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A new algorithm for photon dose calculation, Acuros XB, has been recently introduced in the
new version of Eclipse treatment planning, it employs a sophisticated Linear Boltzmann transport
equation (LBTE) to account for the effects of heterogeneities in patient dose calculation. The purpose of
this research is to compare the surface dose between AAA and the new algorithm Acuros XB in breast
cancer radiotherapy techniques. The study was performed for surface dose verification in the
homogenous solid water phantom and non-homogeneous CIRS thorax phantom. Moreover, the surface
doses of 12 breast conserving surgery cases were investigated with 8 treatment planning techniques, i.e.
open field, standard wedged tangent (SWT), electronic compensator (E Comp), field-in-field (FF),
tangential intensity modulated radiation therapy (T IMRT), coplanar intensity modulated radiation
therapy (CP IMRT), non-coplanar intensity modulated radiation therapy (NCP IMRT) and volumetric
modulated arc therapy (VMAT) in Eclipse treatment planning system (TPS) using AAA and Acuros XB.
The surface point doses were recorded at tip, medial and lateral sides of the breast at the surface, 4mm,
6mm depth and compared in both algorithms. The surface dose verification in homogeneous phantom
showed AAA and Acuros XB calculation were higher than film measurement of 33.32% and 12.31%,
respectively. The verification in CIRS phantom illustrated that AAA and Acuros XB were 28.96% and
14.31%, respectively, underestimated dose than film measurement at the surface. For the patient analysis,
the tip of the breast showed the highest differences for surface between two algorithms, especially CP
IMRT and VMAT techniques. The surface dose differences of the lateral side was much higher than the
medial side of the breast. At the deeper depth start from 6mm, both calculation algorithms showed the
good agreement approximately 6% for all techniques, which agreed with Akino et al study. It is
concluded that the treatment planning system cannot give the accurate dose for surface dose calculation,
as verified with the EBT2 film on homogeneous slab phantom and non-homogeneous CIRS thorax IMRT
phantom. Acuros XB contributes very high dose differences to the AAA at the surface, especially CP
IMRT and VMAT, but comparable at the deeper depth starting from 6 mm. The surface dose for breast

radiotherapy depends on the geometry of the structure and treatment techniques used.
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CHAPTER 1
INTRODUCTION

1.1 Background and Rationale

Radiotherapy is the standard treatment of breast cancer after complete
surgery.[1] The common rationale for post-operative radiotherapy is to reduce local
recurrence but radiation therapy contribute to late toxicities and poor cosmetic
outcomes.[2] The superficial dose coverage is important if the tumor has extension
close to the skin. Therefore, the skin dose accuracy in radiation treatment of breast
cancer is important for the cosmetic outcomes. According to the ICRP and ICRU
recommendations, skin dose should be accessed at a depth of 70 um, which corresponds
to the boundary between the dermis and epidermis layers of the skin.[3, 4] The term
“skin dose” is a clinical term and refers to the dose to the radiation sensitive epithelial
layer, while the term “surface dose” is used to describe the dose to an infinitesimal mass
at the very surface of a phantom.[5] Determination of surface dose by measurement is
difficult and also the surface dose calculation from advanced radiotherapy treatment
planning systems (TPS) are not accurate because electronic equilibrium is not
established in that region. The surface dose can be measured with extrapolation
chambers, plane parallel chambers, TLD and films.[6]

The breast is the special organ, it lies on the chest wall and very close to the
critical organs like heart and lung. To reduce the radiation dose to that critical organs,
the tangential beams are normally employed for the breast radiotherapy. The dose
delivered to the breast, which is non-uniform geometry structure, is not homogeneous.
Therefore, treatment techniques for the breast radiotherapy have to be considered for
the dose reduction to the critical organs and also the correction for difference depth.
The skin dose assessment for breast also becomes more complicated. There are many
kinds of techniques to treat the breast cancer; conventional radiotherapy (2D),
conformal radiotherapy (3DCRT), intensity modulated radiation therapy (IMRT) and
volumetric modulated arc therapy (VMAT).[7] Treatment plan for the radiotherapy is
obtained by using the advanced treatment planning system. The advanced dose
calculation in the Eclipse Treatment planning is undertaken by the dose calculation
algorithm like Analytical Anisotropic Algorithm (AAA) and Acuros XB. The AAA
dose calculation model is a 3D pencil beam convolution-superposition algorithm that
has separated modeling for primary photons, scattered extra-focal photons and
electrons scattered from the beam limiting devices. In AAA, the clinical broad beam is
divided into small, finite-sized beamlets to which the convolutions are applied.[8] The
new algorithm, Acuros XB uses a sophisticated technique to solve the Linear
Boltzmann transport equation (LBTE) and directly accounts for the effects of
heterogeneities in patient dose calculation. To calculate dose with Acuros XB, it needs



to have a material map of the imaged patient. Unlike convolution/superposition
algorithms, where heterogeneities are generally handled as density based corrections
applied to dose kernels calculated in water, Acuros XB explicitly models the physical
interaction of radiation with matter.[9]

The purpose of this study is to investigate the surface doses of eight treatment
techniques, to monitor and to guarantee for the consistency between Acuros XB and
analytical anisotropic algorithm (AAA) planning systems with the dose delivery.
Finally, comparison for surface dose and dose in build-up region between Acuros XB
and analytical anisotropic algorithm (AAA) is evaluated.

1.2 Objective

To compare the surface dose difference between Acuros XB and analytical
anisotropic algorithm (AAA\) in breast cancer radiotherapy techniques.



CHAPTER 2
REVIEW OF RELATED LITERATURE

2.1 Theory

2.1.1 Breast Cancer

Breast cancer is the term given to a variety of malignant tumors that forms in
tissues of the breast. The most common type of breast cancer is ductal carcinoma, which
begins in the lining of the thin tubes that carry milk from the lobules of the breast.
Another type of breast cancer is lobular carcinoma, which begins in the lobules of the
breast. Invasive breast cancer is the breast cancer that has spread from where it began
in the breast ducts or lobules to surrounding normal tissue.[10]

2.1.2 Treatment and Clinical Trials

Invasive breast cancer usually requires surgical treatment, as well as treatment
after surgery, including radiation. Two options exist for breast surgery; mastectomy
(removal of the entire breast) and breast conserving surgery (removal of the cancerous
area and a small amount of surrounding tissue). Clinical T1, T2 less than 3cm, NO
invasive breast cancers are treated by wide local excision (conservative surgery)
followed by radiotherapy. Patients with operable tumors which are 3-4 cm or more in
diameter have a higher local recurrence rate with conservative surgery and
radiotherapy, and may be offered primary chemotherapy. All patients who have
microscopic tumor present at a resection margin should be considered for tumor bed
boost radiotherapy. Post-mastectomy radiotherapy is recommended for patients with
T3, T4 tumors and with 4 or more positive axillary nodes. For inoperable T3 and T4
tumors, primary systemic therapy is given before combined local treatment. If no
axillary surgery has been performed, axillary radiotherapy may not be indicated. Lymph
node irradiation is a little more complicated and some parts is still in clinical trials.
Palliative radiotherapy is a major role for the locally advanced and fungating breast
tumors with symptomatic metastases sites.[1]

2.1.3 Treatment Techniques for Breast Radiotherapy

There are two kinds of radiotherapy treatment, external and internal
(brachytherapy) radiotherapy for the breast cancer. The external beam radiotherapy is
the standard treatment for breast cancer. There are many techniques for external beam
treatment. They are roughly named as conventional radiotherapy (2D), conformal
radiotherapy (3DCRT), intensity modulated radiation therapy (IMRT) and volumetric



modulated arc therapy (VMAT). The treatment technique chosen depends on the
staging, prognosis and the other factors.

2.1.3.1 Conventional Radiotherapy

Two-dimensional (2-D) treatment planning is a standardized treatment
techniques applied mostly to palliative cases. In this technique, a single patient contour
using lead wire or plaster strips is transcribed on to a sheet of graph paper with identify
reference points, manual or a 2-D computer treatment planning system used for
calculation of dose distributions for X-rays and electron treatment. Nowadays,
computed tomography is used for contouring the surface and organ at risk in the central
slice to calculate the dose for 2D conventional radiotherapy.[6]

(a) Open Field

This technique is a standard 2D conventional radiotherapy for breast cancer. In
this technique, two parallel opposing tangential beams are used without any beam
modifiers. This technique cannot account for the different depth of the non-uniform
breast geometry. Therefore, some of the breast area get the high isodose distribution
called hot spot area, especially at the tip of the breast. (Fig 2.1)

Figure 2.1 Breast treatment plan for Open Field technique

(b) Standard Wedge Tangent (SWT)

This technique is also a 2D conventional radiotherapy for breast cancer and the
radiation beam is arranged as tangential beam. However, the beam-modifying devices
called wedge filter is used to get the dose homogeneity on the breast organ. In this
technique, the thick and thin part of the wedge filter cannot fully compensate the depth



effect of the non-uniform breast structure and the hot spot area is observed on some part
of breast. (Fig 2.2)[7]

Figure 2.2 Breast treatment plan for Standard Wedged Tangent technique

2.1.3.2 Three- Dimensional Conformal Radiotherapy

Three-dimensional conformal radiation therapy (3DCRT) is based on 3D
anatomic information and employed dose distributions that conform as closely as
possible to the target volume in terms of adequate dose to the tumor and minimized
possible dose to normal tissue. The concept of conformal dose distribution has been
extended to include clinical objectives such as maximizing tumor control probability
(TCP) and minimizing normal tissue complication probability (NTCP). In 3D CRT,
modern imaging modalities such as computed tomography (CT), magnetic resonance
imaging (MRI) and positron emission tomography (PET) are used to accurately
delineate target volume and normal structure in computer based treatment planning
system.[11]

(a) Field-in-Field (FF)

This technique is a three-dimensional conformal radiotherapy for breast
radiotherapy. In this technique, radiation beam is arranged by giving the additional
fields placing within the existing field to get the dose homogeneity of the breast. This
isodose distribution can account for the depth effect of the breast. (Fig 2.3)[12]



Figure 2.3 Breast treatment plan for Field-in-Field technique

(b) Electronic Compensator (E Comp)

This is a three dimensional conformal radiotherapy technique that multi-leaf
collimator (MLC) is used as tissue compensator. In this technique, MLC is moved
dynamically during the treatment to compensate the dose to the curved surface area of
the breast. (Fig 2.4)[7]

Figure 2.4 Breast treatment plan for Electronic Compensator technique

2.1.3.3 Intensity Modulated Radiation Therapy

The term intensity modulated radiation therapy (IMRT) refers to the radiation
therapy technique in which non uniform fluence is delivered to the patient at any given
position of the treatment beam to optimize the composite dose distribution. The
treatment criteria for plan optimization are specified by the planner and the optimal
fluence profiles for a given set of beam direction are determined through inverse
planning. The fluence files generated are electronically transmitted to the linear
accelerator, which is computer control, that is, equipped with the required software and
hardware to deliver the intensity modulated beams as calculated.[11]



(a) Tangential Intensity Modulated Radiation Therapy (T IMRT)

This is an intensity modulated radiation therapy technique that two tangential
beams arrangement is employed. An inverse planning technique are employed with the
optimization dose to obtain the conformal dose in the target and minimum dose to the
critical organ. (Fig 2.5)[7]

Figure 2.5 Breast treatment plan for Tangential Intensity Modulated Radiation
Therapy technique

(b) Coplanar Intensity Modulated Radiation Therapy (CP IMRT)

This is an intensity modulated radiation therapy technique that uses multiple
fields’ arrangement in coplanar plane. An inverse planning technique is undertaken
using optimization dose constraints to optimize the lower dose to the critical organ. (Fig
2.6)[7]

Figure 2.6 Breast treatment plan for Coplanar Intensity Modulated Radiation Therapy
technique



(c) Non-Coplanar Intensity Modulated Radiation Therapy (NCP
IMRT)

This is an intensity modulated radiation therapy technique that uses multiple
field arrangement in non-coplanar plane. An inverse planning technique is undertaken
using optimization dose constraints to optimize the dose to the critical organ. This
technique is suitable for irregular target volume. (Fig 2.7)[7]

Figure 2.7 Breast treatment plan for Non-Coplanar Intensity Modulated Radiation
Therapy technique

(d) Volumetric Modulated Arc Therapy (VMAT)

Volumetric modulated arc therapy is the advanced technique of the intensity
modulated radiation therapy that delivers the arc beam. During the gantry move like arc
beam therapy, MLC will move, MU and dose rate also can vary dynamically in this
technique. (Fig 2.8)

Figure 2.8 Breast treatment plan for Volumetric Modulated Arc Therapy technique



2.1.4 Surface Dose

The surface dose is defined as the dose deposited at the boundary between the
air and the phantom.[13] For megavoltage photon beams the surface dose is generally
much lower than maximum dose. The surface dose depends on beam energy and field
size. The surface dose represents contributions of the dose from photons scattered from
the collimators, flattening filter and air, photons backscattered from the patient, high
energy electrons produced by photon interactions in air and any shielding structures in
the vicinity of the patient.[6] The charged particles released in the treatment machine
head and the air column between the head and the irradiated medium contaminate the
primary beam and that contribute the dose in the surface and buildup region.[14]

The surface dose is very difficult to measure due to electronic equilibrium is not
establish in that region. Therefore, the choice of the measurement device is very
important. The variety of dosimeters can be used such as extrapolation ionization
chamber, fixed-separation parallel-plate ionization chambers, TLDs, diodes and films.
The reference against which surface dose measurements are usually compared is the
extrapolation chamber. However, measurements with the extrapolation chamber are
time consuming, as each dose value is obtained by extrapolating several measurements
to the zero volume.[13] The dose gradient as the surface is very steep at approximately
2% for every 2.1 mm so that the true depth at which the surface is reported becomes
critical. It should also be noted that the surface dose depends on field size and bolus
effect.[5] For curved structure such as the breast, chest, as well as head and neck,
surface dose assessment become more complicated. Surface doses are increasingly
being measured with radiochromic film, which has several advantageous features for
dosimetry, such as its high planner spatial resolution, low sensitivity, tissue equivalent,
self-development, and concise usage.[15]

2.1.5 Radiochromic Dosimetry Film

Because of the standard surface dose measurement dosimeter, extrapolation
chamber, is not suitable for the clinical usage, the radiochromic film models are
introduced for the surface dose measurement. The high spatial resolution and low
spectral sensitivity of radiochromic films make them ideal for the measurement of dose
distributions in regions of a high dose gradient in radiation fields. In radiochromic film,
the image formation is occurred as a dye-forming or a polymerization process. The
energy is transferred from photon or particle to the receptive part of leuko-dye or
colorless photo monomer molecule. The radiochromic film does not need the wet
developing process. Many radiochromic film models, the MD-55, XR-T, HS, have been
extensively used for surface and skin dose measurements in various clinical situations.
The new radiochromic film, the EBT GAFCHROMIC® dosimetry film model has been
commercially introduced by Internal Specialty Products in 2004 and has been used in
many researches for clinical surface dose measurement. The EBT model has two
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sensitive layers, which is designed for two dimensional dose measurements in high
energy photon beams (above 1 MeV). The structure of the EBT film model consists of
two sensitive layers, each having a thickness of 17 um and separated by a 6 um thick
surface layer, all sandwiched between two 97 um clear polyester sheets. (Fig 2.9) The
effective point of measurement in the case of radiochromic film is assumed to be at the
center of the sensitive layer of the film, and scaled by density 0.0153 g/cm? for the EBT
GAFCHROMIC® film model.[13] The EBT model is a nearly tissue equivalent, the
effective atomic number is 6.98. The EBT model does not need the chemical processing
and the flat-bed scanner especially in red channel is used for film reading. The response
of the scanner is that the pixel value changes are less when the net optical density is
more than 1.0. The speed of EBT film development is stabilized about 4 hours after
irradiation. The effect of EBT film polarization depends on the quantity of doses, that
high dose has less effect than low dose. The variation due to dose dependent is about
5% for 400 cGy to 24% for 50 cGy. Moreover, at the higher dose give more non-
uniformity to the film, which is due to the effect of light scattering in a CCD film
scanner. The EBT model film is the less field size dependency. For EBT model film,
the suitable dose range should not be greater than 400 cGy, according to the
sensitometric curve of the film. Nowadays, the new EBT model, the EBT2 and EBT3
were introduced in clinical use.

Polyester Overlaminate - 50 pm

Adhesive Layer - 25 ym
Active Layer - 28 ym

Polyester Substrate - 175 pm

Figure 2.9 Structure of GACHROMIC® EBT2 model film

2.1.6 Dose Calculation Algorithm

Treatment plan for the radiotherapy is acquired by using the advanced treatment
planning system which the dose calculation algorithm is employed. The dose
algorithms in external beam treatment planning are often classified as correction-based
and model-based.
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2.1.6.1 Correction-Based Algorithms

The correction-based algorithms calculate the dose in a patient by correcting the
measured distribution in the water phantom to account for beam geometries, beam
modifiers, patient contours, beam aperture opening, and tissue heterogeneities.[16] The
dose algorithms for high energy photon beams were first developed for the ultimate
homogeneous patient, the patient completely consisting of water. Measurements of a
set of generic dose functions, e.g., tissue air ratios, tissue phantom ratios, output factors,
and off-axis ratios are performed in a water phantom for a set of regular treatment fields
under reference conditions. The dose within a patient is then calculated by extrapolating
this measurements to the specific chosen treatment fields and by the application of
various correction algorithms. The advantage of this algorithm is very fast calculation,
however, it usually assume electronic equilibrium and inaccurate near
heterogeneities.[17] Correction-based dose calculation algorithms are based on broad-
beam measured data and are not suited for use in IMRT.

2.1.6.2 Model-Based Algorithms

The model-based algorithms compute the dose in a patient using with the model
of radiation transport. It is created to account directly for the underlying physical
processes responsible for the energy deposition within the patient.[17] The models are
created as the radiation field provided by the linear accelerator and the subsequent
energy transported by photons and electrons in the patient. There are three different
approaches, namely the differential scatter air ratio, the delta volume method and the
kernel based method.[14]

1) Differential Scatter Air Ratio Model (DSAR)[14]

The first method to address the 3D problem of dose to heterogeneous phantoms
by scaling first and higher order scatter as first scatter was the differential scatter a ratio
method which proposed by Beaudoin (1968). These describe contributions to dose at
appoint in water from photons scatter in surrounding volume elements as a function of
the distance to that point. Scatter dose contributions (dSAR /dV) medium at point r in an
inhomogeneous medium from a volume element at ' are expressed in the DSAR
method as shown in equation (2.1)

(dfi%)medi“m = (%)Water pe(r VA ) f2(r,1") (2.1)

Where,

pe(r") = electron density relative to water at a scattering site
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fi = factor describing the attenuation of the beam relative to water between source
to volume element
fo = factor describing the attenuation of secondary photon fluence relative to water

along the path between volume and dose calculation point
2 Delta Volume Model[14]

The delta volume method is the work by Wong and Henkelman (1983). Dose at
a point in a heterogeneous medium is calculated as a sum of the primary dose, an
augmented first-scatter dose component and an approximate residual multiple- scatter
component. Relative primary dose is obtained similarly to the DSAR method from the
knowledge of the primary intensity in air and the density along the path of the primary
photons.
3) Kernel Based Models (Convolution/Superposition)

Kernel based convolution/superposition models are a family of models with
roots in the imaging world. Analogous to image formation, the dose deposition is
viewed as a superposition of appropriately weighted responses (kernels) to point
irradiations. The kernels are representing the energy transport and dose deposition of
secondary particles stemming from a point irradiation.[14] It is common to use two
elementary dose kernels for model-based algorithms, point-spread kernel and pencil-
beam kernel.[18]

3(a) Point-Spread Kernel Models[14]

The calculation of dose from point kernels can be described as a two-step
procedure. In the first step the energy released in the patient through attenuation of the
primary photons is calculated by ray-tracing primary photon trajectories, including
beam modulators, etc. In the second step, dose is calculated by superposition of
appropriately weighted kernels. The dose equation (2.2) is as follow.

D(r) = [ff, T(r — s)h(s)d>s (2.2)
Where,

T(s) = TERMA (total energy released per mass) from the primary photon fluence ¥(s)

3(b) Pencil-Beam Kernel Models[14]

A pencil kernel describes the energy deposited in a semi-infinite medium from
a point monodirectional beam (Fig 2.10). For the purpose of treatment optimization,
Gustafsson et al (1994) used a very general formulation of the radiotherapy dose
calculation problem in equation (2.3).
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D)= [f [, If szwglﬂ(S)?(E, O, 5,7)d?QdEd%s (2.3)
Where,

WEq(S) = energy fluence differential in energy E and direction Q for beam modality m

Pm/p (E,Q,s,r) = corresponding pencil kernel for energy deposition per unit mass at
r due to primary particles entering the patient at s
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Figure 2.10 (a) Point kernels and (b) pencil-beam kernels[17]

The advanced dose calculation in the Varian Eclipse Treatment planning system
is undertaken by the dose calculation algorithm like anisotropic analytical algorithm
(AAA) and Acuros XB. AAA and Acuros XB are the model-based algorithms.

2.1.7 Anisotropic Analytical Algorithm (AAA)[8]

The AAA dose calculation model is a 3D pencil beam convolution-
superposition algorithm that has separate modeling for primary photons, scattered
extra-focal photons, and electrons scattered from the beam limiting devices. The AAA
dose calculation model has two main components, the configuration algorithm and the
actual dose calculation algorithm. The configuration algorithm is used to determine the
basic physical parameters used to characterize the fluence and energy spectra of the
photons and electrons present in the clinical beam and their fundamental scattering
properties in water equivalent medium. In actual dose calculation, the clinical broad
beam is divided into small, finite-sized beamlets to which the convolutions are applied.
Tissue heterogeneities are accounted for anisotropically in the full 3D neighborhood of
an interaction site by the use of 13 lateral photon scatter kernels. This is performed by
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the use of radiological scaling of the dose deposition functions and the electron density
based scaling of the photon scatter kernels independently in four lateral directions. The
final dose calculation is obtained by superposition of the doses from the photon and
electron convolutions. The dose distribution resulting from an arbitrary beamlet  due
to photons in a sufficiently large homogenous neighborhood is calculated by the
following convolution:

Dppn (X~ Y™, 27) = ®p X Ig(Z,p) X iy areainKs (U = X,V =Y, Z; p)dudy

(2.4)
Where,
The photon beam attenuation is modeled with an energy deposition density function
Ig(Z, p).
The photon scatter is modeled with a scatter kernel K5 (X, Y, Z, p) = the lateral dose
scattering.

The calculation point(X~,Y~,Z~) is represented by(X,Y, Z) relative to the origin of
the beamlet coordinate system.
®; = photon fluence

The dose distribution resulting from an arbitrary beamlet B due to the
contaminating electrons is calculated by the following convolution:

Dcont,B (XNv YT, ZN) = q)cont,ﬁ X Icont,ﬁ (Z: ,D) X (u_v)eArea(g)Kcont,B(U -X, V=Y, Z p)dudv
(2.5)

Where,
@ one,p = electron fluence

The final dose D(X™,Y~,Z~) at an arbitrary calculation point in the patient is
obtained by a superposition of the separate dose contributions from the primary photons
(phl) (Equation 2.4), extra-focal photons (ph2) (Equation 2.4), and contaminating
electrons (Equation 2.5) from all individual beamlets;

D(X~,Y~,Z7) = Z(Dphl,B(X~;Y~;Z~) =+ Dphzrﬁ(XN,YN,ZN) + DcontrB(XN,YN,ZN))
B
(2.6)

In AAA, the basic physical parameters are predefined by Monte Carlo
simulations and adapted to the available beam data measured in a water equivalent
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medium. The beam data required to configure the Pencil Beam Convolution model in
Eclipse is sufficient for the configuration of the AAA model.

2.1.8 Acuros XB Algorithm (Acuros XB)[9]

In external beam radiotherapy, heterogeneities introduced by materials such as
lung, bone, air and non-biological implants may significantly affect patient dose fields.
Acuros XB uses a sophisticated technique to solve the Linear Boltzmann transport
equation (LBTE) and directly accounts for the effects of these heterogeneities in patient
dose calculations. The Boltzmann transport equation (BTE) is the governing equation
which describes the macroscopic behavior of radiation particles (neutrons, photons,
electrons, etc.) as they travel through and interact with matter. The LBTE is the
linearized form of the BTE, which assume that radiation particles only interact with the
matter they are passing through, and not with each other, and is valid for conditions
without external magnetic fields. The source model for Acuros XB in eclipse use the
existing AAA machine source model. This model consists of four components, such as
primary source, extra focal source, electron contamination, photons scattered from
wedge. The Acuros XB patient transport consists of four discrete steps, which are
performed:

1. Transportation of source model fluence into the patient

2. Calculation of scattered photon fluence in the patient

3. Calculation of scattered electron fluence in the patient

4. Calculation of dose distribution in the patient

Steps 1 to 3 are performed to calculate the electron fluence in every voxel of the
patient. After the energy dependence, electron fluence is solved, the desire dose
quantity (dose-to-medium or dose-to-water) is computed in step 4. Step 1 is the only
step repeated for each beam, and steps 2 to 4 are performed once. In step 1, the machine
sources are modeled as external sources and ray tracing is performed to calculate the
uncollided photon and electron fluence distributions in the patient. In steps 2 and 3
Acuros XB discretizes in space, angle, and energy, and iteratively solves the LBTE. In
step 4, the dose in any voxel of the problem is obtained through applying and energy
dependent fluence-to-dose response function to the local energy dependent electron
fluence in that voxel. Acuros XB supports to dose reporting options, dose-to-water (Dw)
and dose-to-medium (Dwm). Therefore, to calculate dose, Acuros XB must have a
material map of the imaged patient. Unlike convolution/superposition algorithms,
where heterogeneities are generally handled as density based corrections applied to
dose kernels calculated in water, Acuros XB explicitly models the physical interaction
of radiation with matter. Acuros XB requires the chemical composition of each material
in which particles are transported through, not only the density. For dose calculation in
Acuros XB use following equation;



16

A ag'D (7rE)

p()

D= [PdE Jd @ we (-, E,0") @.7)

Where,

ofp = Macroscopic electron energy deposition across sections in units of MeV/cm
p = Material density in g/cm®

2.2 Related Literatures

Akino Y. et al evaluated surface dosimetry between treatment planning system
and measurement by using dose calculation algorithm software AAA version 10 and
phantom measurement with GAFCHROMIC EBT2 film. This study investigated
various treatment techniques such as tangential wedges, field-in-field (FF), electronic
compensator (eComp), and intensity-modulated radiotherapy (IMRT). Surface dose
measurement was performed with EBT2 film at different depths. At deeper depths, film
dosimetry showed good agreement with the TPS calculation. At the shallower depth,
the measured dose was higher than TPS calculation by 15%-30% for all techniques. In
general, TPS even with advanced algorithms (AAA) do not provide accurate dosimetry
in the buildup region, as verified by EBT2 film for all treatment techniques.[19]

Devic S. et al determined a correction procedure for radiochromic film in order
to obtain an accurate skin dose measurement using Attix parallel-plate ionization
chamber, extrapolation chamber, four types of Gafchromic films (HD-810, EBT, HS
and XR-T) and TLDs. To illustrate this correction, the measurement of PDD at effective
point, buildup region, build-down region, considered field size effect and also the
calculation with Monte Carlo simulation were performed. The data of measurement
suggested that within the first millimeter of the skin region, the PDD for a 6 MV photon
beam and field size of 10x10 cm? increased from 14% to 43%.The correction factors
for the exit skin dose due to the build-down region were negligible. The skin dose
correction for the effective point of measurement in the build-down region was the
order of 0.3% for all Gafchromic film models. Different dosimeters used for the surface
dose estimates should be properly calibrated and necessary corrections applied in order
to estimate accurately the skin dose. For the three GAFCHROMIC dosimetry film
models, the 6MV beam entrance skin dose measurement corrections due to their
effective point of measurement were 15% for the EBT, 15% for the HS, and 16% for
the XR-T model GAFCHROMIC films.[13]

Nakano M. et al studied about the surface dosimetry for the breast radiotherapy
treatments by using GAFCHROMIC EBT2 film and Attix parallel-plate ionization
chamber. The measurements were performed with four types of phantoms;
homogenous phantom, lung equivalent material phantom, cylindrical CT phantom and
chest-simulated phantom. Surface dose measurement using EBT2 film showed good
agreement with Attix chamber with the uncertainty of 3.3%.0n chest phantom, the case
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of two opposed tangential fields, without and with bolus, the surface dose ranged from
48.3% (67.5°) to 55.2% (45°) and from 89.1% (67.5%) to 96.6% (0°), respectively. This
study also demonstrated the suitability of Gafchromic EBT2 film for surface dose
measurements in megavoltage photon beams.[15]

Hoffmann L. et al investigated the accuracy of Acuros XB photon dose
calculation algorithm in both homogeneous and heterogeneous media compared with
AAA and measurement by using test plan of 6MV and 15MV photon which created on
CIRS thorax phantom. Moreover, this study investigated the output factors, depth dose
curves and profiles of symmetric fields and asymmetric fields. The results showed good
agreement with AAA. For the plans calculated on the CIRS phantom, the number of
meeting the gamma criterion of 3% in dose and 3 mm in DTA was higher with Acuros
XB (98% for 6MV, 100% for 15MV) than with AAA (94% for 6MV, 96% for 15MV).
Dose calculation with Acuros XB in homogeneous media are in good agreement with
both measurements and AAA. However, in heterogeneous media, Acuros XB is more
accurate than AAA in both lung and bony materials.[20]
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Research Design

This study is an observational analytical study.

3.2 Research Question

What are the surface dose difference between Acuros XB and analytical
anisotropic algorithm (AAA\) in breast cancer radiotherapy techniques?



3.3 Research Design Model
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This study is separated into two main parts, the phantom study and the clinical
application.
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Figure 3.1 Research Design Model
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The surface dose for the patient in radiotherapy is affected by the treatment
techniques, dose calculation algorithm of the TPS,and others factors like beam energy
and field sizes. Moreover, the surface dose for breast radiotherapy is affected by the
shape and size of the breast.[6]
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Figure 3.2 Conceptual Framework

3.5 Materials

The materials used in this study are from the Department of Therapeutic

Radiology and Oncology, King Chulalongkorn Memorial Hospital.

3.5.1 Varian ClinaciX linear accelerators

Varian ClinaciX linear accelerators (Varian medical Systems, Palo Alto, USA),
that can deliver 6 and 10 MV photon beam with 120 multi-leaf collimators and cone
beam CT. This model can deliver arc beam therapy. (Fig 3.3)
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Figure 3.3 Varian ClinaciX

3.5.2 GE Lightspeed RT: 4 Slices, 80 cm CT scanner

The 4 slices CT scanner (Lightspeed RT GE: Medical system, Waukesha. W1,
USA) has the ability to simultaneously collecting 4 rows of scan data (Fig 3.4).
Additional software for treatment planning is virtual simulation which can
reconstructed raw image into 3D image and can generate DRR (digital reconstructed
radiograph) in many directions. Furthermore, this software allow radiation oncologist
to plan treatment and mark point on patient via moving laser in CT room directly.

Figure 3.4 GE Lightspeed RT CT scanner

3.5.3 Solid Water Phantom

The solid water phantom (Gammex, WI, USA) which the density of 1.02 g/cm?,
and atomic number of 5.95 is made in square slab of 30 x 30 cm? with the thickness of
0.2,0.3,0.5,1.0, 2.0, 3.0, 4.0 and 5.0 cm. Solid water phantoms are shown in (Fig 3.5).
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Figure 3.5 Solid water phantom
3.5.4 CIRS IMRT Thorax Phantom[21]

The CIRS Model 002LFC IMRT Thorax Phantom for film and ionization
chamber dosimetry (Tissue Simulation and Phantom Technology, CIRS, Virginia,
USA) (Fig 3.6) is designed for the complex tissues surrounding for commissioning and
comparison of treatment planning systems while providing a simple reliable method for
verification of individual patient plans. It is elliptical in shape. It properly represents
human anatomy in size and proportion. It is 30 cm long x 30 cm wide x 20 cm thick
(PA). The phantom is constructed of proprietary tissue equivalent epoxy materials.
Linear attenuations of the simulated tissues are within 1% of actual attenuation for bone
and water from 50 keV to 25 MeV.

Model 002LFC Includes
Qty | Description
1 Thorax section drilled to accommadate rod

inserts

2 1 cm thorax sections

3 cm end section

Alignment base

Holding device
Water equivalent insert with ion chamber cavity

Bone equivalent insert with ion chamber cavity

Water equivalent solid rod inserts
Bone equivalent solid rod insert

Lung equivalent solid rod inserts

B
1
1
1
1
1
1 Lung equivalent insert with ion chamber cavity
5
1
4
1

‘ ;% RS

@ (b)

Set of CT to film fiducial markers

Side View
3 30cm »| Front View Front View
> (< 1.00 cm 1 cm Section 15 cm Section

20cm

(©)

Figure 3.6 (a) CIRS Model002LFC IMRT Thorax Phantom, (b) the composition of CIRS
phantom and (c) the structure of CIRS phantom



23

3.5.5 Tissue Mimicking Bolus

The tissue mimicking bolus gives the thicknesses which provides maximum
dose buildup for relevant photon energies. It can conform to patient’s contour and it is
made with tissue equivalent material. The bolus is made with a synthetic oil gel with a
specific gravity of 1.02 g/cm?®. It is based on vinyl plastic containing a large amount of
diisodecyl phthalate. It is 0.5 cm to 1 cm thick and 30 cm square shape. (Fig 3.7)

Figure 3.7 Tissue mimicking bolus
3.5.6 Gafchromic EBT2 Films

GAFCHROMIC EBT?2 (Fig 3.8) is a radiochromic dosimetry film that has been
developed specifically to quantitative dose measurement application in external beam
radiotherapy. The EBT2 film is a self-developing (develops in real time without post
exposure treatment), energy independent, near tissue equivalent, water resistant, high
spatial resolution and can handle in room light. The wide dose range of Gafchromic
EBT2 film is 1 cGy to 800 cGy. The size of EBT2 film is 20 x 25 cm? and 25 sheets in
one package.

@) (b)

Figure 3.8 (a) Gafchromic EBT2 film, (b) Small pieces of Gafchromis EBT2 films
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3.5.7 Flat-Bed CCD Scanner

The Epson perfection V700 flat-bed color CCD (model VV700; Epson Seiko
Corp., Nagano, Japan) for EBT film digitization is used as a scanner densitometer. The
maximum scanning media size is 22 x30 cm?. The color depth of scanner is 48-bit color.
The optical resolution of scanner is 6400 dpi x 9600 dpi and the maximum resolution
is 12800 dpi x 12800 dpi of interpolated resolution. It is shown in Fig 3.9.

o e——my

Figure 3.9 Epson Perfection flat-bed CCD scanner
3.5.8 Eclipse Treatment Planning System Version 11.0.31

Eclipse treatment planning system version 11.0.31 (Varian medical Systems,
CA, USA) is a treatment planning for all treatment techniques such as 3D conformal,
IMRT, VMAT, electron and brachytherapy. Eclipse version 11.0.31 provides the two
photon dose calculation algorithms, Analytical Anisotropic Algorithm (AAA) and the
new algorithm Acuros XB. Eclipse helps dosimetrists, physicists, and physicians
efficiently create, select and verify the best treatment plans for the patients. The Eclipse
planning system is shown in Fig 3.10.

medical systems

Figure 3.10 Varian Eclipse treatment planning system
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3.6 Methods

3.6.1 Film Calibration in the Solid Water Phantom

EBT2 films were placed at the 1.5 cm depth (Dmax) in solid water phantom,
10x10 cm? field size, 100 SSD and irradiated with 6 MV photon beam of varying dose
from 0 to 800 cGy. The films were scanned using a Flat-Bed CCD Scanner 24 hours
after irradiation to get the good performance of the EBT2 film. The signal of the films
were read, the calibration curve between dose and scanner response signal for the EBT2
film was obtained.

3.6.2 Uncertainty Analysis for GAFCHROMIC EBT2 Film
Dosimetry

The uncertainties in EBT2 film measurements were derived in accordance with
the ISO methodology as described in the IAEA TRS-398 dosimetry protocol as
reference from Masahiro et al. study. The measurement uncertainties are estimated as
relative standard uncertainties, and the sources of uncertainties are arranged into type
A and type B. The sources of uncertainties for EBT2 film measurement is shown in
(Table 3.1).[13]

Table 3.1 Standard uncertainty in the measurement of surface or near surface dose
using Gafchromic EBT2 film

Standard

Uncertainty Uncertainty

Source of Uncertainty

Type (%)
1. Signal measurement over pixels A 0.7
2. Signal measurement over multiple film pieces A 1.8
3. Linac X-ray output reproducibility B 0.2
4. EBT2 film best-fit calibration curve B 1.7
5. Setup repeatability of the phantom and film B 0.1
pieces '
6. Dose output accuracy B 0.6
7. Film Homogeneity B 1.9

Total Uncertainty 3.3%
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3.6.3 Verification of Single Beam Plan in the Homogeneous Solid
Water Slab Phantom

For the basic verification of the surface dose, the EBT2 film which was cut into
3x3 cm? were placed on the homogeneous solid water slab phantom at the 0 (surface),
2,4, 6, 15, 30, 50 and 100 mm depth. The dose measurement was performed with the
conventional single beam 10x10 cm2 field size, 100 cm SSD, 500 MU, 400 MU/min,
6 MV photon beam by using ClinaciX (Varian Medical Systems, Palo Alto, CA). (Fig
3.11)The doses were normalized to the dose at Dmax. After irradiation, the dose
measurement and the calculation from Eclipse TPS (Varian Medical Systems, CA) in
both AAA (version 11.0.31) and Acuros XB (version 11.0.31) algorithms were
compared.

@ (b)

Figure 3.11 Dose measurement for single beam plan in the homogeneous solid water
slab phantom; (a) Films set up, (b) Field set up with solid water phantom

3.6.4 Verification of Tangential Open Beam Plan in the CIRS
Thorax Phantom

For the non-homogeneous phantom and curve surface measurement, EBT2
films were cut as the long sheets and sandwiched between the slices of the tissue
mimicking bolus at the surface, 5-mm, 10-mm and 15-mm (Dmax) depth on the CIRS
IMRT Thorax Phantom. (Fig 3.12) The tangential parallel opposing fields (54.2° and
238° gantry angle) of 6 MV photon beam, 10x10 cm? field size, 300 MU for each field,
400 MU/min were irradiated. Then the films were scanned and the point doses of every
1 cm apart in each depth were measured. The doses were normalized to the dose at
Dmax at the central axis of the beam. The calculated dose of the phantom with Eclipse
TPS in both AAA and Acuros XB algorithms were recorded and compared with the
measurement.



27

Figure 3.12 Dose measurement for tangential open beam plan in the CIRS thorax
phantom

3.6.5 Verification of Plans in Eight Treatment Technique in the
CIRS Thorax Phantom

CT scanning of CIRS thorax phantom was performed by using GE lightspeed
CT simulator. (Fig 3.13) CT data were acquired for 3 mm slice thickness with
abdominal protocol. The acquired CT images were exported to the Varian Eclipse
treatment planning system (TPS) via the data networking. The target volume of the
breast clinical target volume (CTV), planning target volume (PTV) and critical
structures such as lung and heart were created on the CT images. And then, the plan
with eight treatment techniques for 6 MV photon beams were undertaken in the TPS
for both AAA and Acuros XB algorithms. The eight treatment techniques were;

(1) Open field, two tangential beams

(2) Standard wedge tangent (SWT), two tangential beams with dynamic wedge

(3) Electronic compensator (E Comp), two tangential beams with dynamic
MLC compensator

(4) Field-in-field (FF), two tangential beams with subfields

(5) Tangential intensity modulated radiation therapy (T IMRT), two tangential
beams

(6) Coplanar intensity modulated radiation therapy (CP IMRT), five beams

(7) Non-coplanar intensity modulated radiation therapy (NCP IMRT), two
coplanar and four non-coplanar beams

(8) Volumetric modulated arc therapy (VMAT), two arc beams

For the plan verification, EBT2 films were cut as the long sheets and placed on
the chest wall of the CIRS IMRT Thorax Phantom. The two sheets of EBT2 films were
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placed on the surface of breast of CIRS phantom. (Fig 3.14) Irradiation was performed
with the eight treatment techniques and the dose was calculated with both AAA and
Acuros XB algorithm. For Acuros XB calculation, an organ had to create for assign the
CT number of specific material. After irradiation, the films were scanned and the point
doses were measured. The measured point doses on the surface were normalized to the
dose in the chest wall (prescribed dose). And then, the measured point doses and
calculated point doses were compared for both algorithms.

(@) (b)

Figure 3.13 CT scanning of CIRS thorax phantom; (a) phantom set up inside the CT
machine, (b) CT scanner console + the CT protocol and scout view of CIRS phantom
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(b)

Figure 3.14 Placement position of the EBT2 films and set up position of CIRS thorax
phantom; (a) the placement position of EBT2 films on the chest wall, (b) the placement
position of EBT2 films on the surface of breast and (c) set up position and beam
arrangement of CIRS phantom with films

3.6.6 Patient Analysis

The surface dose calculation comparison of AAA and Acuros XB algorithm was
performed in TPS by using 12 cases of breast conservative surgery patients who were
breast cancer and were treated with radiation from the Therapeutic Radiology and
Oncology Division at King Chulalongkorn Memorial Hospital, Bangkok, Thailand. The
retrospective CT images with PTV volume from the database were planned in the TPS
with the eight treatment techniques, i.e. Open Field, SWT, E Comp, FF, T IMRT, CP
IMRT, NCP IMRT, and VMAT. For the IMRT and VMAT the same optimization dose
constraints were employed according to Chulalongkorn Hospital routine protocol.
(Table 3.2) For all treatment techniques, the prescribed dose of 5000 cGy to PTV was
delivered. The prescribed dose was defined at 95% isodose line. The surface doses were
calculated in the Eclipse TPS by using AAA and Acuros XB algorithm. The calculated
surface doses were recorded at the tip, medial and lateral side of the breast: 0 (surface),
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4, and 6 mm depth and then the recorded doses of the two algorithms were compared.
(Fig 3.15)

Table 3.2 The optimization dose constraints for IMRT and VMAT

Organ Volume Dose
PTV 0% 51 Gy
100 % 50 Gy

Organ 90 0% 50 Gy
Organ 80 0% 45 Gy
Heart 0% 45 Gy
3% 30 Gy

10 % 5 Gy

Figure 3.15 The calculated surface doses recorded at the tip, medial and lateral side
of the breast (0 (surface), 4, and 6 mm) depth of SWT
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3.7 Outcome to be Measured

The outcome for the surface dose calculation in patient was the percent
difference of dose calculation between AAA and Acuros XB algorithm in TPS, for the
clinical cases of breast cancer radiation therapy with the eight treatment techniques
(Open, SWT, FF, E-comp, T-IMRT, CP-IMRT, NCP-IMRT, and VMAT).

3.8 Sample Size

The sample size was determined such that the mean difference between AAA
and Acuros XB was at least 70% with the 95% confidence interval (Variance of
difference = 69%) by using following equation,

(ZOL/ +ZB)2 o?
n=-—" =10.199 = 12 cases

Total = 12 cases

Where, z is the reliability coefficient of normal distribution
a=0.05,z_(a2) =1.96
B=0.10,z_ p=1.28
o = Variance of difference = 0.69 (from previous study)[22]
d = Difference of mean = 0.7

3.9 Measurement
Variable
Independent variables: machine output, film uncertainty, and film calibration

Dependent variables: prescribed dose, plan parameters
3.10 Data Collection
3.10.1 The Measurement: used phantoms and films

3.10.2 Patient Information: CT images and size of breast

The data was collected at Varian ClinaciX linear accelerator system and Varian
Eclipse treatment planning system at Division of Therapeutic Radiology and Oncology,
King Chulalongkorn Memorial Hospital, Bangkok, Thailand.
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3.11 Data Analysis

The surface doses for plan verification were collected as in mean, standard
deviation and ranges presented in the form of table and graph.
The percent difference of AAA and Acuros XB algorithms for clinical cases

were presented in the form of table and graph.

3.12 Expected Benefit and Application

This study assisted to determine which treatment technique and which algorithm
can reduce the surface dose for the breast cancer radiotherapy treatment.

3.13 Ethic Consideration

Although this study was performed in phantom and CT images from the
database, the research proposal was submitted and approved by Ethics Committee of
Faculty of Medicine, Chulalongkorn University. (Fig 3.16)

Figure 3.16 Certificate of Approval from Ethic Committee of Faculty of Medicine,
Chulalongkorn University
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CHAPTER 4
RESULTS

4.1 Film Calibration

The calibration curve was used for film measurement reading, it showed
exponential shape. (Fig 4.1)

Film Response Curve (Swe)
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0 100 200 300 400 500 600 700 800
Dose (cGy)

Print Curve I If? ~+—Dose Vs Response [V —— Exponential Fit I

Figure 4.1 Film calibration curve between dose and scanner response

4.2 Verification of Single Beam Plan in the Homogeneous
Solid Water Slab Phantom

The comparison of surface and buildup region dose measurement with the film
in the homogeneous solid water slab phantom and TPS calculation in AAA and Acuros
XB are shown in Table 4.1 and Fig 4.2. The dose at the surface (0 mm depth) showed
Acuros and AAA were higher than film measurement of 12.31% and 33.32%,
respectively. The percent difference between AAA and Acuros XB at the surface was
15.76%. Beyond the surface, the calculated dose became lower than measurement.
After depth of maximum dose, calculated dose turned to be higher than measurement.
At the deeper depth of 4- and 6-mm the film measurement was within 10.87% higher
than calculation. However, dose calculated by AAA and Acuros XB showed good
agreement after depth of maximum dose. The percent difference was calculated by this
equation;

AAA/Acuros XB—measurement

% difference = x 100 (4.1)

measurement
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Table 4.1 The surface and buildup region dose comparisons of Film, AAA and Acuros
XB in solid water phantom

. Dose (%) Dose Difference (%)
Position Film im &
; Measurement : Film
of films (cGy) Film  AAA A(;?éos F"AI\E A& Acuros
XB
Surface 97.28 19.37 25.82 21.75 33.33 12.31
2 mm 331.16 65.93 57.51 55.77 -12.77 -15.41
4 mm 430.86 85.77 76.49 76.45 -10.82 -10.87
6 mm 488.74 97.30 87.65 87.52 -9.92 -10.05
15 mm 502.32 100.00 100.00 100.00 0.00 0.00
30 mm 471.33 93.83 94 .82 95.14 1.05 1.40
50 mm 406.53 80.93 86.34 86.74 6.68 7.18
100 mm 321.07 63.92 66.72 67.11 4.39 4.99
% Dose Relative to Dmax : measurement, AAA and Acuros XB
120
E 100 —__ X
o Y
-8 80
60 —&@—Film (%)
2
g 40 @— AAA (%)
[«]
[a]
X 20 Acuros (%)
0
0mm 2 mm 4 mm 6 mm 15mm 30mm 50mm 100 mm

Depth

Figure 4.2 The surface and buildup region dose measurement with the film in the
homogeneous solid water slab phantom and TPS calculation in AAA and Acuros XB
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4.3 Verification of Tangential Open Field Plan in the CIRS
Thorax Phantom

The average relative dose (normalized to the dose at 1.5 cm depth of the central
axis) over the curved surface and buildup region of the measurement with EBT2 film
in CIRS Thorax Phantom and Eclipse TPS calculation with AAA and Acuros XB are
shown in Table 4.2 and Fig 4.3. In this graph, AAA showed 28.96% underestimated
dose than film measurement at the surface. However, the dose at the surface in Acuros
XB, which 14.31% underestimated, was closer to the measurement than AAA. The
percent difference between AAA and Acuros XB at the surface was 20.62%. At the
deeper depth, 5-, 10-, and 15-mm, both algorithms contributed nearly good agreement
with the film measurement and also showed the excellent agreement between both
calculation algorithms. At the shallow depth, the calculated dose was lower than
measurement, but it was contrary after depth of maximum dose.

Table 4.2 The surface and buildup region dose comparisons of Film, AAA and Acuros
XB in CIRS thorax phantom

. Dose (%0) Dose Difference (%)
Position Acuros Film &
of films i i

Film AAA XB Film & AAA Acuros XB
surface 48.93 34.76 41.93 -28.96 -14.31
5mm 99.70 100.58 101.89 0.88 2.20
10 mm 103.34 106.24 105.63 2.80 2.21

15 mm 103.33 106.32 105.39 2.90 2.00
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% Dose relative to Dmax : measurement, AAA and Acuros XB
120

100 - b b

80
—o—Film (%)
60
—&— AAA (%)
40

Acuros
(%)

% Dose Relative to Dmax

20

surface 5-mm 10-mm 15-mm
Depth

Figure 4.3 The dose at surface and buildup region measured with the film in the CIRS
Thorax IMRT Phantom and TPS calculated in AAA and Acuros XB

4.4 Verification of Plans in Eight Treatment Techniques in
the CIRS Thorax Phantom

The film measurement of the eight treatment techniques for both AAA and
Acuros XB are shown in Fig 4.4 and 4.5, respectively. In these graphs both techniques
demonstrated the same pattern. The Tip of the breast illustrated the highest surface dose
in almost all eight treatment techniques except VMAT, the surface doses at the tip were
ranged from 49.57% in VMAT and 75.72% in FF for AAA (mean 65.30+8.17%) and
ranged from 40.01% in VMAT and 69.61% in Open field for Acuros XB (mean
59.9149.91%). The surface doses for Medial and Lateral sides of the breast were very
close to each other in both algorithms for almost all treatment techniques. The doses at
the medial for AAA were ranged from 40.12% in NCP IMRT and 66.49% in CP IMRT
(mean 51.47+8.12%) and for Acuros XB were ranged from 34.19% in NCP IMRT and
61.65% in CP IMRT (mean 47.66+9.56%). For lateral side, the doses were ranged from
43.85% in E Comp and 59.06% in Open field for AAA (mean 50.38+5.14%) and were
ranged from 35.20% in VMAT and 52.31% in NCP IMRT for Acuros XB (mean
47.14+£5.59%). The surface dose for the VMAT technique was similar for Tip, Medial
and Lateral side of the breast in both algorithms.
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Film measurement of plans calculated by AAA

mTip

= Medial

= Lateral

Open SWT EComp FF T IMRT CP IMRTNCP IMRT VMAT

Figure 4.4 The surface dose of film measurement for eight treatment plans calculated
by AAA algorithm

Film measurement of plans calculated by Acuros XB
80

u Tip

= Medial

m | ateral

Open SWT E Comp FF T IMRT CP IMRTNCP IMRT VMAT

Figure 4.5 The surface dose of film measurement for eight treatment plans calculated
by Acuros XB algorithm
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The comparison between film measurement with AAA calculation, and film
with Acuros XB calculation are shown in Table 4.3 and 4.4. In AAA plan, for all
techniques, the average surface dose of film measurement was higher than TPS
calculation 41.29% at the Tip, 40.17% at the medial and 41.39% at the lateral for eight
techniques. In Acuros XB plan, TPS calculation was underestimated than film
measurement 19.59% at the Tip, 6.55% at the medial and 12.04% at the lateral for eight
techniques.

Table 4.3 Surface dose comparisons between film measurement and AAA calculation

. AAA (%) Film (%) Difference (%)
Techniques : _ : _ i 2
Tip Medial  Lateral Tip Medial Lateral Tip Medial  Lateral
Open 4545 3087 30.18 70.77 56.55 59.06 -35.79 -4541 -48.90
SWT 3720 29.83 30.73 7147 53.18 50.76 -47.95 -43.92 -39.46

E Comp 3144 2549 2711 60.84 49.08 4385 -48.32 -48.07 -38.19
FF 4178 3195 27.15 7572 53.62 5298 -44.82 -40.40 -48.76
TIMRT 41.06 2428 2558 61.65 4358 45.09 -33.41 -4430 -43.27
CP IMRT 4219 36,51 3418 6411 6649 46.24 -3419 -45.08 -26.07
NCP IMRT 3827 3500 3430 6830 4012 5418 -43.96 -12.74 -36.69

VMAT 2881 2876 25,58 49,57 49.13 50.92 -4188 -41.47 -49.77

Mean 38.27 3034 2935 6530 5147 5038 -41.29 -40.17 -41.39

SD 5.66 4.24 3.56 8.17 8.12 5.14 6.05 11.33 8.07
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Table 4.4 Surface dose comparisons between film measurement and Acuros XB
calculation

. Acuros XB (%) Film (%) Difference (%)
Techniques - . . - - -
Tip Medial Lateral Tip Medial Lateral Tip Medial Lateral
Open 56.79 4247 4135 69.61 4985 49.73 -1841 -1481 -16.86
SWT 4892 4172 3982 6347 4506 4725 -2293 -7.42 -15.73

E Comp 4042 3994 3793 6235 50.71 4282 -3517 -21.24 -11.43
FF 52.66 42,67 40.01 6536 48.64 4933 -1943 -12.28 -18.89

T IMRT 50.69 42,64 4251 69.44 4941 5030 -27.00 -13.70 -15.48

CPIMRT 5585 5238 4899 6259 61.65 5016 -10.76 -15.08 -2.34

NCP
IMRT

VMAT 3543 3549 3312 4001 3755 3520 -1146 548 -5.91

48.79 47.02 4726 5516 3419 5231 -11.55 37.53 -9.66

Mean 48.69 43.04 4137 5991 4766 4714 -1959 655 @ -12.04

SD 7.38 4.96 5.04 9.91 9.56 5.59 8.61 18.46 5.77

4.5 Patient Analysis

Table 4.5 displays the calculated surface dose of AAA and Acuros XB which
point doses were recorded at the tip, lateral and medial side of the breast of eight
treatment techniques. In this table, the Open, SWT and FF contributed the highest
surface dose than other techniques at the tip of the breast in both algorithms. The
techniques, E Comp, T IMRT, CP IMRT and NCP IMRT illustrated very similar and
VMAT showed minimum surface dose at the tip of the breast. The lateral and medial
side of the breast showed the same trend for the surface dose in both algorithms.



Table 4.5 Surface dose recorded from TPS for the tip, lateral and medial side of the
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breast
. Relative surface dose (%)
Plan Algorithms - -
Tip Lateral Medial
o AAA 46.60+3.06 32.28+4.25 33.03+2.78
en

P Acuros XB 49.76+4.06 36.62+5.81 34.96+3.85
SWT AAA 44.84+3.06 32.94+4.60 33.21+2.80
Acuros XB 47.40+3.03 35.92+5.64 35.10+3.73
AAA 35.26+4.38 30.84+4.31 31.32+2.79

E Comp
Acuros XB 37.18+4.70 36.00+5.86 34.28+3.45
FF AAA 43.16+2.68 31.43+3.94 32.46+2.53
Acuros XB 46.32+3.79 36.92+5.94 34.49+3.66
AAA 37.79+5.39 29.75+3.89 30.32+2.73

TIMRT
Acuros XB 38.3245.21 35.15+5.96 33.66+3.51
AAA 30.90+3.05 34.13+4.93 32.26+3.35

CP IMRT
Acuros XB 37.16+3.81 37.05+7.37 33.93+2.91
AAA 35.03+4.34 29.42+5.15 29.59+4.30
NCP IMRT

Acuros XB 36.84+4.35 35.45+5.90 33.18+3.78
AAA 24.17+2.07 30.94+5.51 29.02+2.39

VMAT
Acuros XB 29.96+3.39 31.99+4.98 29.09+3.49

Table 4.6 displays the calculated percent dose difference between AAA and
Acuros XB of point dose recorded at 0-mm (surface), 4-mm, 6-mm depth at the tip,
lateral and medial side of the breast of eight treatment techniques. The percent dose
difference was calculated by using following equation (4.2)

Acuros XB—AAA

% difference =

AAA

(4.2)
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Figure 4.6 shows the diagram of mean percent difference of AAA and Acuros
XB recorded dose at the Tip (0-, 4-, 6-mm depth) of the breast. The surface doses gave
the result of high difference between the two algorithms, especially the CP IMRT and
VMAT techniques, the highest was 24.50+15.60% and the standard deviation of the
result was also high. At the 4-mm depth, nearly all techniques except VMAT showed
comparable to each other. The dose differences at that depth were 2.63+1.29%,
2.42+1.27%, 1.96+1.60%, 2.99+3.04%, 2.60+8.90%, 4.76+£2.31%, 2.76+1.47%, and
6.15+3.95% for Open, SWT, E Comp, FF, T IMRT, CP IMRT, NCPIMRT and VMAT,
respectively. At the deeper depth (6-mm), all techniques showed less percent difference
than 4-mm, the highest difference was only 2.69+2.68% for VMAT technique.

Mean % difference of AAA and Acuros (+/- 1 S.D)

atTi

70 p

60 H Open
50 SWT

40 B E Comp
30 FF

20 B TIMRT
. Hm. l l b
0 TTTT EI;T ii EI-'LTL-'ELL ® NCP IMRT

Tip Omm T|p4 m Tip 6mm
-10 B VMAT

-20

Figure 4.6 The mean percent dose differences at surface and buildup region between
AAA and Acuros XB for eight treatment techniques at the Tip of the breast

Figure 4.7 shows the mean percent difference of AAA and Acuros XB dose at
the Lateral side (0-, 4-, 6-mm depth) of the breast. The surface dose differences were
comparable between techniques, the highest was 24.79+33.50%. The dose differences
were lower between two algorithms, when the depth was deeper. The highest dose
differences for 4- and 6-mm depth were 9.87+5.85% and 6.89+1.94%, respectively.
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Mean % difference of AAA and Acuros (+/- 1 S.D)
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Figure 4.7 The mean percent dose differences at surface and buildup region between
AAA and Acuros XB for eight treatment techniques at the Lateral of the breast

Figure 4.8 shows the mean percent difference of AAA and Acuros XB recorded

dose at the Medial side (0-, 4-, 6-mm depth) of the breast. They showed the same trend
as the lateral side in all depths and techniques. The highest dose differences for surface,
4-, and 6-mm were 13.79+17.38%, 11.53+7.30% and 6.63£3.41%, respectively. The
deeper depth showed good agreement in both algorithms than shallower depth.
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Figure 4.8 The mean percent dose differences at surface and buildup region between
AAA and Acuros XB for eight treatment techniques at the Medial of the breast
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CHAPTER 5
DISCUSSION AND CONCLUSIONS

5.1 Discussion

The surface dose can be defined as the energy deposited within an
infinitesimally small mass of tissue at the surface of the phantom. However, there is no
dosimeter that has an infinitesimally small sensitive volume and the surface dose is
difficult to measure. An extrapolation chamber is almost ideal dosimeter for surface
dose measurement but it is not practical use in general hospital. Therefore, in this study,
the surface dose measurement was performed by using the EBT2 film which is suitable
for surface dose measurement according to Devic S. et al study, who reported that EBT
model GAFCHROMIC® film by ignoring the skin dose correction factors, the skin
dose based on a single film piece measurement would overestimate the skin dose by
5%, and small field size dependence.[13] The surface and buildup region dose
verification measurement was performed on the homogeneous slab phantom and non-
homogeneous CIRS phantom to get the accurate surface dose for clinical application.
We used grid size 2.5x2.5 mm?for TPS calculation for the surface dose. For the TPS
calculation, contour of the body also have to be considered, we found actual body and
body contour is highly difference in some points of the CT images of the phantom due
to the automatic contouring of setting the HU value. This makes the uncertainty dose
at the surface.

5.1.1 Verification of Single Beam Plan in the Homogeneous Solid
Water Slab Phantom

The surface and buildup region dose verification measurement were
investigated on the homogeneous slab phantom with the beam perpendicular to the
surface of the phantom. The surface dose measurement on the phantom is 19.37% of
Dmax which agree with the Nakano M et al. study, who reported that the surface dose
measurement with EBT2 film on a homogeneous phantom was 19.4% of Dmax.[15]
The difference between the measurement and TPS show AAA algorithm overestimate
than film measurement 33.33% at the surface. Acuros XB shows closer surface dose to
the measurement than AAA, however, it is still higher than film measurement 12.31%.
These large differences are due to the incorrect dose calculation of treatment planning
in the disequilibrium region. In the built-up region TPS calculation is underestimated
than measurement approximately 10.87%, which agree with the AAPM tolerance that
allowed up to 20% in built-up region of depth dose curves between measurements and
calculation.
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5.1.2 Verification of Tangential Open Beam Plan in the CIRS
Thorax Phantom

The surface and buildup region dose verification with nonhomogeneous
material was investigated on the CIRS nonhomogeneous Thorax phantom. The surface
dose for this measurement is 48.93% (ranged from 41.6% — 59.5%) of Dmax which
agree with the Nakano M. et al. study, who reported that the surface dose measurement
with EBT2 film on a chest phantom was 51.75% (ranged from 48.3% - 55.2%) of
Dmax.[15] In our investigation, the surface dose measurement for two tangential
parallel opposing fields illustrate 28.96% and 14.31% higher than AAA and Acuros XB
calculation, respectively, but at the buildup region, start from 5-mm depth, TPS
calculation is very close to the film measurement in both algorithms which agree with
the Akino Y. et al, who reported that at deeper depths mainly (6-11 mm), film dosimetry
showed good agreement with the TPS calculation.[19]

Moreover, Acuros XB shows more closer dose to measurement than AAA at
the surface, but still underestimates than measurement 14.31% ; that is because of the
capability of Acuros XB, it accounts for the specific elemental compositions of human
tissue and calculates the dose to proper medium, that is not available in AAA and also
Acuros XB can account more scatter dose than AAA.[23] However, we cannot believe
the TPS for surface dose calculation. At 15-mm depth, Acuros XB is good agreement
than AAA when compare with film. Therefore, after 5-mm depth, at the built-up region,
the TPS calculation can be trusted.

5.1.3 Verification of Plans in Eight Treatment Techniques in the
CIRS Thorax Phantom

For film measurement, the surface dose at the Tip of the breast is the highest, it
ranges from 50% - 75% of prescribed dose in all techniques but the Medial and Lateral
sides of the breast are comparable to each other, they range from 40% - 66% of
prescribed dose that agreed with the Akino Y. et al, who reported that the wedge, FF,
and ecomp techniques showed the surface dose around the medial region of
approximately 45% - 50% of the prescribed dose while the dose increased in the lateral
direction with highest around the nipple to 70% - 75% of the prescribed dose.[19]
However, in our study, VMAT shows the same surface dose in all three locations
because gantry rotates around the patient and contribute the uniform dose in this
technique. The surface dose at the tip is the highest and medial and lateral side are the
same distribution that is because the more curved shape of the tip and the medial and
lateral are the same curved shape in the phantom breast, but in actual patient the lateral
side which is more moveable than medial side of the breast and the shape may
contribute the difference dose.

In treatment plan verification between measurement and calculation, the surface
dose of film measurement is higher than TPS for 40% in AAA algorithm and 19% at
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the Tip, 12% at the Lateral and Medial side in Acuros XB algorithm. The result is
agreed with the phantom verification measurement in this study. In table 4.4, the film
measurement result for NCP IMRT shown film measurement is lower dose than TPS
calculation. That is due to the machine MLC movement problem which occurred during
the measurement. Normally, in all eight treatment techniques, the surface dose from
TPS is underestimated than film measurement.

5.1.4 Patient Analysis

For clinical cases from Table 4.5, the algorithms play the important role in
various planning techniques, the surface dose illustrate high difference of more than
20% between AAA and Acuros XB at the tip of the breast for VMAT and IMRT plans,
while the other techniques of both surface and build up region show difference within
10% at 4mm and 6% at 6mm depth. The Acuros XB can calculate more accurate than
AAA in a curve surface such as the tip of the breast. Surface dose calculation using
imaging based TPS is depended on the grid size and body contour. If the grid size is
reduced, the difference of calculation from the measurement would expect to be less.

5.2 Conclusions

For the surface dose measurement of breast radiotherapy, Open field, SWT and
FF show the same trend in high surface dose especially at tip of the breast. E Comp and
T IMRT contribute the relatively low surface dose than other techniques. CP and NCP
IMRT deliver the reasonable surface dose, but higher than E Comp and T IMRT.
VMAT contributes the lowest and homogeneous surface dose for the breast
radiotherapy in eight treatment techniques.

In breast measurement, the tip of the breast receives the highest surface dose in
almost all techniques, especially Open field and FF. The lateral and medial sides of the
breast obtain the similar dose distribution for the surface dose in almost all techniques.
However, in CP IMRT, medial side is higher than lateral and in NCP IMRT show vice
versa for the surface dose.

For the patient analysis using the calculation of both algorithms, the tip of the
breast shows the highest differences for surface between two algorithms. The surface
dose of lateral side shows the higher dose differences than medial side of the breast.
However, the calculation of the both algorithms show under dose at the tip than
measurement, which is due to the less consideration of the curved surface.

It is concluded that the treatment planning system cannot give the accurate dose
for surface dose calculation, as verified with the EBT2 film on homogeneous slab
phantom and non-homogeneous CIRS thorax IMRT phantom. Calculation by Acuros
XB contributes high dose difference to AAA at the surface of CP IMRT and VMAT
plan, but comparable at the deeper depth starting from 6 mm. The calculated surface
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dose for breast depends on the geometry of the structure, treatment techniques and the
algorithms.
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52

=ty ot R
deg! se5 ede w
Dos 1.000 Vanan IEC 677 00 00, None 100 +6.0 +40 40 +7.0 +1.0 919 556 M6 35

1.000, Vanan IEC 24

Figure 111. E Comp treatment plan of CIRS Thorax phantom

£C 2429 0 0.0 Nooe +40 460 ¢ +70 «70 9 19 556 969 4 18 173
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Figure VI. CP IMRT treatment plan of CIRS Thorax phantom
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Table 1: Recorded point doses data for Open Field
AAA 4500 109.00 11037 3327 8695 9460 3399 8696  93.68
Patlie”t Acuros 5278 11245 11196 27.63 9359 9771  37.99  9L74  96.74
%Diff 1705 317 144  -1695  7.64 329 1177 550  3.27
AAA 4288 10475 10696 2792 8595 9368 3341 9043  99.82
Patzie”t Acuros 4456 107.24 107.95 4200 9134 9812 3102 9672 101.63
%Diff 392 238 093 5075 627 474 715 696 181
AAA 4655 11155 112.88 2909  80.08 8832  27.10 8042  88.49
Pat,;e”t Acuros 47.97 11214 11458 3774 8475 9509 3441 8442  90.69
%Diff 305 053 151 2974 583 767 2697 497 249
AAA 4971 11069 11227 2824 8072  89.14 3156 8395  91.20
Paﬂe”t Acuros 5167 11308 11395 37.34 8312 9391 3222  87.36  94.86
%Diff 394 216 150 3222 297 535 209 406 401
AAA 4805 11264 11551 3015 8324 8957 3400 8401  92.86
Pat;e”t Acuros 4664 11499 11619 4001 859 9640 2919 9050  96.14
%Diff -2.93 209 059 3270  3.20 762  -1414 773 353
AAA 4208 10858 11005 3485 7363 8613 3386 751  85.36
Pa‘ge”t Acuros 47.06 109.64 111.82 3443 8451 9163 3259 8523  93.11
%Diff 11.83 098 161  -1.21 1478 639  -3.75 1349  9.08
AAA 5207 11129 11329 3231 7715 9053  39.48 8148  89.68
Pat;e”t Acuros 4691 11512 11662 3497 9220  99.16  37.39  89.13  94.65
%Diff -9.91 344 294 823 1951 953  -529 939 554
AAA 4313 11384 11582 3450 7677  89.05 3263 7119 8101
Page”t Acuros 54.42 117.02 11883 3119 8924 9461 4122 8053  91.96
%Diff 2618 279 260  -959 1624 624 2632 1312 1352
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AAA 4703 11143 11368 3951 8291 9033 3157 6949 8478
Page”t Acuros 4837 11316 11589 2973 900 9637 3823 9114 9229
%Diff 285 155 194 -2475 867 660 2110 3116 886
AAA 4908 109.90 11297 3261 7938 8613 3270 7443 8505
Pai'g”‘ Acuros 5779 113.83 11466 4467 8720 9506 3195 8087  88.66
%Diff 1775 358 150 3698 985 1037  -2.29 865  4.25
AAA 4859 109.61 11222 2597 8351 9206 3226 8369  92.25

Patient
o™ Acuros 5302 11523 11590 4602 8967 9871 3990 9322 9990
%Diff 912 513 328 7720  7.38 722 2368 1139 829
AAA 4499 10858 11010 3892 7872 9085  33.82 8131  90.02

Patient
5™ Acuros 4595 11264 11355 3360 8946 9768 3335 8717 9682
%Diff 213 374 313 -1366 1364 752  -139 721 755
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Table 11: Recorded point doses data for Standard Wedged Tangent (SWT)
AAA 4417 10687 10833 3334  87.38 9525 3408 87.30 9416
Patlie”t Acuros 5081 10976 11008 27.28 9228  97.94 3791 9211  97.29
%Diff 1503 270 162 -1817 561 282 1124 551 332
AAA 4201 10285 10518 2811 8719 9532 3353  90.06  99.39
Patzie”t Acuros  42.66 10521 10641 4447 9160 9852 3101  96.36  101.24
%Diff 155 230 117 5820 506 336 -752 700 186
AAA 4407 10567 107.10 2926 8038 8861 2733 8093  88.99
Page”t Acuros 4537 10629 108.80 37.88 8497 9530 3463 8478  91.06
%Diff 295 059 159 2046 571 755 2671 476 233
AAA 4764 10619 107.87 2841 8086 8917 3185 8476 9211
Pa‘f”t Acuros 4943 10848 10950 3740 8304 9373 3248 8808 9567
%Diff 376 216 148 3164 270 511 198 392  3.87
AAA 4528 10617 109.04 3039 8374  90.06 3426 8447  93.32
Pat;e”t Acuros 4386 10837 109.66 4021 8625 9675 2929 9075  96.41
%Diff -314 207 057 3231 300 743 -1451 744 331
AAA 4121 10631 107.87 3506 7391 8640 3411 7548  85.74
Pateie”t Acuros 4597 10729 10956 3455 8469 9181 3272 8547  93.33
%Diff 1155 092 157  -146 1459 626  -408 1323  8.85
AAA 5083 10851 11054 3247 7620 8897 3079 8313  91.93
Pa‘;e”t Acuros 4565 11215 11371 3450  90.35 9688  37.66 9099  96.97
%Diff -1019 336 2868 6252 1857 889  -535 046 548
AAA 3062 10481 107.10 3484 7738 8965 3288 7186 8L75
Page”t Acuros 498 10773 109.87 3138 8971 9507 4161 8L12 9255
%Diff 2560 279 259 993 1593 605 2655 1289 1321
AAA 4570 10832 11063 39.60 8316 9057 3177 69.83 8514
Page”t Acuros 4818 10979 11282 2971 9038 9633  37.05 9148 9281
%Diff 543 136 198 2514 868 636 1662 3100  9.01
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AAA 46.24 108.79 110.6 38.49 76.43 89.53 32.54 74.56 86.86
Pailgnt Acuros 50.73 110.88 113.05 33.77 90.05 95.11 33.46 87.19 93.91
% Diff 9.71 1.92 2.18 -12.26 17.82 6.23 2.83 16.94 8.12
AAA 4727 10652 109.15 26.12 83.79 92.32 32.40 83.92 92.47
Patient
1 Acuros 5148 112.05 11282 46.16 89.87 98.90 39.99 93.39  100.06
% Diff 8.91 5.19 3.38 76.72 7.26 7.13 23.43 11.29 8.21
AAA 4398 106.07 107.68 39.10 78.94 91.04 33.99 81.54 90.24
Patient
12 Acuros  44.82 110.04 111.07 33.68 89.61 97.86 33.42 87.31 96.97
% Diff 1.91 3.74 3.15 -13.86 13.52 7.49 -1.68 7.08 7.46




Table 111: Recorded point doses data for Electronic Compensator (E Comp)
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AAA 2998 9031 9829 3138 8672 9535 3203 8671 9461
Patlie”t Acuros 3342 9081 9863 2682 9213 9829 3685 9197 97.84
%Diff 1147 0554 035 -1453  6.24 308 1505 607 341
AAA 3031 8773 9672 2612 8488 9350 3129 8755 96.71
Patzie”t Acuros 2836 87.46 9608 4282 8923 9624 3032 9501  99.31
%Diff -643 -0.31 -0.66 6394 513 293 310 852 269
AAA 3871 09793 10022 2767 7838 8713 2542  80.04  88.93
Pat,;e”t Acuros  39.21 9811 102.05 3683 8291 9318 3460 8584 92.74
%Diff 129 018 183 3310 578 694 3611 725  4.28
AAA 3887 09302 9888 2715 7979 8867 2967 8249  90.03
Patjre”t Acuros 3979 9470 9951 3667 8255 9359 3143 8585  93.52
%Diff 237 181 064 3506  3.46 5.55 593 407  3.88
AAA 3560 9205 9890 2822 8188 8888 3178 8196 91.44
Pat;e”t Acuros 3434 9329 9901 3932 8534 9614 2836 8863  94.54
%Diff -353 135 011 3933  4.23 817  -1076 814  3.39
AAA 3284 9225 9798 3333 7293 8593 3265 7430 84.94
Pateie”t Acuros  37.32 9341 99.23 3427 8428 9176 3240 8498  92.97
%Diff 1364 126 128 28 1556 679  -077 1437  9.45
AAA 3913 9113 9777 3164 7617 8936 3756 8019  89.18
Pat;e”t Acuros 3580 9452 10031 3432 9051 9744 3620 8840 9455
%Diff -851 372 260 847 1883 904  -362 1024  6.02
AAA 2684 8574 9510 3301 7582 8896 2996 6889  79.27
Page”t Acuros 3289 8779 9726 3084  89.33 9486 4035 7930  90.69
%Diff 2254 239 227  -657 1782 663 3468 1511 1441
AAA 3901 9538 99.40 3815 8210 8982 3041 6811  83.82
Page”t Acuros 4060 9611 100.76 2852 8801 9463 3668 89.85  90.05
%Diff 408 077 137 -2524  7.20 536 2062 3192  7.43
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AAA 3832 9057 9707 3126 7886 8582 3233 7505 86.15
Paiig”t Acuros 4527 9358 97.87 4396 8552 9313 3330 8537 94.08
%Diff 1813 332 082 4063 845 852 300 1375 921
AAA 3941 9608 10115 2454 8108  89.89 3020 80.62  89.74
Pa{if”t Acuros 4301 10044 10380 4463  87.89 9727  37.87 9008  97.02
%Diff 9.4 454 262 8187 840 821 2540 1173  8.11
AAA 3413 8919 9539 37.64 7734  89.80 3251 8103  90.23
Paii;”t Acuros 3619 9271 9808 3302 8854 9693 3305 8686 96.78
%Diff 604 395 282 -1227 1448 794 166 720  7.26
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Table 1V: Recorded point doses data for Field-in-Field (FF)

Patient . Tip Tip Lateral Lateral . Medial Medial
ID Tip 4mm 6mm Lateral 4mm 6mm Medial 4mm 6mm

AAA 4097 9933 100.62 32.55 86.57 94.41 33.90 86.91 93.59

Patlie”t Acuros 47.61 10281 102.98 2701 9145 9694 3745 9156  96.75
%Diff 1620 350 235 -17.02 564 268 1047 535  3.38
AAA 4094 9994 10206 2770 8667 9473 3328  89.00  97.30
Patzie”t Acuros 4275 10431 10472 4418 9061 9720 3064 9535  99.88
%Diff 442 437 261 5950 455 261  -7.93 714 265
AAA 4176 10082 10206 2858 7953  87.99 2712 8052  88.60
Patsie”t Acuros 4307 101.08 103.36 37.42 8436 9478 3441 8446  90.75
%Diff 314 026 127 3093 607 772 2688 489 243
AAA 4642 10343 10492 2719 7880 8747  30.66 8302  90.42
Paﬂe”t Acuros 4929 107.14 107.59 3635 8152 9243 3159 8613 9391
%Diff 618 359 255 3360 345 567 303 375  3.86
AAA 4388 10263 10524 2987 8324 897 3349 8385  92.94
Pa‘;e”t Acuros 42.86 10575 10672 3991 8589 9646 2907 9027 9598
%Diff -232 304 141 3361 319 754  -1320  7.66  3.27
AAA 3018 10092 10232 3479 7396  86.65 3357 7475  85.03
Pateie”t Acuros 4392 10225 10431 3453 8486 9213 3240 8475 9259
%Diff 1209 132 195 -0.75 1474 632  -349 1338  8.89
AAA 4791 10244 10432 3179 7702  90.76  37.83 7877  86.95
Pat;e”t Acuros 4406 107.86 109.06 3456 9170 9882 3635  86.86  92.47
%Diff -803 529 454 871 1906 888  -391 1027  6.35
AAA 3980 10480 10663 3430 7682  89.29 3228 7130  81.32
Page”t Acuros 5112 10947 11098 3124 8957 9490 4122 8075 9223
%Diff 2844 446 408  -892 1660 628 2770 1325  13.42
AAA 4390 10382 10592 3930 8354 9110 3161 7028  86.02
Patgie”t Acuros 4603 10835 11091 2967 9043 9697 3763 9081  92.36

% Diff  4.85 4.36 471 -24.50 8.25 6.44 19.05 29.21 7.37
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AAA 4544 101.94 10485 3256 7948 8627 3244 7437 8513

Patient
o Acuros 5389 10621 107.06 4463 8719 9509 3184 8075 8860
%Diff 1859 419 211 3707 970 1022  -1.85 8.58 4.08
AAA 4385 9942 101.85 2512 8236 9123 3047 8041  89.20
Pa;'f”t Acuros 4883 10599 10637 4533 8880 9801 3823 9036  97.18
%Diff 1135 6.61 444 8045  7.82 743 2547 1237 895
AAA 4390 10755 10837 3343 8895 9701 3292 8625  96.00

Patient
Lo Acuros 4246 10208 10353 3817 7798 9040 3305 8027  89.02
%Diff -328 -509 -447 1418 -1233  -6.81 0.40 693 727
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Table V: Recorded point doses data for Tangential Intensity Modulated Radiation
Therapy (T IMRT)

Patient . Tip Tip Lateral Lateral . Medial Medial
ID Tip 4mm 6mm Lateral 4mm 6mm Medial 4mm 6mm

AAA 2440 7182  88.09 30.44 84.74 93.26 31.47 86.35 93.41

Patlie”t Acuros 3320 9332 10069 2627 9021 9596  37.10 9153  96.74
%Diff 3607 2994 1430 -1369 646 290 1789 600 357
AAA 3624 9826 10288 2668 8543 9312 3097 8677 9571
Patzie”t Acuros 3485 9810 10259 4316  89.09 9523 2986 9360  97.73
%Diff -384 -0.16 -028 6177 428 227 358 787 211
AAA 3862 10037 10299 2741 7845 8721 2518 8005  88.70
Patsie”t Acuros 4187 101.38 10446 3629 8222 9256 3381 8457 9172
%Diff 842 101 143 3240 481 614 3427 565 341
AAA 3524 8879 9581 2542 7647 8566  27.95 8000  87.71
Paﬂe”t Acuros 3484 89.83 9654 3529  80.00 9090 3074 8395 9152
%Diff -114 117 076 3883 462 612 998 494 434
AAA 4011 9921 10311 2793 8075 8755 3151  80.96  90.22
Pat;e”t Acuros 3729 99.65 10238 3871 8413 9480 2797 8728  93.02
%Diff -7.03 044 071 3860 419 828 -1124 781 3.0
AAA 3518 9990 10241 3208 7215 8558 3057 7282  83.78
Pateie”t Acuros 3494 9711 10311 3394 8369 9132 3161 8352 9176
%Diff -0.68 -279 067 58 1599 671 340 1469 953
AAA 4504 9915 101.85 29.03 7406  87.75 3618 7860  87.70
Pa‘;e”t Acuros 3976 10177 10412 3380 888l 9516 3527 8634 9231
%Diff -1172 264 223 1536 1992 844 252 985 526
AAA 3827 9947 10188 3264 7513 8802 2843 6947  79.76
Page”t Acuros 4353 99.63 10304 3105 8871 9379 4063 7931 9053
%Diff 1374 016 114  -487 1808 656 4291 1416 1350
AAA 3883 9535 9868 3540 77.86 8573 2880 6528  80.95
Patgie”t Acuros 3134 9198 98.83 27.58 8455 9085 3562 8641  87.84

% Diff -19.28 -3.53 0.15 -22.09 8.59 5.97 23.68 32.37 8.51
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AAA 4506 9668 9955 3021 8159  87.45 3195 7686  87.39
Paiig”t Acuros 4911 99.86 9900 4562  87.31 9430 3507 87.88 9521
%Diff 899 320 -055 5101 7.0l 783 977 1434 895
AAA 4058 10044 10375 2329 7505 8413 2898  77.26 8593
Paiif”t Acuros 4317 10272 10437 3991 8022 8943 3494 8349  90.13
%Diff 638 227 060 7136 625 630 2057 806 489
AAA 3503 9990 10238 3619 7443  87.07 3184 7670  83.89
Pafze”t Acuros 3591 9671 10226 3021 8305 9084 3128 8061  88.88
%Diff -006 -319 -012 -1652 1158 433  -176 510 595
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Table VI: Recorded point doses data for Coplanar Intensity Modulated Radiation
Therapy (CP IMRT)

AAA 2748 8499 9224 3050 8609 9461 3565 8884 9553
Patlie”t Acuros 3581 8872 9460 27.61 9597 10200 3729 9244 9811
%Diff 3031 439 256  -948 1148 781 460 405 270
AAA 2097 9486 101.60 3299 9472  99.97  37.22 9480  100.89
Patzie”t Acuros 3550 101.69 103.35 50.62  97.62 10111  32.66 10058  102.70
%Diff 1845 7.20 172 5344 306 114 -1225 610 179
AAA 3580 10042 10404 2814 7832  87.04 2497 7911  86.25
Pat,;e”t Acuros 3970 10210 10490 3611 8114 9132 3472 8347  88.72
%Diff 1089 167 083 2832 360 492 3905 551 286
AAA 2565 8002 9226 2876 8100 8862 3174 8633  92.28
Patjre”t Acuros 3187 8516 9335 3612 8073 9113 3258 8636 9251
%Diff 2425 642 118 2559 033 283 265 004 025
AAA 3443 9614 10273 2883 7669 8178 3132 7932  87.88
Pat;e”t Acuros 3475 9778 10245 3578 7650 8595 2807 8464  89.46
%Diff 093 171 -027 2411 025 510 -1038  6.71 1.80
AAA 2855 9527 9994 3709 7523 8686 3403 7730  87.87
Patée”t Acuros 3712 9925 10325 3408 8339 9045 3286 8554  93.03
%Diff 3002 418 331 -812 1085 413  -344 1066 587
AAA 3113 9196 9922 3421 7893 9098 3535 7941  89.23
Pat;e”t Acuros 3467 9650 101.07 3325  87.83 9404 3368 8628  93.00
%Diff 11.37 494 187  -281 1128 336  -472 865 423
AAA 2021 9401 10074 41.03 8597 9682 2907 7095  81.63
Pat;e”t Acuros 3858 9653 10171 3225 9370 9805 3814 7634  88.60
%Diff 3208 268 096 -21.39  8.99 127 3120 760 854
AAA 3065 89.14 9491 4005 8415 9071 2950 6515  79.33
Page”t Acuros 3436 9529 9825 3017 9054 9606 3321 8182  83.66
%Diff 1210 690 352 -2466 759 590 1258 2559  5.46
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AAA 3390 9113 9942 3519 8152  87.04 3381 7594 8535
Pa{ig”t Acuros 4581 9901 10094 4315 8282 9021 3228 8270 9147
%Diff 3513 865 153 2262 160 364  -453 890  7.17
AAA 3369 9339 9991 3102 9517 10043 3189 8318 9130
Pa;ile”t Acuros 4189 9890 10071 50.67 9629 10438 3850 9061  96.99
%Diff 2434 590 080 6335 118 393 2073 893 623
AAA 3029 9305 9845 4171 8394 9576 3259 8115  89.15
Paii;”t Acuros 3587 9537 9950 3480 9260 9942 3322 8596  94.00
%Diff 1842 249 107 -1656 1032 382 193 593 544
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Table VII: Recorded point doses data for Non-coplanar Intensity Modulated
Radiation Therapy (NCP IMRT)

Patient . Tip Tip Lateral Lateral . Medial Medial
ID Tip 4mm  6mm Lateral 4mm 6mm Medial 4mm 6mm

AAA 2824 8721 96.15 30.00 90.42 99.76 35.35 91.67 97.26

Patlie”t Acuros 3478 9132 9763 2723 9520 10177 4076 9548  98.80
%Diff 2316 471 154  -923 529 202 1530 416 158
AAA 3506 9512 10028 2925 8942 9536 3228  90.97  98.20
Patzie”t Acuros 3297 9723 10155 4677 9239 9632 3087 9842  101.00
%Diff -5.96 222 127 5990  3.32 101 437 819 285
AAA 3801 09880 10221 2914 8098 8881 2476 8118  90.63
Pat,;e”t Acuros 4022 99.65 10319 4017 8657 9598 3483 8747  94.09
%Diff 581 08 096 37.85 690 807 4067 775  3.82
AAA 2863 8242 9487 2458 7652 8643 2224 7352  84.24
Patjre”t Acuros 3162 8614 9516 3469 7933 9033 2786 7843  87.72
%Diff 1044 451 031 4113 367 451 2527 668 413
AAA 3816 9660 101.81 2477 7193 7938 2958 7921  89.26
Pat;e”t Acuros 3301 97.81 10203 3545 7711 8751 2723 8751  93.61
%Diff -1349 125 022 4312 720 1024  -7.95 1048 487
AAA 3232 9434 9992 3064 7145 8458 3348 7891  89.43
Patée”t Acuros 3434 9497 10135 3377 8260  90.24 3368  89.08  97.22
%Diff 625 067 143 1022 1561 669  0.60 1289 871
AAA 4059 9580 100.03 2689 7202 8652 3637  80.83  90.25
Pat;e”t Acuros 3608 9773 101.08 31.89 8549  92.86 3392 8578  93.22
%Diff -11.11 202 105 1860 1870  7.33  -674 612 329
AAA 3188 9315 9892 3013 7214 8599 2649 6447 7467
Pat;e”t Acuros 4056 97.02 10158 2857 8475 9043 3729 7349  84.23
%Diff 2723 416 269  -518 1748 516 4077 1399  12.80
AAA 3552 9395 97.97 4007 8323 8950 2586 6119  77.76
Page”t Acuros 3617 9581 99.78 3097 9018  94.40 3294 8171 8382

% Diff 1.83 1.98 1.85 -22.71 8.35 5.48 27.38 33.54 7.79
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AAA 4202 9571 10081 2912 7664 8314 3039 7337 8341
Pa{ig”t Acuros 4747 9974 10213 4275 8270 8978 3185 8251  90.65
%Diff 1297 421 131 4681 791 799 480 1246 868
AAA 3352 9192 9872 2133 7597  87.29 2933 7950  88.72
Pa;if”t Acuros 3803 9545 99.27 4011 8134 9187 3547 8773  94.39
%Diff 1346 384 056 8805  7.07 525 2093 1035  6.39
AAA 3639 9324 9798 3710 7523 8583 2892 7857  87.73
Pafgnt Acuros 3680 9578 99.84 3298 8590 9174 3146 8416  93.11
%Diff 113 272 190 -11.10 1418 68 878 712 613
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Table VIII: Recorded point doses data for Volumetric Modulated Arc Therapy (VMAT)

AAA 2194 7971 9125 3345 9274 10076 2832  8L74 8956
Patlie”t Acuros 31.63 88.84 097.06 2429 8861 9603 2666 8277  92.36
%Diff 4416 1145 636  -27.38  -445  -469 58 126  3.12
AAA 2360 8641 9879 27.61 8899  97.09 3397 8805  94.89
Patzie”t Acuros 2879 9265 10024 3735 8597 9607 2941 9672 10148
%Diff 21.99 7.22 146 3527  -339  -105 -1342 984 694
AAA 2357 7982 8918 2363 7384 8559 2898 8420 9054
Pat,;e”t Acuros 3023 87.94 9583 3096 7681  89.79 3503 8283  88.87
%Diff 2825 1017 7.45 3102 402 490 2087  -162  -1.84
AAA 2563 8439 9475 2753 8013 8865 2563 8180  90.83
Patjre”t Acuros 2862 8574 9385 3227 7752 8965 2733 8074  91.19
%Diff 11.66 160 -095 172  -325 112 663  -129 039
AAA 2529 8138 9295 2701 7597 8224 3095 7870  88.01
Pat;e”t Acuros 2661 87.89 9504 3256 7524  87.05 2470 7916  87.07
%Diff 521 800 224 2054 -096 584  -2019 058  -1.06
AAA 2182 8146 9087 3559 7334 8435 2703 7087 8378
Pateie”t Acuros 2538 80.64 9047 3109  76.86 8515 2595 7581  87.16
%Diff 1631 -1.00 -0.44 -1264 480 094  -399 697  4.034
AAA 2615 8560 9447 3152 7785 9134 3075 7650  88.04
Pa‘;e”t Acuros 27.96 8852 9729 3138 8677 9431 2677 7818  89.43
%Diff 692 341 298  -044 1145 325  -1294 219 157
AAA 2283 8586 9633 3991 8601 9780 2580 6829  79.71
Page”t Acuros 3624 9329 10064 2949 9172  97.14 3481 7088  83.63
%Diff 5873 865 447 2610 663  -0.675 34922 379 491
AAA 2363 8153 9193 3740 8285  91.04 2768 6329  80.01
Page”t Acuros 29.03 87.84 9589 2605 8649 9592 3104 8170  86.05
%Diff 2285 7.73 430 -3034 439 536 1213 2908  7.54
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AAA 2548 8137 9421 2398 7340 8091 3057  66.64 7517
Paiig”t Acuros 34.68 89.68 9647 3526 7330 8379 2562 6691  77.39
%Diff 3610 1021 239 4703  -013 356  -1619 040 295
AAA 2847 8864 97.60 27.23 8670 9296 2856  79.59  89.89
Pa{if”t Acuros 3349 9181 9690 4322 8537 9495 3078 8600  94.93
%Diff 17.63 357 -0.80 5872  -153 214 777 805 560
AAA 2167 8176 9191 3643 7567  88.63 2999 8104  89.78
Paii;”t Acuros 2691 8406 945 2991 8335 9232 3101 8254 9159
%Diff 2418 281 281 -17.89 1014 416 340 18 202
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