Gaussian function to represent extrafocal scatter should not be taken to be the definition
of the ‘distributed’ extrafocal source [35].They emphasized that the Gaussian function is
modeling many linear accelerator components and may ‘capture the essential features’ of
the extrafocal source. Thus, there appears to be no physical significance in using a
specific analytical function form (i.e. Gaussian) as the extrafocal source function. The
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Pearson VII is a simple analytical function that provides slightly more functionality than
a Gaussian to the application of empirical modeling of an extrafocal source function.

4.3.2 MLC-defined fields for commissioning
The predicted and measured EPID profiles agreed in-field (10% of the maximum dose)
within a relative dose difference of 2% and a DTA of 2 mm for all field sizes at 140 cm
SDD – the only fields that did not achieve a percentage of pixels greater than 98% (pixels
with χ < 1) were the 10x10 cm2 field (96.4%) and the 20x20 cm2 field (90.6%). The
disagreement for these fields was localized to the edges of the field. The average number
of pixels agreeing within the 2%, 2 mm criteria for all field sizes at 140 cm SDD was
97.9%, while prediction at the other SDDs agreed similarly, with an average number of
pixels with χ < 1 ranging from 98.1% to 99.0%. The slightly better agreement for SDDs
other than the 140 cm SDD could be due to the smaller size of the fields incident on the
EPID (despite the same size of the fields at isocentre) for the shorter SDDs. In this case,
field edge effects as described further at the end of this section would be less pronounced.
For the 160 cm SDD case, the fields largest in the gantry-couch direction (i.e. 20x20 cm2
and 5x20 cm2) were not measured as the fields would extend past the edge of the
detector.

The model utilizing the Gaussian extrafocal source predicted the 1x1, 2x2, 5x5 and
10x10 cm2 fields to within 2%, 2 mm for at least 99% of the pixels in-field. The 20x20,
20x5 and 5x20 cm2 fields only agreed for 83.6%, 92.4% and 80.4% of the pixels,
respectively.
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Large differences between the models occur out-of-field (defined as less than 10% of the
maximum dose). The Pearson VII model agrees out-of-field (within 2%, 2 mm with
respect to the local dose) for at least 99% of the pixels for all MLC-defined fields, while
the Gaussian model agrees out-of-field for at least 98% of the pixels for only the three
smallest fields. The 10x10, 20x20, 20x5 and 5x20 cm2 agree out-of-field for 77.7%,
13.2%, 77.6% and 76.7% of pixels, respectively. Overall, the Pearson VII model agrees
more accurately than the Gaussian model over the variety of field sizes used in
commissioning – both in-field and out-of-field.

As shown in Figures 4.6 (a) and 4.7 (a), a model utilizing the Gaussian extrafocal source
and a combined focal and extrafocal spectrum underpredicts the tails of the profiles for
fields larger than or equal to 5x5 cm2. In our clinic, underprediction of tails is also
observed in the TPS commissioning data, but not to this extent. Examining a 20x20 cm2
field for example, there is about a 2% dose difference in the TPS using water tank data,
as opposed to 6.5% dose difference for the Gaussian fluence prediction using EPID data.
This difference occurs in the MLC-blocked region of the field and not the jaw-blocked
region. The cause of the difference in underprediction could be that the measured images
were acquired with an EPID and not a water tank as in the TPS. Another point to consider
is that this model is only mimicking the TPS and is not the commercial TPS itself.
Aspects of the TPS that are not explicitly outlined in the user manual are not incorporated
in the proposed model, thus behaviour of the TPS model may not be exactly reproduced.
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Figure 4.6 [Measured and Predicted Profiles of Open 20x20 Field]: (a) X-profiles
(cross-plane) of a 20x20 cm2 field demonstrating agreement between the model and
the measured data. ‘Pearson’ denotes the model with the Pearson VII extrafocal
source, while ‘Gaussian’ is the model with the Gaussian extrafocal source. Note that
the ‘Gaussian’ model underestimates the measured profiles outside the field. (b) Yprofiles (gantry-couch plane) of 20x20 cm2 field for both the measured and
predicted model (i.e. with Pearson VII extrafocal source). Noticeable differences in
the Y-profiles at the field edges are likely due to the differences between the
estimated flood-field correction and the flood-field actually used, including a slight
asymmetry and field edge effects.
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Figure 4.7 [Measured and Predicted Profiles of Open 5x5 Field]: (a) X-profiles of a
5x5 cm2 field demonstrating agreement between the model and the measured data.
‘Pearson’ denotes the model with the Pearson VII extrafocal source, while
‘Gaussian’ is the model with the Gaussian extrafocal source. Note that the
‘Gaussian’ model underestimates the measured profile outside the field. The
blocking of the jaws at 17.5 cm and -17.5 cm is evident. (b) Y-profiles of a 5x5 cm2
field for both the measured and predicted model (i.e. with Pearson VII extrafocal
source). Asymmetry in measured Y-profiles is likely due to differences between the
estimated flood-field correction and the flood-field actually used, with asymmetry
being introduced by the EPID mount arm.
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The remaining disagreement within the open-field images was mainly caused by an
observed asymmetry in the gantry-couch direction of the EPID images (see Figures 4.6
(b) and 4.7 (b)). This effect has been noted in other work [3] and is likely related to
asymmetric backscatter from robotic arm components and has not been accounted for in
the current proposed model. The amount of asymmetry (defined as the maximum ratio
between points symmetric within the central 80% of profile) for the 20x20 cm2 and 5x5
cm2 fields is estimated as 1.003 and 1.010, respectively. Additionally, the model slightly
underpredicts the measured images at the field edges in the gantry-couch direction,
irrespective of the asymmetry in that same direction. This effect is evident at greater
SDDs where the edges of the larger fields approach the edges of the detector. The
observed underprediction, illustrated in Figure 4.6 (b), is possibly the result of
reintroducing the beam profile into the measured image. The correction for the profile
was obtained in the cross-plane (or X) direction of the EPID and a radially symmetric
profile correction was assumed that does not account for edge effects of the 40x30 cm2
flood-field. A method to correct for asymmetric scatter due to the EPID’s robotic mount
arm, as well as the flood-field edge effects, needs to be developed to further increase the
accuracy of the fluence model presented here. Furthermore, the detector is nearly
encompassed by the 20x20cm2 field in the gantry-couch direction and could cause
discrepancies in the measured data due to a lack of lateral scattering material in this
direction.
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4.3.3 Validation of IMRT fields
The IMRT fields agreed within an absolute dose difference of 2% and a DTA of 3 mm
in-field for a minimum of 90% of the pixels (see Tables 4.1 and 4.2 and Figures 4.8 and
4.9). Only 3 out of 70 prostate fields scored below this (at 87.6%, 87.3% and 89.5%) and
no oropharyngeal fields scored below 90%. The majority of the fields (112 out of 140
fields) agreed within 2%, 3 mm for at least 95% of the pixels. In general, the prostate
field agreement was similar to that of the oropharyngeal fields as each site possessed 14
fields with less than 95% of the pixels in agreement with the 2%, 3 mm criteria. Over all
IMRT fields, a mean of 96.6% of pixels were in agreement with the 2%, 3 mm criteria.
Overall agreement was within clinical acceptability for in-house IMRT quality assurance.

Table 4.1 [χ-comparison Results of Prostate Open Fields]: Number of pixels with χcomparison values less than 1.0 for each field within each clinical prostate plan for a
dose difference of 2% and 3 mm DTA criteria. The last row shows the average
accepted pixel percentages over all fields.
Field

Plan 1

Plan 2

Plan 3

Plan 4

Plan 5

Plan 6

Plan 7

Plan 8

Plan 9

Plan 10

1
2
3
4
5
6
7

98.3%
98.3%
98.8%
87.6%
97.5%
98.6%
99.3%

97.6%
98.9%
99.1%
99.4%
98.7%
96.0%
92.0%

98.1%
99.6%
94.3%
94.8%
93.2%
98.9%
95.2%

99.5%
92.8%
95.6%
93.8%
92.9%
97.5%
98.7%

98.5%
97.6%
87.3%
92.2%
93.0%
97.9%
98.2%

97.6%
99.3%
98.7%
98.7%
98.7%
99.1%
96.0%

98.8%
97.7%
98.7%
97.6%
95.9%
98.6%
98.8%

99.0%
98.5%
97.5%
97.2%
97.5%
99.3%
96.7%

99.3%
98.3%
96.5%
92.2%
89.5%
96.6%
97.2%

97.5%
90.1%
98.1%
97.6%
96.4%
98.3%
99.1%

Average

96.9%

97.4%

96.3%

95.8%

95.0%

98.3%

98.0%

97.9%

95.7%

96.7%

Table 4.2 [χ-comparison Results of Head and Neck Open Fields]: Number of pixels
with χ-comparison values less than 1.0 for each field within each clinical
oropharyngeal plan for a dose difference of 2% and 3 mm DTA.
Field
1
2
3
4
5
6
7

Plan 1

Plan 2

Plan 3

Plan 4

Plan 5

Plan 6

Plan 7

Plan 8

Plan 9

Plan 10

97.8%
98.9%
97.2%
98.6%
98.4%
99.2%
98.3%

93.3%
97.4%
96.4%
92.5%
97.3%
95.8%
96.6%

96.6%
95.9%
99.0%
97.8%
95.1%
96.4%
97.6%

98.0%
97.5%
97.8%
96.8%
96.0%
92.6%
96.9%

96.3%
97.1%
96.1%
95.7%
94.4%
94.3%
96.0%

93.8%
95.7%
98.4%
97.3%
96.5%
97.9%
94.2%

98.1%
97.0%
96.3%
96.8%
95.8%
90.0%
95.3%

94.5%
96.0%
94.1%
96.4%
94.4%
93.9%
98.0%

97.7%
98.3%
98.8%
97.3%
97.6%
93.5%
97.9%

97.1%
96.3%
97.8%
98.2%
95.7%
93.5%
95.3%

Average

98.4%

95.6%

96.9%

96.5%

95.7%

96.3%

95.6%

95.3%

97.3%

96.3%
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Figure 4.8 [Profiles of Prostate Field]: X-profiles of a prostate IMRT field (Plan 2,
Field 4) comparing measured to predicted images. The top-left inset is the predicted
image (the white line indicates the position of the profile), with the corresponding χcomparison below. The greyscale legend refers to values of the χ-comparison image.
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Figure 4.9 [Profiles of Head and Neck Field]: X-profiles of an oropharyngeal IMRT
field (Plan 1, Field 6) comparing measured to predicted images. The top-left inset is
the predicted image (the white line indicates the position of the profile), with the
corresponding χ-comparison below. The greyscale legend refers to values of the χcomparison image.

Additionally, one oropharyngeal IMRT field (Plan 5, field 5) calculated with the
Gaussian model (with combined focal and extrafocal spectrum) was tested against the
Pearson VII model (with the separated focal and extrafocal spectra). The Gaussian model
agreed within 2%, 3 mm for 87.7% of pixels as opposed to the Pearson model’s 94.4%
for the same acceptance criteria (see Table 4.2). The Gaussian model prediction
underpredicted the measured portal image more than the Pearson VII.
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4.4. CONCLUSIONS
A comprehensive fluence model used to predict portal dose images for both static and
IMRT fields has been designed and validated. The approach incorporates a detailed twosource model for fluence prediction and accounts for the EPID energy response when
converting fluence entering the EPID to dose deposited in the EPID. This model
demonstrates the accuracy (< 2%, 3 mm) typical of IMRT pre-treatment verification with
portal dose image prediction in complex clinical examples. The fluence model was based
on that of a commercial TPS, but incorporated several improvements due to the analysis
of Monte Carlo simulations of the linear accelerator. The fluence model improvements
described here in the context of an EPID application could potentially be incorporated
into patient specific dose calculation algorithms. Future work aims at implementing this
model with a previously developed algorithm [2, 17] which predicts patient scatter
energy fluence in the EPID.
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7KH SUHYLRXV FKDSWHU RXWOLQHG WKH FUHDWLRQ RI D FRPSUHKHQVLYH SK\VLFVEDVHG IOXHQFH
PRGHOWKDWZDVDFFXUDWHIRUWKHSRUWDOGRVHLPDJHSUHGLFWLRQRIRSHQVTXDUHDQG,057
ILHOGV LHZLWKRXWVFDWWHULQJPDWHULDOLQWKHEHDPSDWK 7KHQH[WVWHSLQWKHSRUWDOLPDJH
SUHGLFWLRQ SURFHVV LV WR LPSOHPHQW D PHWKRG WR DFFRXQW IRU WKH HIIHFW RI D SDWLHQW RU
SKDQWRPLQWKHEHDPZKLFKLVGLVFXVVHGLQ&KDSWHU)LYH 

,1752'8&7,21
7KH DGYHQW RI FRPSXWHG WRPRJUDSK\ &7  SULPDULO\ FRQWULEXWHG WR WKH GHYHORSPHQW RI
FXVWRPL]HG WUHDWPHQWV IRU UDGLDWLRQ WKHUDS\ SDWLHQWV SODQQHG LQ WKUHHGLPHQVLRQV )URP
WKUHHGLPHQVLRQDO FRQIRUPDO UDGLDWLRQ WKHUDS\ DFKLHYHG ZLWK ODUJH EHDP PRGLI\LQJ
GHYLFHV WR LQQRYDWLRQV VXFK DV PXOWLOHDI FROOLPDWRUGHOLYHUHG LQWHQVLW\ PRGXODWHG
UDGLDWLRQWKHUDS\ ,057 WUHDWPHQWVDUHFRQWLQXRXVO\LQFUHDVLQJLQFRPSOH[LW\7KURXJK
WKH XVH RI FRPSXWHU RSWLPL]DWLRQ DQG WKH FUHDWLRQ RI VWHHS GRVH JUDGLHQWV ,057
WUHDWPHQWVDUHDEOHWRGHOLYHUWXPRUFLGDOGRVHVZLWKGLVWULEXWLRQVWKDWDFFXUDWHO\FRQIRUP
WRWKHWXPRXUZKLOHVSDULQJQRUPDOWLVVXHV

+RZHYHU WKHUH KDYH EHHQ D QXPEHU RI VHULRXV UDGLRWKHUDS\ DFFLGHQWV RYHU WKH ODVW
GHFDGH WKDW FRXOG KDYH EHHQ SUHYHQWHG ZLWK SDWLHQW WUHDWPHQW YHULILFDWLRQ >@  ,Q RQH

0DQXVFULSWLQSUHSDUDWLRQ$VSHFWVRIWKLVZRUNZHUHSUHVHQWHGDVDSRVWHULQ³.&K\W\N(9DQ8\WYHQ
79DQ%HHN3%*UHHUDQG%0&0F&XUG\µ3K\VLFDOPRGHOIRULQYLYRGRVHLPDJHSUHGLFWLRQ¶
&DQDGLDQ2UJDQL]DWLRQRI0HGLFDO3K\VLFLVWV$QQXDO6FLHQWLILF0HHWLQJ9DQFRXYHU%&





LQFLGHQW WKUHH IUDFWLRQV RI D SDWLHQW¶V ,057 WUHDWPHQW IRU D WRQJXH WXPRXU ZHUH
GHOLYHUHG ZLWK WKH 0/& SDUNHG LH UHWUDFWHG RXWVLGH WKH EHDP SDWK  DQG WKHUHIRUH
SURYLGLQJ QR EHDP PRGXODWLRQ 7KH HUURU RFFXUUHG EHFDXVH RI D FRPSXWHU FUDVK GXULQJ
SODQQLQJZKLFKUHVXOWHGLQWKH0/&SRVLWLRQVQRWEHLQJVDYHG7KHSDWLHQWGLHGEHFDXVH
RIWKHHUURU>@8QIRUWXQDWHO\WKHIOXHQFHPDSVRI,057DUHQRQLQWXLWLYHEHFDXVHWKH\
UHO\RQWUHDWPHQWSODQQLQJRSWLPL]DWLRQDOJRULWKPVWRGHWHUPLQHWKHEHVWSRVVLEOHIOXHQFH
SDWWHUQVIRUDSDWLHQW¶VWUHDWPHQW7KHFRPELQDWLRQRIKLJKGRVHVVWHHSJUDGLHQWVDQGWKH
FRPSOH[ PHWKRGV E\ ZKLFK ,057 WUHDWPHQWV DUH FDOFXODWHG DQG GHOLYHUHG LQGLFDWH D
UHTXLUHPHQWIRUWKRURXJKGRVLPHWULFYHULILFDWLRQRIWUHDWPHQWGHOLYHU\,QJHQHUDO,057
TXDOLW\ DVVXUDQFH 4$  SURJUDPV FRQWDLQ HOHPHQWV RI PDFKLQHVSHFLILF 4$ WHVWV DQG
SDWLHQWVSHFLILF WHVWV 7\SLFDOO\ D SDWLHQW¶V FOLQLFDO ,057 SODQ LV YHULILHG SULRU WR WKH
VWDUW RI D SDWLHQW¶V WUHDWPHQW GHVFULEHG DV SUHWUHDWPHQW YHULILFDWLRQ 7KLV XVXDOO\
LQYROYHV D SRLQW GRVH PHDVXUHPHQW REWDLQHG LQ D SKDQWRP RIWHQ LQ FRQMXQFWLRQ ZLWK D
IHZWZRGLPHQVLRQDOILOPLPDJHV+RZHYHUWRREWDLQWKHPRVWYDOXDEOHDVVHVVPHQWRID
SDWLHQW¶V WUHDWPHQW GRVLPHWULF YDOLGDWLRQ ZRXOG LGHDOO\ DOVR RFFXU GXULQJ WUHDWPHQW
GHOLYHU\ WR WKH SDWLHQW IRU HYHU\ EHDP DQG HYHU\ IUDFWLRQ GHOLYHUHG IRU WKH FRXUVH RI
UDGLRWKHUDS\7KLVSURFHVVLVUDUHO\ FDUULHGRXWFOLQLFDOO\ZLWKFHQWHUVUHO\LQJVROHO\RQ
SUHWUHDWPHQW YHULILFDWLRQ (YHQ ZLWK SUHWUHDWPHQW YHULILFDWLRQ SODQV FRXOG EH
LQDGYHUWHQWO\ FKDQJHG EHWZHHQ SUHWUHDWPHQW YHULILFDWLRQ DQG WKH ILUVW GHOLYHUHG SDWLHQW
IUDFWLRQ

,Q WKH FOLQLF DPRUSKRXV VLOLFRQ HOHFWURQLF SRUWDO LPDJLQJ GHYLFHV D6L (3,'V  DUH
SULPDULO\XVHGIRUSDWLHQWVHWXSYHULILFDWLRQ7KURXJKRXWWKHODVWIHZ\HDUVD6L(3,'V





KDYHJDLQHGDFFHSWDQFHDVWRROVIRUGRVLPHWU\>@SDUWLFXODUO\IRU,057>@1RQ
WUDQVPLVVLRQLPDJHVDUHWDNHQZLWKRXWDSDWLHQWRUSKDQWRPLQWKHEHDP>
  @ ZKLOH WUDQVPLVVLRQ LPDJLQJ PD\ WDNH SODFH GXULQJ D SDWLHQW WUHDWPHQW
W\SLFDOO\WHUPHGLQYLYR >@RURXWVLGHRIWUHDWPHQWWLPHZLWKDSKDQWRP>
@ $ PHDVXUHG LPDJH REWDLQHG E\ HLWKHU PHWKRG FRXOG WKHQ EH FRPSDUHG WR WKH
SUHGLFWLRQ DW WKH SODQH RI WKH (3,' RU EDFNSURMHFWHG WR FRPSDUH WR WKH 736 GRVH
GLVWULEXWLRQ $ FRPSUHKHQVLYH OLWHUDWXUH UHYLHZ RI (3,' GRVLPHWU\ LQYHVWLJDWLRQV ZDV
SUHVHQWHGE\YDQ(OPSWHWDO>@

7UDQVPLVVLRQ GRVLPHWU\ ZLWK SRUWDO LPDJLQJ FXUUHQWO\ IRFXVHV RQ XVLQJ WKH LQYHUVH
DSSURDFK E\ FRPSDULQJ WKH SUHGLFWHG GRVH GLVWULEXWLRQ WR WKDW RI WKH 736 > @
0F'HUPRWW HW DO >@ VKRZHG WKDW LW ZDV SRVVLEOH WR UHSODFH SUHWUHDWPHQW YHULILFDWLRQ
ZLWK LQ YLYR YHULILFDWLRQ DQG DFKLHYHG GRVH GLVWULEXWLRQV LQ WKH SDWLHQW¶V &7 GDWDVHW
ZLWKLQDGRVHGLIIHUHQFHDQGDPPGLVWDQFHWRDJUHHPHQW '7$ +RZHYHUPXFK
RI WKH ZRUN ZLWK WKLV DSSURDFK UHTXLUHV D FRUUHFWLRQEDVHG DSSURDFK WR DFFRXQW IRU
YDULRXV SDUDPHWHUV LQ WKH SRUWDO GRVH FDOFXODWLRQ HJ GRVH UHVSRQVH RI WKH (3,' DQG
SDWLHQWVFDWWHULQFLGHQWRQWKH(3,' >@

3DVW IRUZDUG WUDQVPLVVLRQ DSSURDFKHV KDYH UHOLHG RQ PHDVXUHG LRQL]DWLRQ FKDPEHU GDWD
WR GHWHUPLQH WKH IOXHQFH LQFLGHQW RQ WKH SKDQWRP >@ RU VFDWWHU IOXHQFH LQFLGHQW RQ WKH
(3,'GXHWRWKHSDWLHQW RUSKDQWRP>@9DQ =LMWYHOGHWDO>@XVHGPHDVXUHG
(3,' LPDJHV ZLWK DQG ZLWKRXW WKH SDWLHQWWR GHWHUPLQH SULPDU\ IOXHQFH DQG D VHULHV RI
(3,'LPDJHVWRILWVFDWWHUIOXHQFHNHUQHOV2WKHUPHWKRGVKDYHLQFOXGHGDQH[WUDFWLRQRI





WKHSULPDU\ HQHUJ\ IOXHQFHIURPPHDVXUHG(3,'LPDJHVWRXVHLQWKHSUHGLFWLRQPRGHO
>@DQGLQFRUSRUDWLQJWKH(3,'LQWRWKH736FDOFXODWLRQ>@$OWKRXJKWKHGRVH
LQ WKH SDWLHQW LV QRW GLUHFWO\ FDOFXODWHG ZLWK IRUZDUG PHWKRGV WKHVH WHFKQLTXHV FRXOG
SRWHQWLDOO\EHXVHGWRFDOFXODWHGRVHLQWKHSDWLHQWE\FRPSDULQJWKHSUHGLFWHGLPDJHWR
WKH PHDVXUHG LPDJH DQG LWHUDWLYHO\ DGMXVWLQJ LW > @ $QRWKHU SURVSHFWLYH XVH IRU
IRUZDUG WUDQVPLVVLRQ WHFKQLTXHV LV LQ UHDOWLPH GRVLPHWU\ ZKHUH D VHULHV RI PHDVXUHG
LPDJHV DUH FROOHFWHG LQ FLQH RU µPRYLH¶  PRGH WR EH FRPSDUHG WR FRUUHVSRQGLQJ
SUHGLFWHG LPDJHV ± SRWHQWLDOO\ GHWHFWLQJ GRVLPHWULF HUURUV LQ UHDOWLPH RU QHDU UHDOWLPH
>@

7KH FXUUHQW ZRUN SUHVHQWV D VHPLDQDO\WLFDO PRGHO WR DFFXUDWHO\ SUHGLFW SRUWDO GRVH
LPDJHV ZLWK WKH SDWLHQW LQ WKH EHDP LQ DEVROXWH GRVH XQLWV 7KH (3,'RSWLPL]HG
FRPSUHKHQVLYHIOXHQFHPRGHORULJLQDOO\GHVFULEHGE\&K\W\NDQG0F&XUG\>@KDVEHHQ
PRGLILHG DQG H[SDQGHG KHUH IRU LPSURYHG DFFXUDF\ LQFOXGLQJ PDQXIDFWXUHUVSHFLILF
GHWDLOV RI WKH 0/& OHDYHV DQG H[SOLFLW FDOFXODWLRQ RI 0RQWH&DUOR FDOFXODWHG IOXHQFH
DWWHQXDWLRQ WKURXJK WKH 0/& 7KLV IOXHQFH PRGHO LV LQWHUIDFHG WR DQ DOJRULWKP IRU
SUHGLFWLQJ SRUWDO GRVH LPDJHV ZLWK DWWHQXDWLQJ PDWHULDO LQ WKH EHDP DFFRXQWLQJ IRU
SULPDU\WUDQVPLVVLRQSDWLHQWRUSKDQWRPVFDWWHU(3,'RSWLFDOJODUH(3,'VXSSRUWDUP
EDFNVFDWWHUDQG(3,'HQHUJ\UHVSRQVH>@7KLVSRUWLRQRIWKHSRUWDOGRVHLPDJH
SUHGLFWLRQPRGHOLVEDVHGRQSUHYLRXVZRUNEXWKDVEHHQVLJQLILFDQWO\XSGDWHGKHUH7R
GDWHDGHWDLOHGLQFLGHQWIOXHQFHPRGHOKDVQRWEHHQXVHGIRUSRUWDOGRVHLPDJHSUHGLFWLRQ
ZLWK D6L (3,'V± WKH SUHYLRXV ZRUN RI 0F&XUG\ HW DO >@ UHTXLUHG PHDVXUHG LQFLGHQW
IOXHQFHVIRUHYHU\ILHOG$OVRWKHHQWLUHDOJRULWKPJHQHUDOO\H[SORLWVWKHXQGHUVWDQGLQJRI





WKH XQGHUO\LQJ SK\VLFV DQG LV QRW VLPSO\ D VHULHV RI HPSLULFDO FRUUHFWLRQV :H IHHO WKLV
DSSURDFK LV DWWUDFWLYH IRU UREXVWQHVV DQG WKH DELOLW\ WR PDLQWDLQ DFFXUDF\ RYHU D ZLGH
YDULHW\RIFOLQLFDOVLWXDWLRQV7KHDGYDQWDJHVDUHVLPLODUWRWKRVHRIIHUHGE\PRGHOEDVHG
WUHDWPHQW SODQQLQJ V\VWHPV 736V  RYHU FRUUHFWLRQEDVHG PHWKRGV >@ ,Q WKH FXUUHQW
ZRUNWKHPRGHOEDVHGSRUWDOGRVHLPDJHSUHGLFWLRQDOJRULWKPLVYDOLGDWHGRQDYDULHW\RI
KRPRJHQRXVVODESKDQWRPVXVLQJVTXDUHILHOGVDQGVHYHUDOFOLQLFDO,057ILHOGV

0(7+2'6$1'0$7(5,$/6
,PSURYHGIOXHQFHPRGHO
$ GHWDLOHG IOXHQFH PRGHO XVHG WR GHWHUPLQH WKH IOXHQFH LQFLGHQW RQ DQ (3,' DQG
VSHFLILFDOO\ RSWLPL]HG IRU SRUWDO GRVH LPDJH SUHGLFWLRQ ZDV SUHYLRXVO\ SUHVHQWHG E\
&K\W\NDQG0F&XUG\>@DQGGHVFULEHGLQ&KDSWHU7KHPRGHOLVVLJQLILFDQWO\PRGLILHG
DQG LPSURYHG LQ WKLV ZRUN 7KH IOXHQFH PRGHO ZDV EDVHG RQ WKH WZRVRXUFH IOXHQFH
PRGHO LQ WKH 3LQQDFOH WUHDWPHQW SODQQLQJ V\VWHP 3KLOLSV5DGLDWLRQ 2QFRORJ\ 6\VWHPV
$QGRYHU0' DQGZLOOEHEULHIO\UHYLHZHGKHUH7KHRULJLQDOIOXHQFHPRGHOLQFOXGHGD
IRFDO *DXVVLDQ VRXUFH DQG DQ H[WUDIRFDO *DXVVLDQOLNH VRXUFH ZKLFK ZDV FRQFOXGHG WR
PRUH DFFXUDWHO\ PDWFK 0RQWH &DUOR VLPXODWLRQV RI WKH H[WUDIRFDO IOXHQFH >@ 7KH
LQGLYLGXDO VSHFWUXP IRU HDFK VRXUFH ZDV GHWHUPLQHG YLD 0RQWH &DUOR VLPXODWLRQ RI WKH
VSHFLILFOLQHDUDFFHOHUDWRU &OLQDFL;9DULDQ0HGLFDO6\VWHPV3DOR$OWR&$ $Q
LQLWLDO IOXHQFH SURILOH ZDV XVHG WR PDWFK WKH LQILHOG EHDP VKDSH DQG D UDGLDOO\
GHSHQGHQWIDFWRUZDVXVHGWRGHWHUPLQHWKHDPRXQWRIRIID[LVEHDPVRIWHQLQJRFFXUULQJ
GXHWRWKHIODWWHQLQJILOWHUIRUWKHIRFDOVRXUFHDORQH7UDQVPLVVLRQIDFWRUVZHUHHPSOR\HG
WRPRGHOWKHWUDQVPLVVLRQRIWKHEHDPWKURXJKWKHMDZVDQG0/&7UDQVPLVVLRQWKURXJK





WKHURXQGHGOHDIWLSVRIWKH0/&ZDVFDOFXODWHGE\DSSUR[LPDWLQJWKHOHDIWLSVDVDFLUFOH
RIXVHUGHILQHGUDGLXVDQGUD\WUDFLQJWKURXJKWKHWLS5D\OHQJWKVWKDWZHUHOHVVWKDQWKH
IXOO OHDI WKLFNQHVV ZHUH DVVLJQHG D WUDQVPLVVLRQ GLUHFWO\ SURSRUWLRQDO WR WKH IXOO 0/&
WUDQVPLVVLRQUHODWLYHWRWKHUD\OHQJWKWKURXJKWKH0/&

7KLVHDUO\PRGHOFDOFXODWHVWKHIOXHQFHRIWKHWUHDWPHQWEHDPLQFLGHQWRQWKH(3,'DVD
IXQFWLRQ RI HQHUJ\ (QHUJ\ IOXHQFH LQFLGHQW RQ WKH(3,' LV ELQQHG LQWR GLVFUHWH HQHUJ\
ELQV DQG WKHQ FRQYHUWHG WR D SUHGLFWHG GRVH LPDJH E\ D VXSHUSRVLWLRQ ZLWK D VHULHV RI
PRQRHQHUJHWLFGRVHNHUQHOVGHWHUPLQHGIURP0RQWH&DUORVLPXODWLRQ7KHYDOXHVRIWKH
SDUDPHWHUVRIWKHIOXHQFHPRGHOZHUHGHWHUPLQHGE\PDQXDOO\DGMXVWLQJWKHPWRPDWFK
SUHGLFWHG LPDJHV WR PHDVXUHG LPDJHV IRU D VHULHV RI VLPSOH 0/&GHILQHG ILHOGV [
[[[[[[FP 2QFHDQDFFXUDWHPRGHOZDVREWDLQHGIRUWKH
VTXDUH DQG UHFWDQJXODU ILHOGV WKH IOXHQFH PRGHO ZDV XVHG WR SUHGLFW ,057 RSHQILHOG
LPDJHVWRZLWKLQDGRVHGLIIHUHQFHDQGDPPGLVWDQFHWRDJUHHPHQW '7$ >@

7KHFXUUHQWZRUNHPSOR\VDQLPSURYHGIOXHQFH PRGHODOJRULWKPFUHDWHGLQKRXVHZLWK
0$7/$% 0DWKZRUNV ,QF 1DWZLFN 0$  WKH PRGLILHG IHDWXUHV DUH GHVFULEHG KHUH
6HYHUDO SDUDPHWHUV ZKLFK ZHUH SUHYLRXVO\ DGMXVWDEOH KDYH EHHQ IL[HG XVLQJ WKH
YHQGRUV¶HQJLQHHULQJVFKHPDWLFVDVZHOODV0RQWH&DUORVLPXODWLRQUHVXOWV VHH7DEOH
IRUDFRPSLODWLRQRIWKHSRUWDOGRVHLPDJHSUHGLFWLRQPRGHOLPSURYHPHQWV 7KH0/&LV
QRZPRUHDFFXUDWHO\PRGHOHGZLWKWKHH[DFWGLPHQVLRQVRIWKHWRQJXHDQGJURRYHZLGWK
DQG WKH H[DFW 0/& OHDIWLS SURILOH $OVR 0RQWH&DUOR VLPXODWLRQ ZDV XVHG WR JHQHUDWH
SUH0/& IOXHQFH SURILOHV WR FDOFXODWH WKH 0/& DWWHQXDWLRQ DQG EHDPKDUGHQHG HQHUJ\





IOXHQFHH[LWLQJWKH0/&DQDO\WLFDOO\DWWKHLVRFHQWULFSODQH ) LVR DVVKRZQLQ(TXDWLRQ

 ) LVR [ 

] LVR
] SUH  0/&

\

] LVR
] SUH  0/&

 (L

) SUH  0/& [ \ ( L  H

§P·
 U 0/& " 0/& [  \
 ¨¨ ¸¸
© U ¹:  (L



] SUH  0/&

] LVR



7KH SUH0/& IOXHQFH ) SUH 0/&  IRU HDFK SKRWRQ HQHUJ\ ELQ (L  ZDV H[WUDFWHG IURP D
SKDVHVSDFHILOHJHQHUDWHGXVLQJ%($0QUF>@VLPXODWLRQVRIWKHOLQHDUDFFHOHUDWRU
KHDGWKHHQHUJ\IOXHQFHZDVH[WUDFWHGXVLQJSKDVHVSDFHDQDO\VLVVRIWZDUHGHYHORSHGLQ
KRXVH 7KH HQHUJ\ IOXHQFH ZDV WKHQ DWWHQXDWHG XVLQJ WKH HQHUJ\GHSHQGHQW PDVV
DWWHQXDWLRQFRHIILFLHQWVSHFLILFWRWXQJVWHQ P U

:  (L

VLQFHWKH0/&DUHPDQXIDFWXUHG

IURP D WXQJVWHQ DOOR\ )URP FRPSDULVRQ WR PHDVXUHG (3,' SURILOHV WKH GHQVLW\ RI WKH
DOOR\ U 0/& ZDVGHWHUPLQHGWREHJFP%\UD\WUDFLQJWKURXJKWKH0/&XVLQJWKH
PDQXIDFWXUHUSODQVWKHWKLFNQHVVRI0/&OHDIHDFKUD\OLQHSDVVHVWKURXJKLVFDOFXODWHG
WR REWDLQ " 0/&  7KLV LV DQ LPSURYHPHQW RYHU WKH RULJLQDO IOXHQFH PRGHO LQ ZKLFK WKH
HIIHFWVRIERWKDWWHQXDWLRQDQGEHDPKDUGHQLQJ ZHUH DFFRXQWHGIRUZLWKWKHDSSOLFDWLRQ
RI D VLQJOH WUDQVPLVVLRQ IDFWRU 7KH HQHUJ\ IOXHQFH IRU ERWK WKH IRFDO DQG H[WUDIRFDO
VRXUFHV H[LWLQJ WKH WUHDWPHQW KHDG DUH QRZ GHWHUPLQHG ZLWK WKLV DQDO\WLFDO FDOFXODWLRQ
ZLWK WKH DOJRULWKP VDPSOLQJ WKH HQHUJ\ IOXHQFH LQ DQ\ WZRGLPHQVLRQDO SODQH
SHUSHQGLFXODUWRWKHEHDPD[LVEHORZWKH0/&7KHPRGLILFDWLRQLQWKHHQHUJ\IOXHQFH
GHWHUPLQDWLRQUHPRYHVWKHQHHGIRUDQDUELWUDU\IOXHQFHSURILOHDQGDQRIID[LVVRIWHQLQJ
IDFWRUWKDWERWKQHHGHGWREHPDQXDOO\DGMXVWHGLQWKHRULJLQDOIOXHQFHPRGHO






7KHIXOOZLGWKKDOIPD[LPXPV ):+0V RIWKHWZRVRXUFHVWKHH[WUDIRFDOVRXUFHKHLJKW
WKH PD[LPXP DPRXQW RI H[WUDIRFDO IOXHQFH SRVVLEOH LH IRU D [ FP ILHOG  WKH
H[WUDIRFDO WDLO SDUDPHWHU WR OLIW RU ORZHU WDLOV RI WKH VRXUFH  DQG WKH 0/& SK\VLFDO
GHQVLW\ DUH GHWHUPLQHG YLD FRPSXWHUL]HG QRQOLQHDU OHDVW VTXDUHV RSWLPL]DWLRQ EDVHG RQ
WKH LQWHULRU SRLQW PHWKRG FDOOHG µIPLQFRQ¶ D IXQFWLRQ LQ WKH 2SWLPL]DWLRQ 7RROER[ RI
0$7/$%DQGGHVFULEHGLQWKH$SSHQGL[6HFWLRQ 7KHREMHFWLYHIXQFWLRQLVEDVHG
RQWKHVXPRIWKHVTXDUHGGLIIHUHQFHVEHWZHHQWKHFHQWUDOD[LVYDOXHVRIWKHSUHGLFWHGDQG
PHDVXUHGLPDJHVIRUDVHULHVRIRSHQVTXDUHILHOGV [[[[FP (DFK
SDUDPHWHU LV DVVLJQHG DQ XSSHU DQG ORZHU ERXQG EDVHG RQ OLWHUDWXUH YDOXHV WR HQVXUH
SK\VLFDOUHOHYDQFH HJH[WUDIRFDOKHLJKWUDQJHLVFRQVWUDLQHGEHWZHHQDQG :H
FDQSUHGLFWIOXHQFHRIWKHWUHDWPHQWEHDPDWDQ\DUELWUDU\SODQHXVLQJRXUIOXHQFHPRGHO
ZKLFK FDQ WKHQ EH SRVLWLRQHG DW WKH HQWUDQFH WR D SDWLHQW SKDQWRP RU WKH (3,' $OO
SDUDPHWHUVDQGWKHLUYDOXHVDUHLQFOXGHGLQWKH$SSHQGL[6HFWLRQ



















7DEOH>)OXHQFH0RGHO8SGDWHV@6XPPDU\RIFKDQJHVEHWZHHQWKHRULJLQDODQG
FXUUHQWSRUWDOGRVHLPDJHSUHGLFWLRQPRGHOV

0RGHOHG)HDWXUH

2ULJLQDOPHWKRG &KDSWHU 

0/&WUDQVPLVVLRQ


6LQJOHWUDQVPLVVLRQIDFWRU


0/&OHDIWLS


&LUFOHRIYDULDEOHUDGLXVPDWFKHGWR
SHQXPEUDRIPHDVXUHGGDWD

7RQJXHDQGJURRYH
ZLGWK


)LHOGVKDSHDQGKRUQV

%DFNVFDWWHUIURP(3,'
DUP

2SWLFDOSKRWRQJODUH

(3,'VSHFLILFGRVH
NHUQHOV


&XUUHQWZRUN &KDSWHU 
$WWHQXDWHGSUH0/&
VSHFWUXPWKURXJKWXQJVWHQ
OHDYHV
8VHG0/&VFKHPDWLFVWR
REWDLQH[DFWVKDSHDQG
GLPHQVLRQV

9DULDEOHZLGWKEDVHGRQPHDVXUHG
GDWD


7RQJXHDQGJURRYHGHVLJQ
IRUHDFKW\SHRIOHDIDFTXLUHG
WKURXJKVFKHPDWLFV

$UELWUDU\LQFLGHQWIOXHQFHSURILOHDQG
IDFWRUWRVRIWHQVSHFWUXPRIID[LV
%DFNVFDWWHULQJPDWHULDOGRZQVWUHDP
RI(3,'PRGHODGGHGGXULQJ
VLPXODWLRQRIGRVHNHUQHOV
$FFRXQWHGIRULPSOLFWO\LQGRVH
NHUQHOV LHWKURXJKDGGHG
EDFNVFDWWHUOD\HUVLQ0RQWH&DUOR
VLPXODWLRQ>@ 
0RQRHQHUJHWLFSKRWRQVLQFLGHQWRQ
(3,'PRGHOIRUPLGSRLQWRIHDFK
HQHUJ\ELQ

(QHUJ\IOXHQFHSURILOHVIURP
%($0QUF
%DFNVFDWWHUSUHGLFWLRQ
WHFKQLTXHIURP
5RZVKDQIDU]DGHWDO>@
0RGHOHGXVLQJH[SRQHQWLDO
IXQFWLRQIURP.LUNE\HWDO
>@
8QLIRUPGLVWULEXWLRQRI
SKRWRQVLQFLGHQWRQ(3,'
PRGHOIRUHDFKHQHUJ\ELQ


6LQFHWKH,057EHDPVDUHPRGXODWHGE\WKH0/&WKH0/&OHDISRVLWLRQVDQGFRQWURO
SRLQWZHLJKWVIRUHDFKILHOGVHJPHQWDUHUHTXLUHGWRGHWHUPLQHWKHLQFLGHQWIOXHQFHRIDQ
,057 WUHDWPHQW 7KLV LV DFFRPSOLVKHG WKURXJK WKH XVH RI µ7KH &RPSXWDWLRQDO
(QYLURQPHQWIRU5DGLRWKHUDS\5HVHDUFK¶ &(55 VRIWZDUH>@ZULWWHQLQWKH0$7/$%
SURJUDPPLQJODQJXDJH 7KLVVRIWZDUHSDFNDJHSURYLGHGXWLOLWLHVWRLPSRUW',&20DQG
572* ILOHV H[SRUWHG E\ WKH 736 GHILQLQJ WKH &7 GDWDVHW FRQWRXUV GRVH GLVWULEXWLRQV
DQG PDFKLQH SDUDPHWHUV UHTXLUHG WR GHOLYHU WKH GHVLUHG IOXHQFH  %RWK (FOLSVH DQG
3LQQDFOHSODQVKDYHEHHQSURFHVVHGLQ&(55E\RXUJURXS








)OXHQFHPRGLILFDWLRQGXHWRWKHSDWLHQW
L6FDWWHUIOXHQFHNHUQHOV
7R DFFRXQW IRU SDWLHQW VFDWWHU WKH PRGHO XVHV D VXSHUSRVLWLRQ RI SDWLHQW VFDWWHU IOXHQFH
NHUQHOV(DFKNHUQHOLVJHQHUDWHGXVLQJ0RQWH&DUORWHFKQLTXHVDQGGHVFULEHVWKHVSDWLDO
DQG HQHUJ\ GLVWULEXWLRQ RI VFDWWHU IOXHQFH DW WKH (3,' GXH WR D SHQFLO EHDP RI IOXHQFH
LQFLGHQW RQ D KRPRJHQHRXV VROLG ZDWHU SKDQWRP ZLWK FHQWHU RI PDVV SRVLWLRQHG DW
LVRFHQWUH 7KH NHUQHOV DUH VSHFLILF WR D SKDQWRP WKLFNQHVV DQG DLU JDS DV GHWHUPLQHG
DORQJWKHUD\OLQHVWKURXJKWKHSDWLHQWIURPWKHIRFDOVRXUFHWRWKH(3,'$SDWLHQWVFDWWHU
SUHGLFWLRQPRGHOGHYHORSHGSUHYLRXVO\DWRXUFHQWUHXVHGDSHQFLOEHDPRI09SKRWRQV
JHQHUDWHG ZLWK D SRO\HQHUJHWLF VSHFWUXP IURP 0RKDQ HW DO >@  WKDW ZDV LQFLGHQW RQ
YDULRXV XQLIRUP WKLFNQHVVHV RI ZDWHU DW WKH FHQWUDO D[LV > @ )RU HDFK ZDWHU
WKLFNQHVVWKHUDGLDOO\V\PPHWULFVFDWWHUHGHQHUJ\IOXHQFHZDVUHFRUGHGIRUDUDQJHRIDLU
JDSVXVLQJDFXVWRPL]HGYHUVLRQRIWKH'265=XVHUFRGHIURP(*6>@DQGVDYHGDVD
OLEUDU\IRUHDV\LPSOHPHQWDWLRQ

7KH SDWLHQW VFDWWHU IOXHQFH NHUQHOV ZHUH UHFDOFXODWHG LQ WKH FXUUHQW ZRUN XWLOL]LQJ
%($0QUF  >@ DQG PRUH DFFXUDWH HQHUJ\ VSHFWUXP GDWD 7KH  09 HQHUJ\
VSHFWUXP XVHG IRU WKH SDWLHQW VFDWWHU NHUQHOV LV QRZ JHQHUDWHG XVLQJ D YDOLGDWHG
%($0QUFVLPXODWLRQRIWKHORFDOOLQDF%($0QUFLVDOVRXVHGWRVLPXODWHWKHHIIHFWRI
WKH XQLIRUP ZDWHU VODEV RQ WKH LQFLGHQW SHQFLO EHDP RI SKRWRQV UDGLXV RI  FP 
ZLWKWKHVFDWWHUHGSKRWRQHQHUJ\IOXHQFHH[WUDFWHGIURPDSKDVHVSDFHILOHORFDWHGDWWKH
VODE H[LW VXUIDFH XVLQJ DQ LQKRXVH 0$7/$% DOJRULWKP $ OLEUDU\ RI WKH UDGLDOO\
V\PPHWULFSDWLHQWVFDWWHUIOXHQFHNHUQHOVIRUDUDQJHRIZDWHUVODEWKLFNQHVVHV FP





LQFUHPHQWHGE\FPLQFUHPHQWHGE\FP!DQGXSWRFPLQFUHPHQWHGE\
 FP  DQG D UDQJH RI DLU JDSV  FP LQFUHPHQWHG E\  FP  ZDV FUHDWHG IRU
DSSOLFDWLRQ GXULQJ WKH VXSHUSRVLWLRQ SURFHVV 7KH VODEV¶ OHQJWK DQG ZLGWK ZHUH HDFK 
FP DQG ZHUH SODFHG DW LVRFHQWUH IRU WKH VLPXODWLRQV 7KHVH ZHUH FUHDWHG E\ IRUZDUG
SURMHFWLQJHYHU\SKRWRQSDUWLFOHLQWKHH[LWVXUIDFHSKDVHVSDFHILOHRYHUWKHDSSURSULDWH
DLUJDSGLVWDQFH7KLVDSSURDFKDOORZHGXVHRIWKH%($0QUFFRGH ZKLFKLVOLPLWHGWRD
PD[LPXP RI WKUHH SKDVHVSDFH SODQHV  EXW LJQRUHG WKH FRQWULEXWLRQ RI SKRWRQ VFDWWHU
JHQHUDWHGLQWKHDLUYROXPHEHWZHHQWKHSDWLHQWDQGWKH(3,'VLQFHLWZDVQHJOLJLEOH

LL(TXLYDOHQWKRPRJHQHRXVSKDQWRP (+3 FRQYHUVLRQ
7R HPSOR\ WKH SDWLHQW VFDWWHU IOXHQFH NHUQHOV WKH DOJRULWKP ILUVW QHHGV WR FRQYHUW WKH
SKDQWRPRUSDWLHQWWRDQHTXLYDOHQWKRPRJHQHRXVSKDQWRPRU(+3>@EDVHGRQWKH
UDGLRORJLFDO WKLFNQHVV RI WKH REMHFW ZKLFK LV GHWHUPLQHG E\ UD\WUDFLQJ WKURXJK LW )RU
FRPSOH[ REMHFWV D WKUHHGLPHQVLRQDO &7 GDWDVHW LV UHTXLUHG 7KH VWDQGDUG FRQYHUVLRQ
IURP &7 QXPEHU WR HOHFWURQ GHQVLW\ LV H[HFXWHG XVLQJ D FDOLEUDWLRQ SHUIRUPHG ZLWK DQ
HOHFWURQGHQVLW\SKDQWRP *DPPH[*DPPH[,QF0DGLVRQ:, $UD\WUDFHU>@
LV XVHG WR FDOFXODWH D UDGLRORJLFDO SDWKOHQJWK WKURXJK WKH SDWLHQW GHQVLW\ DUUD\ EHWZHHQ
WKHVRXUFHDQGDSRLQWRILQWHUHVWRQWKH(3,'7KLVLVGRQHIRUHYHU\FDOFXODWLRQSRLQWRQ
WKH (3,' SODQH DW D UHVROXWLRQ RI [ FP DQG SURYLGHV WKH µKRPRJHQRXV SKDQWRP
WKLFNQHVV¶ LQ WZR GLPHQVLRQV UHSUHVHQWHG PDWKHPDWLFDOO\ E\ (+3 [ \  7KH DLU JDS
GHQRWHGE\J [\ LVDOVRFDOFXODWHGRYHUWKH(3,'SODQHE\UHSRVLWLRQLQJHDFKUD\OLQHWR
SUHVHUYHWKHORFDWLRQRILWVFHQWHURIPDVV LHIRUHDFKUD\OLQHWKHFHQWUHRIPDVVRIWKH
KRPRJHQRXV SKDQWRP WKLFNQHVV LV WKH VDPH ORFDWLRQ DV WKH FHQWUHRIPDVV IURP WKH





RULJLQDO &7EDVHG GHQVLW\ PDS  %RWK (+3 [ \ DQG J [\  DUH XVHG WR GHWHUPLQH WKH
FKRLFHRIVFDWWHUHQHUJ\IOXHQFHNHUQHOWRDSSO\WRWKH(3,'DWORFDWLRQ [\ 


3UHGLFWHGIOXHQFHLQFLGHQWRQ(3,'
,Q WKLV ZRUN WKH LQFLGHQW HQHUJ\ IOXHQFH LV LQLWLDOO\ FDOFXODWHG RYHU D UHJXODU JULG RQ D
SODQH SHUSHQGLFXODU WR WKH EHDP FHQWUDO D[LV DQG LQWHUVHFWLQJ WKH LVRFHQWUH ZLWK
[FPUHVROXWLRQ,IWKHUHLVDSDWLHQWRUSKDQWRPLQWKHEHDPWKHLQFLGHQWHQHUJ\
IOXHQFHLVWKHQVFDOHGWRDSODQHDERYHWKH(+3DVVKRZQEHORZ
 ) (+3 [ 
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ZKHUH ) LVR LVWKH'HQHUJ\IOXHQFHEHORZWKH0/&DQGVFDOHGWRLVRFHQWUH ]LVR DQG

) (+3 LVWKH'HQHUJ\IOXHQFHVFDOHGWRWKHSODQHDERYHWKH(+3 WKHLQFLGHQWIOXHQFH
RQ WKH (+3  DW GLVWDQFH IURP VRXUFH ] (+3  7KH WHUP ] LVR ] (+3  DFFRXQWV IRU JHRPHWULF


] (+3
FRUUHFWV IRU WKH LQYHUVH VTXDUH
VFDOLQJ EHWZHHQ WKH GLIIHUHQW GLVWDQFHV ZKLOH ] LVR

HIIHFW7KHSDWLHQWGHQVLW\DUUD\RU(+3DVGHWHUPLQHGIURPWKH&7GDWDVHWLVDVVXPHG
WRKDYHWKHDWRPLFFRPSRVLWLRQRIZDWHUEXWWKHPHWKRGFRXOGEHPRGLILHGWRDFFRXQWIRU
DWRPLFDOO\KHWHURJHQHRXVWLVVXHVVXFKDVERQHPXVFOHDQGIDW7KHSULPDU\IOXHQFH LH
SKRWRQVIURPWKHIRFDODQGH[WUDIRFDOVRXUFHV ) 3  (3,' DWWKHSODQHRIWKH(3,' ] (3,' LV
WKHQ GHWHUPLQHG E\ DWWHQXDWLQJ WKH LQFLGHQW HQHUJ\ IOXHQFH ) (+3  FDOFXODWHG E\ WKH
IOXHQFHPRGHOXVLQJWKHUDGLRORJLFDOSDWKOHQJWKLQIRUPDWLRQFRQWDLQHGLQWKH(+3
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ZKHUH

P U

ZDWHU  (L

 LV WKH HQHUJ\GHSHQGHQW DWWHQXDWLRQ FRHIILFLHQW IRU ZDWHU

(+3 [ \ LV WKH SDWKOHQJWK IRU HDFK SDUWLFXODU [\  SRVLWLRQ DQG WKH RWKHU WHUPV DUH DV
SUHYLRXVO\GHVFULEHGLQ(TXDWLRQ

7KH SDWLHQW VFDWWHU IOXHQFH GHOLYHUHG WR WKH (3,' LV FDOFXODWHG WKURXJK WKH VXP RI
FRQYROXWLRQVRILQFLGHQWIOXHQFHRQWKHSKDQWRPZLWKWKHVFDWWHUHQHUJ\IOXHQFHNHUQHOV
GHVFULEHG LQ 6HFWLRQ L7KH UDGLRORJLFDO SDWKOHQJWK DQG DLU JDS IURP WKH (+3 DUH
XVHGWRFKRRVHWKHDSSURSULDWHVFDWWHU IOXHQFHNHUQHO IURPWKHSUHFDOFXODWHGOLEUDU\IRU
HDFKVDPSOHGUD\OLQHWRDSSO\WRWKH(3,'7KHNHUQHOQHHGVWREHVFDOHGE\WKHLQFLGHQW
IOXHQFHDVVRFLDWHGZLWKWKHUD\OLQHWR \LHOGWKHVFDWWHUWKDWLVDVVRFLDWHGZLWKWKDWVLQJOH
UD\OLQH DW WKH (3,' 'LVFUHWHO\ VXPPLQJ WKLV SURGXFW RYHU DOO UD\OLQHV \LHOGV WKH
GLVWULEXWLRQRISDWLHQWJHQHUDWHGVFDWWHUIOXHQFHHQWHULQJWKH(3,'
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ZKHUH ) 6  (3,'  LV WKH VFDWWHUHG HQHUJ\ IOXHQFH LQFLGHQW RQ WKH (3,' DQG

. V (+3 [ \  J [ \  ( L LVDVFDWWHUHQHUJ\IOXHQFHNHUQHOGHSHQGHQWRQWKHSDWKOHQJWK
(+3 [ \ DQGDLUJDS J [ \ DORQJWKHUD\OLQHDWSRLQW [\ WKURXJKWKH(+3WRWKH
(3,' SODQH 9DOXHV '[ DQG '\ DFFRXQW IRU WKH GLVFUHWL]HG VWHS VL]H RI WKH LQWHJUDWLRQ
UHSUHVHQWLQJ WKH XVHUGHILQHG UHVROXWLRQ RI WKLV FDOFXODWLRQ  FP IRU WKLV ZRUN  7KH
UHVROXWLRQ RI WKH VFDWWHU IOXHQFH FDOFXODWLRQ LV ORZHU WKDQ WKDW RI WKH SULPDU\ IOXHQFH
FDOFXODWLRQ UHVROXWLRQ VLQFH WKH SDWLHQW VFDWWHU LV D EURDG VORZO\ YDU\LQJ IXQFWLRQ 7KLV
UHGXFHVWKHWLPHLWWDNHVWRSHUIRUPWKLVFRPSXWDWLRQDOO\LQWHQVLYHVWHS





(QHUJ\ VSHFWUD LQIRUPDWLRQ LV UHWDLQHG E\ SHUIRUPLQJ WKH SULPDU\ IOXHQFH DQG VFDWWHU
IOXHQFH FDOFXODWLRQV IRU HDFK RI WKH HQHUJ\ ELQV (L WKDW WKH SRO\HQHUJHWLF VSHFWUXP LV
GLYLGHG LQWR )RU WKLV ZRUN WKH XSSHU HQHUJ\ ERXQGV RI WKH ELQV ZHUH   
DQG0H97KLVDOORZV
D GHWDLOHG DFFRXQWLQJ RI IOXHQFH DV D IXQFWLRQ RI HQHUJ\ VSHFWUD DQG LV UHTXLUHG WR
DFFXUDWHO\DFFRXQWIRUWKHHQHUJ\UHVSRQVHRIWKH(3,'DVGHWDLOHGEHORZ7KHSUHGLFWHG
IOXHQFH IURP WKH DOJRULWKP ZDV FRPSDUHG WR WKH 0RQWH &DUORFDOFXODWHG IOXHQFH IRU D
[FPILHOGZLWKWZRSKDQWRPVLQWKHEHDP DQGFPWKLFN DVZHOODVZLWKRXW
DSKDQWRP5HVXOWVZHUHREWDLQHGDWDGLVWDQFHRIFPIURPWKHVRXUFH


&RQYHUWLQJLQFLGHQWIOXHQFHRQWKH(3,'WRGRVHGHOLYHUHGWRWKH(3,'
L*HQHUDWLQJGRVHNHUQHOV
7KHHQHUJ\IOXHQFHLQFLGHQWRQWKH(3,' ) (3,' LVFRPSRVHGRISULPDU\ LHRULJLQDWLQJ
IURPWKHOLQDFKHDG DQGSDWLHQWVFDWWHUFRPSRQHQWVDQGLVGHILQHGDV
 ) (3,' [ \ (L

) 3  (3,' [ \ (L  ) 6 (3,' [ \ (L 

IURP (TXDWLRQV  DQG  7KH SUHGLFWHG HQHUJ\ IOXHQFH RQ WKH (3,' LV FRQYHUWHG WR
GRVH LQ WKH SKRVSKRU OD\HU WKURXJK D VXSHUSRVLWLRQ ZLWK WKH (3,' GRVH NHUQHOV
3UDFWLFDOO\WKLVLVDFFRPSOLVKHGZLWKDFRQYROXWLRQRILQWHJUDWHGIOXHQFHIRUHDFKHQHUJ\
ELQ ) (3,' (L  ZLWK WKH (3,' GRVH NHUQHO N (L  YDOLG IRU HQHUJ\ ELQ L DQG VXPPHG
RYHUDOOHQHUJ\ELQFRQWULEXWLRQVIRUDSRLQW [\ 
 '(3,' [ \

¦)

(3,'

[ \  ( L

N [ \ (L 

L

7KLV DSSURDFK PRGHOV WKH HQHUJ\ UHVSRQVH RI WKH (3,' NQRZQ WR EH PRUH VHQVLWLYH WR
ORZHQHUJ\SKRWRQVDVFRPSDUHGWRDZDWHUHTXLYDOHQWGHWHFWRU>@




7KH (3,' GRVH NHUQHOV XVHG LQ 0F&XUG\ HW DO >@ RULJLQDOO\ FDOFXODWHG LQ F\OLQGULFDO
FRRUGLQDWHV XVLQJ '265= >@ KDYH EHHQ FDOFXODWHG KHUH GLUHFWO\ LQ &DUWHVLDQ
FRRUGLQDWHVXVLQJ'26;<=QUF>@ZLWKDVLPXODWHGGHWHFWRUUHVROXWLRQLGHQWLFDOWRWKDW
RIWKHLPDJHU7KLVDSSURDFKUHPRYHVWKHHIIHFWVRIUHELQQLQJDQGLQWHUSRODWLQJWKHGRVH
NHUQHO IURP F\OLQGULFDO WR &DUWHVLDQ FRRUGLQDWHV D SRWHQWLDO VRXUFH RI HUURU 7KH QHZ
(3,'GRVHNHUQHOVDUHQRORQJHUJHQHUDWHGZLWKPRQRHQHUJHWLFLQFLGHQWSKRWRQVEXWDUH
QRZ JHQHUDWHG ZLWK SKRWRQV ZKRVH HQHUJ\ LV XQLIRUPO\ VDPSOHG RYHU WKH UDQJH RI WKH
LQGLYLGXDOHQHUJ\ELQV IRUH[DPSOHSKRWRQVRIHQHUJ\WR0H9DUHXVHGLQWKH
0H9 ELQ  )XUWKHUPRUH WKH (3,' GRVH NHUQHO VLPXODWLRQV QR ORQJHU LQFOXGH DGGLWLRQDO
EDFNVFDWWHU PDWHULDO LQ WKH IRUP RI D VODE RI ZDWHU  WR PLPLF WKH HIIHFW RI SKRWRQ
EDFNVFDWWHUIURPWKH(3,'DUP>@

LL$FFRXQWLQJIRUEDFNVFDWWHUIURPWKH(3,'VXSSRUWDUP
8QWLOUHFHQWO\WKHEDFNVFDWWHUHIIHFWGXHWRWKH(3,'VXSSRUWDUPZKHQDFFRXQWHGIRUDW
DOO KDV EHHQ W\SLFDOO\ PRGHOHG DV D V\PPHWULF HIIHFW >    @ DOWKRXJK LW LV
ZHOONQRZQ WR EH DV\PPHWULF >  @ 7KH ZRUN RI 5RZDQVKDQIDU]DG HW DO >@
GHPRQVWUDWHG WKH DV\PPHWU\ RI WKH VXSSRUW DUP EDFNVFDWWHU ZKLFK KDV EHHQ VKRZQ WR
KDYH XS WR D  GRVLPHWULF HIIHFW LQ WKH SRUWDO GRVH LPDJH 7KLV PHDVXUHPHQWEDVHG
DSSURDFKWRPRGHOLQJWKHDV\PPHWULFVXSSRUWDUPEDFNVFDWWHU>@ZDVLQFRUSRUDWHGLQWR
RXUFXUUHQW(3,'LPDJHSUHGLFWLRQDOJRULWKP








LLL$FFRXQWLQJIRURSWLFDOJODUH
:KLOH RXU SUHYLRXV PHWKRG >@ DQG ZRUNV VXFK DV 6LHEHUV HW DO > @ LPSOLFLWO\
DFFRXQWHG IRU WKH RSWLFDO JODUH SKHQRPHQRQ WKURXJK WKHLU VLPXODWLRQ PHWKRGV ZH QRZ
H[SOLFLWO\ PRGHO WKLV HIIHFW XVLQJ D OLQHDU V\VWHPV DSSURDFK 7KLV PHWKRG LQYROYHV
FRQYROYLQJ WKH GRVH GHSRVLWHG LQ WKH (3,'¶V SKRVSKRU OD\HU ZLWK D VSDWLDOO\ LQYDULDQW
SRLQWVSUHDGIXQFWLRQUHSUHVHQWLQJWKHRSWLFDOSKRWRQVSUHDGLQWKHVFLQWLOODWRUGXHWRDQ
LPSXOVH HQHUJ\ LQSXW .LUNE\ HW DO >@ GHWHUPLQHG WKH RSWLFDO JODUH SRLQW VSUHDG
IXQFWLRQIRUWKLV(3,'DV
 J

H U 

ZKHUH U LV WKH UDGLDO GLVWDQFH LQ FP DQG  LV WKH GHFD\ SDUDPHWHU LQ FP  IRU D 
09 EHDP 7KH HTXDWLRQ DQG WKH GHFD\ SDUDPHWHU ZHUH GHWHUPLQHG E\ 0RQWH &DUOR
PRGHOLQJ RI RSWLFDO SKRWRQ WUDQVSRUW DQG ZHUH YHULILHG ZLWK PHDVXUHPHQW 7KLV ZDV
LPSOHPHQWHG LQ RXU (3,' LPDJH SUHGLFWLRQ DOJRULWKP YLD D FRQYROXWLRQ ZLWK WKH
EDFNVFDWWHUFRUUHFWHGGRVHLPDJH>@7KHUHVXOWLVWKHILQDOSUHGLFWHG(3,'LPDJHWKDW
LVWREHFRPSDUHGZLWKWKHFRUUHVSRQGLQJPHDVXUHG(3,'LPDJH


0HDVXUHGGDWDDQGDQDO\VLV
$OO PHDVXUHG GDWD ZHUH REWDLQHG ZLWK D  09 EHDP IURP D &OLQDF L; OLQHDU
DFFHOHUDWRU DQG DQ D6 (3,' 9DULDQ 0HGLFDO 6\VWHPV 3DOR $OWR &$ 
+RPRJHQHRXVSODVWLFZDWHUSKDQWRPVODEV UDQJLQJIURPWRFPWKLFN ZHUHSODFHG
LQ WKH EHDP FHQWHUHG DW LVRFHQWUH DQG LUUDGLDWHG ZLWK D YDULHW\ RI ILHOGV IURP [ WR
[ FP  ZLWK WKH (3,' SRVLWLRQHG DW D YDULHW\ RI GLVWDQFHV IURP WKH ERWWRP RI WKH
SKDQWRPLQRUGHUWRFUHDWHDLUJDSVRIDQGFP7KHSUHGLFWHGDQGPHDVXUHG





LPDJHVZHUHFRQYHUWHGWRDEVROXWHGRVH LQFDOLEUDWHGXQLWV&8 IRUGLUHFWFRPSDULVRQ
)RUWKHVLPSOHVTXDUHILHOGPHDVXUHPHQWVWKHLPDJHVZHUHLQLWLDOO\FDOLEUDWHGWRDVLQJOH
LPDJH RI D [ FP ILHOG ZLWK QR SKDQWRP LQ WKH EHDP +RZHYHU D PRUH UREXVW
FDOLEUDWLRQ PHWKRG WHUPHG µUREXVW FDOLEUDWLRQ¶ IRU WKLV ZRUN  ZDV DFKLHYHG E\
LQFRUSRUDWLQJ D ORRNXS WDEOH RI FDOLEUDWLRQ YDOXHV EDVHG RQ D UDQJH RI SKDQWRP
WKLFNQHVVHV ILHOG VL]HV DQG DLU JDSV 7KLV DSSURDFK LV DQDORJRXV WR ILHOGEDVHG RXWSXW
FRUUHFWLRQIDFWRUVXVHGLQVRPHFRPPHUFLDOWUHDWPHQWSODQQLQJV\VWHPV3UDFWLFDOO\WKH
FDOLEUDWLRQ IDFWRU IRU D WUHDWPHQW VFHQDULR LV VHOHFWHG EDVHG RQ WKH DYHUDJH SKDQWRP
WKLFNQHVV DYHUDJH DLUJDS DQG ILHOG VL]H DV GHILQHG E\ SL[HOV  RI WKH PD[LPXP
YDOXH   ,W LV QRWHG WKDW WKLV DSSURDFK UHSUHVHQWV D UHODWLYHO\ VPDOO DGMXVWPHQW RI WKH
DEVROXWH GRVH RXWSXW DV WKH UDQJH RI YDOXHV IRU FDOLEUDWLRQ IDFWRUV RYHU WKH UDQJH RI
SKDQWRPV DLUJDSV DQG ILHOG VL]HV H[DPLQHG KHUH LV > @ DV GHVFULEHG LQ WKH
6HFWLRQ

,PDJHVZHUHDOVRDFTXLUHGGXULQJWKHGHOLYHU\RIWZRFOLQLFDOVHYHQILHOG,057WUHDWPHQW
SODQV RQHSURVWDWHSDWLHQWSODQDQGRQHKHDGDQGQHFNSDWLHQWSODQ WRKRPRJHQRXVVODE
SKDQWRPV ZLWK WKLFNQHVVHV UHSUHVHQWDWLYH RI WKHLU WUHDWPHQW VLWHV  FP DQG  FP
UHVSHFWLYHO\  7KH SUHGLFWHG DQG PHDVXUHG LPDJHV ZHUH WKHQ FRPSDUHG XVLQJ WKH F
FRPSDULVRQ>@ZKLFKLVDFRPSXWDWLRQDOO\HIILFLHQWYDULDWLRQRIWKHJHYDOXDWLRQ>@
IRUDGRVHGLIIHUHQFHDQGPPGLVWDQFHWRDJUHHPHQW '7$ 7KHSHUFHQWDJHRILQ
ILHOG SL[HOV LQILHOG GHILQHG DV   RI PD[LPXP GRVH  SDVVLQJ WKLV FULWHULRQ ZDV
FDOFXODWHGWRHYDOXDWHWKHTXDOLW\RIWKHFRPSDULVRQ


























5(68/76$1'',6&866,21
0RQWH&DUORVLPXODWLRQV
D&RPSDULVRQRISUHGLFWHGIOXHQFHZLWK0RQWH&DUORFDOFXODWHGIOXHQFH
7KH SUHGLFWHG IOXHQFH FDOFXODWHG E\ WKH DOJRULWKP ZDV FRPSDUHG WR WKH 0RQWH &DUOR
FDOFXODWHGIOXHQFHRID[FPILHOGZLWKQRSKDQWRPDFPWKLFNSKDQWRPDQGD
FPWKLFNSKDQWRPLQWKHEHDP$OO0RQWH&DUORIOXHQFHGLVWULEXWLRQVZHUHQRUPDOL]HGWR
WKH 0RQWH &DUOR [ FP QR SKDQWRP FHQWUDO D[LV IOXHQFH ZKLOH WKH SUHGLFWHG
IOXHQFHVZHUHQRUPDOL]HGWRWKHSUHGLFWHG[FPQRSKDQWRPFHQWUDOD[LVIOXHQFH
)RUWKLVSXUSRVHWKHFHQWUDOD[LVZDVGHILQHGDVWKHDYHUDJHIOXHQFHYDOXHLQD[FP
UHJLRQDURXQGWKHWUXH JHRPHWULF FHQWUDOD[LV7KH0RQWH&DUORGDWDZDVUHVDPSOHGWRD
ORZHU UHVROXWLRQ WR UHGXFH QRLVH [ FP YR[HOV  ([DPLQLQJ )LJXUH  D  WKH
IRFDOH[WUDIRFDODQGSDWLHQWVFDWWHUIOXHQFHSURILOHVFDOFXODWHGE\WKHSUHGLFWLRQDOJRULWKP
FRUUHVSRQGFORVHO\WRWKH0RQWH&DUORFDOFXODWHGSURILOHV GLIIHUHQFHZLWKUHVSHFWWR
WKH WRWDO IOXHQFH DW WKH FHQWUDO D[LV  7KH FFRPSDULVRQV RI WKH QR SKDQWRP  FP
SKDQWRPDQGFPSKDQWRPVFHQDULRVDJUHHGZLWKLQPPIRUDQG
 RI SL[HOV UHVSHFWLYHO\ 1RWH WKDW WKH 0RQWH &DUORFDOFXODWHG SDWLHQW VFDWWHU LQ
)LJXUH D GURSVWR]HURDWFP7KLVRFFXUVVLQFHWKHSKRWRQVRXWVLGHFP
ZHUHQRWWUDFNHGLQRUGHUWRUHGXFHVLPXODWLRQWLPH












)LJXUH>0RQWH&DUOR)OXHQFHYV$OJRULWKP)OXHQFH@ D )OXHQFHSURILOHVIURP
WKH SUHGLFWLRQ DOJRULWKP DQG WKH 0RQWH &DUOR VLPXODWLRQ RI D [ FP ILHOG
LQFLGHQW RQ D  FP WKLFN SKDQWRP REWDLQHG DW D SODQH  FP IURP WKH VRXUFH
1RWH WKH GLVFRQWLQXRXV IOXHQFH D[LV E  7KH DFFRPSDQ\LQJ FFRPSDULVRQ RI WKH
IOXHQFH7KHSL[HOVLQUHGGRQRWDJUHHZLWKLQPP
D


)RFDOSULPDU\SUHGLFWHG
([WUDIRFDOSULPDU\SUHGLFWHG
3DWLHQWVFDWWHUSUHGLFWHG
)RFDOSULPDU\0&
([WUDIRFDOSULPDU\0&
3DWLHQWVFDWWHU0&
&ROOLPDWRU0&
)ODWWHQLQJILOWHU0&

1RUPDOL]HGIOXHQFH
















&URVVSODQHSRVLWLRQ FP





E






E3DWLHQWVFDWWHUNHUQHOV
7KH UHFHQW SDWLHQW VFDWWHU IOXHQFH NHUQHOV JHQHUDWHG XVLQJ %($0QUF SRVVHVV VLPLODU
SURSHUWLHV DV WKRVH JHQHUDWHG LQ 0F&XUG\ DQG 3LVWRULXV >@ 7KH VFDWWHU IUDFWLRQ
GHFUHDVHV ZLWK LQFUHDVLQJ DLU JDS DQG WKH PHDQ HQHUJ\ LQFUHDVHV DV WKH ORZHU HQHUJ\
SKRWRQV ZKLFKVFDWWHUDWODUJHUDQJOHVRQDYHUDJH VFDWWHUDZD\IURPWKHVFRULQJSODQH
$OVRWKHPHDQHQHUJ\RIWKHNHUQHOVGHFUHDVHVZLWKGLVWDQFHIURPWKHFHQWUDOD[LVDVWKH
KLJKHU HQHUJ\ SKRWRQV DUH W\SLFDOO\ VLQJOHVFDWWHUHG SKRWRQV DQG DUH PRUH IRUZDUG
GLUHFWHG$OVRDVWKHSKDQWRPWKLFNQHVVLQFUHDVHGWKHVFDWWHUIUDFWLRQLQFUHDVHGXQWLOWKH
FPWKLFNQHVVZKHQWKHVFDWWHUIUDFWLRQEHJDQWRGHFUHDVH'HWHUPLQLQJWKHH[DFWSHDN
SKDQWRPWKLFNQHVVIRUVFDWWHUSURGXFWLRQLVQRWSRVVLEOHEHFDXVHWKHWKLFNQHVVUHVROXWLRQ
RI WKH SDWLHQW VFDWWHU NHUQHOV LV  FP IRU WKLFNQHVVHV JUHDWHU WKDQ  FP ± KRZHYHU WKH
SHDNZRXOGOLHEHWZHHQFPDQGFP7KLVHIIHFWZDVDOVRREVHUYHGSUHYLRXVO\ZLWK
D WKLFNQHVV SHDN IRU PXOWLSOH VFDWWHULQJ DW  FP IRU  09 >@ 7KH PHFKDQLVP RI
VFDWWHU IRU WKH QHZ IOXHQFH NHUQHOV ZDV QRW GLVWLQJXLVKHG WKHUHIRUH WKH SURSRUWLRQ RI
VLQJO\VFDWWHUHG PXOWLSO\VFDWWHUHG DQG EUHPVVWUDKOXQJ SKRWRQV LV QRW FRPSDUHG WR WKH
VFDWWHUIOXHQFHNHUQHOVRIWKHSUHYLRXVZRUN


6TXDUHILHOGDQDO\VLV
7KHFHQWUDOD[LVYDOXHVRIWKHSUHGLFWHGDQGPHDVXUHGGRVHLPDJHV XVLQJDVLQJOHRSHQ
[FPILHOGLPDJHIRUFDOLEUDWLRQ ZHUHFRPSDUHGDQGIRXQGWREHZLWKLQDUDQJHRI
WR DVSUHDGLQWKHGDWDSRLQWV IRUDOOSKDQWRPWKLFNQHVVHVILHOGVL]HVDQG
DLU JDSV VHH )LJXUH   )RU LQGLYLGXDO ILHOG VL]HV WKH ODUJHVW VSUHDG DFURVV DOO
WKLFNQHVVHV DQG DLU JDSV ZDV  'LVFUHSDQFLHV EHWZHHQ PHDVXUHG DQG SUHGLFWHG GRVH





LPDJHV ZHUH XQLIRUP DFURVV WKH HQWLUH ILHOG VHH )LJXUH  IRU VDPSOH SURILOHV  7KH
LQWHUOHDIOHDNDJHPDJQLWXGHDQGORFDWLRQLVREVHUYHGTXDOLWDWLYHO\WRFRPSDUHZHOOIRUWKH
LQSODQH SURILOH LQ )LJXUH  E  1RWH WKDW GDWD IRU ODUJHU ILHOGV GHOLYHUHG WR WKLFNHU
SKDQWRPV LH[FPILHOGFPWKLFNSKDQWRPFPDLUJDSVFHQDULR ZHUHQRW
REWDLQDEOHGXHWRWKHOLPLWHGVL]HRIWKHLPDJHU


)LJXUH  >3ORW RI 1RUPDOL]DWLRQ 9DOXHV@ 7KH UDWLR RI SUHGLFWHG WR PHDVXUHG
FHQWUDOD[LV DEVROXWH GRVHV IRU D UDQJH RI VODE WKLFNQHVVHVILHOG VL]HV DQG DLU JDSV
7KHFPDLUJDSGDWDZLWKFPWKLFNQHVVDUHRSHQILHOGLPDJHV7KHLPDJHVDUH
FDOLEUDWHGWRD[FPRSHQILHOGLPDJH










3UHGLFWHGWRPHDVXUHGUDWLRV




)LHOGVL]H$LUJDS

[FP 
FP

[FP 
FP

[FP 
FP

[FP 
FP

[FP 
FP























3KDQWRPWKLFNQHVV FP






)LJXUH  >6TXDUH )LHOGV 'HOLYHUHG WR 3KDQWRP 6ODEV@ 0HDVXUHG DQG SUHGLFWHG
SURILOHVRILPDJHVDFTXLUHGXVLQJSKDQWRPVODEVLQWKHEHDPLQWKH D FURVVSODQH
DQG E  LQSODQH GLUHFWLRQV 7KH VROLG OLQH LV WKH [ FP ILHOG ZLWK D  FP WKLFN
SKDQWRPDQGFPDLUJDS7KHGDVKHGOLQHLVWKH[FPILHOGZLWKDFP
WKLFNSKDQWRPDQGDFPDLUJDS
D





0HDVXUHG
3UHGLFWHG


[FP

[FP





$EVROXWHGRVH &8
















&URVVSODQHSRVLWLRQ FP

E






0HDVXUHG
3UHGLFWHG


[FP

[FP





$EVROXWHGRVH &8












,QSODQHSRVLWLRQ FP











&RPSDULQJ WKH UHVXOWV RI WKH VODE SKDQWRP LPDJH SUHGLFWLRQ WR SUHYLRXV ZRUN >@ WKH
UHVXOWVDUHQRWHQWLUHO\FRQVLVWHQW$QRYHUSUHGLFWLRQE\WKHPRGHOVKRXOGEHREVHUYHGIRU
ODUJH ILHOG VL]HV EXW LV QRW VHHQ IRU D FRPELQDWLRQ RI D VKRUW DLU JDSV  FP  DQG
SKDQWRPV   FP $V D IXQFWLRQ RI DLU JDS WKH DFFXUDF\ RI WKH SDWLHQW VFDWWHU IOXHQFH
DOJRULWKPVKRXOGLQFUHDVHZLWKLQFUHDVLQJDLUJDS,QVWHDGWKHJUHDWHVWRYHUSUHGLFWLRQLV
IRXQGZLWKWKHODUJHVWDLUJDS3UHYLRXVZRUNE\0F&XUG\DQG3LVWRULXV>@XVHGVHPL
LQILQLWHVODEVWRJHQHUDWHWKHSDWLHQWVFDWWHUNHUQHOVUHVXOWLQJLQDV\VWHPDWLFRYHUHVWLPDWH
RIWKHPXOWLSOHVFDWWHUIOXHQFH


,057ILHOGV
8VLQJ WKH UREXVW FDOLEUDWLRQ PHWKRG GHVFULEHG LQ 6HFWLRQ  WKH (3,' GRVH LPDJH
SUHGLFWLRQV RI WKH ,057 ILHOGV WKURXJK VODE SKDQWRPV KDG D PLQLPXP DJUHHPHQW RI
 RI LQILHOG SL[HOVO\LQJ ZLWKLQ  DQG PP VHH )LJXUHV  DQG  DQG 7DEOH
 6KDUSGRVHJUDGLHQWVGHOLYHUHGWRWKH(3,'ZHUHDFFXUDWHO\UHSURGXFHGE\WKHSRUWDO
GRVHLPDJHSUHGLFWLRQDOJRULWKP7KHPHDQFYDOXHIRUWKHVHYHQSURVWDWHILHOGVUDQJHG
IURPWRZLWKDPD[LPXPFYDOXHRIDQGPD[LPXPSHUFHQWGLIIHUHQFHRI
7KHVHYHQKHDGDQGQHFNILHOGVDOVRDJUHHGZHOOZLWKPHDQFYDOXHVUDQJLQJIURP
WRDQGDPD[LPXPFYDOXHRIRYHUDOOILHOGV7KLVFORVHDJUHHPHQWXVLQJ
FOLQLFDOILHOGVIURPWZRGLVHDVHVLWHVGHPRQVWUDWHVWKHDFFXUDF\RIWKHPRGHOWRFDOFXODWH
WKH WRWDO IOXHQFH HQWHULQJ WKH (3,' GXH WR FRPSOH[ ,057 ILHOGV DQG WKH VXEVHTXHQW
FRQYHUVLRQWRLPDJHUVLJQDO








)LJXUH>3URVWDWH,057)LHOG 6ODE3KDQWRP @3URILOHVRIDSURVWDWH,057ILHOG
)LHOG  RI 7DEOH   LQ WKH D  FURVVSODQH DQG E  LQSODQH GLUHFWLRQV 7KH
FRUUHVSRQGLQJ FFRPSDULVRQ UHVXOWLQJ IURP WKH HYDOXDWLRQ RI WKH SUHGLFWHG DQG
PHDVXUHG LPDJHV LV VKRZQ LQ F  ZLWK WKH FRORXU WDEOH LQGLFDWLQJ WKH FDOFXODWHG F
YDOXH 3L[HOV WKDW GR QRW DJUHH ZLWKLQ WKH UHTXLUHG FULWHULD DUH LQ UHG 7KH LQVHW
LPDJH LV WKH SUHGLFWHG GRVH LPDJH ZLWK UHG LQGLFDWLQJ KLJKHU IOXHQFH DQG EOXH
LQGLFDWLQJORZHUIOXHQFHV
D



0HDVXUHG
3UHGLFWHG




$EVROXWHGRVH &8


















&URVVSODQHSRVLWLRQ FP








E

$EVROXWHGRVH &8


0HDVXUHG
3UHGLFWHG


















,QSODQHSRVLWLRQ FP








F







7DEOH>FFRPSDULVRQ5HVXOWVRI3URVWDWH,057)LHOGV 6ODE3KDQWRP @5HVXOWV
RIFFRPSDULVRQIRUWKHSURVWDWHILHOGVLQFLGHQWRQDFPVODELQFOXGLQJWKH
SHUFHQWDJHRISL[HOVDJUHHLQJPHDQFPD[LPXPFDQGWKHPHDQSHUFHQWDJH
GLIIHUHQFH















)LJXUH  >+HDG DQG 1HFN ,057 )LHOG 6ODE 3KDQWRP @ 3URILOHV RI D KHDG DQG
QHFN ,057 ILHOG )LHOG  LQ 7DEOH   LQ WKH D  FURVVSODQH DQG E  LQSODQH
GLUHFWLRQV 7KH FRUUHVSRQGLQJ FFRPSDULVRQ UHVXOWLQJ IURP WKH HYDOXDWLRQ RI WKH
SUHGLFWHGDQGPHDVXUHGLPDJHVLVVKRZQLQ F ZLWKWKHFRORXUWDEOHLQGLFDWLQJWKH
FDOFXODWHG FYDOXH3L[HOVWKDWGRQRWDJUHHZLWKLQWKHUHTXLUHGFULWHULDDUHLQUHG
7KHLQVHWLPDJHLVWKHSUHGLFWHGGRVHLPDJHZLWKUHGLQGLFDWLQJKLJKHUIOXHQFHDQG
EOXHLQGLFDWLQJORZHUIOXHQFHV



D



0HDVXUHG
3UHGLFWHG





$EVROXWHGRVH &8
















&URVVSODQHSRVLWLRQ FP
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0HDVXUHG
3UHGLFWHG






$EVROXWHGRVH &8

















,QSODQHSRVLWLRQ FP








F









7DEOH>FFRPSDULVRQ5HVXOWVRI+HDGDQG1HFN,057)LHOGV 6ODE3KDQWRP @
5HVXOWVRIFFRPSDULVRQRIKHDGDQGQHFNILHOGVRQDFPSKDQWRPVODELQFOXGLQJ
WKHSHUFHQWDJHRISL[HOVDJUHHLQJPHDQFPD[LPXPFDQGWKHPHDQSHUFHQWDJH
GLIIHUHQFH













&21&/86,216
$ SUHYLRXVO\ GHYHORSHG IOXHQFH PRGHO KDV EHHQ UHILQHG DQG H[WHQGHG WR LQFOXGH IHZHU
XVHUDGMXVWDEOH SDUDPHWHUV DQG PRUH GHWDLOHG SK\VLFDO PRGHOV WR LPSURYH DFFXUDF\ $
SDWLHQWVFDWWHUPRGHOKDVEHHQXSGDWHGZLWKVFDWWHUIOXHQFHNHUQHOVFDOFXODWHGZLWKQHZHU
PRUH DFFXUDWH VLPXODWLRQ VRIWZDUH (3,' VSHFLILF GRVH NHUQHOV KDYH DOVR EHHQ XSGDWHG
XVLQJ WKH QHZHU VLPXODWLRQ VRIWZDUH DQG VFRUHG GLUHFWO\ LQ WKH UHTXLUHG &DUWHVLDQ
FRRUGLQDWH V\VWHP 7KHVH PRGHOV KDYH EHHQ LQWHJUDWHG WRJHWKHU WR IRUP D FRPSOHWH
PRGHOEDVHGPHWKRGWRSUHGLFWSRUWDOGRVHLPDJHVZLWKDSDWLHQWLQWKHEHDPSDWKZLWK
RQO\ D VPDOO UHOLDQFH RQ HPSLULFDO PRGHOLQJ $Q DFFXUDF\ RI  DQG  PP KDV EHHQ
VKRZQ WR EH DFKLHYDEOH ZLWK WKLV SRUWDO GRVH LPDJH SUHGLFWLRQ PHWKRG XVLQJ FOLQLFDO
,057 ILHOGV )XWXUH ZRUN ZLOO HYDOXDWH WKH UREXVWQHVV RI WKLV SRUWDO GRVH LPDJH
SUHGLFWLRQPRGHORQLPDJHVREWDLQHGGXULQJSDWLHQWWUHDWPHQWGHOLYHU\



5()(5(1&(6
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CHAPTER SIX: IN VIVO DOSIMETRIC VERIFICATION OF
INTENSITY-MODULATED RADIATION THERAPY

Chapter Five discussed the addition of a patient scatter algorithm to the portal dose image
prediction model to account for the effect of phantom or patient scatter incident on the
*

EPID during image acquisition. Chapter Six applies the complete portal dose image
prediction model to predict images acquired during patient treatment, or in vivo.

6.1 INTRODUCTION
Dosimetric verification of radiation therapy is becoming increasingly important with the
widespread use of complex treatment techniques like IMRT and VMAT. In general,
patient-specific dosimetric verification of intensity-modulated treatment beams is
performed prior to the start of the patient’s treatment course, using film and/or point dose
measurements. Pre-treatment verification can detect data transfer, machine, MLC
positioning and quantitative dose errors [1]. However, pre-treatment verification clearly
will not detect patient-related errors, such as patient positioning errors, patient weight
loss, changes in tumour size, internal organ motion or errors in linac output during
treatment. In vivo dosimetric verification occurring at treatment with the patient present,
is the only way to know, with certainty, how accurately the treatment was actually
delivered.
 
Ύ

Manuscript in preparation. Aspects of this work were presented as a poster in “K. Chytyk, E. Van Uytven,
T. Van Beek, P. B. Greer and B. M. C. McCurdy, ‘Physical model for in vivo dose image prediction’,
Canadian Organization of Medical Physicists Annual Scientific Meeting, 2011, Vancouver, BC.
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In vivo dosimetric verification of radiation therapy is not customarily performed at most
cancer clinics, but its potential through the use of electronic portal imaging devices
(EPIDs) has been examined over the last two decades. Kroonwijk et al. compared
predicted transit portal dose images to measured portal images acquired during prostate
patient treatments with a camera-based EPID [2]. Their work demonstrated that
variations in predicted and measured doses were due to discrepancies between the patient
anatomy represented in the planning CT and the patient anatomy during treatment, and
were caused by rectal gas. Pasma et al. [3] built on the group’s in vivo method to be able
to distinguish the differences in measured and predicted images caused by internal organ
motion from those caused by an error in monitor units delivered. This was achieved by
comparing the backprojected dose at a 5 cm depth in the patient to that of the TPS
(treatment planning system) at the same depth [3]. Further work at the same centre
introduced a portal dose image prediction algorithm that was able to predict in vivo portal
images acquired during prostate patient treatments [4]. The prediction, carried out for the
first fraction, was accurate to a 3% local dose difference and 3 mm for at least 87% of
pixels, with larger disagreements due to patient anatomy and interferences with the
patient table. A dose reconstruction method, which registered daily cone-beam CT
datasets to the planning CT to account for patient anatomy changes, was capable of
calculating the 50% isodose surface to within 3% and 3 mm (in comparison to the TPS
calculation) [5].

In vivo verification has also been investigated using amorphous-silicon (a-Si) EPIDs with
work by McDermott et al. [6, 7], Wendling et al. [8] and Mans et al. [9, 10]. McDermott
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et al. [6] determined that it was possible to replace all prostate patients’ pre-treatment
verification with in vivo verification of the treatments, created by two-dimensional dose
reconstruction from back-projected EPID images. A combination of γ-comparison
statistics (mean γ, maximum γ and the percentage of points with γ less than one, for
various acceptance criteria) from the first three fractions was deemed accurate enough to
distinguish systematic errors that would impact a patient’s treatment from random linac
output and daily patient anatomy discrepancies (e.g. caused by rectal gas). With an
extension of the dose reconstruction algorithm to three-dimensions, Wendling et al.
reproduced the treatment planning dose for the first 3 fractions and verified in vivo to
within 3%, 3 mm for prostate, rectum and head-and-neck patients [8], while McDermott
et al. demonstrated the same accuracy for the dose reconstruction of all five fractions of
nine hypo-fractionated rectal cancer patients [7]. Daily cone-beam CTs of the hypofractionated patients were acquired and registered to the planning CT to ensure proper
patient positioning. This technique has also been successfully adapted to the verification
prior to and during the treatment of volumetric-modulated arc therapy patients [9]. Mans
et al. outlined the types of errors discovered during the Netherlands Cancer Institute’s in
vivo verification of prostate, rectum, head-and-neck, breast, lung and other treatment sites
between January 2005 and July 2009 [10]. Out of the 17 errors detected from the 4337
patients, seven were due to a change in patient anatomy from the time the planning CT
was acquired, two of which were due to patient weight loss, and six errors were due to
data transfer problems or accidental plan modification [11, 12].
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To date, there is a lack of in vivo EPID dosimetry imaging data obtained throughout a
patient’s entire course of treatment (for non-hypo-fractionated treatments). In the current
work, images were acquired during the treatments of prostate and head-and-neck IMRT
patients. The measured images were compared, via the χ-comparison method, to
predicted portal dose images of the patient treatment to dosimetrically verify patient
IMRT treatments.

6.2 METHODS AND MATERIALS
6.2.1 Patient plans and image acquisition
Portal mages were acquired during treatment of five prostate and six head-and-neck
patients, for most fractions. Approximately 386 images out of 2300 possible images were
missed, spread over all patients. These were mainly due to conflicting scheduling (~ 350)
and occasionally failed acquisitions (~36). Recent clinical software changes at our
treatment centre will help reduce scheduling-related misses in the future.

The prostate IMRT plans were planned according to the PROFIT trial [13]. Beam
arrangement consisted of seven fields at angles of 0º, 40º, 85º, 110º, 250º, 275º and 310º,
with small adjustments in angle allowed if needed for improvements in individual patient
plans. Three of the prostate plans were delivered as static treatments (i.e. ‘step and
shoot’) and two as dynamic delivery treatments (i.e. ‘sliding window’). Patients in the
hypofractionated arm received 60 Gy in 20 fractions total (two patients) while in the
standard arm patients received 78 Gy in 39 fractions (three patients). To verify patient
positioning prior to delivery, two orthogonal megavoltage (MV) images were taken daily
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for four patients, with one patient using kilovoltage (KV) imaging. Daily image guidance
was performed by tracking three radio-opaque gold seeds that were implanted in each
patient’s prostate ahead of CT simulation, using a match tolerance of 5 mm.

The head-and-neck plans were static IMRT, seven-field plans at equally spaced gantry
angles (0º, 51º, 102º, 153º, 204º, 255º and 306º), planned in accordance with RTOG
0522, although delivering 70 Gy in 30 fractions. The patients were imaged daily with
orthogonal portal images, prior to treatment delivery. The patients’ bony anatomy,
evident in the set-up image, was matched to that in a digitally reconstructed radiograph
(DRR) created from the patient’s CT dataset. The patient position was adjusted to match
the DRR, and therefore the planning CT within a tolerance of 5 mm.

Upon image review, images acquired over approximately a three month time frame (May
2009 to July 2009) were observed to have used incorrect calibration images (i.e. dark and
flood-field images) when the images were processed. Specifically, this manifested in the
images as vertical streaking and increased noise localized to the central ~25x30 cm2
region of the EPID (Figure 6.1 (a) – the affected region is between the white lines). The
values out-of-field for each row along each column were constant. The dark and floodfield images used for processing these integrated images were found to have been
inadvertently erased from the system so reintroduction of the calibrations and then
application of correct dark and flood-field images was impossible. This problem affected
images across three patients. A method was developed to correct for this problem. The
images were corrected by obtaining a profile at the extreme in-plane edge (black outline
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in Figure 6.1 (b), called Pin-plane) where the artifact was not present, and corresponding to
an unirradiated area. This profile was subtracted from the profile at the extreme crossplane edge (black outline in Figure 6.1 (c), called Pcross-plane), which was affected by the
artifact:
(6.1) PCorrection = Pcross − plane − Pin − plane .
Assuming that the out-of-field signal would be symmetric, the subtraction of the twoprofiles provides a correction off-set (Pcorrection) that can be applied to each affected crossplane row (Figure 6.1 (d)) to obtain the corrected image, Icorrected (Figure 6.1 (e), from the
incorrectly calibrated image, Iincorrect:
(6.2) I corrected ( j ) = I incorrect ( j ) − Pcorrection .
Each j represents a cross-plane row of the image – the subtraction is applied row-by-row.
The assumption of a symmetric out-of-field signal is accurate to about 1% of the
maximum dose, based on symmetry observed in dose profile tails comparing in-plane to
cross-plane orientations in the measured data.∗

 
∗

RTU-K Commissioning Profile Scans, 6 MV, September 2006, Medical Physics Department, CancerCare
Manitoba.
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Figure 6.1 [Image Correction Method]: Diagram of image correction method. The
artifact is characterized by streaks in the in-plane direction, with a constant off-set
for each column. The off-set is applied in the cross-plane direction, along each row,
removing the effect of the artifact for these pixels.
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6.2.2 Portal dose image prediction model
The transit portal images were predicted using an amalgamation of the comprehensive
fluence model [14] and the patient scatter prediction model [15], as described in Chapter
Five, and created in-house with the MATLAB® (Mathworks Inc., Natwick, MA)
programming language. Only a brief review will be presented here. The incident fluence
model is a two-source, physics-based model which models the MLC leaves using the
specifications provided by the vendor (Varian Medical Systems, Palo Alto, CA). The
energy fluence transmitted through the MLCs is determined via an attenuation calculation
using Monte Carlo calculated energy fluence upstream of the MLC. The patient scatter
prediction model involves a library of pre-calculated scatter fluence kernels, generated
for a range of water thicknesses and air gaps. An equivalent homogeneous phantom
(EHP) is created, based on the radiological pathlength of the raylines cast through the
patient’s CT dataset.

The scatter incident on the EPID due to patient scatter is

determined by the superposition of the appropriate scatter fluence kernel for each rayline,
based on the radiological pathlength and the distance from the patient to the EPID (air
gap). The primary fluence is determined by an attenuation calculation using the incident
fluence model, the radiological pathlength of the CT dataset and the attenuation of water.
The total fluence (scatter plus primary fluence) incident on the EPID is converted to a
predicted dose image through the superposition of the fluence with monoenergetic, EPIDspecific dose kernels, also derived using Monte Carlo simulation. The portal dose image
prediction algorithm was able to predict images of simple square fields and IMRT fields
delivered to slab phantoms within 3% and 3 mm.
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The patient treatment plan was integrated into the portal dose image prediction model
through the use of code from The Computational Environment for Radiotherapy
Research (CERR) software platform [16], written in the MATLAB programming
language. The plans were exported from both the Pinnacle TPS (Philips Medical
Systems, Milpitas, CA) and Eclipse (Varian Medical Systems, Palo Alto, CA) planning
systems and imported into CERR. The MLC leaf-positions, segment weights and CT
dataset were used by the algorithm described in Chapters Four and Five of this thesis to
predict the corresponding portal dose images.

6.3 RESULTS AND DISCUSSION
6.3.1 Prostate patients
One prostate patient treatment will be examined here in detail; in particular, the results of
the χ-comparison metrics (see Figures 6.2) and percentage difference of the predicted
field from the measured field. The gantry angles providing measured images that were
the most consistent with predictions were those that did not have the treatment couch in
either the entrance or exit beam (i.e. the lateral beams at gantry 85º and 275º). As seen in
Figure 6.2, there is much inter-fraction variability for each gantry angle, and there is no
evidence of a trend with time in percentage of pixels that agree within 3% and 3 mm,
mean χ, maximum χ or percentage difference, with time. The percentage of pixels that
agree within 3% and 3 mm, mean χ, maximum χ and mean percentage difference were
determined to be 92.3%, 0.30, 3.81, 3.99, respectively. The effect of the adjustable couch
rails was seen as an overpredicted vertical “bar” in the in-plane direction of the
percentage difference image (see Figure 6.3 (a), the blue bar). Also obvious in the



155

percentage difference image are rectal gas pockets, variable in size, intensity and location
from fraction to fraction, seen as an underprediction in Figure 6.3 (l) as the red area.
Figure 6.2 [Prostate Patient Case Study]: Comparison results of prostate patient
case study, for each field, denoted by gantry angle, and for each fraction. (a) is the
percent of pixels that agree within 3% and 3 mm using the χ-comparison, (b) is the
mean value of χ in-field (defined as 10 % of the maximum dose) and (c) is the
maximum value of χ in-field. (d) is the mean percentage dose difference in-field.
There is a high fraction-to-fraction variability due to the effect of the treatment
couch and rectal gas pockets. Note that image data for fraction 21-26 were not
obtained for this patient.
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Figure 6.3 [Prostate Patient Percent Difference with Fraction]: (a) A predicted dose
image for prostate field (gantry angle 355º) and (b) the percentage difference maps
for twelve fractions (fractions 1, 2, 3, 4, 17, 18, 27, 28, 29, 31, 33, 34). The dark blue
on the legend corresponds to a 20% overprediction, while the dark red corresponds
to a 20% underprediction. Note the blue bar, oriented in the in-plane direction and
at the left side of the field in several images (fractions 17, 18, 27, 28, 29, 31), is due to
the moveable rail on the treatment couch. The red area near the centre of the field
in several fractions corresponds to gas pockets in the rectum.
(a)
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(b)





The rest of the prostate patients show similar characteristics as demonstrated in the case
study (see Figure 6.4). Gas pockets and the moveable treatment couch create intrafraction variation in all fields. The lateral beam angles without the couch in the path of
the beam tend to provide more accurate χ-comparison results, as demonstrated by the
percentage of pixels that agree in-field and shown in Figure 6.4. The average number of
pixels that agree within 3% and 3 mm, over all fields and for each patient are 92.3% (the
case study), 92.8%, 94.3%, 98.5% and 97.6%.
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The results of the χ-comparison for the patient in Figure 6.4 (c) demonstrated poor
agreement for three fields: gantry angle 153, fraction 8 (55.1% pixels agree); gantry angle
51, fraction 19 (49.8% pixels agree); and gantry angle 0, fraction 26 (49.0% pixels
agree). These discrepancies were due to separate interrupted beam deliveries, where only
part of a field was delivered to the patient before the beam was halted because of an
interlock in the system. The interlock was then cleared and the rest of the beam was
delivered to the patient. When the beam turns off, the EPID also turns off and collects no
more data. Unless the EPID is manually turned on again, the remainder of the field
delivery is not recorded by the EPID. Therefore, the resulting measured image contains
only a portion of the true field delivered to the patient. If the image was manually
acquired, the EPID could be turned on again to collect the remainder of the beam and the
two images could be added together. This loss of data occurs infrequently (thrice out of
273 delivered fields for the patient in Figure 6.4 (c)).
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Figure 6.4 [Summary of Prostate Patients’ Agreement]: Percentage of pixels that
agree with the χ-comparison criteria (3%, 3 mm) for the prostate patients over all
fractions, for each field, (denoted by gantry angle). Note the inter-fraction
variability due to the effect of the treatment couch rails and rectal gas pockets.
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The measured data for the patient of Figure 6.4 (c) had the best agreement with prediction
over all the patients. Excluding the three fields where the EPID turned off after a beam
interlock, the fields agreed within at least 95%. This data was acquired more recently
(December 2011 versus January 2008 to August 2009), in comparison to the other patient
data, and after the error in the calibration was detected. This emphasizes the importance
of routine, detailed EPID QA. Another explanation for the improved accuracy of the most
recent patient dataset was that the patient was set-up using kilovoltage orthogonal
images, as opposed to the megavoltage orthogonal imaging. The contrast of the KV
imaging is superior to that of the MV imaging, thus it is possible that the set-up of the
patient was more accurate.
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6.3.2 Head and Neck Patients
One head and neck patient is also examined in detail (see Figure 6.5). This patient does
not show the same magnitude of variability between fractions as observed in the prostate
patients. Figures 6.5 (b) and 6.5 (c) show that there is a general increase in measured dose
over all angles with increasing fraction number (or time), corresponding to a decrease in
the number of pixels agreeing within 3% and 3 mm as illustrated in Figure 6.5 (a). The
percentage of pixels that agree within 3% and 3 mm, mean χ, maximum χ and mean
percentage difference were determined to be 96.1%, 0.24, 7.34 and 3.61, respectively.
Typically, as the treatment progresses, the measured image dose increases. This is
especially pronounced at the edge of each field (see Figure 6.6) and is likely due to a
reduction in the patient’s weight. Weight loss during the course of treatment is common
with head and neck patients since they typically develop feeding problems.
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Figure 6.5 [Head and Neck Patient Case Study]: Comparison results of the head and
neck patient case study for each field (denoted by gantry angle) and for each
fraction. (a) is the percent of pixels that agree within 3% and 3 mm using the χcomparison, (b) is the mean value of χ in-field (defined as 10 % of the maximum
dose) and (c) is the maximum value of χ in-field. (d) is the mean percentage dose
difference in-field. Note that the mean χ values (b) and mean percentage dose
difference (d) tend to increase with fraction number, while the percentage of pixels
that agree within 3% and 3 mm decreases with time. The maximum χ shows
variability between fractions, likely due to the high modulation of the fields. The
average number of pixels that agrees within 3% and 3 mm, over all fields, is 96.1%.
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Figure 6.6 [Head and Neck Patient Percent Difference with Fraction]: (a) A
predicted dose image for a head and neck field (gantry angle 0º) and (b) the
percentage difference maps for twelve fractions (fraction 1, 2, 3, 4, 12, 13, 14, 24, 25,
26, 27, 28). Note the dark red area at the edges of the field, corresponding to a more
than 20% underprediction of the model. The underprediction is likely due to
increased transmission through the patient due to weight loss with time.
(a)
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(b)

Most of the head and neck patient data illustrated in Figure 6.7 also show a decrease in
percentage of pixels agreeing within 3% and 3 mm over time. Only the patient in Figure
6.7 (c) does not show the general trend of decreasing percentage of pixels agreeing with
time. All percentage pixel values of the head and neck fields have an average of nearly
90% for each patient – demonstrating good agreement. The average number of pixels that
agree within 3% and 3 mm, for each patient over all fields is 96.1% (case study patient),
95.0%, 88.6%, 91.0%, 90.7% and 91.1%.
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Figure 6.7 [Summary of Head and Neck Patients’ Agreement]: Percentage of pixels
that agree with the χ-comparison criteria (3%, 3 mm) for the head and neck
patients over all fractions, for each field, (denoted by gantry angle). Note the trend
to decreasing percentage of pixels agreeing for most patients, except for the patient
data represented in (c).
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Most fields agree within 3% and 3 mm for more than 90% of the pixels in-field, while the
mean χ value is typically less than 0.5.

Unlike the prostate patients, the couch did not have an effect on the results because the
patient’s immobilization device was cantilevered off the superior end of the couch, so
that the treatment volume was not overlying the couch. Despite a general trend to an
increased disagreement with increasing fraction number in the area at the periphery of the
patient, there are exceptions to this. In Figure 6.5 (a), all fields in fractions 15 and 18
agree less than the fractions surrounding them. A possible explanation for this
observation is a change in patient anatomy, such as patient motion after geometric
verification or internal organ motion. This disagreement could be due to a change in
patient anatomy, such as patient motion after geometric verification or possibly internal
organ motion. Also, if a patient loses weight during a treatment, it’s possible that their
immobilization cast does not fit as well as it did during CT simulation, causing the patient
to be more difficult to reproducibly set up. Additional on-treatment imaging, such as
cone-beam CT, could help resolve these discrepancies.

6.5 CONCLUSIONS
The EPID dose image prediction algorithm developed previously in Chapter 5 has been
applied to a large amount of clinical data with promising results. Most fields agree within
3% and 3 mm for more than 90% of the pixels in-field, while the mean χ value of the
comparison between predicted and measured images is less than 0.5. Prostate images
demonstrate a large amount of dosimetric variability between fractions due to the


172

presence of variable rectal gas pockets and the use of manually adjusted moveable rails
on the treatment couch. Head and neck images show that the patients lost weight during
the treatment period, illustrated by the trend of increasing measured dose signal with
time.

Complex treatments would ideally be verified in vivo to ensure that a patient’s treatment
was accurate. This work demonstrates the types of patient anatomy changes that are
detectable using the portal dose image prediction method, and could be used in the clinic
to determine whether a treatment was delivered correctly. This work has provided us with
valuable experience as we seek to implement this algorithm in our clinic in the near
future. Important lessons learned in this work, that need to be considered for large-scale
clinical implementation, include (1) the method needs to account for the treatment couch
in order to remove this unnecessary source of inter-fraction variability, (2) the portal
image acquisition during the treatment needs to be scheduled electronically and also
additional training of the treatment floor therapists is helpful, in order to minimize the
number of missed images and (3) a regular, rigorous quality assurance program for the
EPIDs must be maintained to help ensure the highest quality imaging data.

With this useful initial clinical experience, we are confident that a large scale clinical
implementation of the comprehensive portal dose image prediction algorithm developed
in this thesis will proceed more efficiently and effectively.
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'RVLPHWULF YHULILFDWLRQ RI SDWLHQW WUHDWPHQWV LV LQFUHDVLQJO\ LPSRUWDQW EHFDXVH RI WKH
WUHQG LQ UDGLDWLRQ RQFRORJ\ WRZDUGV PRUH FRPSOH[ UDGLDWLRQ WKHUDS\ WUHDWPHQWV OLNH
LQWHQVLW\PRGXODWHG UDGLDWLRQ WKHUDS\ ,057  DQG YROXPHWULFPRGXODWHG DUF WKHUDS\
90$7  ,057 SODQV FUHDWH GRVH GLVWULEXWLRQV FRQIRUPDO WR WKH WXPRXU QHFHVVLWDWLQJ
WKH QHHG IRU JHRPHWULF DQG GRVLPHWULF DFFXUDF\ GXULQJ WUHDWPHQW 7KH WUHDWPHQWV XVH
HODERUDWHFRPSXWHUVRIWZDUHZKLFKRSHUDWHZLWKYHU\OLWWOHWHFKQLFLDQLQWHUDFWLRQ7KHUH
KDYHEHHQVHYHUDOUDGLRWKHUDS\DFFLGHQWVRYHUWKHODVWGHFDGHXVLQJWKHQHZFRPSXWHU
FRQWUROOHG WUHDWPHQW VRIWZDUH VRPH GXH WR WHFKQLFLDQ HUURU DQG VRPH GXH WR FRPSXWHU
FUDVKHV RU VHUYHU WUDQVIHU HUURUV 0RVW FDQFHU FOLQLFV YHULI\ ,057 WUHDWPHQWV SULRU WR D
SDWLHQW¶VWUHDWPHQWEXWXVXDOO\QRWGXULQJWUHDWPHQW

$PRUSKRXVVLOLFRQSRUWDOLPDJLQJGHYLFHVKDYH EHHQVKRZQWREHXVHIXOIRUGRVLPHWULF
YHULILFDWLRQ SDUWLFXODUO\ IRU ,057 6HYHUDO JURXSV KDYH LQYHVWLJDWHG ERWK SUHWUHDWPHQW
DQGLQYLYRPHWKRGVRIYHULILFDWLRQXVLQJD6LLPDJLQJGHYLFHVDQGRQHUHVHDUFKJURXSLQ
WKH1HWKHUODQGVSRVVHVVHVH[WHQVLYHFOLQLFDOH[SHULHQFHLQSRUWDOGRVLPHWU\7KHLUPHWKRG
GHSHQGVRQDVHULHVRIHPSLULFDOFRUUHFWLRQVWRFDOFXODWHWKHGRVHGHOLYHUHGWRWKHSDWLHQW
GXULQJ WUHDWPHQW YLD EDFNSURMHFWLRQ XVLQJ WKH PHDVXUHG (3,' LPDJHV ,Q WKLV WKHVLV D
SK\VLFVPRWLYDWHGPRGHOEDVHGPHWKRGZDVGHYHORSHGWRYHULI\SDWLHQWWUHDWPHQWVERWK
EHIRUH WUHDWPHQW DQG GXULQJ WUHDWPHQW ZLWKLQ DQ DFFXUDF\ RI  GRVH GLIIHUHQFH DQG 





PP GLVWDQFHWRDJUHHPHQW 7KH DGYDQWDJH RI SK\VLFVPRWLYDWHG PRGHOLQJ RYHU
FRUUHFWLRQEDVHG HPSLULFDO PHWKRGV LV LQ LWV UREXVWQHVV 7KLV LV WKH VDPH DGYDQWDJH
RIIHUHG E\ SK\VLFVEDVHG SDWLHQW GRVH PRGHOV VXFK DV WKH FRQYROXWLRQVXSHUSRVLWLRQ
PHWKRG LQ FRPSDULVRQ WR WKH SUHYLRXV JHQHUDWLRQ RI FRUUHFWLRQEDVHG PHWKRGV VXFK DV
WKH%DWKRPHWKRG>@

7KH DFFXUDF\ RI HPSOR\LQJ SDUDOOHO GRVH NHUQHOV WR FDOFXODWH WKH GRVH GHOLYHUHG E\ DQ
LQFLGHQWGLYHUJLQJ IOXHQFHZDV H[DPLQHGLQWKLVWKHVLVZLWKDIRFXVRQ WKHDFFXUDF\RI
WKH(3,'GRVHLPDJHFDOFXODWLRQ$PRUSKRXVVLOLFRQ(3,'VSHFLILFPRQRHQHUJHWLFGRVH
NHUQHOV RI SKRWRQ HQHUJLHV    DQG  0H9 ZHUH JHQHUDWHG XVLQJ (*6QUF IRU
LQFLGHQWDQJOHVUDQJLQJIURPWR WKHPD[LPXPDQJOHWRWKHHGJHRIWKHGHWHFWRU 
7KH WKHRUHWLFDO GRVH FDOFXODWLRQ ZDV FDUULHG RXW DVVXPLQJ DQ LQFLGHQW VWHS IXQFWLRQ
IOXHQFHXVLQJFRQYROXWLRQWRFDOFXODWHWKHGRVHGXHWRWKHSDUDOOHO  GRVHNHUQHOV7R
GHWHUPLQH WKH GRVH XVLQJ WKH WLOWHG GRVH NHUQHOV D VXSHUSRVLWLRQ EHWZHHQ WKH LQFLGHQW
IOXHQFHDQGWKHNHUQHOVRIWKHDSSURSULDWHDQJOHVZDVFDUULHGRXW$GLIIHUHQFHLQGRVHRI
OHVVWKDQEHWZHHQWKHUHVXOWVRIWKHSDUDOOHODQGWLOWHGGRVHNHUQHOVZDVGHWHFWHGIRU
FOLQLFDOO\UHOHYDQWVFHQDULRV LHGHWHFWRUGLVWDQFHVRYHUFPIURPWKHVRXUFHZLWKWKH
ODUJHVW ILHOG VL]H SRVVLEOH RI RYHU [ FP  IRU DOO HQHUJLHV LQYHVWLJDWHG 7KH WLPH
VDYLQJVIRUXVLQJWKHFRQYROXWLRQRIWKHSDUDOOHOGRVHNHUQHOVRYHUWKHVXSHUSRVLWLRQZLWK
WKHWLOWHGGRVHNHUQHOVZDVODUJH±DIDFWRURIa VYVK 7KLVLQYHVWLJDWLRQ
WKHUHIRUHYDOLGDWHGWKHXVHRISDUDOOHOGRVHNHUQHOVIRUWKH(3,'GRVHFDOFXODWLRQGXHWR
WKHVLJQLILFDQWWLPHVDYLQJVIRUOLWWOHORVVLQDFFXUDF\






$ FRPSUHKHQVLYH IOXHQFH PRGHO ZDV FUHDWHG WR GHWHUPLQH WKH IOXHQFH LQFLGHQW RQ WKH
(3,'ZKLFKZDVXVHGWRFDOFXODWHWKHGRVHGHOLYHUHGWRWKH(3,'IRURSHQILHOGEHDPV
LHQRSDWLHQWRUSKDQWRPLQWKHEHDP 7KHIOXHQFHPRGHOZDVEDVHGRQWKH3LQQDFOH
7UHDWPHQW 3ODQQLQJ 6\VWHP IOXHQFH PRGHO ZLWK VHYHUDO PRGLILFDWLRQV GHWHUPLQLQJ
SDUDPHWHUVRIWKHPRGHOWKURXJKWKHXVHRI0RQWH&DUORVLPXODWLRQ7KHIOXHQFHPRGHO
GHYHORSHGKHUHFRQVLVWHGRIWZRVRXUFHV±DIRFDO*DXVVLDQDQGDQH[WUDIRFDO*DXVVLDQ
OLNHIXQFWLRQZLWKUHVSHFWLYHIXOOZLGWKKDOIPD[LPD7KHIOXHQFHPRGHODOVRDFFRXQWHG
IRU VHYHUDO DVSHFWV RI WKH PXOWLOHDI FROOLPDWRU VXFK DV WKH WUDQVPLVVLRQ WKURXJK WKH
OHDYHV WKH URXQGHG OHDIWLSV WKH WRQJXHDQGJURRYH HIIHFW DQG LQWHUOHDI OHDNDJH 7KH
SKRWRQHQHUJ\VSHFWUDIRUWKHLQGHSHQGHQWIRFDODQGH[WUDIRFDOIOXHQFHVZHUHGHWHUPLQHG
XVLQJ0RQWH&DUORVLPXODWLRQZLWKRQO\WKHIRFDOVSHFWUXPEHLQJVRIWHQHGRIID[LV7KH
(3,' GRVH LPDJH ZDV FDOFXODWHG XVLQJ D VHULHV RI PRQRHQHUJHWLF SDUDOOHO GRVH NHUQHOV
WKDW ZHUH FRQYROYHG ZLWK WKH IOXHQFH $GMXVWDEOH SDUDPHWHUV RI WKH PRGHO ZHUH
GHWHUPLQHG E\ PDWFKLQJ WKH SUHGLFWHG (3,' GRVH LPDJHV WR FRUUHVSRQGLQJ PHDVXUHG
LPDJHVIRUVTXDUH0/&GHILQHGILHOGVUDQJLQJIURP[WR[FP7KHSRUWDOGRVH
LPDJH SUHGLFWLRQ DOJRULWKP FDOFXODWHG DEVROXWH ,057 ILHOGV IRU SURVWDWH DQG KHDGDQG
QHFNWUHDWPHQWSODQVZLWKQRPDWHULDOLQWKHEHDPZLWKLQDQDFFXUDF\RIDQGPP
FUHDWLQJDVXLWDEOHPHWKRGIRUSUHWUHDWPHQWGRVLPHWULFYHULILFDWLRQ

7KH QH[W VWHS UHTXLUHG WR SUHGLFW SRUWDO GRVH LPDJHV GXULQJ SDWLHQWV¶ WUHDWPHQWV ZDV D
PHWKRGWRDFFXUDWHO\LQFRUSRUDWHWKHSKRWRQVFDWWHUJHQHUDWHGLQWKHSDWLHQWDQGLQFLGHQW
RQ WKH (3,' 3UHYLRXV ZRUN DW &DQFHU&DUH 0DQLWRED H[DPLQHG WKH XVH RI D OLEUDU\ RI
0RQWH&DUORFDOFXODWHGVFDWWHUIOXHQFHNHUQHOVGHSHQGHQWRQUDGLRORJLFDOSDWKOHQJWKDQG





DLU JDS 7KLV SDWLHQW VFDWWHU PRGHO ZDV WHVWHG ZLWK PHDVXUHG VLPSOH RSHQILHOG IOXHQFH
SURILOHVWRSUHGLFW(3,'GRVHLPDJHVDFTXLUHGZLWKDYDULHW\RISKDQWRPVLQWKHEHDP
7KH H[LVWLQJ SDWLHQW VFDWWHU PRGHO LPSURYHG DQG XSGDWHG ZLWK UHVXOWV XVLQJ QHZHU
%($0QUFVLPXODWLRQVRIWZDUHZDVLQWHJUDWHGZLWKDQLPSURYHGFRPSUHKHQVLYHIOXHQFH
PRGHO 7KH IOXHQFH PRGHO ZDV DGDSWHG WR LQFOXGH PDQ\ DVSHFWV RI WKH PDQXIDFWXUHU¶V
VFKHPDWLFV RI WKH 0/&V UHGXFLQJ WKH RYHUDOO QXPEHU RI SDUDPHWHUV WKDW FRXOG EH
DGMXVWHGGXULQJWKHFRPPLVVLRQLQJVWDJH7KHHQWLUHSRUWDOGRVHLPDJHSUHGLFWLRQPRGHO
LQFOXGLQJWKHFRPELQDWLRQRIWKHFRPSUHKHQVLYH IOXHQFH DQGSDWLHQWVFDWWHUPRGHOVZDV
DEOH WR SUHGLFW PHDVXUHG LPDJHV DFTXLUHG IRU D ZLGH UDQJH RI FRQGLWLRQ WR ZLWKLQ 
DQG7KHFRQGLWLRQVLQFOXGHGZLWKVODESKDQWRPVLQWKHEHDP UDQJLQJLQWKLFNQHVV
IURPFP RYHUDUDQJHRIILHOGVL]HV [WR[FP DQGRYHUDYDULHW\RIDLU
JDSV  FP  7R PLQLPL]H WKH YDULDWLRQ DPRQJ ILHOG VL]H DLU JDS DQG SKDQWRP
WKLFNQHVVDVHULHVRIFDOLEUDWLRQIDFWRUVZDVGHWHUPLQHGDQGXVHGDVDORRNXSWDEOHZKHQ
FRQYHUWLQJ WKH SUHGLFWHG DQG PHDVXUHG LPDJHV WR FDOLEUDWHG XQLWV 7KH UHVXOWV RI WKH
SRUWDO GRVH LPDJH SUHGLFWLRQ PRGHO ZHUH WKHQ FRPSDUHG WR LPDJHV WDNHQ ZLWK SURVWDWH
DQG KHDGDQGQHFN ,057 ILHOGV GHOLYHUHG WR VODE SKDQWRPV UHVXOWLQJ LQ VXFFHVVIXO
SUHGLFWLRQVZLWKLQDQGPP

7KHGHYHORSPHQWRIWKHIXOOSRUWDOGRVHLPDJHSUHGLFWLRQPRGHOZDVIROORZHGE\DVWXG\
DSSO\LQJ WKH PHWKRG WR GRVLPHWULF YHULILFDWLRQ RI VHYHUDO ,057 SDWLHQW WUHDWPHQWV
0HDVXUHGLPDJHVDFTXLUHGIRUHDFKILHOGIRUPRVWIUDFWLRQVRIILYHSURVWDWHDQGVL[KHDG
DQGQHFN SDWLHQWV ZHUH DQDO\]HG 7KH &7 GDWDVHW RI HDFK SDWLHQW ZDV FRQYHUWHG WR DQ
HTXLYDOHQWKRPRJHQRXVSKDQWRPWRHQDEOHWKHSDWLHQWVFDWWHUFDOFXODWLRQ7KHSRUWDOGRVH





LPDJHSUHGLFWLRQPRGHOZDVDEOHWRDFFXUDWHO\SUHGLFWILHOGVJHQHUDOO\ZLWKLQDQG
PP RI WKH PHDVXUHG LPDJHV 7KH ODUJHVW GLVFUHSDQFLHV REVHUYHG LQ WKH SURVWDWH SDWLHQW
LPDJHVZHUHGHWHUPLQHGWREHGXHWRYDULDEOHJDVSRFNHWVLQWKHUHFWXPDQGWKHHIIHFWRI
WKHVXSSRUWUDLOVRQWKHWUHDWPHQWFRXFK EHG $FRPPRQGLVFUHSDQF\GLVFRYHUHGLQWKH
KHDGDQGQHFN SDWLHQWV ZDV OLNHO\ WKH UHVXOW RI SDWLHQW ZHLJKW ORVV DQG ZDV PRVW
FRPPRQO\VHHQDWWKHHGJHRIWKHILHOGVDVDQLQFUHDVHLQPHDVXUHGGRVH

&21&/86,216
,Q WKLV WKHVLV D PRGHOEDVHG DOJRULWKP ZDV GHYHORSHG WKDW ZDV DEOH WR FDOFXODWH WKH
IOXHQFH IRU FRPSOH[ ,057 ILHOGV DQG FRQYHUW WKDW IOXHQFH LQWR D SUHGLFWHG SRUWDO GRVH
LPDJHSUHGLFWLRQ7KHIOXHQFHZDVXVHGWRDFFXUDWHO\SUHGLFWRSHQILHOG,057WUHDWPHQW
ILHOGV GHOLYHUHG WR DQ D6L (3,' ZKLFK FDQ EH XVHG IRU SUHWUHDWPHQW GRVLPHWULF
YHULILFDWLRQ 7KH IOXHQFH PRGHO ZDV WKHQ FRPELQHG ZLWK D SDWLHQW VFDWWHU SUHGLFWLRQ
PRGHOWRHQDEOHSRUWDOGRVHLPDJHSUHGLFWLRQRISDWLHQWWUHDWPHQWVDQGWKHUHIRUHFDQEH
XVHG DV D PHWKRG RI LQ YLYR GRVLPHWULF YHULILFDWLRQ $ ULJRURXV (3,' 4$ SURJUDP LV
UHTXLUHGWRHQVXUHWKHPHDVXUHG(3,'LPDJHVDUHRIKLJKTXDOLW\

7KLV SRUWDO GRVH LPDJH SUHGLFWLRQ PRGHO LV YHUVDWLOH DQG FDQ EH LPSOHPHQWHG LQ DQ\
FOLQLF $OO WKDW LV QHHGHG LV PDQXIDFWXUHU VSHFLILFDWLRQV RI ERWK D OLQDF DQG (3,' DQG
DFFHVV WR D 0RQWH &DUOR VLPXODWLRQ VRIWZDUH WR PRGHO ERWK WKH OLQDF IOXHQFH DQG (3,'
GRVHUHVSRQVH LHGRVHNHUQHOV (*6QUFLVDYDLODEOHRQOLQHDQGLVTXLWHXVHUIULHQGO\
7KH DOJRULWKP FDQ UHDG LQ H[SRUWHG WUHDWPHQW SODQV LQFOXGLQJ &7 GDWD IURP ERWK
3LQQDFOH DQG (FOLSVH WZR PRVW FRPPRQ 736V $OWKRXJK WKH ZRUN KHUH XVHG D 9DULDQ





&OLQDF L; DQG DQ D6 (3,' ZLWK D  09 EHDP WKH SRUWDO GRVH LPDJH SUHGLFWLRQ
PRGHOFDQEHFRPPLVVLRQHGIRURWKHUOLQDFV(3,'VDQGHQHUJLHV$OOWKDWLVUHTXLUHGLVD
PHDVXUHG FRPPLVVLRQLQJ GDWDVHW VLPLODU WR WKDW GHVFULEHG LQ &KDSWHU   RSHQ 0/&
GHILQHG ILHOGV UDQJLQJ IURP [ FP WR [ FP GHOLYHUHG WR WKH (3,' XVLQJ WKH
GHVLUHGHQHUJ\DQGPDQXIDFWXUHUVFKHPDWLFVRIWKHOLQDFKHDGDQG(3,'

)8785(:25.
$ YHUVDWLOH SK\VLFVPRWLYDWHG IOXHQFH PRGHO KDV EHHQ VXFFHVVIXOO\ LQWHJUDWHG ZLWK DQ
H[LVWLQJ SDWLHQW VFDWWHU SUHGLFWLRQ PRGHO WR FUHDWH D SRUWDO GRVH LPDJH SUHGLFWLRQ PRGHO
WKDWFDQEHXWLOL]HGWRGRVLPHWULFDOO\YHULI\SDWLHQWWUHDWPHQWVLQYLYR7KLVWRROFRXOGEH
XVHG LQ WKH FOLQLF WR DVVLVW LQ GHWHUPLQLQJ ZKHWKHU D SDWLHQW¶V WUHDWPHQW ZDV GHOLYHUHG
FRUUHFWO\ E\ FDOFXODWLQJ WKH SUHGLFWHG LPDJH SULRU WR WUHDWPHQW DQG XVLQJ WKH TXLFN F
FRPSDULVRQ WR GHWHUPLQH ZKHWKHU WKH PHDVXUHG DQG SUHGLFWHG LPDJHV DJUHH ZLWKLQ D
VSHFLILHG WROHUDQFH 7KHUH DUH VRPH LPSURYHPHQWV WR WKH PRGHO DQG GDWD DFTXLVLWLRQ
UHTXLUHG EHIRUH ODUJHVFDOH FOLQLFDO LPSOHPHQWDWLRQ   DFFRXQW IRU WKH WUHDWPHQW FRXFK
DQG UDLO SRVLWLRQV   DXWRPDWH WKH DFTXLVLWLRQ RI WKH PHDVXUHG LPDJHV DQG SURYLGH
WUDLQLQJWRWKHUDGLDWLRQWKHUDSLVWVLQRUGHUWROLPLWWKHQXPEHURIPLVVHGLPDJHVDQG  
IUHTXHQW(3,'TXDOLW\DVVXUDQFHWRHQVXUHWKHREWDLQHGSDWLHQWGDWDLVRIKLJKTXDOLW\

7KLVPRGHOFDQDOVREHHDVLO\DGDSWHGIRUYHULILFDWLRQRIWUHDWPHQWVWKDWUHTXLUHGLIIHUHQW
SKRWRQ HQHUJLHV RU WUHDWPHQW WHFKQLTXHV 3URVWDWH '&57 WUHDWPHQWV ZKLFK XVH D
SKRWRQ EHDP HQHUJ\ RI  09  FDQ EH HDVLO\ SUHGLFWHG ZLWK WKH FUHDWLRQ RI DQ  09
IOXHQFHPRGHO7KLVZRXOGUHTXLUHDQDFFXUDWH090RQWH&DUORPRGHODQGPHDVXUHG





 09 LPDJHV DFTXLUHG ZLWK WKH (3,' IRU FRPPLVVLRQLQJ $FTXLULQJ  09 LPDJHV
PD\ UHTXLUH DGGLWLRQDO EXLOGXS PDWHULDO WR EH SODFHG RQ WKH (3,' WR HQVXUH FKDUJHG
SDUWLFOH HTXLOLEULXP LV DFKLHYHG &ROODERUDWRUV DW WKH 1HZFDVWOH 0DWHU +RVSLWDO LQ
1HZFDVWOH16:$XVWUDOLDKDYHFROOHFWHG09SURVWDWHSDWLHQWLPDJHVWRWHVWZLWKRXU
PRGHO $Q XQGHUJUDGXDWH VWXGHQW LV FXUUHQWO\ HVWDEOLVKLQJ DQ  09 IOXHQFH PRGHO E\
ZKLFKWRSUHGLFWWKH(3,'LPDJHV

7KHSRUWDOGRVHLPDJHSUHGLFWLRQPRGHOPD\DOVREHH[WHQGHGWRSUHGLFWLQJLPDJHVIURP
90$7 WUHDWPHQWV WKDW DUH DFTXLUHG LQ FLQH DFTXLVLWLRQ PRGH UDWKHU WKDQ LQWHJUDWHG
DFTXLVLWLRQ PRGH &LQH PRGH DOVR NQRZQ DV µPRYLH¶ PRGH FDSWXUHV PXOWLSOH LPDJHV
WKURXJKRXWDWUHDWPHQWDQGSURYLGHVWLPHGHSHQGHQWLPDJHVRIDWUHDWPHQWEHDP7KLVLV
LQFRQWUDVWWRWKHµLQWHJUDWHG¶LPDJHPRGHZKLFKDFTXLUHVPXOWLSOHLPDJHV RUIUDPHVLQ
WKLVFDVH EXWDYHUDJHVWKHIUDPHVLQWRDVLQJOHLPDJHIRUDVLQJOHEHDPWKXVLQWHJUDWLQJ
WKHHQWLUHGRVHGHOLYHUHGWRWKHLPDJHURYHUWKHEHDP¶VLUUDGLDWLRQ90$7LVDG\QDPLF
WUHDWPHQWPRGHZLWKWKHJDQWU\PRYLQJGXULQJEHDPGHOLYHU\VRWKHUHDUHQRLQGLYLGXDO
ILHOGV ± VLPSO\ RQH FRQWLQXRXV URWDWLQJ EHDP &DOFXODWLQJ WKH SUHGLFWHG LPDJH DW
QXPHURXV FRQWURO SRLQWV DURXQG WKH SDWLHQW DV D IXQFWLRQ RI JDQWU\ DQJOH RU GHOLYHUHG
08  DQG FRPSDULQJ WR LPDJHV FROOHFWHG LQ FLQH PRGH ZLOO DOORZ LQ YLYR GRVLPHWULF
YHULILFDWLRQRI90$7WUHDWPHQWV

7KLV PRGHO PD\ DOVR EH XVHG IRU WKUHHGLPHQVLRQDO SDWLHQW GRVH UHFRQVWUXFWLRQ 7KH
SULPDU\ IRFDO IOXHQFH HQWHULQJ WKH (3,' FDQ EH GHWHUPLQHG IURP D PHDVXUHG LPDJH E\
UHPRYLQJ IURP WKH PHDVXUHG LPDJH  WKH GRVH FRQWULEXWHG E\ SDWLHQW VFDWWHU RSWLFDO





SKRWRQJODUHEDFNVFDWWHUGRVHDQGH[WUDIRFDOGRVHDVREWDLQHGE\SUHGLFWLRQWKURXJKWKH
IXOOIRUZDUGFDOFXODWLRQGHVFULEHGLQWKLVWKHVLV7KLVOHDYHVRQO\WKHPHDVXUHGLPDJHGXH
WR WKH IRFDO IOXHQFH 7KH SUHGLFWHG IRFDO IOXHQFH IURP WKH IRUZDUG SUHGLFWLRQ  LV WKHQ
DGMXVWHG SL[HOE\SL[HO WR PDWFK WKH PHDVXUHG IRFDO GRVH LPDJH DQG REWDLQ D PHDVXUHG
IRFDOIOXHQFH7KHIRFDOIOXHQFHLVWKHQEDFNSURMHFWHGWRDSODQHDERYHWKHSDWLHQW¶V&7
GDWDVHWZKHUHWKHH[WUDIRFDOIOXHQFH DJDLQIURPWKHIRUZDUGSUHGLFWLRQ LVUHLQWURGXFHG
8VLQJ WKH FRPELQHG IRFDO DQG H[WUDIRFDO IOXHQFH WKH WKUHHGLPHQVLRQDO GRVH LQ WKH
SDWLHQW LV FDOFXODWHG DQG FRPSDUHG WR GRVH GLVWULEXWLRQV IURP WKH 736 7KH WUHDWPHQW
FRXOG WKHQ EH DGDSWHG LQ VXEVHTXHQW IUDFWLRQV WR DFFRXQW IRU DQ\ GHOLYHUHG RYHUGRVH RU
XQGHUGRVH,QFRUSRUDWLQJFRQHEHDP&7VDFTXLUHGGDLO\ZRXOGDFFRXQWIRUDQ\FKDQJHV
LQ WKH SDWLHQW DQDWRP\ WKDW KDYH RFFXUUHG VLQFH WKH SODQQLQJ &7 ZDV REWDLQHG DQG IRU
GD\WRGD\ LQWHUQDO RUJDQ PRWLRQ EXW QRW LQFOXGLQJ LQWUDIUDFWLRQ PRWLRQ  7DNLQJ
DGYDQWDJHRIGHIRUPDEOHUHJLVWUDWLRQRQHFRXOGPDSGDLO\SDWLHQWGRVHRQWRWKHSDWLHQW¶V
&7 VLPXODWLRQ GDWD VHW 7KH UHVXOWLQJ SDWLHQW GRVH UHFRQVWUXFWLRQ WKHQ UHSUHVHQWV DQ
HVWLPDWHRIWKHDFWXDOGHOLYHUHGSDWLHQWGRVH

7KHPRGHOLQJGHYHORSHGLQWKLVWKHVLVZLOODOORZWKHH[FLWLQJUHVHDUFKSURMHFWVGHVFULEHG
KHUHWREHUHDOL]HG


5()(5(1&(6





0DFNLH755HFNZHUGW30F1XWW7*HKULQJ0DQG6DQGHUV&3KRWRQ
%HDP'RVH&DOFXODWLRQVLQ7HOHWKHUDS\3UHVHQWDQG)XWXUH0DFNLH75DQG
3DOWD-5(GLWRUV$GYDQFHG0HGLFDO3XEOLVKLQJ0DGLVRQ:,S
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+2:727$.(,0$*(6:,7+$1$6(3,'

2SHQWKH³$00DLQWHQDQFH´VRIWZDUHDWWKHFRQVROHRQWKH2%, RQERDUGLPDJLQJ 
FRQWUROFRPSXWHU

 (QVXUH WKDW FDOLEUDWLRQ ILOHV IORRGILHOG DQG GDUNILHOG LPDJHV  IRU WKH LPDJHU IRU
³,QWHJUDWHG´ PRGH DQG IRU WKH GHVLUHG HQHUJ\ DQG GRVH UDWH KDYH ORDGHG LQWR WKH
VRIWZDUH<RXVKRXOGEHDEOHWRVHOHFWWKH³,PDJH´EXWWRQLQWKHZLQGRZLIWKHFDOLEUDWLRQ
ILOHVKDYHORDGHG±WKHPHVVDJHEHORZWKH³,PDJH´EXWWRQZLOOVD\³:DLWLQJIRUEHDP´LI
WKHLPDJHULVUHDG\WRFROOHFWGDWDIRUDQLPDJH2WKHUZLVH³,PDJH´ZLOOEHJUH\HGRXW
DQG\RXFDQQRWVHOHFWLW

,IWKHFDOLEUDWLRQILOHVKDYHQRWORDGHG
D 3UHVV WKH ³'DUN ILHOG´ EXWWRQ WR UHWULHYH D GDUN VLJQDO FDOLEUDWLRQ LPDJH 7KH
SDQHOLVQRWWREHLUUDGLDWHGZKLOHREWDLQLQJWKLVLPDJH
E 7R FROOHFW WKH IORRGILHOG LPDJH PRYH WKH LPDJHU WR WKH KHLJKW \RX ZLOO EH
PRVWOLNHO\WRXVHLWDWSUHVV³)ORRGILHOG´DQGLUUDGLDWHWKHSDQHOZLWKDILHOGWKDW
FRYHUVWKHHQWLUHSDQHOEXWGRHVQRWLUUDGLDWHWKHHOHFWURQLFV)RUH[DPSOHLIWKH
(3,' LV DW D GLVWDQFH RI  FP WKH PDJQLILFDWLRQ IDFWRU RI   
LQGLFDWHVWKDWDILHOGRI[FP ZLOOMXVWFRYHUWKH[FP(3,'GHWHFWRU
DUHD





F6DYHWKHVHFDOLEUDWLRQLPDJHVE\VHOHFWLQJ³6DYHFDOLEUDWLRQILOHV´

/RDGWKHSODQDQGILHOG\RXZLVKWRGHOLYHUWRWKH(3,'SUHVV³,PDJH´DQGWXUQRQWKH
EHDP 7KH (3,' LPDJH ZLOO DSSHDU ZKHQ WKH EHDP WXUQV RII 7KLV LPDJH LV DQ DYHUDJH
RYHUDOOWKHIUDPHVFROOHFWHGZKLOHWKH(3,'ZDVRQ7RREWDLQWKHWRWDOLQWHJUDWHG(3,'
LPDJH PXOWLSO\ WKH LPDJH E\ WKH WRWDO QXPEHU RI IUDPHV GLVSOD\HG XQGHU WKH ³,PDJH´
EXWWRQZKHQWKHLPDJHLVILQLVKHG 

 ,I WKH EHDP LV LQWHUUXSWHG GXULQJ LUUDGLDWLRQ WKH UHPDLQLQJ EHDP LUUDGLDWLRQ FDQ EH
FROOHFWHGZLWKDVHFRQGLPDJH7KHWZRLPDJHVFDQEHFRPELQHGE\DGGLQJWRJHWKHUWKH
LQGLYLGXDO WRWDO LQWHJUDWHG LPDJHV LH UHVXOWLQJ LPDJH PXOWLSOLHG E\ WKH QXPEHU RI
IUDPHV DQGWKHQGLYLGHGE\WKHVXPRIWKHIUDPHVIRUERWKLPDJHV7KLVVWHSFDQQRWEH
GRQH ZLWKLQ WKH $0 0DLQWHQDQFH VRIWZDUH EXW FDQ EH DFFRPSOLVKHG ZLWK XVHUFUHDWHG
VRIWZDUHLILWKDVWKHDELOLW\WRUHDGWKH(3,'LPDJHV7KHLPDJHVDUHLQ',&20IRUPDW

0217(&$5/26,08/$7,21
7KLVVHFWLRQLVWRVHUYHDVDQDGGLWLRQZLWKPRUHGHWDLORQJHQHUDO0RQWH&DUORPRGHOLQJ
WKDQ6HFWLRQSURYLGHV)RUIXUWKHUGHWDLOSOHDVHVHH5HIHUHQFHVDQG

0RQWH&DUORVLPXODWLRQLVFRQVLGHUHGWKHµJROGVWDQGDUG¶RIUDGLDWLRQWUDQVSRUWPRGHOLQJ
EHFDXVH LW LV DEOH WR DFFXUDWHO\ PRGHO WKH SUREDELOLVWLF DQG FRPSOH[ QDWXUH RI SKRWRQ
LQWHUDFWLRQ DQG GRVH GHSRVLWLRQ >@ 7KH SDWKV RI LQGLYLGXDO SDUWLFOHV DUH VLPXODWHG E\
XVLQJSVHXGRUDQGRPQXPEHUVWRVDPSOHSUREDELOLW\GLVWULEXWLRQV HJLQWHUDFWLRQFURVV





VHFWLRQVDQGPDVVDWWHQXDWLRQFRHIILFLHQWV WKDWGHVFULEHWKHSK\VLFDOSURFHVVHVDFWLQJRQ
WKH SDUWLFOHV 7KH UDQGRP QXPEHUV DUH UHIHUUHG WR DV SVHXGRUDQGRP EHFDXVH WKH\ DUH
FRPSXWHUJHQHUDWHGDVRSSRVHGWRSXUHUDQGRPQXPEHUVGHULYHGIURPQDWXUDOSURFHVVHV
OLNH UDGLRDFWLYH GHFD\ %\ XVLQJ D ODUJH QXPEHU RIKLVWRULHV RU LQFLGHQW SDUWLFOHV  RQH
FDQ FDOFXODWH DFFXUDWH PHDQLQJIXO TXDQWLWLHV VXFK DV GRVH GHSRVLWHG IOXHQFH RU RWKHU
GRVLPHWULFUHODWHG TXDQWLWLHV 0RQWH &DUOR VLPXODWLRQ DOVR DOORZV WKH XVHU WR FDOFXODWH
TXDQWLWLHVWKDWFDQQRWEHHDVLO\PHDVXUHGRULPSRVVLEOHWRPHDVXUHVXFKDVZKDWIUDFWLRQ
RISKRWRQIOXHQFHLVGXHWRVFDWWHUZLWKLQWKHOLQDFWUHDWPHQWKHDG

,QWKHIROORZLQJVHFWLRQVWKHPDMRUSKRWRQDQGHOHFWURQLQWHUDFWLRQVPRGHOHGE\0RQWH
&DUOR VLPXODWLRQ ZLOO EH GLVFXVVHG DV ZLOO WKH EDVLF 0RQWH &DUOR DOJRULWKP DQG WKH
DFFXUDF\RI(*6QUF

3KRWRQ,QWHUDFWLRQV
7KH IROORZLQJ GLVFXVVLRQ LV EDVHG RQ &KDSWHU  RI WKH WH[WERRN ³0HGLFDO 5DGLDWLRQ
3K\VLFV´E\)+$WWL[>@

3KRWRQVDUHDW\SHRILQGLUHFWO\LRQL]LQJUDGLDWLRQPHDQLQJWKDWSKRWRQVGRQRWGHSRVLW
HQHUJ\LQPHGLDEXWWKHVHFRQGDU\SDUWLFOHVWKDWUHVXOWIURPWKHLULQWHUDFWLRQVGR3KRWRQV
XQGHUJR WKUHH PDLQ LQWHUDFWLRQV E\ ZKLFK GRVH LV GHSRVLWHG LQ WKH WLVVXH WKH &RPSWRQ
HIIHFWWKHSKRWRHOHFWULFHIIHFWDQGSDLUSURGXFWLRQ(DFKW\SHRILQWHUDFWLRQLVGRPLQDQW
IRUGLIIHUHQWFRPELQDWLRQVRISKRWRQHQHUJ\DQGPHGLDDWRPLFQXPEHU






$WORZHQHUJLHV EHORZ0H9 WKHPRVWFRPPRQSKRWRQLQWHUDFWLRQLVWKHSKRWRHOHFWULF
HIIHFW,QWKLVSURFHVVWKHSKRWRQLVDEVRUEHGE\DQDWRPDQGDSKRWRHOHFWURQLVHMHFWHG
LIWKHHQHUJ\RIWKHSKRWRQLVJUHDWHUWKDQWKHELQGLQJHQHUJ\RIWKHHOHFWURQ7KHUHIRUH
WKHUHLVDWKUHVKROGIRUWKLVLQWHUDFWLRQWRRFFXU7KHPDVVDWWHQXDWLRQFRHIILFLHQWIRUWKH
SKRWRHOHFWULFHIIHFW

W
LVGHSHQGHQWRQSKRWRQHQHUJ\ KQ DQGDWRPLFQXPEHURIWKH
U

PDWHULDO = LWLVLQWHUDFWLQJLQYLD
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7KDWPHDQVWKDWWKHSKRWRHOHFWULFHIIHFWLVGRPLQDQWDWERWKORZLQFLGHQWSKRWRQHQHUJ\
DQG LQ KLJK DWRPLF QXPEHU PDWHULDO 7KH HMHFWHG SKRWRHOHFWURQ OHDYHV D YDFDQF\ LQ WKH
DWRP¶VHOHFWURQVKHOO

:LWKKLJKHQHUJ\SKRWRQV DERYHDIHZ0H9 WKHSDLUSURGXFWLRQHIIHFWLVPXFKPRUH
OLNHO\WRRFFXU,QSDLUSURGXFWLRQWKHSKRWRQLQWHUDFWVZLWKWKHQXFOHDUILHOGRIWKHDWRP
WKHQ LV DEVRUEHG DQG FUHDWHV DQ HOHFWURQSRVLWURQ SDLU 7KLV LQWHUDFWLRQ DOVR FUHDWHV D
YDFDQF\LQWKHHOHFWURQVKHOORIWKHDWRP3DLUSURGXFWLRQUHTXLUHVDWKUHVKROGHQHUJ\LQ
RUGHUWRRFFXU±WKHHQHUJ\IRUDQHOHFWURQDQGDSRVLWURQWREHFUHDWHGRUWKHUHVWPDVVRI
ERWK  [  0H9   0H9  $ YDULDWLRQ RI SDLU SURGXFWLRQ WULSOHW SURGXFWLRQ
FDQ RFFXU ZKHQ D SKRWRQ LQWHUDFWV ZLWK D WLJKWO\ERXQG HOHFWURQ FUHDWLQJ WZR HOHFWURQV
DQG D SRVLWURQ 7KH SUREDELOLW\ RI SDLU SURGXFWLRQ RFFXUULQJ

N
 LV DOVR GHSHQGHQW RQ
U

DWRPLFQXPEHURIWKHPDWHULDO
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7KHUHIRUH SDLU SURGXFWLRQ LV PRUH SUHYDOHQW LQ KLJK DWRPLF QXPEHU PDWHULDOV DQG DW
HQHUJLHVDERYHWKHWKUHVKROGHQHUJ\

7KH &RPSWRQ HIIHFW LV WKH PRVW SUHYDOHQW LQWHUDFWLRQ WKDW RFFXUV LQ WKH UDGLRWKHUDS\
HQHUJ\ UDQJH DSSUR[LPDWHO\  0H9 WR  0H9 IRU WLVVXHHTXLYDOHQW PDWHULDOV  ,Q D
&RPSWRQ VFDWWHULQJ HYHQW DOVR NQRZQ DV LQFRKHUHQW VFDWWHU  D SKRWRQ LQWHUDFWV ZLWK D
ORRVHO\ERXQG HOHFWURQ WKH ELQGLQJ HQHUJ\ LV DVVXPHG WR EH QHJOLJLEOH  FUHDWLQJ D
VFDWWHUHG HOHFWURQ DQG D VFDWWHUHG SKRWRQ 7KH VFDWWHUHG SKRWRQ LV IUHH WR LQWHUDFW RQFH
DJDLQ7KHOLNHOLKRRGRIWKH&RPSWRQHIIHFWRFFXUULQJLVLQGHSHQGHQWRIDWRPLFQXPEHU
DQGWKHPDVVDWWHQXDWLRQFRHIILFLHQW
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ZKHUH 1$LV$YRJDGUR¶VQXPEHU [PRO  $LVWKHDWRPLFPDVVRIWKHPDWHULDO
DQG VH LV WKH HOHFWURQ DWWHQXDWLRQ FRHIILFLHQW EDVHG RQ WKH HOHFWURQ GHQVLW\ RI WKH
PDWHULDO

:KHQDSKRWRQVFDWWHUVRIIDERXQGHOHFWURQEXWGRHVQRWORVHHQHUJ\WKHHIIHFWLVFDOOHG
5D\OHLJK RUFRKHUHQW VFDWWHULQJ7KLVHIIHFWLVPRUHSURPLQHQWZLWKORZHQHUJLHVDVWKH
SUREDELOLW\ RI 5D\OHLJK VFDWWHULQJ LV LQYHUVHO\ SURSRUWLRQDO WR KQ 5D\OHLJK VFDWWHULQJ
ZLOOQRWUHPRYHHOHFWURQVIURPDWRPLFVKHOOVGXULQJWKHLQWHUDFWLRQDQGWKHUHIRUHGRHVQRW
FRQWULEXWHWRGRVHGHSRVLWLRQ





7KHPDVVDWWHQXDWLRQFRHIILFLHQWVDUHUHODWHGWRWKHGLIIHUHQWLDOLQWHUDFWLRQFURVVVHFWLRQV
RI WKH SKRWRQV 7KHUHIRUH LQ UXGLPHQWDU\ WHUPV WKH SUREDELOLW\

P
 RI D SKRWRQ
U

LQWHUDFWLQJLVWKHVXPRIWKHLQGLYLGXDOPDVVDWWHQXDWLRQFRHIILFLHQWV LJQRULQJ5D\OHLJK
VFDWWHULQJ 
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7KHSUREDELOLW\3RIDSKRWRQQRWLQWHUDFWLQJLVWKHQ

P
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  3   
0RQWH&DUORVLPXODWLRQVFDQEHEDVHGRQVXFKDVLPSOLILFDWLRQLIRQHZDQWVWRFDOFXODWHD
YDOXH VXFK DV WUDQVPLVVLRQ EXW 0RQWH &DUOR VRIWZDUH SDFNDJHV DUH PRUH GHWDLOHG DQG
XWLOL]H PRUH FRPSOLFDWHG HTXDWLRQV WR GHULYH WKH VHFRQGDU\ SDUWLFOHV¶ GLUHFWLRQ HQHUJ\
DQGWKHLQWHUDFWLRQSUREDELOLW\RIWKHLQFLGHQWSKRWRQ>@

(OHFWURQ,QWHUDFWLRQV
7KLVVHFWLRQLVEDVHGRQ&KDSWHURIWKHWH[WERRN³0HGLFDO5DGLDWLRQ3K\VLFV´E\)+
$WWL[>@

7KHGRVHGHSRVLWLRQWKDWRFFXUVLQUDGLDWLRQWUDQVSRUWLVFDXVHGE\WKHWUDQVIHURIHQHUJ\
IURP HQHUJHWLF FKDUJHG SDUWLFOHV HJ HOHFWURQV  WR WLVVXH $V HQHUJHWLF HOHFWURQV WUDYHO
WKURXJK PDWWHU WKH\ DUH FRQVLGHUHG WR EH FRQWLQXRXVO\ ORVLQJ HQHUJ\ WKURXJK LQHODVWLF
FROOLVLRQVZLWKDWRPLFHOHFWURQVOHDYLQJWKHDWRPZLWKDYDFDQF\E\WUDQVIHUULQJHQHUJ\
WRDQHOHFWURQWKDWLVWKHQHMHFWHG DQHIIHFWFDXVHGE\³NQRFNRQ´HOHFWURQV 7KHDWRP





FDQDOVREHOHIWLQDQH[FLWHGVWDWH(ODVWLFFROOLVLRQVZLWKQXFOHLUHVXOWLQQRHQHUJ\ORVV
IURPWKHHOHFWURQEXWFDQFKDQJHWKHGLUHFWLRQWKHHOHFWURQWUDYHOV

(OHFWURQVDOVRORVHHQHUJ\WKURXJKLQWHUDFWLRQZLWKWKHDWRPLFQXFOHXVWKURXJKZKLFKD
SKRWRQ LV FUHDWHG 7KLV UDGLDWLYH SURFHVV LV UHIHUUHG WR DV EUHPVVWUDKOXQJ DQG FUHDWHV D
VSHFWUXP RI SKRWRQV ZLWK WKH PD[LPXP HQHUJ\ EHLQJ WKH HQHUJ\ RI WKH LQWHUDFWLQJ
HOHFWURQ

3RVLWURQV ZLOO DQQLKLODWH ZLWK HOHFWURQV WR FUHDWH WZR µDQQLKLODWLRQ¶ SKRWRQV HDFK RI
HQHUJ\0H9LIWKHSRVLWURQLVDWUHVW,IWKHSRVLWURQLVVWLOOHQHUJHWLFWKHSKRWRQV
ZLOOKDYHDFRPELQHGHQHUJ\RI0H9SOXVWKHNLQHWLFHQHUJ\RIWKHSRVLWURQ

7KHYDFDQFLHVOHIWLQWKHDWRPE\WKHORVVRIDQHOHFWURQWKURXJKDQ\RIWKHVHLQWHUDFWLRQV
FDQ EH ILOOHG IURP DQ HOHFWURQ IURP D KLJKHU VKHOO 7KHUH LV D QHW HQHUJ\ GLIIHUHQFH
EHWZHHQWKHWZRHOHFWURQVKHOOVFUHDWLQJDIOXRUHVFHQW[UD\ZLWKDQHQHUJ\HTXDOWRWKH
QHW HQHUJ\ GLIIHUHQFH 7KH QHW HQHUJ\ GLIIHUHQFH FDQ DOVR EH WUDQVIHUUHG WR DQRWKHU
HOHFWURQ ZLWK WKH HQHUJHWLF HOHFWURQ EHLQJ HMHFWHG IURP WKH DWRP LQ WKH $XJHU HIIHFW
7KHVH UHVXOWDQW HIIHFWV RI SKRWRQ LQWHUDFWLRQV RFFXU XQWLO WKH DWRP LV QRW LQ DQ H[FLWHG
VWDWH

)RUPRUHGHWDLOVRQSKRWRQDQGHOHFWURQLQWHUDFWLRQVSOHDVHUHIHUWR5HIHUHQFH







0RQWH&DUORVLPXODWLRQDOJRULWKPDQGSDUWLFOHWUDQVSRUW
7KH IROORZLQJ GLVFXVVLRQ LV EDVHG RQ &KDSWHU  RI ³7KH 'RVLPHWU\ RI ,RQL]LQJ
5DGLDWLRQ´>@

D3KRWRQWUDQVSRUW

:KHQVLPXODWLQJSKRWRQWUDQVSRUWLQD0RQWH&DUORDOJRULWKPWKHUHDUHWKUHHSUREDELOLW\
UHVXOWVWKDWQHHGWREHGHWHUPLQHG WKHGLVWDQFHWRWKHQH[WSKRWRQLQWHUDFWLRQ ZKDW
LQWHUDFWLRQRFFXUVDQG ZKDWLVWKHHQHUJ\DQGDQJOHRIWKHUHVXOW

,IWKHHQHUJ\RIDWUDFNHGSKRWRQLVJUHDWHUWKDQWKHSKRWRQFXWRIIHQHUJ\ GHIDXOWYDOXH
IRU(*6QUFLV0H9 WKHSKRWRQZLOOQRWEHWUDFNHGDQ\PRUH7KDWLVWKHSKRWRQ¶V
UHPDLQLQJHQHUJ\ZLOOEHGHSRVLWHGLQWKHORFDOYR[HO:KLOHDERYHWKHFXWRIIHQHUJ\WKH
HQHUJ\ORFDWLRQDQGGLUHFWLRQRIWKHSKRWRQDUHDOOWUDFNHGDQGWKHGLVWDQFHWRWKHQH[W
SKRWRQLQWHUDFWLRQLVFDOFXODWHGE\VROYLQJWKHOLQHDUDWWHQXDWLRQHTXDWLRQIRUWKLFNQHVV[
  [
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ZKHUHPLVWKHWRWDOOLQHDUDWWHQXDWLRQFRHIILFLHQWIRUDOOSKRWRQLQWHUDFWLRQV GHSHQGHQWRQ
SKRWRQ HQHUJ\ DQG PDWHULDO  DQG 7 LV WKH WUDQVPLVVLRQ D YDOXH EHWZHHQ  DQG  
5HSODFLQJ7ZLWKDUDQGRPQXPEHU DOVREHWZHHQDQG JHQHUDWHGE\WKHVRIWZDUHWKH
GLVWDQFHWRWKHQH[WLQWHUDFWLRQLVGHWHUPLQHG$IWHUWKHGLVWDQFHLVGHWHUPLQHGDFKHFNWR
HQVXUHWKDWWKHSKRWRQKDVQRWOHIWWKHYROXPHWKDWLVEHLQJVLPXODWHGLVFDUULHGRXW,IWKH
SKRWRQKDVOHIWWKHVLPXODWLRQYROXPHWKHSKRWRQLVQRWWUDFNHGDQ\PRUH






7RLOOXVWUDWHKRZWKHW\SHRISKRWRQLQWHUDFWLRQLVGHWHUPLQHGOHWXVFRQVLGHUDVLWXDWLRQ
ZKHUH RQO\ WZR SKRWRQ LQWHUDFWLRQV DUH SRVVLEOH ± &RPSWRQ VFDWWHULQJ DQG WKH
SKRWRHOHFWULFHIIHFW7KHQ
  P V  W 
LVWKHGHILQLWLRQRIWKHWRWDOOLQHDUDWWHQXDWLRQ$QRWKHUUDQGRPQXPEHULVJHQHUDWHGE\
WKHVRIWZDUHDQGLI
  5 d

W

P

WKHLQWHUDFWLRQLVGXHWRWKHSKRWRHOHFWULFHIIHFW2WKHUZLVHD&RPSWRQVFDWWHURFFXUV

7KH ODVW UHVXOW WKDW QHHGV WR EH GHWHUPLQHG LV ZKDW WKH HQHUJ\ DQG GLUHFWLRQ RI WKH
UHVXOWLQJ SDUWLFOHV DUH 7KLV LV UHVROYHG ZLWK WKHJHQHUDWLRQ RI UDQGRP QXPEHUV WKDW DUH
LQSXW LQWR GLIIHUHQWLDO FURVVVHFWLRQV IRU WKH LQWHUDFWLQJ SKRWRQ SURFHVV 7KH GLVWDQFH WR
LQWHUDFWLRQRIWKHUHVXOWLQJSKRWRQLID&RPSWRQHIIHFWRFFXUVLVWKHQFDUULHGRXWDQGWKH
SURFHVVUHSHDWVLWVHOIXQWLODOOKLVWRULHVDUHWHUPLQDWHGWKURXJKWKHH[LWLQJRIWKHYROXPH
RU ZLWK HQHUJLHV EHORZ WKH FXWRII HQHUJ\ 7KH UHVXOWLQJ HOHFWURQV DUH SDVVHG WR WKH
HOHFWURQWUDQVSRUWDUHDRIWKHFRGH

E(OHFWURQWUDQVSRUW
(OHFWURQV XQGHUJR D ODUJH QXPEHU RI HODVWLF VFDWWHULQJ HYHQWV DIWHU EHLQJ FUHDWHG RU
NQRFNHGRXWRIDQDWRP)ROORZLQJWKHVFDWWHULQJRIHDFKHOHFWURQRQHZRXOGGUDVWLFDOO\
LQFUHDVH WKH WRWDO FRPSXWDWLRQ WLPH IRU 0RQWH &DUOR VLPXODWLRQ 7R RYHUFRPH WKLV
REVWDFOH(*6QUF DQGRWKHU0RQWH&DUORFRGHV XVHZKDWLVFDOOHGDµFRQGHQVHGKLVWRU\¶
PHWKRG ,Q WKLV WHFKQLTXH ODUJH QXPEHUV RI FROOLVLRQ LQWHUDFWLRQV DUH FRQGHQVHG LQWR D





VLQJOH VWHS ± ZKLFK LV XVHUGHILQHG DQG UHSUHVHQWV WKH IUDFWLRQDO HQHUJ\ ORVW GXH WR WKH
FRQWLQXRXV ORVV RI HQHUJ\ WKH GHIDXOW YDOXH LV   >@ 7KH HIIHFW RI WKH LQGLYLGXDO
LQWHUDFWLRQV LV WDNHQ LQWR DFFRXQW E\ VDPSOLQJ WKHHQHUJ\ DQG DQJXODU GHIOHFWLRQ RI WKH
FRQGHQVHGJURXSIURPPXOWLSOHVFDWWHULQJSUREDELOLW\GLVWULEXWLRQV

7KH HOHFWURQ WUDQVSRUW SURFHVVHV GHWHUPLQHG E\ UDQGRP QXPEHU VDPSOLQJ DUH   WKH
GLVWDQFH WR D GLVFUHWH HOHFWURQ LQWHUDFWLRQ   WKH FKDQJH RI GLUHFWLRQ EURXJKW RQ E\
PXOWLSOH VFDWWHULQJ   ZKLFK GLVFUHWH LQWHUDFWLRQ RFFXUV NQRFNRQ HOHFWURQ RU
EUHPVVWUDKOXQJSKRWRQ DQG ZKDWHQHUJ\DQGGLUHFWLRQWKHUHVXOWDQWSDUWLFOHSRVVHVVHV
7KH HOHFWURQ SURFHVVHV DUH GHWHUPLQHG ZLWK UDQGRP QXPEHUV VLPLODU WR WKH H[DPSOHV
JLYHQIRUSKRWRQWUDQVSRUWEXWZLWKGLIIHUHQWSUREDELOLW\GLVWULEXWLRQVWRVDPSOHDJDLQVW,I
WKHHOHFWURQOHDYHVWKHYROXPHRUORVHVHQHUJ\EHORZWKHFXWRIIHQHUJ\ (*6QUFGHIDXOW
YDOXHLV0H9 WKHHOHFWURQLVQRWWUDFNHGDQGWKHKLVWRU\LVWHUPLQDWHG

$IWHU WKH PXOWLSO\ VFDWWHUHG SKRWRQ GHIOHFWLRQ LV FDOFXODWHG WKH HQHUJ\ ORVW DORQJ WKDW
SDWKOHQJWKLVFDOFXODWHGZLWKWKHFROOLVLRQDOVWRSSLQJSRZHUFRHIILFLHQWIRUWKHSDUWLFXODU
HOHFWURQHQHUJ\

(*6QUFDFFXUDF\
7KH IROORZLQJ GLVFXVVLRQ LV EDVHG RQ &KDSWHU  RI ³7KH 'RVLPHWU\ RI ,RQL]LQJ
5DGLDWLRQ´>@






7KH DFFXUDF\ RI 0RQWH &DUOR UHVXOWV IRU UDGLDWLRQ WKHUDS\ DUH W\SLFDOO\ UHSRUWHG DV WKH
VWDWLVWLFDOXQFHUWDLQW\RIWKHGRVHUHVXOWVZKLFKGHFUHDVHVZLWKDQLQFUHDVHLQWKHQXPEHU
RI KLVWRULHV RI WKH UHVXOWV +RZHYHU WKLV HVWLPDWH RI XQFHUWDLQW\ GRHV QRW FRQVLGHU
V\VWHPDWLF HUURUV 6\VWHPDWLF XQFHUWDLQWLHV WKDW FRXOG EH SUHVHQW LQ WKH (*6QUF FRGH
V\VWHP FDQ EH JURXSHG LQWR IRXU FDWHJRULHV   WKHFURVVVHFWLRQ GDWD XVHG WR GHWHUPLQH
WKHSUREDELOLW\RILQWHUDFWLRQV WKHDFWXDODOJRULWKPVRIWKHVRIWZDUH FUHDWLRQRIWKH
JHRPHWU\WKDWWKH0RQWH&DUORVLPXODWLRQWDNHVSODFHDQG WKHDQDO\VLVDQGYHULILFDWLRQ
RIWKHUHVXOWV

)RUHQHUJLHVDQGPHGLDZKHUHSKRWRHOHFWULFFURVVVHFWLRQVGRPLQDWH VSHFLILFDOO\LQWKLV
WKHVLVLQWKHSKRVSKRURIWKH(3,'GRVHNHUQHOVIRUORZHQHUJ\SKRWRQV DQXQFHUWDLQW\
RI  LV REVHUYHG LQ FDOFXODWLRQV $V VWDWHG SUHYLRXVO\ UDGLRWKHUDS\ DSSOLFDWLRQV DUH
GRPLQDWHG E\ WKH &RPSWRQ HIIHFW 7KH &RPSWRQ VFDWWHU FURVVVHFWLRQV XVHG LQ (*6QUF
DUH DFFXUDWH WR ZLWKLQ  DQG FRXOG EH DV DFFXUDWH DV  IRU ORZ= PDWHULDOV 3DLU
SURGXFWLRQFURVVVHFWLRQVLQ(*6QUFLVDFFXUDWHWRDSSUR[LPDWHO\

,QHODVWLFHOHFWURQLQWHUDFWLRQFURVVVHFWLRQGDWDDUHDFFXUDWHWRZLWKLQIRUHQHUJLHV
DERYH0H9$WORZHUHQHUJLHVWKHDFFXUDF\UDQJHVIURPIRUORZ=PHGLDDQG
 IRU KLJK= PDWHULDOV ,Q (*6 UDGLDWLYH VWRSSLQJ SRZHU FURVVVHFWLRQV ZHUH
DFFXUDWH WR  EHORZ  0H9 DQG WR  DERYH  0H9 >@ :LWK WKH LQWURGXFWLRQ RI
(*6QUFDQGVXEVHTXHQWUHYLVLRQVWKHDFFXUDF\RIWKHUDGLDWLYHFURVVVHFWLRQVKDYHEHHQ
XSGDWHGDQGDUHPRUHDFFXUDWHEXWWRDQXQUHSRUWHGYDOXH>@






2WKHU XQFHUWDLQWLHV LQ WKH UHVXOWV RI WKH 0RQWH &DUOR VLPXODWLRQ FRXOG EH GXH WR
V\VWHPDWLF HUURUV VXFK DV SURJUDPPLQJ HUURUV PRGHOLQJ LQDFFXUDFLHV LQ WKH DQDO\WLF
FRPSRQHQWVRIWKHDOJRULWKPDQGWUXQFDWLRQHUURUV

6WDWLVWLFDOXQFHUWDLQW\RIVLPXODWLRQVFDQEHUHGXFHGE\LQFUHDVLQJWKHQXPEHURIKLVWRULHV
FDOFXODWHGE\WKHVRIWZDUH7KHVWDWLVWLFDOXQFHUWDLQW\LVSURSRUWLRQDOWR1ZKHUH1LV
WKH QXPEHU RI KLVWRULHV VLPXODWHG >@ )RU WKH XVH RI 0RQWH &DUOR VLPXODWLRQ LQ WKLV
WKHVLVDOOGRVHXQFHUWDLQWLHVZHUHRIWKHPD[LPXPGRVH

&203$5,621$1'(9$/8$7,212)'26(',675,%87,216



7UDGLWLRQDOO\ WZR GRVH GLVWULEXWLRQV ZHUH FRPSDUHG XVLQJ SHUFHQWDJH GLIIHUHQFH
UHJDUGOHVVRIZKHWKHUWKHGLVWULEXWLRQVFRQVLVWHGRIWZRPHDVXUHGWZRFDOFXODWHGRURQH
PHDVXUHGDQGRQHFDOFXODWHGGDWDVHW7KLVWHFKQLTXHZDVVXIILFLHQWZKHQWUHDWPHQWVZHUH
QRWPRGXODWHGDQGWKHRQO\VWHHSGRVHJUDGLHQWUHJLRQVZHUHRQWKHHGJHRIWKHILHOGLQ
WKHSHQXPEUDDUHDV

:LWKWKHLQWURGXFWLRQRI,057LQWRWKHWUHDWPHQWUHJLPHQWKHVWDQGDUGSHUFHQWDJHGRVH
GLIIHUHQFH PHWKRG ZDV QR ORQJHU DFFHSWDEOH WR FKDUDFWHUL]H WKH GLVFUHSDQFLHV LQ KLJK
GRVHJUDGLHQWUHJLRQV9DQ'\N HWDO>@SURSRVHGDQDSSURDFKZKLFKVHSDUDWHGWKHGRVH
GLVWULEXWLRQV LQWR ORZ GRVHJUDGLHQW  FP  DQG KLJK GRVHJUDGLHQW ! FP 
UHJLRQV 7KH ORZ GRVHJUDGLHQW UHJLRQV HPSOR\HG WKH FRQYHQWLRQDO SHUFHQWDJH GRVH
GLIIHUHQFH EHWZHHQ WKH GRVH GLVWULEXWLRQV ZKLOH LQ WKH KLJK GRVHJUDGLHQW UHJLRQV WKH
PD[LPXPGLVWDQFHWRDJUHHPHQW '7$ EHWZHHQSRLQWVZDVPHDVXUHG





/RZHWDO>@GHYLVHGDFDOFXODWLRQPHWKRGWRLQFRUSRUDWHERWKSHUFHQWDJHGRVHGLIIHUHQFH
DQG'7$LQWRDVLQJOHPHWULFUHIHUUHGWRDVWKHJHYDOXDWLRQ$QHOOLSVRLGGHILQHGE\
'' 
'U 


'G 0 ''0

  

ZKHUH ''0 LVWKHPD[LPXPGRVHGLIIHUHQFHDQG 'G 0 LVWKHPD[LPXP'7$LVFUHDWHG
DURXQGHDFKUHIHUHQFHSRLQW UU'U  'U

UU  UF LVWKHGLVWDQFHDQG ''

'F UF  'U UU 

LV WKH GRVH GLIIHUHQFH EHWZHHQ WKH UHIHUHQFH SRLQW DQG FRPSDULVRQ SRLQW UF'F  (DFK
SRLQWLQWKHFRPSDULVRQGDWDVHWLVHYDOXDWHGWRGHWHUPLQHLILWIDOOVZLWKLQWKH³DFFHSWDQFH
HOOLSVRLG´ZKLFKLVGHILQHGDV

 

* UF  'F {

J

'' 
'U 
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'G 0 ''0

PLQ * UF  'F

,IWKHYDOXHRIJLVOHVVWKDQWKHQWKHFRPSDULVRQSRLQWDJUHHVZLWKWKHUHIHUHQFHSRLQW
ZLWKLQWKHSUHGHWHUPLQHG ''0 DQG 'G 0 

7KH GUDZEDFN RI WKH JHYDOXDWLRQ LV WKH WLPHFRQVXPLQJ QDWXUH RI HYDOXDWLQJ WKH
DJUHHPHQWEHWZHHQHDFKUHIHUHQFHSRLQWZLWKHDFKFRPSDULVRQSRLQW%DNDLHWDOGHULYHG
WKH FFRPSDULVRQ D PHWKRG WKDW LV QHDUO\ LGHQWLFDO WR WKH JHYDOXDWLRQ EXW LV PRUH
FRPSXWDWLRQDOO\ HIILFLHQW >@ ,QVWHDG RI GLVFUHWH ³DFFHSWDQFH HOOLSVRLGV´ DURXQG HDFK
UHIHUHQFHSRLQWDFRQWLQXRXV³DFFHSWDQFHWXEH´LVFUHDWHGDURXQGHDFKUHIHUHQFHGDWDVHW
,I WKH FRPSDULVRQ SRLQWV IDOO ZLWKLQ WKH ³DFFHSWDQFH WXEH´ WKH FRPSDULVRQ DJUHHV ZLWK
WKH UHIHUHQFH DW WKDW SRLQW 0DWKHPDWLFDOO\ WKH FFRPSDULVRQ XVHV WKH GRVH JUDGLHQW RI





WKH UHIHUHQFH GDWDVHW WR GHWHUPLQH WKH VL]H RI WKH ³DFFHSWDQFH WXEH´ DQG WKH GRVH
GLIIHUHQFHRIWKHZKROHPXOWLGLPHQVLRQDOGDWDVHWQRWSRLQWE\SRLQW7KDWLV
  F

&
&
'F U  'U U
&
''0  'G 0  'U





,I WKH YDOXH RI F LV OHVV WKDQ RQH WKHQ WKH FRPSDULVRQ DQG UHIHUHQFH GDWDVHWV DJUHH IRU
WKDWSDUWLFXODUSRLQW

7KHUHLVDQREVHUYDEOHGLIIHUHQFHLQWKHUHVXOWVRIWKHJHYDOXDWLRQDQGFFRPSDULVRQ,Q
KLJKGRVHJUDGLHQWUHJLRQVWKHFFRPSDULVRQZLOODJUHHZLWKDJUHDWHUQXPEHURISRLQWV
WKDQ WKH VDPH GDWDVHWV DQDO\]HG ZLWK WKH JHYDOXDWLRQ $Q DGYDQWDJH RI WKH F
FRPSDULVRQDSDUWIURPWKHLQFUHDVHLQHIILFLHQF\LVWKDWWKHVLJQRIWKHGRVHGLIIHUHQFH
FDQEHGHWHUPLQHG HJDQXQGHUSUHGLFWLRQRURYHUSUHGLFWLRQ XQOLNHWKHJHYDOXDWLRQ$
GLVDGYDQWDJHRIERWKPHWKRGVLVWKDWQRLVHLQWKHUHIHUHQFHGDWDVHWFDQFUHDWHLQDFFXUDWH
YDOXHVRIJ>@DQGF7KHJUDGLHQWFDOFXODWLRQRIWKHFFRPSDULVRQLVKLJKO\VXVFHSWLEOH
WR QRLVH 7KHUHIRUH WKH UHIHUHQFH DQG FRPSDULVRQ GDWDVHWV VKRXOG EH FKRVHQ FDUHIXOO\
ZLWKWKHUHIHUHQFHGDWDVHWGHILQHGDVWKHLGHDORUVWDQGDUGGDWDVHWZKLFKZLOOXVXDOO\EH
WKHOHVVQRLV\GDWDVHW,QWKHFRPSDULVRQRISUHGLFWHGDQGPHDVXUHGSRUWDOGRVHLPDJHV
WKH SUHGLFWHG LPDJH LV FRQVLGHUHG WKH UHIHUHQFH DV LW GRHV QRW FRQWDLQ LPDJH QRLVH RU
LPDJLQJDUWLIDFWV
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%HORZDUHSDUDPHWHUVLQYROYHGLQWKHPRGHOVGHVFULEHGLQERWK&KDSWHUDQG&KDSWHU
:KHUHWKHUHLVDXQLWIRUWKHYDOXHRIWKHSDUDPHWHULWLVOLVWHG2WKHUZLVHWKHSDUDPHWHU
LV GLPHQVLRQOHVV ,I WKH YDOXH LV GHWHUPLQHG E\ 0RQWH &DUOR DQDO\WLFDO FDOFXODWLRQ
PDQXIDFWXUHU VFKHPDWLFV RU LV QRW D VLPSOH QXPEHU HJ D SKRWRQ VSHFWUXP DFURVV 
HQHUJ\ELQV WKHYDOXHRIWKHSDUDPHWHULVQRWVKRZQDQGLVUHSODFHGE\µ1$¶


7DEOH  >&KDSWHU  )OXHQFH 3DUDPHWHUV@ $ OLVW RI SDUDPHWHUV IRU WKH µRULJLQDO¶
PRGHORI&KDSWHU




3DUDPHWHU

6RXUFHRIYDOXH

9DOXH

)RFDO):+0
([WUDIRFDO):+0

9DULDEOH PDQXDOO\RSWLPL]HG 
9DULDEOH PDQXDOO\RSWLPL]HG 

FP
FP

([WUDIRFDOKHLJKW

9DULDEOH PDQXDOO\RSWLPL]HG 



([WUDIRFDOWDLO
)RFDODQGH[WUDIRFDO&$;
VSHFWUD
2IID[LVVRIWHQLQJIDFWRU

9DULDEOH PDQXDOO\RSWLPL]HG 



0RQWH&DUOR

1$

9DULDEOH PDQXDOO\RSWLPL]HG 



,QFLGHQWIOXHQFHSURILOH

9DULDEOH PDQXDOO\RSWLPL]HG 

1$

0/&OHDIWLSUDGLXV

9DULDEOH PDQXDOO\RSWLPL]HG 



,QWHUOHDIOHDNDJH

9DULDEOH PDQXDOO\RSWLPL]HG 



7RQJXHDQGJURRYHZLGWK

9DULDEOH PDQXDOO\RSWLPL]HG 

FP

0/&WUDQVPLVVLRQ

9DULDEOH PDQXDOO\RSWLPL]HG 



-DZWUDQVPLVVLRQ

9DULDEOH PDQXDOO\RSWLPL]HG 





7DEOH  >&KDSWHU  )OXHQFH 3DUDPHWHUV@ $ OLVW RI SDUDPHWHUV IRU WKH µUHYLVHG¶
PRGHORI&KDSWHU

3DUDPHWHU
)RFDO):+0
([WUDIRFDO):+0
([WUDIRFDOKHLJKW

6RXUFHRIYDOXH
9DULDEOH FRPSXWHURSWLPL]HG 
9DULDEOH FRPSXWHURSWLPL]HG 
9DULDEOH FRPSXWHURSWLPL]HG 

9DOXH
FP
FP


([WUDIRFDOWDLO

9DULDEOH FRPSXWHURSWLPL]HG 



)RFDODQGH[WUDIRFDOVSHFWUD
&$;DQG2$; 

0RQWH&DUOR SUH0/&HQHUJ\IOXHQFH 

1$

,QFLGHQWIOXHQFHSURILOH

0RQWH&DUOR SUH0/&HQHUJ\IOXHQFH 

1$

0/&OHDIWLSUDGLXV

0/&VFKHPDWLFV

1$

,QWHUOHDIOHDNDJH

0/&VFKHPDWLFV

1$

7RQJXHDQGJURRYHZLGWK

0/&VFKHPDWLFV

1$
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2SWLPL]DWLRQRI&KDSWHUSDUDPHWHUV
7KHSDUDPHWHUVRIWKHIOXHQFHPRGHOJLYHQLQ&KDSWHUZHUHRSWLPL]HGXVLQJµIPLQFRQ¶
IURPWKH2SWLPL]DWLRQ7RROER[RI0$7/$% 0DWKZRUNV,QF1DWZLFN0$ 6WDUWLQJ
DW DQ LQLWLDO HVWLPDWH IRU HDFK SDUDPHWHU  WKH IXQFWLRQ µIPLQFRQ¶ DWWHPSWV WR ILQG WKH
PLQLPXPRIDQREMHFWLYHIXQFWLRQGHSHQGHQWRQVHYHUDOYDULDEOHVWKDWDUHFRQVWUDLQHGE\
XSSHU DQG ORZHU ERXQGV 7KLV LV UHIHUUHG WR DV D µFRQVWUDLQHG QRQOLQHDU RSWLPL]DWLRQ
SUREOHP¶>@

7KHIXQFWLRQµIPLQFRQ¶XVHVWKHµLQWHULRUSRLQWPHWKRG¶±DOLQHDUSURJUDPPLQJPHWKRG
WKDW RSWLPL]HV WKH REMHFWLYH IXQFWLRQ E\ LWHUDWLYHO\ VWHSSLQJ WKURXJK WKH LQWHULRU RI WKH
VROXWLRQVSDFHDVRSSRVHGWRLWVVXUIDFH>@





7KHREMHFWLYHIXQFWLRQ 2 LVWKHVXPRIWKHDEVROXWHGLIIHUHQFHDWFHQWUDOD[LVIRUDVHWRI
RSHQVTXDUHILHOGVUDQJLQJIURP[FPWR[FP7KDWLV
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[
 &$; PHDV
 LV WKH DEVROXWH GLIIHUHQFH EHWZHHQ WKH SUHGLFWHG DQG
ZKHUH &$; SUHG

PHDVXUHGFHQWUDOD[LVYDOXHVIRUD[FPZLWKWKHRWKHUWHUPVUHSUHVHQWLQJWKHFHQWUDO
D[LVYDOXHVIRUWKHRWKHUILHOGVL]HV7KHSUHGLFWHGFHQWUDOD[LVYDOXHVDUHDIXQFWLRQRIWKH
SDUDPHWHUV LQ 7DEOH  ZKLFK DUH FRQVWUDLQHG E\ XSSHU DQG ORZHU ERXQGV 7KH
SDUDPHWHUYDOXHVDUHDGMXVWHGLWHUDWLYHO\XQWLODPLQLPXPLVGHWHUPLQHG


5()(5(1&(6


5RJHUV':2DQG%LHODMHZ$) 0RQWH&DUOR7HFKQLTXHVRI(OHFWURQDQG
3KRWRQ 7UDQVSRUW IRU 5DGLDWLRQ 'RVLPHWU\ LQ 7KH 'RVLPHWU\ RI ,RQL]LQJ
5DGLDWLRQ . 5 .DVH % ( %MDUQJDUG DQG )UDQN + $WWL[ (GLWRUV 
$FDGHPLF3UHVV

$WWL[ ) + ,QWURGXFWLRQ WR 5DGLRORORJLFDO 3K\VLFV DQG 5DGLDWLRQ 'RVLPHWU\
1HZ<RUN-RKQ:LOH\ 6RQV,QFS

.DZDUDNRZ,0DLQHJUD+LQJ(5RJHUV':27HVVLHU)DQG:DOWHUV%
5% 7KH(*6QUFFRGHV\VWHP0RQWH&DUORVLPXODWLRQRIHOHFWURQDQGSKRWRQ
WUDQVSRUW  ,RQL]LQJ 5DGLDWLRQ 6WDQGDUGV 1DWLRQDO 5HVHDUFK &RXQFLO RI
&DQDGD

9DQ'\N-%DUQHWW5%&\JOHU-(DQG6KUDJJH3&&RPPLVVLRQLQJDQG
TXDOLW\DVVXUDQFHRIWUHDWPHQWSODQQLQJFRPSXWHUV,QW-5DGLDW2QFRO%LRO3K\V
  S

/RZ ' $ +DUPV : % 0XWLF 6 DQG 3XUG\ - $ $ WHFKQLTXH IRU WKH
TXDQWLWDWLYHHYDOXDWLRQRIGRVHGLVWULEXWLRQV0HG3K\VS

%DNDL$$OEHU0DQG1XVVOLQ)$UHYLVLRQRIWKHJDPPDHYDOXDWLRQFRQFHSW
IRUWKHFRPSDULVRQRIGRVHGLVWULEXWLRQV3K\V0HG%LRO  S


/RZ ' $ DQG 'HPSVH\ - ) (YDOXDWLRQ RI WKH JDPPD GRVH GLVWULEXWLRQ
FRPSDULVRQPHWKRG0HGLFDO3K\VLFV  S

0$7/$% 5D 'RFXPHQWDWLRQ  2SWLPL]DWLRQ 7RROER[ 
KWWSZZZPDWKZRUNVFRPKHOSWRROER[RSWLPXJIPLQFRQKWPO
,QWHULRU
3RLQW
0HWKRG


:ROIUDP
0DWK:RUOG
KWWSZZZPDWKZRUNVFRPKHOSWRROER[RSWLPXJIPLQFRQKWPO





*/266$5<

D6L±$PRUSKRXVVLOLFRQ7KHPDWHULDOWKDWWKHSKRWRGLRGHVIRUFOLQLFDOHOHFWURQSRUWDO
LPDJLQJGHYLFHVDUHPDGHIURP

%XLOGXS ± *HQHUDOO\ FRQVLGHUHG WR EH WKH WKLFNQHVV RI PDWHULDO UHTXLUHG WR DFKLHYH
FKDUJHSDUWLFOHHTXLOLEULXP &3( DQGLVHTXDOWRWKHGHSWKRIGRVHPD[LPXP)RUPRVW
GRVH PHDVXULQJ GHYLFHV &3( LV D QHFHVVDU\ FRQGLWLRQ WR DFFXUDWHO\ PHDVXUH GRVH $W
GHSWKV ODUJHU WKDQ GRVH PD[LPXP FKDUJHG SDUWLFOH HTXLOLEULXP H[LVWV 7KH EXLOGXS
UHJLRQLVWKHUHJLRQLQWKHPDWHULDODWGHSWKVOHVVWKDQGRVHPD[LPXP

FFRPSDULVRQ0HWKRGWRDQDO\]HWZRGDWDVHWV ,IWKHYDOXHRIWKH JHYDOXDWLRQLVOHVV
WKDQ RQH WKHQ WKH GDWDVHWV DJUHH ZLWKLQ WKH VSHFLILHG SHUFHQWDJH GLIIHUHQFH DQG '7$
FULWHULD 7KH FFRPSDULVRQ PHDVXUH LV VLPLODU WR WKH JHYDOXDWLRQ EXW LV PRUH
FRPSXWDWLRQDOO\HIILFLHQW

&$;±&HQWUDO$[LV,QWKHFRRUGLQDWHV\VWHPRIWKHOLQHDUDFFHOHUDWRULWLVWKHFHQWUHRI
WKHLQSODQH \ DQGFURVVSODQH [ LHWKHD[LVDERXWZKLFKWKHFROOLPDWRURIWKHOLQHDU
DFFHOHUDWRUURWDWHVDERXW

&3(±&KDUJHGSDUWLFOHHTXLOLEULXP7KHQXPEHURIFKDUJHGSDUWLFOHVHQWHULQJDPHGLXP
RIDVSHFLILHGYROXPHRIDQLUUDGLDWHGPHGLXPDUHHTXDOWRWKHQXPEHUOHDYLQJWKHVDPH
YROXPH8QGHUWKLVFRQGLWLRQWKHGRVHGHOLYHUHGWRWKHYROXPHLVHTXDOWRWKHFROOLVLRQ
NHUPD ,Q EHDPV RI KLJK HQHUJ\ SKRWRQV WKH SKRWRQV DUH DWWHQXDWHG ZKLOH JHQHUDWLQJ
VHFRQGDU\FKDUJHSDUWLFOHVWKXVQHYHUH[DFWO\DFKLHYLQJ&3(+RZHYHULQWKLVVLWXDWLRQ
WKHGRVHLVSURSRUWLRQDOWRWKHFROOLVLRQNHUPDDQGFDQEHUHODWHGWKURXJKDFRQVWDQW7KLV
FRQGLWLRQLVUHIHUUHGWRDVWUDQVLHQWFKDUJHGSDUWLFOHHTXLOLEULXP 7&3( 





&7±&RPSXWHG7RPRJUDSK\$GLDJQRVWLFLPDJLQJWHFKQLTXHZKLFKXVHVSURMHFWLRQVRI
ORZHQHUJ\ [UD\V GHOLYHUHG WR D SDWLHQW RYHU D  URWDWLRQ WR UHFRQVWUXFW D WKUHH
GLPHQVLRQDO;UD\LPDJHRIWKHSDWLHQW¶VDQDWRP\

&RPPLVVLRQLQJ ± 7KH IXOO GHWHUPLQDWLRQ RI D FOLQLFDO OLQDF GRVLPHWULF TXDQWLWLHV DQG
PHFKDQLFDOSURSHUWLHV$QH[DPSOHRIWKHTXDQWLWLHVPHDVXUHGLVWKHRXWSXWRIWKHOLQDF
WKURXJKDVHULHVRIGRVHSURILOHVLQZDWHUDQG3''VIRUDUDQJHRIILHOGVL]HV7KHHQWLUH
UDQJHRIDFWLYLWLHVHPSOR\HGE\DFOLQLFDOOLQDFQHHGWREHWHVWHGLQFOXGLQJWKHFDOLEUDWLRQ
RIWKHSK\VLFDOTXDQWLWLHVRIDOLQDFWRWKHIOXHQFHPRGHORID736&RPPLVVLRQLQJFDQ
DOVR UHIHU WR WKH YDOLGDWLRQ RI DQ\ UDGLDWLRQ WKHUDS\ GHYLFH IRU XVH LQ WKH FOLQLF HJ
LRQL]DWLRQFKDPEHUV 

&URVVSODQH GLUHFWLRQ ± 7KH WUDQVYHUVH GLUHFWLRQ RI D WZRGLPHQVLRQDO ILHOG WKH µ[¶
GLUHFWLRQLIWKHVHFRQGDU\FROOLPDWRULVQRWURWDWHG

'DUNILHOG±7ZRGLPHQVLRQDO(3,'LPDJHFROOHFWHGSULRUWR(3,'LUUDGLDWLRQWRFRUUHFW
IRUEDFNJURXQGVLJQDOV LHQRWUHODWHGWRLUUDGLDWLRQ RIWKHLQGLYLGXDOSL[HOV

'RVH EXLOGXS HIIHFW ± 7KLV HIIHFW RFFXUV DW GHSWKV VKDOORZHU WKDQ WKH GRVH PD[LPXP
GHSWK $V D EHDP RI UDGLDWLRQ SDUWLFOHV HQWHUV D GHQVH PHGLXP IURP DLU  WKH SDUWLFOHV
WKDW EHJLQ WR LQWHUDFW ZLWK WKH PHGLXP¶V DWRPV JHQHUDWH VHFRQGDU\ FKDUJH SDUWLFOHV
ZKLFKWKHPVHOYHVFDQLQWHUDFWZLWKDQGVHWLQPRWLRQDGGLWLRQDOFKDUJHSDUWLFOHV7KLVLVD
FKDUJHG SDUWLFOH FDVFDGH HIIHFW ZKLFK FDXVHV WKH TXDQWLW\ RI GRVH WR LQFUHDVH DV D
PHDVXUHPHQW SRLQW LV PRYHG IURP WKH PDWHULDO VXUIDFH WR WKH GHSWK RI PD[LPXP GRVH
:KHQWDNLQJPHDVXUHPHQWVWKLVHIIHFWPXVWEHFRQVLGHUHGXVXDOO\E\DGGLQJDOD\HURI
³EXLOGXS´PDWHULDORQWKHGHWHFWRUWREULQJWKHGRVHGHWHFWLQJPHGLXPWRRUEH\RQGWKH
GHSWKRIPD[LPXPGRVH





'4(±'HWHFWLYH4XDQWXP(IILFLHQF\$PHDVXUHRIKRZHIILFLHQWO\DQLPDJLQJV\VWHP
PDNHV XVH RI WKH UDGLDWLRQ GXULQJ LPDJH IRUPDWLRQ ,W LV D IXQFWLRQ RI  VLJQDOWRQRLVH
UDWLRRIWKHVLJQDOHQWHULQJDQGOHDYLQJWKHV\VWHP

'55±'LJLWDOO\5HFRQVWUXFWHG5DGLRJUDSK$³EHDP¶VH\H´WZRGLPHQVLRQDOYLHZRID
WKUHHGLPHQVLRQDO &7 GDWDVHW IURP WKH VDPH DQJOH WKH UDGLDWLRQ EHDP LV HQWHULQJ WKH
SDWLHQW 7KLV LPDJH LV FUHDWHG E\ WKH SODQQLQJ V\VWHP IRU VHWXS YHULILFDWLRQ SULRU WR
WUHDWPHQW

'7$ ± 'LVWDQFH7R$JUHHPHQW $ WHUP XVHG LQ DQDO\VLV FRPSDULQJ WZR SUHVXPDEOH
VLPLODUGDWDVHWVWRGHVFULEHWKHSK\VLFDOSUR[LPLW\ LQXQLWVRIOHQJWK WKDWLVDFFHSWDEOH
EHWZHHQWZRFRUUHVSRQGLQJGDWDSRLQWV

'\QDPLFGHOLYHU\±$Q,057GHOLYHU\PHWKRGWKDWDFKLHYHVIOXHQFHPRGXODWLRQE\WKH
FRQWLQXRXV PRWLRQ RI WKH 0/& OHDYHV LQ RQH GLUHFWLRQ DFURVV WKH ILHOG ZLWK HDFK OHDI
SRVVLEOH H[KLELWLQJ D GLIIHUHQW YHORFLW\ WUDMHFWRU\ 7KH EHDP LV GHOLYHUHG GXULQJ 0/&
PRYHPHQW

(+3(TXLYDOHQW+RPRJHQHRXV3KDQWRP$YLUWXDOSKDQWRPRIKRPRJHQHRXVHOHFWURQ
GHQVLW\ FUHDWHG IURP WKH HOHFWURQ GHQVLW\ RI D SKDQWRP RU SDWLHQW GHULYHG IURP D &7
GDWDVHW 7KH(+3WKLFNQHVVDORQJHDFKUD\OLQHIURPWKHOLQDFWDUJHWVSRWLVEDVHGRQWKH
ZDWHUHTXLYDOHQWWKLFNQHVVRIWKHSDWLHQWRUSKDQWRPDORQJWKDWOLQH

(3,'±(OHFWURQLF3RUWDO,PDJLQJ'HYLFH$PHJDYROWDJH[UD\LPDJLQJGHYLFHWKDWFDQ
EH XVHG IRU SDWLHQW VHWXS YHULILFDWLRQ ZLWK WKH PHJDYROWDJH EHDP SULRU WR D UDGLDWLRQ
WKHUDS\WUHDWPHQW7KHFXUUHQWFOLQLFDOVWDQGDUGIRU(3,'GHVLJQLVWKHWZRGLPHQVLRQDO
D6LSKRWRGLRGHDUUD\





)ORRGILHOG ±$WZRGLPHQVLRQDOLPDJH FROOHFWHGGXULQJLUUDGLDWLRQRIWKHHQWLUH[
FP(3,'DUHD7KHLPDJHFRUUHFWVWKH DFTXLUHG UDZLPDJHE\ FUHDWLQJDXQLIRUPILHOG
WKDW LV DGYDQWDJHRXV IRU YLHZLQJ EXW UHPRYHV GRVLPHWULF LQIRUPDWLRQ LQKHUHQW LQ WKH
EHDP

)UDFWLRQDWLRQ ± 7KLV GHVFULEHV D VWDQGDUG UDGLDWLRQ WKHUDS\ WHFKQLTXH ZKHUH WKH WRWDO
GRVH SUHVFULEHG IRU D UDGLDWLRQ WKHUDS\ WUHDWPHQW LV GHOLYHUHG LQ VPDOOHU GRVHV RU
³IUDFWLRQV´ 5DGLRELRORJLFDO IDFWRUV VXFK DV DOORZLQJ WLPH IRU WKH QRUPDO WLVVXHV WR
UHSDLUHQVXUHWKLVWHFKQLTXHUHGXFHVUDGLRWKHUDS\FRPSOLFDWLRQV)RUH[DPSOHDVWDQGDUG
WUHDWPHQWUHJLPHQGHOLYHUVWR*\WRWKHWXPRXUSHUIUDFWLRQRQFHDGD\RYHU D
SHULRGRIWRZHHNV

):+0±)XOO:LGWKDW+DOI0D[LPXPWKHZLGWKRIDGLVWULEXWLRQRUIXQFWLRQDWRI
WKHPD[LPXPYDOXH

*DQWU\±7KHSDUWRIWKHOLQDFZKLFKKRXVHVWKHWUHDWPHQWKHDGZKHUHWKH[UD\UDGLDWLRQ
LVFUHDWHGDQGFROOLPDWHGLQWRDWKHUDSHXWLFEHDPIRUSDWLHQWWUHDWPHQW7KHJDQWU\LVDEOH
WRURWDWHDURXQGWKHSDWLHQW

*DQWU\ DQJOH ± $QJXODU GLUHFWLRQ RI WKH JDQWU\¶V FHQWUDO D[LV UHODWLYH WR D UHIHUHQFH
DQJOH$WWKHJDQWU\¶VEHDPFHQWUDOD[LVLVSRLQWHGDWWKHJURXQG SHUSHQGLFXODUWRWKH
IORRU VXUIDFH  ZKLOH DW  WKH JDQWU\ LV EHORZ WKH SDWLHQW ZLWK WKH EHDP SRLQWLQJ
XSZDUGV DZD\IURPWKHIORRUSHUSHQGLFXODUWRWKHIORRUVXUIDFH DQGDWWKHJDQWU\
LVRQWKHSDWLHQW¶VULJKW

+\SRIUDFWLRQDWHG ± $ UDGLDWLRQ WKHUDS\ UHJLPHQ WKDW GHOLYHUV D WKHUDSHXWLF GRVH LQ
VLJQLILFDQWO\IHZHUIUDFWLRQVWKDQLVFRQVLGHUHGDFOLQLFDOVWDQGDUG6WDQGDUGIUDFWLRQDWLRQ
LV  WR  *\ SHU WUHDWPHQW VHVVLRQ RYHU  IUDFWLRQV ZKLOH K\SRIUDFWLRQDWHG





FRXUVHVW\SLFDOO\LQFUHDVHWKHSHUIUDFWLRQGRVH IRUUDGLRELRORJLFDOUHDVRQV $QH[DPSOH
RI D K\SRIUDFWLRQDWHG WKHUDS\ UHJLPH LV WKH XVH RI  *\ LQ  IUDFWLRQV  *\ SHU
IUDFWLRQ IRUSURVWDWHWUHDWPHQWFRPSDUHGWRWKHQRUPDOGHOLYHU\VFKHGXOHRI*\LQ
IUDFWLRQVDFKLHYLQJDWRWDOGRVHRI*\

JHYDOXDWLRQ ± $QDO\VLV PHWKRG WR TXDQWLWDWLYHO\ FRPSDUH WZR GDWDVHWV ,I WKH YDOXH RI
WKH JHYDOXDWLRQLVOHVVWKDQRQHWKHQWKHGDWDVHWVDJUHHZLWKLQWKHVSHFLILHGSHUFHQWDJH
GLIIHUHQFHDQG'7$FULWHULD

,057 ± ,QWHQVLW\ 0RGXODWHG 5DGLDWLRQ 7KHUDS\ $ UDGLDWLRQ WKHUDS\ WHFKQLTXH ZKLFK
XVHVPXOWLOHDIFROOLPDWLRQWRGHOLYHUFRPSOH[IOXHQFHSDWWHUQVWRWKHSDWLHQWDWPXOWLSOH
VWDWLFJDQWU\DQJOHV

,QSODQH GLUHFWLRQ ± 7KH GLUHFWLRQ DFURVV WKH ILHOG WKDW LV WKH VDPH GLUHFWLRQ DV WKH
SDWLHQWO\LQJRQWKHEHGKHDGWRIRRWWKHµ\¶GLUHFWLRQLIWKHVHFRQGDU\FROOLPDWRULVQRW
URWDWHG

/LQDF±/LQHDUDFFHOHUDWRU5HIHUVWRDFOLQLFDOOLQHDUDFFHOHUDWRUGHVLJQHGIRUGHOLYHULQJ
KLJKHQHUJ\[UD\UDGLDWLRQWRSDWLHQWVIRUWKHSXUSRVHVRIGLVHDVHWUHDWPHQW

07) ± 0RGXODWLRQ 7UDQVIHU )XQFWLRQ $ PHDVXUH RI VSDWLDO UHVROXWLRQ RI LPDJLQJ
V\VWHPV,WLVGHSHQGHQWRQSL[HOVL]HDQGQRLVH

08±0RQLWRU8QLW$PHDVXUHRIEHDPRQWLPHIRUDOLQDF7KHOLQDFLVFDOLEUDWHGLQWKH
736 WR D GRVH YDOXH WKDW LV PHDVXUHG ZLWK DQ LRQ FKDPEHU XVLQJ D VWDQGDUG FDOLEUDWLRQ
ILHOG GHOLYHUHG WR D ZDWHU WDQN DW D VSHFLILF GHSWK IRU D NQRZQ DPRXQW RI GHOLYHUHG
PRQLWRU XQLWV )RU H[DPSOH D W\SLFDO FDOLEUDWLRQ YDOXH LV  F*\ RI GRVH GHOLYHUHG E\ D
[FPILHOGRQWKHFHQWUDOD[LVDWFPGHSWKLQZDWHUIRURQHPRQLWRUXQLWRIEHDP





RQWLPHLHF*\08LVWKHFDOLEUDWLRQXVHGLQWKH736DQGFDOLEUDWHVEHDPRQWLPHWR
GRVHFDOFXODWHGXVLQJWKH736

09 0HJDYROWDJH XVHG WR GHVFULEH WKH QRPLQDO HQHUJ\ RI D SRO\HQHUJHWLF SKRWRQ
UDGLDWLRQEHDPZLWKWKHHQHUJ\EDVHGRQWKHPD[LPXPHQHUJ\SDUWLFOHFRQWDLQHGLQWKH
EHDP7KHWHUPGHVFULEHVWKHHIIHFWLYHHOHFWULFSRWHQWLDOWKDWZRXOGQHHGWREHFUHDWHGLQ
RUGHUWRJHQHUDWHDEHDPRISKRWRQVZLWKWKDWPD[LPXPHQHUJ\ LHDQDORJRXVWRWKHXVH
RIN9RUNLORYROWDJHXVHGWRGHVFULEHWKHHQHUJ\RIGLDJQRVWLFSKRWRQEHDPVVLQFHWKH\
DUHJHQHUDWHGYLDDFFHOHUDWLQJHOHFWURQVWKURXJKDQDSSOLHGYROWDJH)RUH[DPSOHD09
SKRWRQEHDPFRQVLVWVRISKRWRQVWKDWUDQJHLQHQHUJ\IURPWR0H90RQRHQHUJHWLF
EHDPV DUH GHVFULEHG LQ XQLWV RI 0H9 (OHFWURQ EHDPV DUH FRQVLGHUHG UHDVRQDEO\
PRQRHQHUJHWLFDQGDOVRXVH0H9$WLPDJLQJHQHUJLHVN9LVWKHFRPPRQXQLWXVHGDQG
DOVRGHQRWHVDSRO\HQHUJHWLFVSHFWUD

1RQWUDQVLWLPDJH,PDJHDFTXLUHGZLWKQHLWKHUDSDWLHQWRUSKDQWRPLQWKHEHDP7KH
UDGLDWLRQ LV GHOLYHUHG GLUHFWO\ WR WKH (3,' $OVR FDOOHG DQ RSHQILHOG LPDJH LQ WKH
OLWHUDWXUH

2$5 ± 2UJDQ $W 5LVN 1RUPDO WLVVXH DV W\SLFDOO\ GHOLQHDWHG RQ &7 VFDQV LQ WUHDWPHQW
SODQQLQJ VRIWZDUH 7KHVH RUJDQV DUH WR EH VSDUHG IURP UDGLDWLRQ GDPDJH DV PXFK DV
SRVVLEOH

2SHQILHOG LPDJH ± ,PDJH DFTXLUHG ZLWKRXW D SDWLHQW RU SKDQWRP LQ WKH EHDP 7KH
UDGLDWLRQ LV GHOLYHUHG GLUHFWO\ WR WKH (3,' $OVR FDOOHG D QRQWUDQVLW LPDJH LQ WKH
OLWHUDWXUH

3''±3HUFHQWDJH'HSWK'RVH7KHPHDVXUHPHQWRIGRVHLQDPDWHULDO XVXDOO\ZDWHU DV
DIXQFWLRQRIGHSWK





3KDQWRP ± $WWHQXDWLQJ PDWHULDO SODFHG LQWR WKH EHDP WKDW LV GRVLPHWULFDOO\ HTXLYDOHQW
RUQHDUO\VR WRDSDWLHQW$SKDQWRPFDQEHDVLPSOHWDQNRIZDWHURUDZDWHUHTXLYDOHQW
SODVWLF VODE RU PDGH RI PXOWLSOH PDWHULDOV WR FUHDWH DQ DQWKURSRPRUSKLF REMHFW WKDW
PLPLFVDSDWLHQW

360±3L[HO6HQVLWLYLW\0DWUL[$WZRGLPHQVLRQDODUUD\WKDWFRUUHFWVIRUWKHLQGLYLGXDO
SL[HOUHVSRQVHRIWKHD6L(3,'7KH360LVUHTXLUHGZKHQUHLQWURGXFLQJWKHIORRGILHOG
LQWRWKHPHDVXUHG(3,'LPDJHDVWKHIORRGILHOGLQKHUHQWO\FRUUHFWVIRUSL[HOVHQVLWLYLW\
EXWDOVRUHPRYHVLPSRUWDQWGRVLPHWULFLQIRUPDWLRQZKHQFRUUHFWLQJWKHPHDVXUHGLPDJH
WRFUHDWHDXQLIRUPILHOG

6''±6RXUFHWR'HWHFWRU'LVWDQFH
66'±6RXUFHWR6XUIDFH'LVWDQFH
615±6LJQDOWR1RLVH5DWLR$PHDVXUHRIWKHQRLVH VSXULRXVXQZDQWHGVLJQDO LQDQ
LPDJLQJV\VWHP

6WHSDQGVKRRWGHOLYHU\± ,057GHOLYHU\PHWKRGWKDWDFKLHYHVIOXHQFH PRGXODWLRQE\
GLYLGLQJ WKH GHOLYHU\ LQWR PXOWLSOH VPDOO ILHOGV RU ³VHJPHQWV´ 7KH EHDP LV GHOLYHUHG
RQO\ ZKHQ WKH 0/& LV VWDWLRQDU\  (DFK VWDWLF JDQWU\ DQJOH HPSOR\V PDQ\ VHJPHQWV
W\SLFDOO\ 

7HUPD ± 7RWDO HQHUJ\ UHOHDVHG SHU XQLW PDVV LQ DQ LUUDGLDWHG PHGLXP VSHFLILFDOO\ E\
SULPDU\[UD\LQWHUDFWLRQV

705 ± 7LVVXH 0D[LPXP 5DWLR 5DWLR RI WKH GRVH DW D SDUWLFXODU GHSWK WR WKH GRVH DW
GHSWKRIGRVHPD[LPXP$WDEOHRI705VDWYDULRXVGHSWKVFDQEHXVHGWRFDOFXODWHGRVH
DWPXOWLSOHGHSWKVLIDUHIHUHQFHGRVHLVNQRZQ





736 ± 7UHDWPHQW 3ODQQLQJ 6\VWHP 6RIWZDUH HPSOR\HG WR FXVWRPL]H WKH UDGLDWLRQ
WUHDWPHQWIRUDSDWLHQWDOORZLQJWKHFUHDWLRQRIDWKUHHGLPHQVLRQDOPDSRIWKHLQWHQGHG
UDGLDWLRQ GRVH IRU WKH LQGLYLGXDO SDWLHQW  736 VRIWZDUH UHTXLULHV D &7 GDWDVHW RI WKH
SDWLHQWDQGEHDPLQIRUPDWLRQVSHFLILFWRWKHOLQDFWKHSDWLHQWLVWREHWUHDWHGRQ

90$7 ± 9ROXPHWULF 0RGXODWHG $UF 7KHUDS\ 7KH PRVW FRPSOH[ IRUP RI ,057
FXUUHQWO\FRPPHUFLDOO\DYDLODEOH,WLQYROYHVGHOLYHU\RIUDGLDWLRQWRWKHSDWLHQWZKLOHWKH
JDQWU\URWDWHVDERXWWKHSDWLHQWZLWKVLPXOWDQHRXVPRWLRQRIWKH0/&¶VDQGFROOLPDWRU
DQG YDULDWLRQ RI WKH GRVH UDWH 7KLV GHOLYHU\ PHWKRG LV NQRZQ FRPPHUFLDOO\ DV
5DSLG$UF70 9DULDQ0HGLFDO6\VWHPV3DOR$OWR&$ RU90$7 (OHNWD$%6WRFNKROP
6ZHGHQ 




















&23<5,*+7('0$7(5,$/
7KHIROORZLQJVHFWLRQLVDFRPSLODWLRQRIWKHSHUPLVVLRQVIRUFRS\ULJKWHGPDWHULDOLQWKLV
WKHVLV
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Office of the Executive Director
Angela R. Keyser
Phone: 301-209-3385 Fax: 301-209-0862
E-mail: akeyser@aapm.org

VIA EMAIL

July 19, 2011
Ms. Krista Chytyk
PhD Candidate
University of Manitoba
Winnipeg, MB
CANADA
Dear Ms. Chytyk:
The American Association of Physicists in Medicine hereby grants permission to Krista Chytyk
to use the figure indicated below for her PhD thesis:
M. B. Sharpe, D. A. Jaffray, J. J. Battista, and P. Munro, “Extrafocal radiation: A unified
approach to the prediction of beam penumbra and output factors for megavoltage x-ray
beams.” Med. Phys. 22(12) 2065-2074 (1995), Figure 1.
Authors seeking permission must also notify the first author of the article from which permission
is being sought.
Sincerely,

Angela R. Keyser
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Angela R. Keyser
Phone: 301-209-3385 Fax: 301-209-0862
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VIA EMAIL

April 8, 2011
Ms. Krista Chytyk
Ph.D. Student
Division of Medical Physics
CancerCare Manitoba
Winnipeg, Manitoba
CANADA
Dear Ms. Chytyk:
The American Association of Physicists in Medicine hereby grants permission to Krista Chytyk
to use the articles indicated below in her Ph.D. thesis:
K. Chytyk and B. M. C. McCurdy, “Investigation of tilted dose kernels for portal dose
prediction in a-Si electronic portal imagers.” Med. Phys. 33(9) 3333-3339 (2006).
K. Chytyk and B. M. C. McCurdy, “Comprehensive fluence model for absolute portal
dose image prediction,” Med. Phys. 36(4) 1389-1398 (2009).
Sincerely,

Angela R. Keyser
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Member Society of the American Institute of Physics and the International Organization of Medical Physics

