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Abstract

The remarkable accuracy of Monte Carlo (MC) dose calculation algorithms has
led to the widely accepted view that these methods should and will play a central
role in the radiotherapy treatment verification and planning of the future. The ad-
vantages of using MC clinically are particularly evident for radiation fields passing
through inhomogeneities, such as lung and air cavities, and for small fields, includ-
ing those used in today’s advanced intensity modulated radiotherapy techniques.
Many investigators have reported significant dosimetric differences between MC and
conventional dose calculations in such complex situations, and have demonstrated
experimentally the unmatched ability of MC calculations in modeling charged parti-
cle disequilibrium. The advantages of using MC dose calculations do come at a cost.
The nature of MC dose calculations require a highly detailed, in-depth representation
of the physical system (accelerator head geometry/composition, anatomical patient
geometry /composition and particle interaction physics) to allow accurate modeling
of external beam radiation therapy treatments. To perform such simulations is com-
putationally demanding and has only recently become feasible within mainstream
radiotherapy practices. In addition, the output of the accelerator head simulation
can be highly sensitive to inaccuracies within a model that may not be known with

sufficient detail.
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The goal of this dissertation is to both improve and advance the implementation
of MC dose calculations in modern external beam radiotherapy. To begin, a novel
method is proposed to fine-tune the output of an accelerator model to better represent
the measured output. In this method an intensity distribution of the electron beam
incident on the model is inferred by employing a simulated annealing algorithm. The
method allows an investigation of arbitrary electron beam intensity distributions and
is not restricted to the commonly assumed Gaussian intensity.

In a second component of this dissertation the design, implementation and eval-
uation of a technique for reducing a latent variance inherent from the recycling of
phase space particle tracks in a simulation is presented. In the technique a random
azimuthal rotation about the beam’s central axis is applied to each recycled particle,
achieving a significant reduction of the latent variance.

In a third component, the dissertation presents the first MC modeling of Varian’s
new RapidArc delivery system and a comparison of dose calculations with the Eclipse
treatment planning system. A total of four arc plans are compared including an
oropharynx patient phantom containing tissue inhomogeneities.

Finally, in a step toward introducing MC dose calculation into the planning of
treatments such as RapidArc, a technique is presented to feasibly generate and store
a large set of MC calculated dose distributions. A novel 3-D dyadic multi-resolution
(MR) decomposition algorithm is presented and the compressibility of the dose data
using this algorithm is investigated. The presented MC beamlet generation method,
in conjunction with the presented 3-D data MR decomposition, represents a viable
means to introduce MC dose calculation in the planning and optimization stages of

advanced radiotherapy.
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1.1 The Goal of Modern Radiation Therapy

An estimated 39% of Canadian females and 44% of Canadian males will develop can-
cer during their lifetimes. On average, 1-in-4 Canadians will die of the disease [NCIC,
2009]. Cancer incidence in Canadian men is slowly decreasing (due to a decreasing
incidence of lung cancer in men) while cancer incidence rates in Canadian women is
slowly increasing (due to an increasing incidence of lung cancer in women). British
Columbia maintains the lowest cancer mortality rates in Canada for both men and
women with an estimated 20,500 new cases diagnosed and 9,200 deaths from the dis-
ease in 2008 [NCIC, 2009]. In approximately half of new cancer cases, external beam
radiation therapy (RT) is prescribed. Elevated local tumour control is commonly
achieved through the combination of RT with surgical removal of the cancerous ma-
terial, chemotherapy, immunotherapy, hormone treatments and/or transplantation
techniques.

The goal of external beam radiation therapy is to induce the mitotic death and/or
apoptosis of malignant tumour cells through the application of ionizing radiations
(photon, electron and proton) while minimizing the damage to surrounding normal
(healthy) tissues. Mitotic death is commonly believed to occur from irreparable radi-
ation induced damage to the structure of the deoxyribonucleic acid (DNA) backbone
of malignant cell nuclei. This damage leads to death occurring during the subsequent
division(s) of the cell. Apoptosis, the programmed death process of a cell, may also
be induced from the ionizing radiation contributing further to tumour cell death.
The prognoses for several of the most prevalent histological cancers, when treated
with the aim of curing the disease, are presented in Table 1.1. In cases of a termi-
nal prognoses, external beam radiation may also be applied as a palliative therapy.
In such treatments an irradiation may be delivered to alleviate pain by temporarily

suppressing tumour growth.
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Table 1.1: Surveillance Epidemiology and End Results (SEER) data for 1, 5 and 10 year
survival rates and proportion of occurance for common cancers from 1975 - 2005. [Ries
et al., 2007]

Survival Rate (%)

. 1-Year | 5-Year | 10-Year

Site Cases % Percent | Percent | Percent
All sites 1,584,884 | 100.0 | 79.5 64.4 58.6
Prostate 275,280 | 17.4 | 100.0 97.6 91.7
Breast (female, in situ) 44,875 2.8 100.0 100.0 100.0
Breast (female, invasive) | 257,888 | 16.3 97.8 87.1 79.2
Lung 201,067 12.7 42.6 15.5 11.0
Colon/Rectum 182,589 | 11.5 83.3 63.6 57.7
Melanoma 55,039 3.5 97.1 90.0 87.9
Urinary Bladder 67,528 4.3 91.5 81.9 774
Non-Hodgkin Lymphoma | 65,932 4.2 74.2 56.3 47.0
Uterine Corpus 48,642 3.1 93.5 84.7 82.6
Leukemia (all ages) 42,678 2.7 67.0 47.2 38.1
Kidney and Renal Pelvis | 32,583 2.1 80.8 65.5 57.9

Presently, external photon beams are most commonly used in radiotherapy treat-
ments. Electron beams are often used in the treatment of shallow tumours. Proton
beams offer distinct advantages in localizing dose delivery over photon and electron

beams but are presently limited in use by the expense of the proton accelerator.

1.2 The Modern Medical Linear Accelerator

An overview of the production of x-rays within a medical linear accelerator (linac)

such as that shown in Figure 1.1 will now be presented.
1.2.1 Accelerating Electrons

The acceleration of electrons in the medical linac is achieved through the application
of microwaves that have been confined and structured by the use of a waveguide. The
input microwaves are generated through use of a klystron and are typically in the
3000 MHz or S-band range (2-4 MHz range)[Karzmark, 1984]. Both traveling wave

and standing wave designs are used in medical linac designs although the latter is
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CLINAC 21EX

Figure 1.1: The Varian Clinac 21EX accelerator (left) and treatment head components
(right). [Varian Medical Systems]

more common as of recently due to the compact nature of the design. The accelerator
used for the body of research in this dissertation is of standing wave design.

The waveguide implemented in standing wave accelerator design consists of a
series of cylindrical accelerating cavities of lengths varying from 2.5 cm to 5.0 cm
corresponding to the half wavelengths of the input microwaves (see Figure 1.2). To
establish the standing wave both a forward traveling wave and backward traveling
wave are arranged, each of which is reflected at the ends of the waveguide. Using
this design the moving electric field maxima from each wave are forward aligned 1/4
of the time, reverse aligned 1/4 of the time, and cancel each other out 1/2 the time
(zero-field), as shown in Figure 1.3. Because the zero-field cavities do not contribute
to particle acceleration it is possible to reposition these cavities off axis, out of the
particle path but still able to couple power between adjacent cavities. By doing so

the overall length of the accelerator can be significantly reduced. The electric field
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directions in a standing wave accelerator with offset zero-field cavities are shown in
Figure 1.4. In order to prevent electrical arcing between disks in the waveguide the

entire accelerating cavity is kept under vacuum.

BEAM _
CHANNEL

COUPLING
CAVITY

Figure 1.2: A cutout of a medical accelerator waveguide [Karzmark, 1984].

By varying the aperture and length of the cavities initially traversed, the contin-
uum of injected electron velocities, delivered from an electron gun, are concentrated
into discrete bunches during the bunching phase of their acceleration. Beyond the
bunching phase, the velocity of the electrons remains approximately constant and
near the speed of light. The waveguide cavities are therefore made uniform for the
remainder of the acceleration period. As bunching technology improves, a greater
proportion of the incident electrons are able to be captured and bunched. Current
technology allows roughly one third of the incident electrons to be successfully cap-
tured, bunched, and accelerated over the length of the waveguide [Karzmark, 1984].

The range of clinically useful photon and electron beam energies is governed by
the penetration, or depth dose, properties of the beam in water (which can be ap-
proximated as human tissue in terms of the attenuation properties) as well as the
lateral spread of scattered electrons within a patient. The probability of neutron
production in the accelerator head is also a factor in limiting the upper end of clin-

ically useful photon and electron energies. In Figure 1.5, the percentage depth dose
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Figure 1.3: A simplified view of the electric field directions in a standing wave accelerator
at three different times [Karzmark, 1984].

AN
S\

Figure 1.4: A simplified view of the electric field directions in a standing wave accelerator
with the zero-field cavities offset [Karzmark, 1984].
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(PDD) curves for a selection of photon (top) and electron (bottom) energies in water
are shown. From the upper figure, the motivation for use of photons below 25 MeV
becomes apparent as a higher penetration depth delivers unwanted higher doses deep
into the patient. The depth of maximum dose deposition (dprax) also begins to in-
crease beyond that required to reach the tumor volume in a patient of common girth.
Using a similar argument, the lower figure can be used to justify the common clinical

range for electron beams.
1.2.2 The Production of X-Rays

Electrons emerging from the accelerating waveguide are directed toward the electron
target by means of bending and steering magnets. In the case of the Varian Clinac
series of accelerators used in this research the electrons are directed 270° toward the
target (see Figure 1.6). The purpose of this is two-fold: to filter out and prevent low
energy contaminant electrons from hitting the target, and to allow a more compact
accelerator design. In this figure, energy selection slits S1 and S2 are used to limit
the range of electron energies able to pass through the bending magnet.

X-rays are produced from the accelerated electron beam predominantly through
the bremsstrahlung process within a slab of Tungsten placed in the electron beam’s
path. Tungsten is chosen for both its high atomic number (high-Z) and resistance to
heat deformation. The ability to resist heat deformation is important since in a typical
Tungsten target only ~1% of the incident electron energy emerges as bremsstrahlung
photons. The remaining energy is lost to heat in the target. This heat must be
dissipated by the accelerator via the accelerator’s cooling system. Copper can be
fused to the downstream face of the Tungsten slab and placed in thermal contact
with the accelerator’s cooling system to aid in heat dissipation and reduce secondary

electron production.
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Figure 1.5: Percentage depth dose measurements for a 10.0 x 10.0 cm? field of 25.0 MV,
18.0 MV, 12 MV, 6 MV and Co-60 produced photons in water (top). Percentage depth
dose measurements for a 10.0 x 10.0 cm? field of 25.0 MeV, 15.0 MeV, 10.0 MeV and 5.0
MeV electrons in water (bottom). (Data from British Journal of Radiology [Day and Aird,
1996])
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A

)

Figure 1.6: Schematic of the 3-piece bending magnet used to redirect the electron beam
270° toward the target. Energy selection slits S1 and S2 can be adjusted radially inward
or outward to change the accepted range of electron energies [Karzmark et al., 1992].
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Figure 1.7: Geometry and locations of the electron target (W and Cu fused), primary col-
limator (W), vacuum window (Be filled) and flattening filter (Cu) for shaping and flattening
the 6 MV photon beam within the Clinac 21EX accelerator.

1.2.3 Shaping, Flattening and Monitoring the Beam

Primary collimation of the photons emerging from the bremsstrahlung target is per-
formed using a Tungsten collimator with a conical bore. Photons with trajectories
within the bore are free to pass through the collimator unattenuated. The conical
beam exiting the primary collimator is cylindrically symmetric about the beam’s
central axis.

Bremsstrahlung photons emerging from the electron target and primary collimator
are highly forward peaked, that is, the beam contains a significantly higher intensity
of high energy photons directed along the beam’s central axis (a product of the angu-
lar bremsstrahlung cross-section). The combination of target thickness/composition
with flattening filter shape/composition gives rise to the spectral and penetration
properties of the beam. A large number of publications have focused on this subject
[Larsen et al., 1978; Lane and Paliwal, 1975; Huang et al., 1986; Flock and Shragge,
1987; Constantinou and Sternick, 1984; Boge et al., 1975; Nordell and Brahme, 1984;
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Figure 1.8: Geometry and locations of the electron target (W and Cu fused), primary
collimator (W), vacuum window (Be filled) and flattening filter (Steel with Tantalum core)
for shaping and flattening the 18 MV photon beam within the Clinac 21EX accelerator. A
thicker slab of Copper is fused to the target to increase heat dissipation for the additional
heating from the higher energy electrons.

Podgorsak et al., 1974, 1975; Reinstein and Orton, 1981; Taumann, 1981]. When
designing the ideal combination of target and filter one must consider many factors
including, most importantly, the clinical effectiveness/usefulness of the beam. Factors
of clinical importance include the absorbed skin/surface dose contribution, electron
contamination, penetration depth properties, neutron production, and beam flatness!
for varying field size. Recent research has investigated the complete removal of the
flattening filter to elevate the dose output in situations where beam flatness is not ad-
vantageous such as in intensity modulated radiation therapy (IMRT) [Vassiliev et al.,
2007, 2006; Titt, Vassiliev, Ponisch, Kry and Mohan, 2006; Titt, Vassiliev, Ponisch,
Dong, Liu and Mohan, 2006; Mesbahi and Nejad, 2008; Mesbahi, 2007; Mesbahi et al.,
2007; Kry et al., 2008, 2007]. Sample target—primary collimator—flattening filter ori-

entations are displayed for 6 MV and 18 MV incident electrons in Figures 1.7 and

'Beam flatness refers to the flatness of a lateral measured dose profile in the high dose region
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1.8.

The medical linac can be made to produce a therapeutic electron beam in lieu of
the photon mode described above. In electron mode the electron target is rotated out
of position and the flattening filter is replaced by an electron scattering foil system.
The scattering foil system is constructed of two scattering foils, the first of which is
typically constructed from a thin sheet of high-Z material and is designed to spread
the electron beam from the waveguide. The second foil, located downstream of the
first foil, is used to flatten the electron beam and may be constructed from a thicker
low-Z foil with a higher Z region fused to the foil in the region of the beam’s central
axis.

The beam’s cylindrical symmetry, instantaneous dose rate and integral dose rate
are all monitored using a gas filled transmission style ionization chamber. The cham-
ber is divided into sectors to allow acquisition of beam balancing symmetry measure-
ments. These measurements allow the feedback of alignment corrections to electron
beam steering magnets located upstream within the bending magnet and accelerating
waveguide structures.

Secondary beam collimation occurs on the flattened beam (photon and electron)
using paired sets of Tungsten blocks (JAWS) and is intended to provide large area
collimation of the beam to approximate treatment field sizes. The Clinac 21 EX con-
tains 2 sets of parallel opposed JAWS capable of collimating the field into rectangular
fields. Each jaw is limited to £ 20.0 cm of travel from the beam’s central axis thereby

2 at a distance of 100 cm from the

allowing a maximum field size of 40.0 x 40.0 cm
target. The conical field produced by the primary collimator is constructed such that
a 35.0 x 35.0 cm? square field is the maximum field size able to fit within the conical

field at a distance of 100 cm from the target. Clipping in the corner regions of field

sizes greater than 35.0 x 35.0 cm? is therefore observed (see Figure 1.9).
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Figure 1.9: Field clipping occurring for fields greater than 35.0 x 35.0 cm? as a result of
the conical bore in the primary collimator. In this figure the innermost field is 35.0 x 35.0
cm? and outermost field is 40.0 x 40.0 cm? in a plane located 100.0 cm from the target.
The clipped area is displayed in black.
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1.2.4 The Multi-Leaf Collimator

Finer collimation of the photon beam can be achieved using a multi-leaf collimator
(MLC) device. The MLC is comprised of two sets (banks) of machined Tungsten
leaves driven independently by a set of motors. The Tungsten leaves (located down-
stream of the secondary collimator) from the Varian Millennium MLC are shown in

Figure 1.10.

Figure 1.10: A Varian Millennium multi-leaf collimator shown with arbitrary leaf ar-
rangement. [Varian Medical Systems, Palo Alto, CA]

MLC leaf banks may also consist of wider leaves in the periphery region of the
field in addition to the equal width leaves shown in Figure 1.10. Wider leaves reduce
the modulation capability of the MLC but also reduce the number of seams through
which radiation may “leak” (known as inter-leaf leakage).

For radiotherapy delivery of some brain cancers (astrocytomas, glioblastoma mul-
tiforme, gliomas, etc.), specialized MLC’s can be used in a process known as stereo-
tactic radiosurgery. Such devices consist of narrow leaf banks (< 2.5 mm width)

driven by precision motors capable of highly precise delivery of radiation.
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In accelerators such as the Elekta SL20? the MLC is located above the secondary
collimator. In its design the MLC replaces one set of the secondary collimating jaws

(along the direction of leaf travel) resulting in a more compact treatment head.

1.3 KERMA and Absorbed Dose

The energy transfer from a photon field to a medium can be regarded as a two step

process:

(i) Interaction of the photon field with atoms in the medium, resulting in a transfer

of energy, setting one or more charged particles in motion.

(77) Transfer of energy from the moving charged particles to the medium through

excitations and secondary ionizations of atoms in the medium.

The quantity characterizing step (i) is KERMA or Kinetic energy released per unit

mass,
dE,

dm

K

: (1.1)

where dFE,, is the energy transferred from photons to the primary electrons in ele-
mental mass of the medium dm. The quantity characterizing the interactions of step
(i), along the range of the primary electron, is the absorbed dose. KERMA along
with absorbed dose are measured in units of J/kg or Gy (Gray) where 1 Gy=1 J/kg.

TERMA or Total energy released per unit mass, quantifies the energy of the
primary photons that is both imparted to secondary charged particles and retained
by the scattered photons. In other words, TERMA is the energy removed from the

primary beam per unit mass of medium.

1.4 The Importance of Accuracy in Radiation Delivery

Research efforts over the past decade have focused on techniques to minimize the

normal tissue exposure during an external beam radiation therapy treatment. The

2Elekta, Stockholm, Sweden.
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importance of accuracy in radiation delivery is most apparent by observing the prob-
ability of local tumour control and normal tissue complications as a function of the
absorbed radiation dose in tissue. Predictive models derived from average population
radiation therapy responses are shown in Figure 1.11. From this figure, tumour con-
trol probability (TCP) is shown to sharply rise starting from a particular absorbed
dose. The normal tissue complication probability (NTCP) rises sharply at a slightly
higher absorbed dose. A desirable radiotherapy plan is one that maximizes TCP while
minimizing NTCP. The highly sensitive nature of the TCP and NTCP dose responses
combined with the potentially small differences in dose response curves demonstrate
the need for accuracy in radiation delivery. Small differences in absorbed dose can be
seen to have substantial effects on the treatment’s TCP and NTCP outcomes. The
uncomplicated tumour control probability (UTCP) is also plotted in Figure 1.11.
UTCP represents the probability of achieving local tumour control while having no

complications and is simply calculated as TCPx (1-NTCP).

1.0+

0.8

0.6

0.4+

Probability of Effect

0.2+

Dose (Gy)

Figure 1.11: Predictive models of tumour control probability (TCP), normal tissue com-
plication probability (NTCP), and uncomplicated tumour control probability (UTCP) with
absorbed dose to tissue.

It should be noted that the standard deviations of TCP and NTCP predictive

models has been estimated as high as 15-20%. In addition, the shapes and positions
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of the curves may vary between patients and/or tissue type. Recent radiobiological
research is aimed at improving the understanding of factors affecting the TCP and
NTCP functions of various patient and tissue response classes. A better understand-
ing of patient dose response may allow adjustments of prescribed treatment doses

based on individual patient dose response evaluation.

1.5 Advanced External Beam Delivery Techniques

In the context of this thesis, traditional external beam photon radiotherapy delivery
shall be defined as the application of 1 - 7 photon beams of uniform intensity across
the field® with the optional use of a wedge (physical or dynamic) and/or field com-
pensator?. A field conforming to the clinical treatment volume is achieved through
the use of heavy alloy shielding placed in the beam, or more recently through the use
of the MLC to create a conformal radiation field. Several advancements to traditional
external beam radiotherapy have been made in the recent decades. Several of these

advancements are presented in the following sections.
1.5.1 Intensity Modulated Radiation Therapy

By the mid-1990’s, advances in technology and software allowing the calculation and
delivery of non-uniform fluence maps on 3-D patient volumes, together with the devel-
opment of the modern MLC, enabled the clinical implementation of a class of delivery
techniques known as intensity modulated radiation therapy (IMRT). It has been said
that IMRT represents one of the most important technical advances in RT since the
advent of the medical linear accelerator [IMRT Collaborative Working Group, 2001].
In IMRT, the photon field intensity can be modulated, through movement of the
MLC leaves, to deliver a highly sculpted dose of radiation. The movement can occur

while the beam is on (dynamic MLC) [Boyer and Yu, 1999; Webb, 1998], or while

3Uniform in the sense that no modulation of the beam intensity has occurred.
4An attenuator used to flatten non-uniform dose contour lines resulting from patient
anatomy /geometry.
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the beam is off by forming a series of static apertures (segmental MLC) [de Gersem
et al., 2001; Earl et al., 2003; Shepard et al., 2002; Webb, 2004; Yu, 2006].

The modulation can be determined through a process of inverse treatment plan-
ning. In inverse treatment planning, an objective (prescribed) dose distribution is
first constructed within a patient model defining the prescribed dose to the clini-
cal treatment volume (CTV) and surrounding organs at risk (OAR). The number of
fields and gantry angles are defined and each (open field) beam is divided into a num-
ber of segments (beamlets). A search of beamlet weights is performed to determine
the optimal beamlet weights (fluence map) such that the sum of weighted beamlet
dose distributions is in optimal agreement with the objective dose distribution, for
the given number of fields and gantry angles [Brahme, 1988; Chui and Spirou, 2001;
Thieke et al., 2002]. This technique is commonly referred as fluence based optimiza-
tion. For dynamic MLC treatments, the MLC leaf sequence must be derived from the
ideal fluence map [Shepard et al., 2002]. In general, the resulting MLC leaf sequence
may not be physically deliverable and may require approximation [Que, 1999]. The
resulting fluence map is commonly referred to as the deliverable fluence map [Webb,
1991].

Conclusions formed from the National Cancer Institute’s (NCI), Intensity Modu-
lated Radiation Therapy Collaborative Working Group [IMRT Collaborative Working
Group, 2001] state that, compared to conformal radiotherapy, IMRT has been found

to:

(i) Reduce normal tissue radiation exposure
(71) Decrease treatment efficiency by delivering less dose per MU
(#i) Increase the total-body dose received by the patient during delivery

(iv) Increase stress on the linac from increased heating and movement of the MLC
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Recent research has also investigated the plausibility of using the ML.C for modulated
electron radiation therapy (MERT) [Klein et al., 2008; Jin et al., 2008; Gauer et al.,
2008; Al-Yahya et al., 2007].

1.5.2 Helical Tomotherapy

Helical tomotherapy is an IMRT technique in which radiation is delivered using a
narrow slit beam (approximately 2 cm x 20 cm) during a continuous helical motion
about the patient [Mackie et al., 1993]. The treatment is analogous to that of he-
lical computed tomography imaging. Nomos Corporation® developed the multileaf
intensity-modulating collimator (MIMiC) as part of the Peacock delivery system for
tomotherapy delivery. The MIMiC device consists of 2 banks of 20 binary leaves able
to modulate the field by driving the leaves open or closed during the helical path of the
treatment head [Khan, 2003]. A computed tomography (CT) imaging device is also
mounted to the rotating ring gantry allowing acquisition of the patient’s anatomical
geometry while laying on the treatment couch. Today, helical tomotherapy is deliv-
ered on a dedicated tomotherapy machine using the Tomo-Therapy HI-ART II system
(Tomotherapy, Madison, WI). A schematic diagram of the helical tomotherapy unit
is shown in Figure 1.12.

Helical tomotherapy represents a second generation tomotherapy design following
serial tomotherapy [Khan, 2003]. Using serial tomotherapy the radiation treatment
arc is delivered 360° about the patient with a fixed patient couch. The couch is then
translated before subsequent arcs are delivered. In this way, serial tomotherapy is
analogous to traditional CT imaging. Serial tomotherapy treatment effectiveness was
found to be highly sensitive to couch position accuracy. That is, small inaccuracies in
axial positioning of the patient for each delivered arc led to large dose inhomogeneities
within the CTV. Incorporation of a helical treatment head path was found to reduce

inhomogeneities by allowing a more continuous delivery of dose along the axis of

5Nomos Corporation, Sewickley, Pennsylvania
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Figure 1.12: Schematic diagram of Helical Tomotherapy. [Mackie et al., 1993]

rotation, effectively feathering the dose delivered between arcs.

Several treatment site specific comparisons of the effectiveness of tomotherapy
with (MLC-based) IMRT have been reported in the literature [Cheng et al., 2001;
Lee et al., 2008; Mavroidis et al., 2007; McIntosh et al., 2008; Penagaricano, 2006;
Sheng et al., 2007; Van Vulpen et al., 2005]. A recent study by Bortfeld and Webb
[Bortfeld and Webb, 2008] found tomotherapy to provide a greater flexibility over
IMRT in shaping intensity maps and that tomotherapy allows the delivery of 3-D

IMRT in a way that comes close to the ideal case in the transverse plane.
1.5.3 Intensity Modulated Arc Therapy™

First proposed by Yu in 1995 [Yu, 1995], intensity modulated arc therapy (IMAT) is
a cone beam alternative to tomotherapy, avoiding the junction problems of serial to-
motherapy and utilizing a standard IMRT capable linear accelerator [Williams, 2003].
Successful implementation of IMAT was intended to bring the benefits of rotational
IMRT to a large number of radiotherapy clinics because of the wide availability of

conventional linear accelerators. However, inverse treatment optimization of IMAT
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was found to be difficult as the intensity solution space was found, in general, to be
non-convex [Earl et al., 2003]. Tt has been suggested that this may be the reason why
IMAT, though announced in the mid-1990’s, did not gain popularity clinically for
nearly a decade when planning algorithm developments improved the optimization
process [Shepard et al., 2007]. IMAT is now offered as part of the Pinnacle treatment
planning system (Philips Medical, Madison, WI) and can be delivered using Varian
or Elekta accelerators.

During an IMAT treatment, the accelerator gantry rotates about the patient
continuously while the MLC dynamically modulates the beam’s intensity. Multiple
arcs may be required to deliver the prescribed dose distribution. A typical treatment
has been found to require 3 - 5 arcs [Yu, 1995]. A study by Cao et al. [Cao et al.,
2007] has demonstrated that IMAT can deliver comparable plan quality to that of
helical tomotherapy. However, with more complex planning criteria imposed, helical

tomotherapy was able to deliver plans of slightly higher quality.
1.5.4 RapidArc™and Volumetric Modulated Arc Therapy™

Varian’s RapidArc delivery system (Varian Medical Systems, Palo Alto, CA) is very
similar to the IMAT delivery method described by Yu [Yu, 1995]. The major dif-
ference is that RapidArc is capable of delivering the entire treatment with only one
rotation of the gantry and is therefore potentially faster. During the rotation, the
orientation of the MLC leaf travel can be angled to the path of rotation. The ability
to select the MLC orientation allows reduction of the artifacts in the dose distribution
from inter-leaf leakage. Alternatively, by aligning the leaves with the rotation plane,
the inter-leaf leakage can be incorporated in the dose delivery. The benefit of the sin-
gle arc over IMRT is in reducing the required number of monitor units for a treatment
and hence faster treatment times, reducing patient exposure to scattered radiation
and reducing patient movement. An example illustration of a RapidArc treatment

is shown in Figure 1.13 (left). The ability to determine the MLC leaf sequencing for
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RapidArc was made possible by the work of Otto [Otto, 2008]. Several early studies
investigating the effectiveness of RapidArc and comparison with other arc treatment
modalities have been published [Clivio et al., 2009; Cozzi et al., 2008; Fogliata et al.,
2009, 2008; Gagne et al., 2008; Johansen et al., 2009; Kjaer-Kristoffersen et al., 2009;
Korreman et al., 2009; Ling et al., 2008; Nicolini et al., 2008; Vanetti et al., 2009;

Zimmerman et al., 2009].

Figure 1.13: The RapidArc ™ (left) and VMAT ™ (right) radiation delivery systems.
[Varian Medical Systems, Palo Alto, CA] [Electa AB, Stockholm, Sweden)]

The RapidArc delivery system is termed a volumetric modulated arc therapy
(VMAT) technique. A nearly identical arc delivery system is now offered by Elekta
(Elekta AB, Stockholm, Sweden) under the name VMAT. Elekta’s VMAT is similarly
designed to deliver the radiation in a single arc and is also capable of completing a
treatment fraction in under 2 minutes. An example illustration of an Elekta VMAT

treatment is shown in Figure 1.13 (right).

1.6 Treatment Plan Optimization

The subject of treatment plan optimization is now briefly introduced in this section.

It should be noted that it is inherently difficult to report the specific inner workings
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of commercial treatment plan optimization algorithms as the material is, in general,
proprietary. A basic description of a probabilistic metaheuristic type algorithm for
the minimization of a cost function is now presented along with a discussion of the

method of dose calculation in commercial treatment plan optimization systems.
1.6.1 Simulated Annealing

Dynamic MLC leaf sequences or static MLC apertures for delivery of an intensity
modulation are commonly derived from an optimally derived radiation intensity map.
The optimal radiation intensity map can be determined through a stochastic iterative
optimization method such as simulated annealing. In this method, the radiation field
is divided into beam elements (beamlets)® for which the weights of each can be
optimized to minimize a cost function. Equation 1.2 serves as an example quadratic
cost function quantifying difference in dose agreement between a prescribed dose
distribution and a realized beamlet weighted dose distribution (based on the original

radiotherapy treatment planning cost function presented by Webb [Webb, 1991])

0.5

o= |() RO =BT 12

where C,, is the cost at the nth iteration, Dy(7) is the desired dose at the point 7
in the patient, D, (7") is the computed dose at point 7 after the nth iteration and
N is the number of dose points taken. I,,(7”) is an importance weighting factor that
can be used to scale the cost function contribution from n regions/organs within the
patient. In this function D,(7’) is determined during each iteration by calculation

of the weighted sum of beamlet dose distributions at point 7~ by

D,(T) =Y _ WmD"(T), (1.3)

for which W™ is the weight of beamlet m and D™(7") is the dose to point 7~ from

6Beam elements can alternatively be referred to as fluence elements or fluence pixels.
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beamlet m.

The search for a global minimum of C), is often carried out through the use of a
simulated annealing type regime to avoid becoming “trapped” within local minima
during the search for the global minimum. A comprehensive description of conven-
tional treatment plan optimization is provided by Webb [Webb, 1991]. In general,
the cost function of Equation 1.2 is minimized by iteratively adjusting weights W,,
for each n iteration, accepting those adjustments that reduce C,,, and accepting those
adjustments that increase C,, with a probability function such as

Cit1-C;

Paccept =e T (14)

where the temperature T is decreased according to a “cooling schedule”, C;, 1 and C;
are the calculated costs for the current and previous iterations and k is an arbitrary
constant.

It should be noted that often the MLC leaves cannot be made to deliver the
optimal intensity map derived by the above simulated annealing optimization algo-
rithm due to mechanical restrictions, radiation leakage through the leaves and/or the
physical leaf dimensions [LoSasso et al., 1998].

As observed by Llacer et al. [Llacer et al., 2003] and Jeraj et al. [Jeraj et al., 2003],
in the presence of non-convex parameter spaces, few cases with local minima actually
arise in practice. Those that were observed were found to produce dose distributions
very close to the global minimum suggesting that alternatives to simulated annealing
(such as stochastic gradient descent) could also be successfully used in radiotherapy
optimization.

Bush [Bush and Popescu, 2006] has introduced a modification to the above cost
7)1

function for use with MC dose calculation in which C,, is further weighted by o(

9

the simulation uncertainty at point 7. The cost function is then
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In this way, the cost function is isomorphic with the y? statistic and the optimization

becomes a x? minimization.
1.6.2 Dose Calculation in Treatment Planning Optimization

The majority of implementations of treatment planning optimization algorithms
for IMRT have performed calculations of the dose delivered from each beamlet or
fluence element (D,,(7") from the previous section) using a pencil beam convolu-
tion/superposition type algorithm [Boyer and Mok, 1985; Mohan et al., 1986; Mohan
and Chui, 1987]. In this approach, the dose delivered is calculated at each calculation
point within the patient using a convolution of the TERMA (see Section 1.3) from the
finite sized beam element of radiation with a radial dose deposition kernel describ-
ing the dose component from scattered particles for a given material density, mean
energy and intensity [Metcalfe et al., 2007]. Because separate kernels must be used
for each material density, the convolution is technically a superposition operation, by
which it is alternatively referred.

The accuracy of convolution /superposition pencil beam algorithms has been thor-
oughly investigated. In particular, their ability to correctly model dose in the presence
of tissue inhomogeneities was examined. Ma et al. [Ma et al., 2000] have shown a
commercial implementation to miscalculate dose by up to 20% within organs at risk
where inhomogeneities exist. Significant differences with Monte Carlo dose calcula-
tion have also been reported by Wang et al. [Wang et al., 1998|. Cranmer-Sargison
et al. [Cranmer-Sargison et al., 2004] have shown inaccuracies (overestimation of the
dose to lung) in lateral profiles across a sharp lung-water interface by as much as
16%. Knoos and Weislander [Knoos et al., 1995; Wieslander and Knoos, 2000] have

also observed differences in a mediastinum water-cork geometry by as much as 14%.
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The above findings have recently prompted several improvements to commercial
convolution pencil beam algorithm. For example, Varian’s new anisotropic analyti-
cal algorithm (AAA) accounts for tissue heterogeneity anisotropically in the three-
dimensional neighbourhood of an interaction site by using photon scatter kernels
along multiple lateral directions [Ulmer et al., 2005]. Studies on the accuracy of the
algorithm have found significant improvements. Confidence limits on the lung-water
interface test was found to be within 4% [Gagné and Zavgorodni, 2007]. Sterpin et
al. [Sterpin et al., 2007] has found the algorithm accurate to within 5% at interfaces
and 1.7% differences in the mean planning target volume dose for a clinical case.
The improvements to the algorithm come at a computational cost. The algorithm
cannot be implemented in the iterative stages of the optimization at present due to
the required computational time. The algorithm is used only after the optimization
completes as a final dose calculation.

Modeling the photon fluence through the MLC for intensity modulation is in-
herently difficult with analytical methods and can contribute to the inaccuracy of
commercial treatment planning systems. The accuracy of commercial MLC model-
ing in the Eclipse treatment planning system has been investigated by Gagne et al.
[Gagne et al., 2008|, where it was determined that modeling errors can be as high
as 12% near isolated MLC leaf edges and up to 5% at the leaf end. Mihaylov and
Siebers [Mihaylov and Siebers, 2008] have also observed significant dose calculation
errors leading to optimization convergence errors resulting from use of a convolu-
tion/superposition algorithm in deliverable IMRT optimization for head-and-neck
patients.

While improvements to convolution/superposition pencil beam algorithms have
been made, further improvement can be achieved through the use of Monte Carlo
based dose calculation techniques. A significant reduction in dose calculation errors

and optimization convergence errors can also be achieved through the use of a more
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accurate Monte Carlo algorithm [Mihaylov and Siebers, 2008]. The Monte Carlo ap-
proach applies a stochastic approach to modeling the individual particle interactions
that occur from the passage of radiation through matter. The result is the potential
for a highly accurate method of determining the dose delivered to the patient. The

Monte Carlo dose calculation method will be introduced in detail in Chapter 2.

1.7 Dissertation Scope

The remarkable accuracy of Monte Carlo (MC) dose calculation algorithms has led to
the widely accepted view that these methods should and will play a central role in the
radiotherapy treatment planning of the future. The advantages of using MC clinically
are particularly evident for radiation fields passing through inhomogeneities, such as
lung and air cavities, and for small fields, including those used in intensity modulated
radiation therapy (IMRT). Many research groups have reported significant differences
between MC and conventional treatment planning systems in such complex situations,
and have demonstrated experimentally the unmatched ability of MC to model charged
particle disequilibrium [Boyer and Mok, 1985; Mackie et al., 1985; Knoos et al., 1995;
Wieslander and Knoos, 2000; Cranmer-Sargison et al., 2004; Vanderstraeten et al.,
2006).

Alongside the development of MC methods in radiotherapy, radiation delivery
techniques have continued to evolve, with arc therapy and other advanced delivery
techniques poised for widespread clinical use in the coming years. Few would argue
that the combination of a fast, gold standard, MC dose calculation algorithm in the
planning stages of advanced radiotherapy delivery would represent a powerful tool for
radiotherapy treatment. At present no tool as such exists; there are many remaining
issues impeding this goal. The scope of this dissertation is, therefore, to investigate
several of these existing deficiencies in an effort to both further enable and improve

the use of MC dose calculation in advanced radiotherapy. In the following paragraphs
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the specific developments of four techniques are presented.

A pervasive limiting factor in the MC dose calculation process remains the ability
to accurately represent the radiation field emerging from the accelerator head. This
limitation is not confined to the modeling of advanced RT delivery techniques, but
also appears in the modeling of more rudimentary open field techniques. The sub-
ject has been extensively researched with proposed solutions coming from a variety
of modifications such as to the physical densities of components (target, flattening
filter) in the accelerator head model [Hasenbalg et al., 2007; Keall et al., 2003], modi-
fications to geometric components of the model (flattening filter, primary collimator,
lead shielding, etc.) [Chibani and Ma, 2007; Keall et al., 2003], variations in in-
cident electron beam spectrum [de Smedt et al., 2005; Faddegon and Blevis, 2000;
Sheikh-Bagheri and Rogers, 2002b], modifications to the EGSnrc interaction mod-
els (pair/triplet production, radiative corrections in Compton interactions) [McEwen
et al., 2008].

Fluctuations in radiation output from accelerators of the same model are very
common. The manufacturer’s tuning process often involves adjustment of the accel-
erating potential and/or insertion of attenuating shims to compensate for machining
and density tolerances, waveguide resonance differences and/or other tolerances dur-
ing the manufacturing of each linac. For this reason each MC accelerator unit must
be commissioned to measurements.

The first component of this dissertation is to develop an efficient method for the
determination of the optimal intensity distribution of the pre-target electron beam
able to most accurately reproduce a set of measured photon field profiles for a given
accelerator structure and incident electron beam energy. To achieve this, a novel
method will be presented in which the pre-target electron beam intensity distribution

can be inferred by employing a simulated annealing algorithm. The method allows
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investigation of deviations from the pure Gaussian intensity distribution (commonly
assumed) and has the potential to substantially speed up the parameter selection in

the computational stages of the commissioning process.

A second component of this dissertation is to design, implement and evaluate the use
of a technique for the reduction of latent phase space variance” in Monte Carlo simu-
lation. The ability to model the accelerator head in a two-step approach with phase
spaces offers the advantage of avoiding re-simulation of the unchanging accelerator
components from patient to patient. During this process, a phase space from which
the patient dependent simulation begins is often required to be reused/recycled (due
to the finite number of particles it contains). The recycling of phase space particles
inherently introduces an additional variance into the simulation, termed latent phase
space variance [Sempau et al., 2001]. The latent phase space variance is reported
by simulation codes in combination with the variance associated with the standard
transport of particles. Upon inspection, the latent phase space variance component
was found to be sufficiently significant to be a clearly visible feature of large field
calculated dose distributions, even when using a relatively large phase space file of
more than 65 million particles. By applying a random azimuthal rotation about the
beam’s central axis to each recycled particle, the latent variance originating from the

reuse of particle positions is reduced.

As of yet there are no commercially available treatment planning systems using MC
dose calculation for advanced radiotherapy deliveries, such as RapidArc or VMAT.
The importance of treatment plan dose verification in arc radiotherapies has been
discussed by Li et al. [Li et al., 2001] with respect to IMAT delivery. RapidArc and

VMAT radiation fields are of increased complexity, in comparison with the character-

"The concept of a phase space will be discussed in Chapter 2 and 4. For the current discussion
a phase space can be considered to be a set of particle records (energy, momentum, type) used to
describe the radiation beam at a particular location in the accelerator treatment head.
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istic IMAT dynamic gantry and MLC motions. Small field apertures are commonly
found in RapidArc plans as well as a variable dose rate during delivery. In a third
component of this dissertation, a novel method of modeling the dose delivered from
volumetric modulated arc therapy plan using MC dose calculation will be presented.
The work represents the first published method of calculating RapidArc treatment
plans with MC dose calculation and provides a platform for verifying other arc ther-

apy delivery methods such as VMAT and IMAT.

At present, the optimization of IMRT plans is carried out using dose calculations
from analytical methods such the pencil beam (PB) model, collapsed cone (CC)
model or analytic anisotropic algorithm (AAA). Analytic dose calculation methods
are, in general, faster but less accurate than MC dose calculation methods. The
optimization of VMAT and RapidArc therapy plans is performed based on dose
calculations from a highly simplified pencil beam algorithm that does not take into
account any inhomogeneities in the patient. This simplistic dose calculation method
is implemented to minimize the computational effort during the plan optimization. A
final calculation of the dose to be delivered is performed after the optimization using
a more accurate calculation method. The feasibility of using MC beamlets in IMRT
has been investigated by Bergman et al. [Bergman et al., 2006]. In a step toward
introducing MC dose calculation into the planning of VMAT treatments, a technique
will be presented to both generate and store a set of MC calculated beamlets and the
respective dose distributions for use in treatment plan optimization. A requirement
to store/buffer the large amount of dose data for a set of arc therapy beamlets is not
achievable without implementing a data compression technique. A novel 3-D dyadic
multi-resolution decomposition algorithm will be presented and the compressibility of
the dose data using this algorithm will be investigated. The MC beamlet calculation

method in conjunction with 3-D compression of the resulting data represents a viable
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means to introduce MC dose calculation in the planning and optimization stages of

advanced radiotherapy.
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Chapter 2

Introduction to Monte Carlo Sampling

Methods in Radiation Therapy
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2.1 The Monte Carlo Method

The Monte Carlo (MC) method is a method of approzimately solving mathematical
and physical problems by the simulation of random variables [Sobol, 1974]. Given a
specific probability density function (PDF), the ability to generate random numbers
in proportion to the PDF provides a means to simulate physical systems. This
is achieved in the MC method through the transformation of a set of uniformly
distributed (pseudo) random numbers (easily generated on a modern computer) into

the desired distribution of random numbers.
2.1.1 Transformation of Random Numbers by Integral Inversion

Consider the known probability density function p(z), for which it is desired to gen-
erate random values X, distributed over the interval [X,,in, Xynae| with density p(z).

It can be shown that the values of X are given by

/ p(z)dz = G, (2.1)

Xmin
where G is a set of uniformly distributed numbers, and X,,;, is the lower bound of
the range of desired X values [Sobol, 1974].
The method of transforming a uniform random variable is demonstrated within

the following example.
Example: Integral Inversion Sampling of Interaction Probability

Consider the exponentially distributed PDF for determining the probability of inter-
action for a photon penetrating an infinitely thick slab of material:
p(z) = pe ™ for 0 <z < oo, (2.2)

where p is the sum of linear attenuation coefficients (in cm™1!) for all photon interac-

tion types (e.g. pair production, Compton scattering, photoelectric effect, coherent
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scattering) for a given energy and material type. Using Equation 2.1, the uniform
set of random numbers G is transformed into the set of numbers X distributed as

p(z) in the following way:

b's
G= / pe Mdx (2.3)
0
G=1—e"X
1
X=—In(l1-G) for 0<G<1.

i

By binning X for a set of random numbers G, the resulting histogram is isomorphic
to the shape of p(x).

It is often the case, however, that p(z) is of a form that Equation 2.1 cannot be
inverted to solve for X. An alternative to the integral inversion method described

above is found in the following acceptance-rejection MC method.
2.1.2 Transformation of Random Numbers by Acceptance-Rejection

In the event that the inverse of p(z) cannot be obtained the MC method can still
be applied through use of the acceptance-rejection method. This method was first
used by French scientist Georges-Louis Leclerc, Comte de Buffon as early as the 18th
century in a technique known as Buffon’s needle. The acceptance-rejection technique
was later formalized by John von Neumann.

Given the PDF, p(x), a rectangular sampling envelope is constructed which com-
pletely encloses the area under p(z). Suppose N random points uniformly distributed
over the sampling envelope are chosen by generating a pair of uniform random num-

bers G; and G5 such that

pmm(x> S G2 S Pmazx (ZL’)



2. Introduction to MC Sampling in Radiotherapy 35

form the coordinates of the point (G7,G3). For each x = Gy generated, p(Gy) is

evaluated and compared to Gs. In the event that

Gy < p(Gh), (2.4)

the random value G is accepted, otherwise it is rejected and another set of Gy
and Gy are generated. In this way a random set of values G; distributed as p(x)
can be generated from two uniform distributions of random numbers. The obvious
disadvantage of this method is that a portion of the random numbers generated are

wasted and each accepted value requires two random numbers be generated.

Example: Acceptance-Rejection Sampling of the Klein-Nishina

Cross-Section

The sampling of Compton photon scattering angles € is now presented as an example
of the acceptance-rejection method. The PDF of photon scattering angles for free

electrons is described by the Klein-Nishina cross-section

1 7 sin(60)r? (1 + cos*(0) + 02%)

o(6) = e (1+ a(l —cos(9)))? ’ (2.5)

where o, is the total cross-section, r is the classical electron radius, € is the photon
scattering angle, and « is the ratio of incident photon energy to electron rest mass.
In this example the azimuthal dependence of the cross-section has been removed
through integration.

In Figure 2.1 (top), the Klein-Nishina cross-section is plotted for an incident
photon energy of 6.0 MeV, 0.511 MeV and 0.0511 MeV. Considering the example of
a photon with incident energy of 0.511 MeV (see Figure 2.1 bottom), random variables
G1 and G9 are generated from a uniform distribution (easily done with a computer)

such that
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0<G; <7 and
O S GQ § Umax(9>~

Evaluating o(0) for all 8 = G it is determined if the acceptance criterion of Equation
2.4 is met. The accepted values of GG; are thereby distributed as o(0).

It should be noted that the above example is simplified for clarity. The MC
sampling of a Compton scattering event employed within the MC codes used in this
research employs a more complex, but faster approach. Although based on the Klein-
Nishina cross-section, binding effects and Doppler broadening are included and the

sampling is done using the approach of Kahn [Kahn, 1954].

Efficiency Improvements and Variance Reduction Techniques in Monte

Carlo Sampling

The unconditional acceptance probability is calculated to be the ratio of particles
accepted to those generated. Sampling is therefore more efficient when the uncondi-
tional acceptance probability is high. In the case of integral inversion sampling, the
unconditional acceptance probability equal to 1. Efficiency of acceptance-rejection
sampling can be increased through careful selection of the sampling envelope. In
some cases the sampling efficiency can be improved by constructing a complex non-
rectangular envelope.

Other techniques have been developed in an effort to increase sampling efficiency
such as the Ziggurat algorithm [Marsaglia and Tsang, 2000] and the Box-Muller trans-
form [Box and Muller, 1958]. In these cases although the unconditional acceptance
probability is less than 1, computational tricks have been implemented to reduce
their computation times to below that of the integral inversion method.

The variance in estimating the properties of a particular random distribution

may be reduced, in some cases, through the use of an importance sampling technique
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Figure 2.1: The acceptance-rejection method of transforming random variables. In this
example a Compton scattering event is modeled by generating two random numbers G
and Gg from a uniform distribution with a range corresponding to the sampling envelope.
Accepted values of Gp are indicated by circles while those rejected are indicated with x’s.
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[Robert and Casella, 2005] [Denny, 2001]. In this technique one samples from a
distribution other than the uniform G of above. In importance sampling one attempts
to avoid taking samples in regions where the PDF is less important to the problem
at hand, and to concentrate on those regions contributing more to the problem at
hand. To account for this bias the samples are weighted appropriately by the inverse
of the applied importance function [Borcherds, 2000]. A careful choice of the biased
distribution to encourage the important regions of the input variables is imperative
as the reward can be significant run-time savings. Poor choice of distribution can
result in longer run times than sampling without importance sampling [Robert and
Casella, 2005].

It is somewhat natural to think of MC methods used in the above examples
in simulating random, or stochastic, processes described by a PDF. It should be
realized that this general description of MC methods may not seem relevant to some
applications with which MC is used. For example, in the case of definite integration,
random sampling would seem to have no apparent stochastic content. In such cases,
shedding one’s intuition and posing the solution in terms a PDF' can allow the problem
to be thought of as a stochastic process, and hence justify the use of the MC method

to “simulate” the system.

2.2  Simulating Radiation Transport with EGSnrc

The MC methods briefly described in the previous section have been applied to
many of the known interactions a particle may undergo with matter. Using these
methods the ability to transform distributions of random numbers to model individual
particle interactions is realized. However, in order to model the passage of a particle
through, for example, a slab of lead, a particle detector, or even the human body,
the ability to link the outcomes of successive interactions and particle trajectories

forming the particle shower is required. The EGS (Electron-Gamma-Shower) code



2. Introduction to MC Sampling in Radiotherapy 39

[Nelson et al., 1985], developed at the Stanford Linear Accelerator Center, represents
an amalgamation of particle interactions for the coupled simulation of electrons and
photons in an arbitrary material geometry from a few keV up to several hundred
GeV. Using EGS, quantities of interest can be calculated by averaging over a given
set of MC particle cases or histories.

A detailed account of the MC modeling of particle interactions within EGS(4) is
presented in the classic SLAC 265 report [Nelson et al., 1985]. Further refinements of
the physics within EGS to improve its use in the modeling of radiotherapy were insti-
tuted by the Omega group in the mid 1990’s within the National Research Council of
Canada (NRC). The aptly named EGSnrc contained enhancements specifically to the
electron transport algorithm, variance reduction techniques (bremsstrahlung split-
ting, Russian roulette, range rejection) and several of the physics models (bremsstrahlung
angular sampling, photo-electric/Compton electron relaxations). A detailed account
of the physics instituted in EGSnrc can be found in NRC Technical Report PIRS-701
[Kawrakow and Rogers, 2000].

2.2.1 Photon Interactions Modeled within EGSnrc

The interaction of photons with matter occurs via four basic processes [Kawrakow

and Rogers, 2000]:
(i) Coherent (Rayleigh) scattering with atoms or molecules in the medium
(7i) Photo-electric absorption

(#i) Incoherent (Compton) scattering with atomic electrons

(iv) Materialization into an electron/positron pair in the presence of the electro-

magnetic field of an atomic nuclei and surrounding electrons (pair production)

With the exception of coherent scattering, each process transfers energy from the

photon field to electrons within the medium. The interaction probabilities in water
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below 100 MeV for the above processes are shown in Figure 2.2. From this figure it
is evident that the pair production process dominates at higher energies, Compton
scattering dominates at intermediate energies, and at lower energies photo-electric
absorption dominates. The interaction probabilities are dependent on the medium

in which the processes occur.
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Figure 2.2: Photon interaction probabilities in water below 150 keV (top) and up to
100 MeV (bottom) of coherent scattering, photoelectric effect, Compton scattering, and
pair production interactions (Data from Johns and Cunningham [Johns and Cunningham,
1983)).
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Table 2.1: Summary of interaction cross-sections implemented in EGSnrec.

Interaction

Cross-Section

Coherent

Photo-electric

Incoherent

Pair/Triplet

Storm and Israel [Storm and Israel, 1970]
(W atomic form factors [Hubbell and @verbg, 1979])
or XCOM [Berger and Hubbell, 1987]

Storm and Israel [Storm and Israel, 1970]
(W Sauter distribution for photo-electron direction [Sauter, 1931])
or XCOM [Berger and Hubbell, 1987]

Klein-Nishina
(W binding effects and Doppler broadening [Ribberfors, 1975])

Relativistic first Born approximation [Motz et al., 1969
(Coulomb corrected > 50 MeV)

A thorough description of the cross-sections adopted within EGSnrc is available

in NRC Technical Report PIRS-701 [Kawrakow and Rogers, 2000]. A summary is

compiled in Table 2.1.
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2.2.2 Electron Interactions Modeled within EGSnrc

An electron traveling through matter loses energy in two ways [Kawrakow and Rogers,

2000]:

(i) Inelastic collisions with atomic electrons

(i1) Radiative energy loss

Radiative energy losses occur in the form of bremsstrahlung and annihilation events
with positrons. Inelastic collisions dominate at lower energies. Bremsstrahlung pro-
duction dominates at high energies. In addition, electrons undergo a large number

of elastic collisions with atomic nuclei leading to frequent changes in direction.
Electron Transport: PRESTA 11

The modeling of charged particle transport is inherently difficult. Cross-sections
for electron interaction become infinite as the kinetic energy approaches zero. The
cross-sections are, in fact, finite but the exact values are not well known [Nelson
et al., 1985]. However, low momentum transfer events do not significantly affect the
shower results and so multiple steps can be lumped together in some cases without
significant loss of simulation accuracy and approximated using a continuous slowing-
down type approximation (CSDA). Lumping electron scattering events is known as
a condensed history (CH) technique. A major difficulty with this technique arises
in the region of material boundaries where the approach breaks down because one
cannot account for the ensemble of paths occurring in the adjacent medium. Solving
this problem required the development of new multiple scattering theories and more
complex algorithms for transporting electrons, including reverting to modelling single
scattering events near material boundaries (PRESTA II) [Rogers, 2002; Kawrakow
and Bielajew, 1998].



2. Introduction to MC Sampling in Radiotherapy 43

2.3 Simulating Radiation Transport within the Accelerator
Head: BEAMnrc

As described in the previous sections, EGSnrc provides a tool to accurately model a
particle shower using MC methods within a defined geometry. The software package
BEAMnrc [Rogers et al., 1995], represents a specialized user code of EGSnrc for the
simulation of radiation beams from radiotherapy units including high-energy electron
and photon beams, Cobalt-60 (Co®) beams and orthovoltage machines. Geometries
of the accelerator’s components are defined through the use of component modules.
In Figure 2.3, the component modules used in the modeling of the Clinac 21EX are
displayed. From this figure, simulation A (left) is shown to model all of the patient
independent component modules of the accelerator head: target, primary collimator,
flattening filter, monitor chamber and mirror. The resulting phase space (PSy4) is
then used as a source for simulation B (right). During simulation B the chamber
and mirror remain in place to score the backscattered dose to the chamber from the
secondary collimator, a requirement for converting the resulting dose distributions to
absolute dose using the method of Popescu et al. [Popescu et al., 2005]. By avoiding
re-simulation of the unchanging components using a two-step approach, simulation
times are reduced.

In Figure 2.4, the defined geometries for the Varian Clinac 21EX are displayed
for energy configurations of 6 MeV (left) and 18 MeV (right).

The ability to score particle characteristics in a phase space file (PSF) is an in-
tegral part of the BEAMnrc code, allowing the stopping/restarting of simulations,
analysis of particle characteristics, modification of particle characteristics, etc. The
characteristics recorded in the PSF include each particle’s energy, position, direc-
tion cosines, weight, LATCH history, and optionally, the Z coordinate of the last

interaction.
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Figure 2.3: Schematics of the two-step simulation of the Varian 21EX. Simulation A
(left) models all of the patient independent components. Simulation B (right) models the
remaining patient dependent components. (with permission from Popescu et al. [Popescu
et al., 2005])

2.4 Variance Reduction Techniques and Efficiency
Improvements

BEAMnrc has introduced several techniques to allow variance reduction and improve
simulation efficiency. An overview of the most common techniques will now be pre-

sented.
Range Rejection

Most of the computation time in MC simulation is devoted to tracking electrons.
Range rejection can allow significant time savings during computations of electron
transport. In this technique the residual range of each charged particle is calculated
and the history is terminated if it cannot escape from its current region. The threshold
for cutoff is defined using ECUT (defined in MeV, including rest mass) which can be
set independently in each region of the accelerator model.

Because any potential photons (produced via bremsstrahlung) are assumed to
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Figure 2.4: The 6 MV and 18 MV geometric accelerator models showing explicit differ-
ences in flattening filter design and target thickness for the Varian Clinac 21EX.
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deposit their energy within the current region, range rejection introduces an approx-
imation into the simulation. Care must therefore be taken to select an appropriate
value for ECUT [Rogers et al., 1995]. As a general rule, ECUT is set such that an
electron of energy ECUT has a range of less than ~1/3 of the smallest dimension of

the geometric dose scoring region of interest.!
Bremsstrahlung Splitting and Russian Roulette

Photons are produced in a medical linac via bremsstrahlung within the electron
target. A significant portion of the computations in a photon beam accelerator simu-
lation involve tracking electrons within the target. The statistical uncertainty in the
photon fluence, for a given number of incident electrons, can be significantly reduced
by sampling multiple bremsstrahlung photons at each bremsstrahlung interaction site
[Rogers et al., 1995]. To statistically account for the split, each photon is weighted
by the inverse of the number of photons split into (splitting factor).

In conjunction with bremsstrahlung splitting, Russian Roulette can be used to
restrict the number of electrons produced by the split photons. Since, in general,
these electrons contribute little to the dose in the patient, it is not practical to
simulate the many interactions required for each electron. Using Russian Roulette,
the number of electrons can be reduced back down to that without splitting. This
is carried out through comparison of a uniform random number, generated for each
particle, to a survival threshold and terminating each particle above this threshold.
To statistically account for the termination, each surviving electron is weighted by
the applied splitting factor.

Further improvement to the bremsstrahlung splitting technique was achieved us-
ing a technique known as directional bremsstrahlung splitting (DBS) [Kawrakow
et al., 2004]. Using DBS, multiple bremsstrahlung photons are sampled at each

bremsstrahlung interaction site as before. Resulting photons that are aimed into the

'An ECUT of 0.700 MeV is, in general, considered conservative for most detailed simulations.
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field of interest (defined by the user) are kept. All photons aimed outside of the field
undergo Russian Roulette. To reduce the number of charged particles in the defined
field, all photons about to undergo pair production, incoherent, or photo-electric
events are forced to take part in Russian Roulette. DBS was found to increase effi-
ciency by approximately 20 times over uniform bremsstrahlung splitting. However,
DBS must be used appropriately as it will result in only a few charged particles

exiting the accelerator model outside of the defined field.
Photon Forcing

Photon forcing is the process by which photons are forced to interact in specific re-
gions of the accelerator model where relatively few interactions occur statistically. A
copy of the photon is created and is forced to undergo an interaction. The weight of
the scattered photon is scaled by the interaction cross section. The original photon
continues on its path “unscattered” but scaled by a weight of 1 minus the interaction
cross section. Photon forcing is commonly used to determine the electron contami-
nation from particular regions of the accelerator model (such as in the air within the
accelerator). Using this technique the variance of a simulation investigating particle

scatter can be reduced when photon interactions are sparse.

2.5 Modeling the Multi-Leaf Collimator

For a given treatment, the MLC may be static, such as in conformal radiotherapies
and aperture based IMRT, or dynamic, such as in dynamic IMRT and volumetric
modulated arc therapies.

Transport through the MLC has been documented in the following ways [Chetty
et al., 2007

(i) Explicit transport of each history through a detailed model of the MLC [Rogers

et al., 2006; Heath and Seuntjens, 2003; de Walle et al., 2003]
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(71) Explicit-approximate transport in which the MLC is explicitly modeled but ap-
proximations are employed in the Monte Carlo photon /electron tracking scheme
to improve simulation efficiency [Liu et al., 2001; Siebers et al., 2002; Tyagi
et al., 2007]

(71i) Pseudo-explicit transport where an MLC characterization model or “toy-model”

is used to describe the modulation effects [Chetty et al., 2000]

Examples of explicit transport (i) include the BEAMnrc component modules
MLC, MLCQ, VARMLC [Rogers et al., 2006] and DYNVMLC [Heath and Seunt-
jens, 2003] for the Varian Millenium MLC, and MLCE [de Walle et al., 2003] for the
Elekta MLC. Explicit transport is inherently the most accurate method of modeling
the MLC since a particle shower is transported through a detailed MLC geometry.
However, it is also the most computationally demanding. In the case of modeling a
dynamic MLC, where only a small area of the field may be exposed throughout the
leaf motion, the explicit transport method can result in a large number of particles
terminating within the MLC [Siebers et al., 2002].

Examples of explicit-approximate transport (i7) methods include the work of Liu
et al. [Liu et al., 2001], Siebers et al. [Siebers et al., 2002] and Tyagi et al. [Tyagi
et al., 2007]. The approximations introduced include simplifications to the MLC
geometry [Liu et al., 2001], modeling only a single Compton scattering event for each
photon passing through the MLC [Siebers et al., 2002] or modeling only primary
electrons created within the MLC [Tyagi et al., 2007].

An example of pseudo-explicit transport is presented by Chetty et al. [Chetty
et al., 2000] in which a virtual source model is developed for simulating arbitrary,
external beam, intensity distributions. The pseudo-explicit transport method is ex-
pected to be the least computer intensive method of modeling the MLC.

For the body of research presented in this dissertation, the explicit-approximate
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method of Siebers et al. [Siebers et al., 2002] was chosen for modeling of the MLC.
This method was selected to optimize the balance of accuracy and simulation effi-

ciency.
2.6 Simulating Radiation Transport into the Patient

2.6.1 CTCreate

A phantom is constructed using a 3-D matrix of voxels (volume elements) for which
each voxel contains a physical density and material assignment. There are two ways
by which this matrix is most commonly created. The first way is by simply defining
a set of x, y, and z boundaries and assigning densities and material types to these
voxels using an (.egsinp) input file. The second way, used commonly for simulations
on patient geometries, is to create the phantom from a set of CT images taken of
the patient. From this set of images, the CT densities in Hounsfield units®* (HU)
are interpolated onto a 3-D matrix of voxels and converted into equivalent physical
densities.

The conversion from CT densities to physical densities is achieved through inter-
polation of optical-to-physical density relations forming a CT ramp (see Figure 2.5).
The matrix of physical densities is then written to a file (.egsphant). Also included in
this file is a list of media present in the patient model, as well as a map of individual
voxels to material type. It should be noted that, in general, not every material type is
defined in this file. Instead, only the most common material types may be included.
The assignment of material types is also achieved using the CT ramp (see Figure
2.5). The assignment of material type is based only on each voxel’s average physical
density. At the time of simulation the atomic properties (eg. electron densities) of
each voxel are buffered into memory and pre-calculations of cross-section data are

performed. The BEAMnrc software package includes CTCreate, a tool for creating

2HU = Bt 5 1000.

Hw
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phantom models, as part of the distribution.
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Figure 2.5: A sample CT ramp for conversion of CT values to material type and densities
in CTCreate [Rogers et al., 2006]. (With permission from the National Research Council
of Canada)

The DICOM (Digital Image and Communications in Medicine) image format
provides a standard format by which the CT scanner data can be exported. The
image resolution is not fixed, although 512 x 512 pixels is commonly used. The
spacing of the pixels is determined by the size of the area that was imaged and is
uniform along each axis. The number of CT images or slices is generally determined
by the volume of the prescribed region to be imaged and the slice spacing specified
by the oncologist.

Often, raw CT images contain structures (other than the patient) that, if left in
the CT image, can lead to incorrect modeling of the phantom. Common sources of
these structures include the CT couch, which is not made of the same material as
the treatment couch (the treatment couch is carbon fiber whereas the CT couch is
plastic) and CT head support. To eliminate such structures from the CT images, a
program was written [Zavgorodni et al., 2007] to assign all pixels outside of a defined

contour to a defined Hounsfield value (usually air or vacuum). A phantom can then



2. Introduction to MC Sampling in Radiotherapy 51

be created with the corrected CT images (see Figure 2.6).

Figure 2.6: 3D reconstruction images of a DICOM CT data set before (top) and after
(bottom) removal of the CT couch. Prior to removal the couch can be seen faintly in the
lower right corner of the upper figure.

2.6.2 DOSXYZnrc

Once particle transport through the accelerator head has been simulated with BEAM-
nrec, the output can be transported into the constructed patient phantom using the
DOSXYZnrc user code (included in the BEAMnrc distribution). There are several
ways in which the particles emerging from the accelerator head may be passed on to

DOSXYZnre. First, through the use of a phase space file generated in BEAMnrc (and
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Figure 2.7: Orientation of the BEAMnrc phase space with respect to DOSXYZnrc. The
isocenter, (xiso,yiso,ziso) defines the origin of the coordinate system. The phase space
position is then defined using the angles, theta and phi. In this figure, with the beam
incident on the centre of the negative Y face of the phantom, theta is set to 90° and phi
is set to 180°. In this figure, xcol and ycol define the x and y dimensions of the secondary
collimator (the jaws). Phicol defines the rotation of this collimator [Rogers et al., 2006].
(With permission from the National Research Council of Canada)

optionally modulated by a code such as vcuDMLC). Second, by characterizing the
particles from BEAMnrc into a series of histograms and sampling from the derived
particle source model. Lastly, by incorporating the BEAMnrc simulation as a shared
library in DOSXYZ such that each particle requested by DOSXYZnrc is transported
through the BEAMnrc simulation on-the-fly. DOSXYZnrc is specifically written for
obtaining the dose (and accompanying uncertainty) in a Cartesian geometry.

In DOSXYZnrc, a spherical coordinate system is defined to describe the beam inci-
dence on the phantom with an origin set to the isocenter, as defined by (xiso,yiso,ziso)
the x, y, and z distances from the defined (0, 0, 0) origin of the phantom. The in-
cident beam angle is specified by 6, ¢, and ¢, (see Figure 2.7). In practical use of
the accelerator, the incident beam angle is more commonly defined by specifying a

gantry angle, couch rotation angle, and collimator rotation. A coordinate transforma-
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tion is therefore required. Transformation between a right-handed Eclipse coordinate
system and DOSXYZnrc coordinate systems is given by [Thebaut and Zavgorodni,
2006]

6 = cos™ ! (sin(7) sin(p)),

¢ = tan™! (W) . and

beot = £ cos ! [cos(w) cos(7) cos(p) sin(¢) — sin(w) sin(p) sin(h) — cos(w) sin(7) cos(¢)],

where 7 is the gantry angle, p is the couch rotation, and w is the collimator rotation

in Varian Eclipse coordinates. The sign of ¢, is determined by taking the sign of

cos(w) sin(p) sin(¢) + sin(w) [cos(7y) cos(p) sin(¢) — sin(y) cos(p)] .

The absorbed dose is recorded or scored in a 3-D array of voxels with boundaries
as defined in the CT phantom. The user can choose to omit specific voxels from
the scoring array. By default, the dose, uncertainties, and voxel boundaries are all
written in American Standard Code for Information Interchange (ASCII) format to

a (.3ddose) file.
2.6.3 VMC++

A group of Voxel Monte Carlo (VMC) codes have been developed with the aim
of improving the efficiency of MC particle transport with regards to radiotherapy
treatment planning [Kawrakow et al., 1996; Fippel, 1999; Kawrakow and Fippel,
2000a,b]. For the purpose of this dissertation, a focus will be placed on the VMC++

code [Kawrakow and Fippel, 2000b]. A comprehensive overview of VMC codes can
be found in AAPM Task Group Report 105 [Chetty et al., 2007].
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VMC codes specialize in particle transport within a voxelized structure for ra-
diotherapy use (i.e., low-Z materials with densities in the < 3g/cm® and energies
below 30 MeV). The increase in simulation efficiency over DOSXYZnrc is achieved
in VMC++ from the use of additional variance reduction techniques and the use of
a faster electron transport algorithm [Kawrakow and Fippel, 2000a].

Perhaps the most significant variance reduction technique introduced is the simul-
taneous transport of particle sets (STOPS) in which the set of electron tracks set in
motion from a particular interaction type (pair production, Compton, photo-electric)
are saved and reused at other points in the patient. Another feature of VMC++ is
that an electron step can traverse several voxels, which results in significantly fewer
electron steps over DOSXYZnrc [Gardner et al., 2007]. In addition, electrons can be
transported down to zero energy avoiding the deposition of all electron energy below
a cutoff (ECUT) in the current voxel.

A validation of VMC++ dose calculation for photon beams is presented by Gard-
ner et al. [Gardner et al., 2007]. The study concluded that, for the observed patient
plans, the most severe systematic difference introduced by VMC++ was 0.98% of the
maximum dose for 2% of the voxels containing significant dose. The efficiency gain
was found to be at least 10 times over DOSXYZnrec.

The use of VMC++ to model clinical treatment plans requires transformation of
the gantry, couch and collimator angles (International Electrotechnical Commision
or IEC coordinates) into the VMC++ coordinate system. A transformation was
derived by the author from IEC coordinates into VMC++ coordinates (see Section
5.2.1), which utilize the Euler angles to specify the incident beam (i.e., phase space)

orientation.
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2.7 Commercial Radiotherapy Systems Utilizing Monte
Carlo Dose Calculation

Several challenges have historically impeded the clinical implementation of a MC dose
calculation algorithm, most significantly, insufficient computation available for dose
calculations to be performed within a reasonable time frame.®> Along with consis-
tent advancements in computer hardware, many variance reduction techniques have
been implemented in today’s MC simulation codes in an effort to improve efficiency
[Kawrakow et al., 1996; Fippel et al., 1997; Kawrakow and Fippel, 2000a; Siantar
et al., 2001; Fix et al., 2004; Rogers et al., 2006; Walters et al., 2005; Tyagi et al.,
2006]). Although still requiring significantly more computation than conventional
dose calculation techniques, MC dose calculation times can be reduced to the point
of clinical acceptability. Peregrine (North American Scientic: Nomos Division) re-
cently became the first FDA approved planning system with MC dose calculation
for external beam radiotherapy. Peregrine, developed at the Lawrence Livermore
National Laboratory, implements a modified version of the EGS4 library with a new
condensed history electron transport algorithm. VMC codes are also making their
way into many of the latest commercial treatment planning systems (CMS Monaco,
Elekta PrecisePlan, Brainlab iPlan, Nucletron MasterPlan and Varian Eclipse). Ini-
tial implementations were focused on MC dose calculations for electron beam therapy
planning as the performance of analytical electron beam dose deposition calculations
have shown significant inaccuracies (as much as 5-10%) [Ma et al., 1999; Heath et al.,
2004; Cygler et al., 2005; Pemler et al., 2006] and the modeling of a clinical electron
beam can be inherently faster than a photon beam.

At present date, the clinical implementation of MC dose calculation for both elec-

tron beams and IMRT is still very much in the evaluation stages and is likely several

31t is understood that the term reasonable is perhaps different to many RT workers. It may be
suggested here that reasonable be on the order of 20 - 30 minutes rather than hours.
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years away from widespread clinical use. Although desirable, there are currently no
commercial MC based treatment planning implementations for advanced radiother-
apy techniques such as RapidArc, Volumetric Modulated Radiation Therapy, Helical
Tomotherapy, or Intensity Modulated Arc Therapy.

It is important to add that in the development of a product, the commercial
vendor is subject to the pressures of the competition and the demands of the con-
sumer. Recently, the term MC' dose calculation has become a highly desirable mar-
keting platform for new commercial RT products. As a result of market pressure,
the implementation of MC dose calculation may be forced to contain practical ap-
proximations into the MC method to speed calculations (e.g. simplifying the electron
transport algorithm) or improve the agreement with measurement (e.g. unjustified
energy /particle fluence correction functions), and may not necessarily reflect many
of the research methods as used in the published literature. One must therefore ex-
ercise caution to determine exactly what is implied by the use of the term “Monte
Carlo dose calculation” in a commercial product and perform a thorough benchmark
of such products against heavily tested codes such as EGSnrc (see for example a
comparison of Peregrine against EGSnrc [Heath et al., 2004]).

The following chapters address a series of challenges that exist in Monte Carlo
dose calculation. The proposed solutions are presented in an aim to help lay the
groundwork for an accurate and robust implementation of MC dose calculation in
tomorrow’s radiotherapy delivery. We begin by developing a novel method by which
an accelerator model can be commissioned to accurately reproduce the output of the
true accelerator by simply optimizing the energy and intensity distribution of the

incident electron beam.
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Chapter 3

Inference of the Optimal Pre-Target
Electron Beam Parameters in a Monte

Carlo Virtual Linac Model Through

Simulated Annealing

Based on Bush et al., Med. Phys. 36, 6 (2009)
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3.1 Introduction

The sensitivity of megavoltage Monte Carlo simulations to the pre-target electron
beam parameters in medical linear accelerator Monte Carlo (MC) models has been
thoroughly investigated. A comprehensive review of past research in this area is
presented by Verhaegen and Seuntjens [Verhaegen and Seuntjens, 2003| and more re-
cently by AAPM TG report No. 105 [Chetty et al., 2007]. The intensity distribution
of the pre-target electron beam is among the most sensitive parameters of a medical
linear accelerator model [Sheikh-Bagheri and Rogers, 2002b; Keall et al., 2003] . It
is well known that off-axis dose profiles are particularly sensitive to the pre-target
electron intensity distribution [Keall et al., 2003; Sheikh-Bagheri and Rogers, 2002b;
Chibani and Ma, 2007; de Smedt et al., 2005; Tonkopi et al., 2005; Tzedakis et al.,
2004]. The general restriction of a Gaussian pre-target electron beam intensity dis-
tribution has been consistently implemented in MC simulation of Varian accelerators
with variations of energy and full-width half maximum (FWHM) of the beam inten-
sity. The assumption of a Gaussian electron intensity distribution is, in part, based
on an educated guess by the physicist (derived from beam line optics/accelerator
physics), approximate recommendations by accelerator manufacturers, and in part
implied from focal spot measurements sparsely published thus far in the literature
[Huang et al., 2005; Jaffray et al., 1993; Loewenthal et al., 1992; Lutz et al., 1988;
Munro et al., 1988].

Some of the first published focal spot measurements were produced by Lutz et
al. [Lutz et al., 1988] who performed measurements of the emerging radiation field
from the target using a beam spot camera technique. The measurements were lim-
ited to an 8 MV linear accelerator (linac) for which the particular model was not
published. For the purpose of investigating modulation transfer functions (MTEF’s)

of radiotherapy portal imaging devices, Loewenthal et al. [Loewenthal et al., 1992]
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have recorded measurements of the 6 MV and 18 MV focal spot sizes on a Clinac
1800 accelerator. The measurements were made using a slit camera technique. The
resolution of the detectors used by both Lutz et al. [Lutz et al., 1988] and Loewenthal
et al. [Loewenthal et al., 1992] was limited and insufficient for precisely determining
a pre-target electron intensity distribution for MC simulation.

Using a technique similar to that of Loewenthal et al. [Loewenthal et al., 1992],
Jaffray et al. [Jaffray et al., 1993] used a CT reconstruction technique to make
quantitative measurements of the size and shape of the focal spot from a total of
nine accelerators. Jaffray et al. determined a range for the Clinac 2100c focal spot
intensity FWHM of 1.2 — 1.4 mm for the 6 MV beam and 0.9 — 1.6 mm for the 18
MV beam. In addition, Jaffray et al. measured the shifts in the mean position of
the focal spots of dual energy accelerators on the order of 0.8 mm between energy
selections of the same linac.

Huang et al. [Huang et al., 2005] have published measurements of the focal spots
of electron beam’s for the Clinac 21EX using the beam spot camera technique of
Lutz et al. [Lutz et al., 1988]. The work is also useful in the determination of pre-
target electron intensities for photon beam models. The measurements of Huang et
al. [Huang et al., 2005] were the first and only measurements made to date for the
purpose of MC simulation. They concluded varying elliptical eccentricities of the
focal spot (up to 21%) for electron energies from 6 to 16 MeV with FWHM’s in the
range of 1.69 mm to 2.24 mm. Lateral shifts in the focal spot were also observed
with reported displacements of as much as 7.79 mm.

Based on the above measurements performed thus far in the literature it is clear
that the electron focal spot intensities deviate from the ideal Gaussian shape assumed
in MC simulation. To the author’s knowledge, at the time of this publication, no
measurements of pre-target electron beam intensity distributions specifically for use

in megavoltage MC photon therapy simulations have been published.
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A common method for the determination of the pre-target electron beam pa-
rameters for a particular MC simulation (as outlined by Sheikh-Bagheri and Rogers
[Sheikh-Bagheri and Rogers, 2002b]) is to begin with a best guess of the electron
beam energy and full width half maximum (FWHM) and subsequently perform iter-
ative trial and error adjustments of these parameters until acceptable agreement with
measured the dose distribution is achieved. Typically the energy is determined first
by varying the electron energy until optimal agreement with measured depth dose
profiles is obtained. Adjustments of the FWHM of the Gaussian intensity distribu-
tion are then applied until acceptable agreement with lateral (off-axis) profiles is met.
It has been shown that the correlation between FWHM and central axis depth dose
profile shape is minimal beyond the depth of maximum dose deposition [de Smedt
et al., 2005; Keall et al., 2003; Sheikh-Bagheri and Rogers, 2002b]. However, further
fine-tuning of the electron beam parameters may be required if the initial guess of
FWHM was sufficiently inaccurate during the energy tuning stages. For the remain-
der of this chapter the above method will be referred to as educated trial-and-error
(ETE) commissioning method.

Using an ETE method, the commissioning of a MC model can be laborious, as
the time required for the high-statistics simulation of each parameter adjustment is
generally large and achieving the optimal combination of electron parameters using
a so-called blind search of the solution space is not guaranteed. The process/results
from using the conventional method to commission MC linacs are presented by several
groups [Keall et al., 2003; Sheikh-Bagheri and Rogers, 2002b; Tzedakis et al., 2004].

Another ETE type method for determining both the pre-target electron energy
and FWHM for commissioning a MC model is through comparison of MC calculated
lateral profiles in air with measurement. Tonkopi et al. [Tonkopi et al., 2005] have
investigated the influence of ion chamber response on the MC-based measurement

of in-air off-axis ratio (OAR) profiles for megavoltage photon beams. Their work
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confirmed the conclusions of Sheikh-Bagheri and Rogers that in-air OAR profiles can
be useful in the MC beam commissioning process. The use of OAR profiles could
potentially reduce the time required to commission a MC beam by reducing the
number of in-water simulations.

Often, after carefully modeling the accelerator to the best-known specifications
the accelerator model’s output cannot be made to acceptably match measured pro-
files, especially for the case of higher energy large fields. Resulting dose profiles based
on the ETE commissioning methods have been shown at times to deviate substan-
tially from measurement [Chibani and Ma, 2007; de Smedt et al., 2005]. Chibani
and Ma [Chibani and Ma, 2007] recently investigated the effects of modifying the
dimensions and of the accelerator components to improve dose profile agreement for
their Clinac 21EX 18 MV MC model. The discrepancies, first shown by Ding [Ding,
2002], were found to be present in the build-up region of the depth dose profiles of
the 18 MV beam. Chibani and Ma concluded that improved depth-dose curve agree-
ment was achieved in the build-up region when using a larger primary collimator bore
than specified by the manufacturer, as well as including the lead shield and mirror
frame accelerator head components in their simulation. Explicit modeling of the ion
chamber geometry has also been found to improve agreement [McEwen et al., 2008].
Alternatively /additionally, recent improvements to BEAMnrc/EGSnrc transport pa-
rameters have also been implemented for the purpose of correcting the 18 MV surface
dose discrepancy [Rogers et al., 2006].

The sensitivity of the MC model to the incident energy has also been thoroughly
investigated [de Smedt et al., 2005; Keall et al., 2003; Sheikh-Bagheri and Rogers,
2002b; Tzedakis et al., 2004; Faddegon and Blevis, 2000; Mohan et al., 1985; Sheikh-
Bagheri and Rogers, 2002a]. It has been shown that while the simulation is highly
sensitive to the mean electron energy, the energy distribution has little effect on the

resulting beam [de Smedt et al., 2005; Sheikh-Bagheri and Rogers, 2002b].
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After performing a thorough search of pre-target electron energies and intensity
distributions in 18 MV 40 x 40 cm? MC simulations, in-water profile agreement
with measurements was achievable to within ~2%. However, a closer analysis of the
profiles revealed a systematic disagreement between MC and measured lateral dose
profiles outside of the 1o uncertainty level. The depth dose profiles were found to be
in good agreement with measurement with the exception of the build up region in
accordance with results previously shown by Ding [Ding, 2002].

The purpose of this chapter is to develop an efficient method for the determination
of the optimal intensity distribution of the pre-target electron beam able to most
accurately reproduce a set of measured photon field profiles for a given accelerator
structure and incident electron beam energy. To achieve this, a novel method has
been developed by which the pre-target electron beam intensity distribution can be
inferred by employing a simulated annealing optimization algorithm. The method has
the potential to substantially speed up the parameter selection in the computational
stages of the commissioning process and also allows investigation of the effect of

deviating from a pure Gaussian intensity distribution.

3.2 Materials and Methods

3.2.1 Monte Carlo Simulation Parameters

MC simulations were made using the BEAMnrc [Rogers et al., 1995] and DOSXYZnrc
[Walters et al., 2005] MC code system, based on the underlying EGSnrc [Kawrakow
and Rogers, 2000] particle transport code. The following MC transport parameters
were used in all simulations: AP=PCUT=0.010 MeV and AE=ECUT=0.700 MeV
(including rest mass), where AP and AE are the low-energy thresholds for the produc-
tion of secondary bremsstrahlung photons and knock-on electrons, respectively, while
PCUT and ECUT define the global cutoff energy for photon and electron transport,

respectively. Directional bremsstrahlung splitting (DBS) was used with a splitting
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factor NBRSPL=1000. Koch and Motz (KM) bremsstrahlung sampling was used for
18 MV simulations. The accelerator model, a Varian Clinac 21EX (Varian Medical
Systems, Palo Alto, California), was defined exactly by specifications provided by
the 1996 Varian Oncology Systems Monte Carlo Project package. The model does
not contain recent modifications to the target location or the lead shielding located

in the treatment head determined by Chibani and Ma [Chibani and Ma, 2007].
3.2.2 Measured data

Measured data for depth dose and lateral profile comparisons were obtained from
departmental quality assurance archives. The measurements were taken using an
IC-15 ionization chamber (volume = 0.13 cc, cavity length = 5.8 mm) within a
Scanditronix Wellhofer Blue Phantom water tank with a scanning volume of 48.0 x
48.0 x 48.0 cm. For measured profile and depth dose data displayed in this chapter,
an average of 4 independent measurements, taken at different times, was calculated.
From this data an objective profile fit was produced for use in the optimization of

the electron intensity.
3.2.3 Determination of the pre-target electron energy range

The method begins with the determination of a pre-target electron energy range to
be optimized by observing the agreement of MC calculated depth-dose curves with
measurement. Because of the relatively weak dependence of depth-dose curves with
modification of the incident electron intensity distribution [Keall et al., 2003; Sheikh-
Bagheri and Rogers, 2002b], those energies producing unacceptable depth-dose curve
agreement (>1%) beyond the build-up region were not used in the optimization. The
range of incident electron energies examined was chosen in accordance with energies
examined by Keall et al. [Keall et al., 2003] for the Clinac 21EX and based on
experience from previous commissioning efforts by the authors. Specifically 17.0,

18.0, 18.5 and 19.0 MeV were used. In each simulation, the FWHM was set to 1.3
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mm. This FWHM was chosen based on the measurements of Jaffray et al. [Jaffray
et al., 1993]. While Jaffray et al. measured photon spot sizes, Keall et al. [Keall
et al., 2003] found that the initial electron distribution is approximately equal to the
bremsstrahlung radiation distribution on the target, and therefore the FWHM value
given by Jaffray et al. can be used as an estimate of electron FWHM.

Dose was calculated in a 50 x 50 x 50 cm® water tank phantom with a voxel

dimension of 0.5 x 0.5 x 0.5 cm?

. Energies found to produce depth dose curves in
acceptable agreement with measured depth dose curves were used in the simulated

annealing optimization.

3.2.4 Determination of the optimal intensity pre-target electron

intensity distribution for the selected energy set
Subsections (i) - (vi) were repeated for each incident electron energy.
(i) Simulation of annular fluence regions

The simulation of annular fluence regions begins from a cylindrically symmetric mono-
energetic pre-target electron beam (radius 0.5 cm) of uniform intensity. This beam
is subdivided into annular regions of particle fluence. Particles from each region are
transported through the accelerator head (Figure 3.1 top) and into a 50 x 50 x 50
cm?® water tank phantom (SSD = 100.0 cm) with a voxel dimension of 2.0 x 2.0 x 1.0
cm? (the smallest voxel dimension was oriented with depth). The cross-plane voxel
dimensions were chosen in a balance of reducing the dose variance in the lateral profile
direction while maintaining dose resolution. Each dose distribution was scored as a
separate 3-D dose matrix. In all cases 34 annuli with equal widths of 0.015 cm
were used as defined in Figure 3.1 (bottom). From each annular fluence, 360 million
histories were simulated for a statistical uncertainty of ~0.4% within the region of
uniform dose.

The use of phase spaces, and hence the introduction of latent variance [Sempau
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et al., 2001], was avoided by incorporating BEAMnrc into the DOSXYZnrc simu-
lations as a shared library (isource 9). Division of the electron beam into annu-
lar sub-regions was accomplished using a BEAMnrc component module (ANNULI)
(written specifically for this purpose). The placement of the ANNULI module with
respect to the other accelerator components is shown in Figure 3.1 (top). The mod-
ule operates by translating each incident particle’s position to a new position within
the annuli to be simulated, sampled proportionally with increasing R. In all cases a
mono-directional, circular pre-target electron beam was used.

The new random radius R and azimuthal angle ¢ are calculated as

R=\/R:+G (R~ ) and (3.1)
¢ =21 x G, (3.2)

where R1, R2 are the inner and outer radii of the annuli and G1, G2 are uniform
random numbers where 0 < G, <land 0 <G, < 1.

It then follows that the particle’s new Cartesian position (X,Y) is given by

X = Rcos(¢) and (3.3)
Y = Rsin (¢). (3.4)

Alternatively, the subdivision of the pre-target electron beam into annular fluence re-
gions could have been accomplished by writing a BEAMnrc source routine in place of
the ANNULI component module. The component module approach was implemented
to avoid introducing modifications into the BEAMnrc source code and facilitate “plug

and play” with other BEAMnrc distributions.
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Figure 3.1: Position of the ANNULI component module with respect to the other compo-

nents of the Clinac 21EX MC model (top). Annular fluence assignment within the ANNULI
module (bottom).
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(ii) Simulated annealing optimization

Once the dose distributions of all annular fluence regions were collected a search of
scaling factors for each dose distribution was performed. A simulated annealing based
search algorithm with a least squares cost function was implemented for this task.

The cost function to evaluate the goodness-of-fit was defined as

C = Z(D;neasured . l)T]l/[C)27 (35)

where Dmeasured and DMC are the measured and MC calculated doses to voxel n.
The MC calculated dose, DMY(N), is calculated as a weighted sum of the annular

doses by

DY = S W(N) - DMC(N), (3.6)

where W(N) are the scaling factors for annular region N and DMC(N) is the MC
calculated dose to voxel n from annular region N.

The search for the optimal set of scaling weights, W(N), is carried out such that
in every iteration of the search a small weight change to a random W(N) is made.
Changes bringing the scaled sum of annular doses closer to measurement are imme-
diately accepted while changes worsening the agreement are rejected with a given
probability as governed by a Boltzman-based “cooling schedule”

P S, (3.7)
where the temperature T is decreased linearly each iteration of the search, C;,; and
C; are the calculated costs for the current and previous iterations and £ is an arbitrary
constant.

It is important to note that a change in scaling factor W (V) is isomorphic with a
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change in the electron intensity originating from annular region N. The determination
of optimal scaling factors W (N) therefore yields a solution for the optimal pre-target

electron intensity distribution.
(i) Optimization of Gaussian electron intensity distributions

The first application of the simulated annealing algorithm described above was a
minimization of Equation 3.5 with the aim of finding the best Gaussian distributed
scaling weight set W (V). By achieving a global minimum of the cost function a best
possible agreement for the given electron energy was found.

The measured dose D™¢e*%red yas limited to a diagonal profile from an 18 MV
40 x 40 cm? field at a depth of 3.5 cm in water. It should be noted that the algorithm
is not limited to 1-D profiles and is capable of performing the optimization on 3-D
dose distributions as well as multiple 1-D profiles. The MC calculated annular dose
DM was similarly chosen from each annular fluence region from voxels subtending
depths of 3.0 - 4.0 cm in the water tank model previously described. To reduce
statistical variance, the mean dose of the diagonal profiles was calculated. Voxels in
the penumbral region were omitted to avoid introducing bias from the MC voxel size
in regions of steep dose gradients.

During each iteration of the Gaussian optimization the complete set of scaling
factors W(N) is resampled by making a random change to the Gaussian FWHM.
The iterations are terminated when a global minimum of the cost function (i.e. a
best fit of the weighted sum of annular dose distributions with the measured dose
distribution) is achieved. The FWHM of the Gaussian scaling factors is then recorded,
to be later integrated in the pre-target electron beam Gaussian source model. The
range of FWHM’s permitted in the search was limited to 0.0 - 0.5 ¢cm as any solution

outside of this range would be grossly unphysical.
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(iv) Optimization of unrestricted electron intensity distributions

In a second application of the optimization method the restriction of scaling weights
being normally distributed is lifted from the optimization. By doing so, the algorithm
was free to seek out the best possible agreement between measured dose distributions
and the weighted sum of annular dose distributions, with no implied Gaussian corre-
lation between scaling weights. For the optimization all scaling factors W (N) were
arbitrarily initialized to 1.0, and scaling factor changes (randomly) up to 100% were
permitted. Figure 3.2 displays a sample search for the optimal scaling factors and

the associated scaled diagonal dose difference profiles.
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Figure 3.2: Sample search for the optimal set of annular scaling factors (weights) achieving
the best agreement with measurement. For each subfigure the upper bar plot displays the set
of scaling factors W () at a given stage of the optimization, while the lower figure displays
a percent dose difference plot of the measured and MC weighted sum dose distributions
for a 40 x 40 cm? field at a depth of 3.5 cm. In this example the optimization began with
a weight change for annuli #10 (top left) followed by annuli #13 (top right). The set of
annular weights is also shown at two later iterations (bottom left and right).
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(v) Incorporating the derived intensity distribution in future simulations

Once a minimum (global or approximately global) of the cost function has been
achieved, the resulting set of annular intensities must be permanently included in the
accelerator head simulation. The annular intensities were incorporated into future
simulations by the use of a component module. For each particle that enters the
component module the radial position is evaluated and the EGSnrc weight variable
is replaced by the respective scaling factor. By replacing the particles weight with the
optimally determined annular weight the absorbed dose resulting from this particle
is effectively scaled by the optimally determined weight. Alternatively, the weights
derived from the optimization could be used to construct a characterized source for

input into BEAMnre.
(vi) Verification of incident electron intensities with alternate field sizes

The electron beam intensity distribution is optimized based on the diagonal dose
profiles from a 40 x 40 cm? field. The assumption was therefore made that the
optimized electron intensity would produce good profile agreement for other field
sizes. Verification of the optimized electron intensity was performed by comparing

2

MC calculated and measured 10 x 10 cm? and 4 x 4 cm? lateral and depth dose

profiles. MC simulations were performed with a voxel size of 0.5 x 0.5 x 0.5 cm? at

an SSD of 100.0 cm.

(vii) MC modeling of the focal spot image and the effect of the

flattening filter on the focal spot image

To allow comparison of the inferred pre-target electron intensity distribution with slit-
type measurements performed in the literature [Jaffray et al., 1993; Sham et al., 2008],
an analysis of photon fluences collected within the accelerator head was performed
using a directional cosine rejection filter and radially binning the fluence into 30 equal

area bins covering the entire aperture of the primary collimator. The directional



3. Inference of the Optimal Pre-Target ¢~ Beam Parameters 72

cosine rejection filter was designed to reject photons with a Z-directional cosine that
deviated from the central axis more than 0.0246 degrees. This angle was chosen to
correspond to that described by Sham et al. in their slit-type measurement of the
electron beam using a 0.3 mm slit opening positioned 70.0 cm from the target. The
radial bin size used was 0.15 mm.

The above analysis was performed for fluences resulting from the unrestricted
optimization of the pre-target electron beam. The fluences were collected at the
downstream face of the primary collimator, as well as at the downstream face of
the flattening filter. For comparison, the photon fluence resulting from an optimized
Gaussian pre-target electron intensity was also analyzed at the downstream face of
the flattening filter. In each case 125 million particles were modeled.

In addition, to observe the differences in photon fluences between Gaussian and
unrestricted optimized pre-target electron beams, photon fluences at the base of the
primary collimator were radially binned using 30 equal area bins covering the entire

aperture of the primary collimator.

3.3 Results

3.3.1 Determination of the pre-target electron energy range

The depth dose curve agreement test applied to the set of incident electron energies
(17.0, 18.0, 18.5, and 19.0 MeV) resulted in all energies passing an acceptance cri-
terion (< 1%) beyond a depth of 3.5 cm. A similar finding was reported by Keall
et alKeall et al., 2003]. The simulated annealing search was therefore performed
for an optimal pre-target electron intensity distribution for 17.0, 18.0, 18.5, and 19.0
MeV. The overall best match between measured and MC calculated depth dose pro-
files for the authors’ 18 MV model was determined to be 18.0 MeV when using a
mono-energetic, mono-directional electron source with an estimated FWHM of 1.3

min.
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3.3.2 Simulation of annular fluence regions

Figure 3.3 (top) displays a sample particle position plot of the 18 MeV pre-target
electron beam and the assignment of annular sub-regions (only every second annuli
displayed for clarity). MC calculated diagonal dose profiles scored in water at a
depth of 3.5 cm (in units of dose per incident particle) from the 34 annular pre-target
fluence regions are shown in Figure 3.3 (bottom) for a secondary collimator setting of

40 x 40 cm?.
3.3.3 Optimization of Gaussian electron intensity distributions

Table 3.1 summarizes the optimal agreement with measured lateral profiles for the set
of pre-target electron energies used in Gaussian restricted optimizations. The result-
ing optimized radial intensity profiles for the selected electron energies are displayed

in Figure 3.4 (top).

Table 3.1: A comparison of optimization results for electron energies examined for the
18MV Clinac 21EX model. Estimated uncertainty on the least significant digit is displayed
in brackets.

e- Energy Optimal Gauss. Rel. RMSE  Rel. RMSE
(MeV) FWHM (mm) (Gauss.)  (Unrestricted)

17.0 1.67(1) 6.17 1.07
18.0 1.34(1) 3.25 1.00
18.5 1.19(1) 2.69 1.84
19.0 1.06(1) 2.24 2.23

Diagonal dose profiles resulting from the optimized intensity distributions are
shown in Figure 3.5 (top) along with diagonal dose profile measurements for a 40 x 40

cm? field at 3.5 cm depth.
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Figure 3.3: Sample particle position plot of the 18 MV pre-target electron beam after
assignment of annular sub regions (top). Every second annuli is displayed for demonstration
purposes only. MC calculated diagonal water dose profiles of 34 annular fluence regions
from a uniform intensity source are shown at a depth of 3.5 cm (bottom). In this plot the

lower curves are produced by the outermost annuli.
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Figure 3.4: Optimized radial intensity profiles for the selected set of pre-target electron
energies. Each intensity profile is the result from a simulated annealing optimization using
Gaussian (top) and unrestricted (bottom) annular scaling factors.

3.3.4 Optimization of unrestricted electron intensity distributions

The resulting optimized radial intensity profiles for the selected electron energies are
displayed in Figure 3.4 (bottom). The agreement with measured lateral profiles for the
set of pre-target electron energies in all unrestricted optimizations is shown in Table

3.1. It is important to note that during the optimization the scaling factors were com-
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Figure 3.5: Optimized 18 MV MC calculated 40 x 40 cm? diagonal dose profiles in water
compared with measurement (fit and raw data) for the selected set of pre-target electron
energies and optimized intensity distributions as displayed in Figure 3.4. For each energy a
simulated annealing optimization using Gaussian (top) and unrestricted (bottom) annular

scaling factors was performed.

pletely unrestricted (with the exception of negative values) and no prior knowledge of
the intensity distribution was implied. The overall optimal intensity distribution was
determined to be a solution that is Gaussian-like with a FWHM=1.10(1) mm at an

energy of 18.0 MeV. In addition, the solution contains an extra focal halo component

76
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on the order of 10% of the central peak intensity.

Diagonal dose profile comparisons resulting from the unrestricted optimization of
electron intensities (displayed in Figure 3.4 bottom) are shown in Figure 3.5 (bottom)
along with diagonal dose profile measurements for a 40 x 40 cm? field at 3.5 cm depth.
From this plot the improved agreement with measured profiles is demonstrated.

In Figure 3.6 the observed differences of in-water lateral dose profiles compared
with measurement are displayed along with difference plots for the optimized 18.0
MeV electron beam for both the Gaussian intensity (top) and unrestricted intensity
(bottom). A systematic discrepancy between MC and measured profiles is visible
when restricting the intensity to Gaussian distributions. By lifting the Gaussian

restriction, the root-mean-square-error (RMSE) was reduced by a factor of 3.9.

3.3.5 Verification of incident electron intensities with alternate field

sizes

Verification simulations of the derived electron intensity distributions (originally de-
rived for the 40 x 40 cm? field) were performed for secondary collimator settings of
10 x 10 cm? and 4 x 4 cm?. The resulting lateral and depth dose profiles with dose
differences displayed within a fiducial region are shown in Figure 3.7 along with the

respective measured profiles.

3.3.6 MC measurement of the focal spot image and the effect of the

flattening filter on the focal spot image

In Figure 3.8 the photon intensity distributions after application of the directional
cosine rejection filter are displayed for a Gaussian pre-target electron beam at the
base of the flattening filter, and free optimized pre-target electron beam at the base
of the primary collimator and at the base of the flattening filter. The result displays
the blurring effect that the flattening filter has on the focal spot images.

In Figure 3.9 the relative photon intensity profiles at the base of the primary
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Figure 3.6: Measured and MC calculated diagonal dose profiles from a 40 x 40 cm? field in
water at a depth of 3.5 cm for 18.0 MeV Gaussian (top, RMSE = 0.59%) and unrestricted
(free) optimized (bottom, RMSE = 0.15%) pre-target intensity distributions. When using
a Gaussian pre-target electron intensity distribution, a systematic discrepancy is present
even after optimization. The statistical uncertainty was calculated for MC data only.
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Figure 3.7: MC calculated lateral (top left, RMSE = 0.32%) and depth dose (top right,
RMSE = 0.20%) profiles from a 10 x 10 cm? field at depths of 3.5 cm and 20.0 cm calculated
using the optimized intensity distribution are shown versus measured dose. MC calculated
lateral profiles at depths of 3.5 cm and 20.0 cm (bottom left, RMSE = 0.49%) and depth
dose curves (bottom right, RMSE = 0.38%) from a 4 x 4 cm? field are also shown versus

measurement.

collimator for best Gaussian and free optimized electron intensity distributions are

displayed. A relative intensity profile from particles originating from the extra focal

halo region is also plotted for comparison. The subtle differences in relative inten-

sity between the best Gaussian and unrestricted (free) optimized electron intensity

distributions are shown in the difference plot.
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Figure 3.8: Focal spot intensity profiles at the base of the primary collimator (PC) and at
the base of the flattening filter (FF) calculated using the directional cosine rejection filter,
demonstrating the potential signal observed from a slit-type focal spot measurement.
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Figure 3.9: Relative photon intensity profiles and relative differences at the base of the
primary collimator from best Gaussian and unrestricted (free) optimized electron intensity
distributions. Subtle differences between “Gaussian Optimization” and “Free Optimiza-
tion” data are only visible in the relative difference plot (below). The contribution from
particles originating in the extra focal halo region is also plotted.
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3.4 Discussion and Conclusions

A technique has been developed to improve the commissioning of a MC accelerator
capable of producing dose distributions in better agreement with measurement than
previously possible with conventional commissioning methods. By implementing a
simulated annealing search of the electron beam intensity distribution, a best-fit
solution can be obtained at a given pre-target electron energy.

The optimization technique was applied to the Varian 18 MV Clinac 21EX MC
model as the 18 MV configuration presented more modeling difficulties than the 6
MYV configuration. The method could equally be applied to MC models of other ac-
celerators and beams including those for electron therapy. Given the current method,
the pre-target electron beam is required to possess cylindrical symmetry. Future re-
search may include investigating the use of alternative shaped fluences other than
cylindrical annuli to allow the technique to be applied to other accelerator models
with non-cylindrical pre-target electron intensity distributions.

Tuning of the simulated annealing optimization parameters was required to avoid
trapping in local minima solutions along the path to the optimal solution. However,
in the author’s experience, the solution space for the optimal electron intensity distri-
bution contained many convex surfaces in the region of the global minimum which did
not vary significantly in cost. The small differences between local minima solutions
in this region also had minimal effect on the resulting dose distribution. The opti-
mization did not require a significant amount of time for completion (~10 minutes
on a single 2.2 GHz processor) and so the efficiency improvement from implementing
a faster optimization was not explored. The collection of the low variance dose dis-
tributions from annular electron fluences was the most computationally demanding
component of the method. However, these data only need to be collected once for

each beam energy and accelerator model.
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When restricted to Gaussian pre-target electron intensities the optimally deter-
mined solution for the 18 MV Clinac 21EX model was found to be Energy = 19.0
MeV, FWHM = 1.06(1) mm, yielding in-water 40 x 40 cm? lateral dose profiles at a
depth of 3.5 cm that were in agreement with measurement with a RMSE = 0.34%.
However, analysis of the entire set of optimized data lead to the conclusion that, when
considering smaller field and depth dose agreement with measurement, the Energy =
18.0 MeV, FWHM = 1.34(1) or Energy = 18.5 MeV, FWHM = 1.19(1) are preferred
without considerable increase in the RMSE. All values of Gaussian electron beam
FWHM are within the measurements made by Jaffray et al. of 0.9 - 1.6 mm [Jaffray
et al., 1993].

Lifting the restriction of a Gaussian pre-target electron intensity resulted in a
solution for the 18 MV Clinac 21EX model with a Gaussian-like intensity (Energy =
18.0 MeV) with the presence of an extra-focal halo contribution peaked at 2.4 mm
off axis (Figure 3.4 bottom). The FWHM of the central peak of this distribution was
found to be 1.10(1) mm. The extra focal component of the intensity has proven to
be essential in achieving the best possible agreement with measurement (RMSE =
0.15%).

In the case that the geometry and composition of all essential linac head compo-
nents were known to a high degree of precision and the modeling of bremsstrahlung
production was also known with great precision, one could infer that the optimized
pre-target electron intensity distributions reflect reality. In practice, neither geometry
of linac nor modeling of bremsstrahlung production can be claimed to be established
to the required precision. A comprehensive benchmark of the Monte Carlo model-
ing of bremsstrahlung by Faddegon et al. [Faddegon et al., 2008] has determined
the photon yields in EGSnrc (up to 15 MV, for Al and Pb targets) to be within
agreement with the measurement which had an accuracy of £5%. It can be argued

that even a much smaller (~1.5%) error in the modeling of bremsstrahlung angu-
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lar yield alone is sufficient to compensate for the difference between the “Gaussian”
and “free-optimization” profiles shown in Figure 3.6. In conclusion, a considerably
higher accuracy of at least 1% would be required to state that the inferred pre-target
intensity distributions reflect reality, rather than a calculation artifact.

For the MC model used in this paper (1996 Varian Oncology Systems - Monte
Carlo Project package) the simulated annealing optimization required the presence
of an extra focal electron intensity contribution to achieve the best overall agreement
with measured profiles. While it would certainly be interesting if the extra focal
electron intensity were a measurable effect, it may be an indication of a deficiency
in the MC model used. It would be worthwhile to repeat the optimizations using an
accelerator model that includes recently modified specifications from Varian. These
specifications confirmed the findings of Chibani and Ma [Chibani and Ma, 2007]
which imply additional electron scatter contributions and result in significantly better
modeling of the dose in buildup region. To the author’s knowledge the only display of
lateral profiles obtained using the recent modifications has been published by Chibani
and Ma [Chibani and Ma, 2007], Figure 7. In their figure systematic discrepancies
with measurements on the order of those reported in Section 3.3 (Figures 3.5 - 3.6 top)
are somewhat visible and would likely be reduced through optimization of the pre-
target electron intensity distribution using the technique described in this chapter.
It would be interesting to determine if any deviations from a Gaussian intensity
distribution would still be required to achieve a best overall agreement.

A recent experimental investigation by Sham et al. [Sham et al., 2008] has mea-
sured the focal spot size for a 6 MV accelerator. Their results have implied a radial
intensity containing a narrow central peak (with a Pearson VII fit) as well as a broad
intensity contribution (with a double Lorentzian fit). The author’s calculations for
a pseudo slit-type model of the focal spot image (Figure 3.8) have inferred what

would be approximately observed from measurement if the extra-focal component of
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pre-target electron beam was present. It is worthwhile to note that our model did
not include the additional blurring of the intensity profile resulting from radiation
passing through the slit, the effect of detector size or imperfections of the experimen-
tal setup. Accounting for these extra measurement uncertainties would inevitably
blur the profile further than that shown in Figure 3.8, but the extent of this blurring
has not yet been determined. The pseudo slit-type model illustrates that with the
flattening filter in place, the extra focal electron component would be observed as a
broad intensity tail in agreement to the observations of Sham et al. for 6 MV. The
focal spot image modeled using a Gaussian pre-target intensity distribution did not
display a broad intensity tail. Modeling of the experiment with the flattening filter
removed suggests that the extra-focal halo, if observable, could be detected with a
slit type measurement, provided the resolution of the measurement was sufficient.

The presented method has not been tested and may require modification to
achieve optimal agreement with small fields (< 1.0 cm). Scott et al. [Scott et al.,
2009] have shown that output factors of small fields (0.5 cm - 1.0 cm) are particularly
sensitive to the incident electron beam intensity distribution. Their results indicate
that the output factors of square fields larger than 1 cm show decreasing dependence
on the electron intensity. Therefore, to achieve MC model agreement with measure-
ment for field sizes below 1 cm, the inclusion of output factors in the optimization
cost function may be required.

Few comparable published results from the commissioning efforts of other groups
are available at this time either due to differences in accelerator models or lack of large
lateral field profile comparisons with measurement. Perhaps the most appropriate
comparison for 18 MV commissioning of the 21EX showing large fields comes from
the work of Keall et al. [Keall et al., 2003] in which their 18 MV 21EX model was
commissioned to within 1% with a largest reported field size of 25 x 25 ecm? and

a voxel size of 2.0 cm along the profile direction. Achieving these results required
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selection of three parameters: target density, FWHM of the electron intensity, and
the electron energy. Hasenbalg et al. [Hasenbalg et al., 2007] reported achieving 2%
agreement between modeled and measured profiles for the radiation fields of up to
40 x 40 cm? size for a 15 MV beam. Importantly, although these groups were able to
achieve acceptable results, ETE approaches to determining the optimal parameters in
a multi-dimensional solution space require a considerable amount of time and effort.
Using a simulated annealing approach can allow a significant time and effort savings
in the computational stages of the commissioning process as well as the ability to
achieve better agreement with measured profiles (for larger 40 x 40 cm? fields). In
addition, the results can be achieved by varying only the electron intensity profile
and energy, arguably the least known parameters in the accelerator model.

It is anticipated the method could also be used in the case where lateral profiles
in air are used to determine the optimal energy of incident electrons, optimizing
the intensity distribution using measured lateral in-air profiles in place of measured

in-water profiles for each energy.
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Chapter 4:

Latent Phase Space Variance Reduction

with Azimuthal Particle Redistribution

Based on Bush et al., Phys. Med. Biol. 52, 14 (2007)
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4.1 Introduction

The ability to record particle characteristics in a phase space file (PSF) is an integral
part of the BEAMnrc code [Rogers et al., 1995], allowing the stopping/restarting of
simulations, analysis of particle characteristics, modification of particle characteris-
tics, etc. The characteristics recorded in the PSF include particle energy, position,
direction cosines, weight, LATCH history, and optionally, the Z coordinate of the last
interaction. When modeling an accelerator head for Monte Carlo (MC) simulation, a
“two-step” phase space approach is commonly used. In this approach a phase space
(PSy,) is often scored in a plane just “downstream” from the accelerator components
that remain constant for each simulation. For the Clinac 21EX!, this plane lies just
above the secondary collimating jaws (see Figure 4.1). All future simulations can be
started from this plane using PS4 as a particle source, effectively eliminating the need
to remodel many of the unchanging linac components for each simulation. A second
phase space, PSpg, is commonly used to record the final output of the BEAMnrc sim-
ulation and acts as the source for particle transport into a patient model or phantom.
The scoring of PSp can optionally be eliminated in BEAMnrc by incorporating the
PSp simulation as a shared library in DOSXY Znrec.

As addressed by Sempau et al. [Sempau et al., 2001], the use of phase space
techniques in MC simulation introduces a baseline level of statistical variance that
cannot be suppressed through the use of particle recycling techniques. This variance,
termed latent phase space variance, is due to the finite number of particles stored in a
PSF. MC dose uncertainty calculation is comprised of uncertainty components from
latent PS variance as well as the variance associated with transporting the particles
into a phantom. It is difficult to individually quantify these two components of
uncertainty. An approach to quantifying each component is presented by Sempau et

al.. The latent PS variance component can be a significant limiting factor in achieving

Varian Medical Systems, Palo Alto, California.
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accurate, low-uncertainty, dose distributions Gagné and Zavgorodni [2007].

In general, to obtain acceptably low uncertainty results from two-step MC simula-
tions, the size of PS4 must be kept rather large. For larger clinical field sizes, PS4 file
sizes are often required to be larger than 1 gigabyte (GB) in order to achieve a statis-
tical uncertainty in the phantom of less than 1-2% with a voxel size of (0.5 x 0.5 x 0.5
cm?). To further reduce statistical uncertainty in the MC simulation, one can ei-
ther increase the size of the intermediate PSF (increase particle density) or recycle
the particles that have already been recorded. When a particle is recycled, the PSF
record for the particle is reused. The recycled history differs from the original his-
tory only by the random number chosen to restart the particle’s transport through
the remainder of the accelerator model. This method of recycling particles will be
referred to as the standard particle recycling (SPR) method. For the remainder of
the simulation up to the surface of the phantom, a lack of significant scattering in air
creates a situation in which each recycled use of a particular particle is very likely to
reach the surface of the phantom at the same location. By simply recycling particles
using SPR, the latent variance of PS, is transported directly to the surface of the
phantom.

To reduce latent PS variance Fix et al. (2004) have used a PS rotation technique
in which BEAMnrc source code has been modified to rotate phase space particles
between recycled uses. The degree of variance reduction was not determined in this
study.

Tyagi et al. [Tyagi et al., 2006] have reported “a proof of principle” for an
Adaptive Kernel Density Estimation (AKDE) technique that “has the potential to
reduce latent PS variance”. This technique as well as the technique used by Fix et
al. [Fix et al., 2004] utilize cylindrical symmetry in the PS plane. In AKDE new
photons are sampled at the level of PS4 based on the estimated trends of the existing

photons located at a similar radial distance from the beam’s central axis. Electrons
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are excluded from AKDE re-sampling. By sampling new photons, the PS plane is
“filled out” and the effective PS particle density is increased. AKDE, in theory, may
provide a means to reduce latent PS variance for a given number of particles in a
PSF. The published results, however, do not demonstrate or conclude any reduction
in latent PS variance and offered only similar results to a standard PS recycling
technique.

Developers of the BEAMnrc code have also implemented a particle re-distribution
technique into the DOSXYZnrc user code initiated through the ISMOOTH [Walters
et al., 2005] input parameter. Using this technique, recycled PS particles are re-
distributed by mirroring particle positions and directions about the X and Y axis,
reducing systematic (latent) uncertainty by exploiting rectangular phase space sym-
metry. Although simple to use, the technique is limited to radiation fields that are
symmetric about the central axis of the accelerator and is only effective up to a
maximum of four redistributed positions for each particle (one per field quadrant).

In this chapter, a BEAMnrc component module (MCTWIST) is designed to im-
plement a simple azimuthal particle redistribution (APR) technique that reduces
latent variance in PSF based MC simulations. The APR technique differs from SPR
techniques in that a random rotation about the beam’s central axis is introduced for
each recycled use of a particle. For the first time a quantitative approach will be taken
to determine the latent variance reduction that can be gained as a result of utilizing
cylindrical PS symmetry. It is anticipated that by incorporating the MCTWIST mod-
ule in MC simulations, considerably more accurate, lower-uncertainty in-phantom
dose distributions can be produced by reducing the latent PS contribution to the
total dose variance.

The module is unique in a sense that no physical component is added to the ac-
celerator model. Transformations are made directly to each particle’s characteristics,

independent of BEAMnrc/EGSnrc particle transport. MCTWIST has therefore been
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termed a pseudo-component module. This chapter demonstrates both the develop-

ment and application of MCTWIST in MC simulation.

4.2 Materials and Methods

4.2.1 Azimuthal Particle Redistribution

A powerful feature inherent in the BEAMnrc software architecture is the ability to
build accelerator head models with user written component modules (CM’s). The
MCTWIST CM allows seamless integration into the BEAMnrc system (see Figure
4.1) by replacing a thin slab of air, already existing in the BEAM model, with an air

slab that changes particle characteristics according to required transformations.

e
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Figure 4.1: Schematics of the Varian 21EX setup and the placement of the MCTWIST
module. Simulation A (left) models all of the patient independent component modules of
the accelerator head: target, primary collimator, flattening filter, monitor chamber and
mirror. The resulting phase space (PS4) is then used as a source for Simulation B (right).
The MCTWIST module is inserted immediately following PS4 and above the Secondary
collimator (JAWS). For this simulation, the chamber and mirror remain in place to score the
backscattered dose to the chamber from the secondary collimator, a requirement for con-
verting the resulting dose distributions to absolute dose using the absolute dose conversion
method by Popescu et al. [Popescu et al., 2005].

For each instance that a particle enters the MCTWIST module, the particle’s

radial distance R from the central axis and azimuthal angle ¢ are calculated (see
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Figure 4.2) as

R=vX?2+Y? and tan¢ = (;) . (4.1)

-7

w,v,wy '} A CAA L))

Y

Figure 4.2: The MCTWIST rotation. A particle has entered the MCTWIST component
module from the top (-Z) at radius R and undergoes a random azimuthal rotation c.
Directional cosines are correspondingly transformed from (U, V) to (U',V'). The polar
direction cosine (W) remains unchanged. Particle transport through the remainder of the
simulation continues following the rotation.

The particle is then forced to undergo a random rotation about the central axis
by generating a new random azimuthal angle ¢’ (0 < ¢’ < 27). Therefore APR, as
implemented in MCTWIST, is making use of cylindrical symmetry of the particle
transport and effectively improves the accuracy of the particle fluence representation
in the BEAM model that, as will be shown, results in reduced latent variance of the
source. Particle direction cosines, U and V, are transformed to preserve the original

directions relative to the central axis using the rotation matrix

U’ cos(a) —sin(a) U
Vv’ sin(a)  cos(a) Vv

where a = ¢/ — ¢.
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Because of this random azimuthal rotation, it is required that the MCTWIST
module be inserted into the accelerator model at a point downstream from the
cylindrically symmetric accelerator head components. For the Clinac 21EX, the
MCTWIST module was placed just below the patient independent PS, located
above the secondary collimating jaws (see Figure 4.1) where geometry is both cylin-
drically symmetric and patient independent. The monitor unit calculation method
by Popescu et al. [Popescu et al., 2005] requires modeling transport of particles
backscattered from the collimators back through the MCTWIST and MIRROR mod-
ules. Particles traveling backwards through the module will not be cylindrically sym-
metric and so these particles are not rotated. In the rare event that a backscattered
particle traverses MCTWIST multiple times, multiple rotations will occur, however
our estimates show that the contribution of these particles to the calculated dose is
less than 0.1%.

There are several methods of implementing APR in MC simulations with the
MCTWIST module while maintaining compatibility with the history-by-history method
of uncertainty calculation. First, all particles of a given recycle iteration (NRCYCL)
can be rotated the same random A¢. This is analogous to rotating the entire PS
plane a random amount for each recycled use. Second (implemented as an option
in MCTWIST), all sister particles associated with a particular primary (indepen-
dent) history can be rotated the same random A¢. By rotating all sister particles
by the same A¢ all correlations present between a primary history and all associ-
ated secondary histories are preserved. The final method of implementing APR with
MCTWIST is to rotate every particle used from the PS a random ¢ whether they
originated from the same primary or not. In this method the correlation of x-y direc-
tional cosines with other characteristics of all particles from a given primary history
is reduced, but the correlation of remaining particle characteristics is maintained

[Tyagi et al., 2006]. The correlated particle groupings are maintained by leaving the
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assignment of negative energy to the first particle of each group. In this way no
modifications are required to the history-by-history uncertainty calculation method.

All results presented have used the last implementation of MCTWIST.
4.2.2 The Radial Dependence of Azimuthal Particle Redistribution

It is expected that the reduction in latent PS variance with MCTWIST is proportional
to 1/R, the radial distance from the beam’s central axis. An explanation of this can
be seen by first considering a small area element of PS4, dA. Under the assumption
of no electron scatter and perfect beam divergence, the latent variance o7 in the
absorbed dose produced by this area element is proportional to 1/N where N is the
number of particles in dA. From the definition of latent variance it is clear that SPR
in dA will not effect o2. Relating N to p(R), the density of particles in dA, one can

write for the latent variance

1
2
O_LSPR XX W (43)
Using APR, the effective number of particles in dA is increased. This increase
is proportional to the effective area of the PS contributing to the absorbed dose in

the phantom and to the number of times each particle is to be recycled. The latent

variance using MCTWIST, o7 . of dA is then

2 m . F(NRCYCL), (4.4)
where F(NRCYCL) is a function of the number of times a particle is recycled.
In Cartesian coordinates, used in DOSXYZnre, the area dA is (dR)?. Therefore
reduction in latent variance, o2 arnl o2, is found to be inversely proportional to the

radial distance from the beam’s central axis and dependent on the number of particle

recyclings:
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.  FINRCYCL)
o2 R '

(4.5)

Note that this inverse radial dependence of the latent variance reduction is the
result of coordinate transformation between cylindrical (MCTWIST) and Carte-
sian (DOSXYZnrc) coordinate systems. Scoring the dose in a cylindrical coordi-
nate system (such as in DOSRZ [Kawrakow and Rogers, 2000]) would yield radial-
independent latent variance reduction that would only depend on NRCYCL. One can
also see from Equations 4.3 to 4.5 that the radial fluence non-uniformity cancels in
evaluation of 07 /o7.

To determine the additional simulation time required by the MCTWIST module,
the percent time increase was calculated from the average time difference of 3 separate
PS4 to PSp BEAMnrc simulations, both with and without the MCTWIST module.
Simulations were run on a single 2.8 GHz Pentium 4 processor using the BEAMnrcMP

release with the g77 compiler with default BEAMnrc compiler options.

4.2.3 Evaluation of Latent Phase Space Variance Reduction with

Azimuthal Particle Redistribution

The following MC transport parameters were used for all simulations: AP = PCUT
= 0.010 MeV and AE = ECUT = 0.700 MeV, where AP and AE are the low-energy
thresholds for the production of secondary Bremsstrahlung photons and knock-on
electrons, while PCUT and ECUT define the global cutoff energy for photon and
electron transport, respectively. Bremsstrahlung splitting was not applied.

The first goal in evaluating the effects of the APR was to determine the latent PS4
variance with and without the use of the MCTWIST module. This was accomplished
using the method proposed by Sempau et al. [Sempau et al., 2001]. In this method
the mean dose variance reported by DOSXYZnrc was determined using a deliberately

limited fraction of PS, containing 2 x 10° particles for a 10 x 10 cm?, 6 MV beam
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in a 30 x 30 x 30 cm? water phantom. The dose was scored at a depth of 1.5 cm. By
repeating the simulation for an increasing number of recyclings (NRCYCL = 1, 2, 10,
50, 100, 500, 1000) and extrapolating the variance to an infinite number of recyclings
(m = 0), the latent variance present in this fraction of PS4 is quantified. The
latent variance of the full PS4 is smaller by a factor Fj;.., which is a ratio of the
number of particles in the full PS4 to that from its limited fraction used in this
evaluation process. Using this method the latent variance reduction in PS4 can be
quantified, and its reduction due to APR can be determined. In addition, to allow
confirmation of the radial dependence of the latent variance reduction, the mean dose

variance was calculated in multiple annuli of 0.5 cm width, placed at radii R between

the central axis and the field edge.
4.2.4 Dose Profile Calculations with Azimuthal Particle Redistribution

The effect that APR has on in-water dose profiles was determined by first establishing
a set of benchmark MC profiles by which all other profiles obtained could be com-
pared. This simulation was made using a large PS4 containing 2 x 10® particles (6.5
GB) recycled 100 times (for a total of 2 x 10 particles simulated). This benchmark
replicates the 10 x 10 cm? benchmark MC result obtained by Tyagi et al. for eval-
uation of their AKDE particle recycling alternative. For these and all other profiles
shown, an (X,Y,Z) voxel size of 0.3 cm x 0.5 cm X 1.0 cm was used with the beam
incident along the Z-axis. Profiles were taken along the X-axis at surface (first voxel),
dpmaz, and at the depth of 10 ecm. The latter profile is produced to provide a direct
comparison with the results obtained using the AKDE method. Dose distributions
with and without the MCTWIST module were obtained from simulations in which
PS4 was recycled 100 and 1000 times. The total number of histories requested was
kept at a constant 1 x 10'° particles. This was done to keep the particle transport
component of the total dose variance (i.e. the non-latent PS variance contribution

to the total dose variance) fixed for each simulation. In each of the simulations, the
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dose was scored at d,,., and at the surface of a 30 x 30 x 30 cm? water phantom for
a 10 x 10 cm? field with a 90 cm SSD.

To probe the range of possible PS4 file sizes used with MCTWIST while still
obtaining acceptable agreement with the benchmark (< 1.0%), the above method of
obtaining profiles was repeated with increasing number of recyclings until an accep-
tance criteria of 1.0% was no longer met. An energy spectrum, cosine and radial
position distributions for each of the PS4 was simultaneously calculated and exam-
ined within annuli of widths corresponding to the dose scoring voxel widths. It was
expected that a positive correlation between the increasing uncertainty in our profiles
and the increasing uncertainty in the distributions representing PS4 particle fluence
would be seen. For each distribution, particles were selected in an annulus between
R =2.7 cm and R = 3.0 cm, for PSF containing 1 x 107, 1 x 10%, and our benchmark

2 x 10® particles.

4.3 Results

4.3.1 Azimuthal Particle Redistribution

Figure 4.3 presents PSg particle position scatter plots generated by BEAMDP using
SPR. (top) and APR (bottom) for 1.5 x 10° particles. In this simulation, particles from
PS4 were recycled 100 times, transported through the collimating jaws, and recorded
in PSp. The upper scatter plot appears to have fewer particles simply because many
of the particles are overlapping due to the lack of significant scattering. This figure
demonstrates the origin of latent variance in the PSF and improvement in the particle

source representation using MCTWIST.
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Figure 4.3: PSp particle position plot generated by BEAMDP at Z=45.0 cm from the
electron target using standard particle recycling (top) and using advanced particle recycling
with the MCTWIST component module (bottom). Both plots contain the same number
of particles (1.5 x 10%). Both PSp’s were obtained by simulating particles from the same
PS4, recycled 100 times, through the secondary collimating jaws. The plot on the top only
appears to have fewer particles because of overlapping particle positions.
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The increase in simulation time using the MCTWIST module was determined to
be an additional 15% for transporting particles between PS4 and PSg. Given that
the simulation through the secondary collimator is a small component of the entire
patient dose calculation, the MCTWIST computational overhead can be considered

insignificant.

4.3.2 Evaluation of Latent Phase Space Variance with Azimuthal

Particle Redistribution

Figure 4.4 presents the determination of latent variance reduction in PS4 for both
SPR and APR. From this figure, it can be seen that the latent PS variance is reduced
by a factor of 2 near the central axis and by more than a factor of 35 off axis, when
using the MCTWIST module. Marked improvement appears at 10 recyclings with a
total variance reduction of 18%. The latent relative standard deviation for the 200
000 particle PSF is determined to be 3.2%. Note that the above variance is reported
for dose scored in a plane between 1 cm and 2 cm depth. The latent variance for a
single voxel was estimated using the method by Sempau et al. [Sempau et al., 2001]
and found to be significantly larger. The latent variance for the 0.3 cm x 0.3 cm
x 1.0 cm voxel used in this simulation was determined to be 6.34% =+ 0.55%. The
magnitude of the latent variance for 200 000 particles can be scaled to estimate that
of the full phase space by applying the factor Fj;.. described in Section 4.2.3. Table

4.1 presents the latent variance for this voxel size after scaling to larger PS4 file sizes.

# Particles Est. 0%, . Uncertainty

2 x 10% 0.32 % + 0.02 %
1x 108 0.45 % + 0.03 %
1 x 107 1.43 % + 0.09 %
1 x 106 4.52 % + 0.29 %

Table 4.1: Estimated latent PS variance for a 0.3 cm x 0.3 cm X 1.0 cm voxel for various
PSy file sizes.
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Figure 4.4: Plot showing the reduction in variance (relative) of the dose produced by a
10 x 10 cm?, 6 MV beam in a 30 x 30 x 30 cm? water phantom at 1.5 cm depth both on
the beam’s central axis (top) and 4.0 cm off-axis (bottom). MC variances for PS recycling
factors (NRCYCL) of 1, 2, 10, 50, 100, and 500 have been displayed for both SPR and APR
(MCTWIST). For each data point 200 000 particles were drawn from PS4 and recycled by
the respective amounts.

Shown in Figure 4.5 is a plot of the fractional reduction in variance (0?) reported
by DOSXYZnrc for the 10 x 10 cm? field vs 1/R, the radius from the central axis,
for 200 000 particles modeled with various number of recyclings (NRCYCL). This
plot confirms that, for a given number of recyclings, the fractional improvement in

variance is proportional to 1/R.
4.3.3 Dose Profile Calculations with Azimuthal Particle Redistribution

Figure 4.6 presents benchmark 6MV, 10 x 10 cm? profiles generated as described

in Section 4.2.4. Even though a large number of particles were used, a significant
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Figure 4.5: Plot showing the inverse radial dependence of the fractional reduction in
standard deviation using MCTWIST for NRCYCL = 50, 500, for a 6 MV beam in a
30 x 30 x 30 cm? water phantom at a depth of 1.5 cm.

amount of dose uncertainty is still observed in the SPR benchmark profile. The dose
profiles produced using MCTWIST CM (labeled as MCTWIST benchmark) while
being considerably smoother closely follow the shape of the SPR benchmark profiles.
The MCTWIST benchmark dose profile uncertainty (also shown in Figure 4.6) is
reduced as compared to the SPR benchmark.

To this point it has been shown (Figures 4-6) that APR reduces latent variance,
reproduces the shape of the SPR dose profile and provides less dose uncertainty.
The MCTWIST profiles are therefore used as a benchmark to compare all following
profiles in this chapter.

Figure 4.7 shows the resulting dose profiles scored at d,,,, for simulations using
1 x 108 histories recycled 100 times. For the profile on the right, APR has been used.
In this Figure, the use of APR has produced a much smoother profile, closer to the
benchmark of 2 x 10'° total histories, with lower overall uncertainty as reported by
DOSXYZnrc (see difference plots below each profile).

In Figure 4.8, dose profiles at surface from simulating 10® particles recycled 100
times are presented. Once again, for the profile on the right, APR has been used.

Because relatively few particle scattering events occur prior to entering the phantom,
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Figure 4.6: 6 MV, 10 x 10 cm? field benchmark dose profiles and corresponding uncer-
tainties scored in a 30 x 30 x 30 cm? water phantom at a depth of 1.5 cm (left) and 10.0 cm
(right) with an SSD of 90.0 cm. Both SPR and APR benchmark simulations were made
with 2 x 108 histories recycled 100 times.

it was expected that the contribution of latent variance to the overall variance would
be greatest at the surface. This is confirmed by comparing profiles at the surface
(Figure 4.8) with those at d,,,, (Figure 4.7).

Figures 4.9 and 4.10 show profiles at d,,,, and at surface respectively from the

simulations in which each particle was recycled 1000 times.
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Figure 4.7: 6 MV, 10x 10cm? field profiles (and accompanying dose difference plots) scored
in a 30 x 30 x 30 cm? water phantom at a depth of 1.5 cm (dmag) from the simulation of
1 x 10® histories from PSy, recycled 100 times (1 x 109 total).
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Figure 4.8: 6 MV, 10 x 10cm? field profiles scored in a 30 x 30 x 30 cm? water phantom at
the surface. Both figures show the agreement with the benchmark after simulating 1 x 108
histories from PS4, recycled 100 times (1 x 10 total).
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Figure 4.9: 6 MV, 10 x 10cm? field profiles scored in a 30 x 30 x 30 cm? water phantom at
a depth of 1.5 cm with an SSD of 90.0 cm, resulting from the simulation of 1 x 107 histories

from PS4, recycled 1000 times (1 x 1019 total).
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Figure 4.10: 6 MV, 10 x 10cm? field profiles scored in a 30 x 30 x 30 cm? water phantom
at the surface with an SSD of 90.0 cm, resulting from the simulation of 1 x 107 histories
from PS4 recycled 1000 times (1 x 10 total).
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Figure 4.11: 6 MV, 10 x 10cm? field profiles and accompanying uncertainties scored in a
30 x 30 x 30 cm? water phantom at surface with an SSD of 90.0 cm from the simulation
of 1 x 10% histories from PS4 recycled 10 000 times (1 x 109 total), with the MCTWIST

module.

In all cases considered up to 1000 recyclings, the MCTWIST profiles remain in
good agreement with benchmark while the SPR technique breaks down as expected at
surface with a high number of recyclings, producing inaccurate profiles. The radial
dependence on APR variance reduction is observed in the percent dose difference
plots of these figures.

Figure 4.11 shows the MCTWIST profile at surface from a simulation in which
each particle was recycled 10 000 times (1 x 10° particles in the phase space). With
this few original phase space histories used the MCTWIST profile shows significant
uncertainty due to a large latent variance component in the overall variance.

In Figure 4.12, the mean percent absolute dose difference of APR profiles with

the benchmark profile has been calculated and plotted against the number of original
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Figure 4.12: Plot showing the percent mean difference vs. number of original histories
used from PSSy for the surface profiles presented above. For each data point the total
number of histories simulated (after recycling) was a constant 1 x 10! histories. The
circular data points correspond to the SPR percent mean differences while the X data
points correspond to the APR percent mean differences.
histories used from PS4 for recycling factors of 50, 100, 1000, and 10 000. Also plotted
are the mean absolute percent dose differences between the benchmark profile and
SPR simulations for 50, 100 and 1000 recyclings. From this figure, it can be seen
that the mean absolute percent dose difference from a MC simulation using 107
PS4 particles with a recycling factor of 1000 provided better agreement with the
benchmark (1.0%) than an SPR simulation using 20 times more particles (1.3%).
This is also close to the value of mean percent absolute dose difference calculated
from a very small (10° particles, which is 200 times less than the phase space used in
SPR) phase space recycled with MCTWIST 10000 times.

Figure 4.13 shows MCTWIST and SPR dose profiles for 3 x 3 ¢cm? (top) and
30 x 30 cm? (bottom) fields. The 3 x 3 cm? field is the result of 1 x 10® histories from
PS4 recycled 100 times (1 x 10'° total) while the 30 x 30 cm? field was limited to
only 1 x 107 histories from PS4 recycled 100 times due to phase space size restraints.

Voxel sizes of 0.3 and 0.6 cm were used along the 3 x 3 cm? and 30 x 30 cm? profile

directions. The results confirm the effectiveness of APR with varying field size.
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Figure 4.13: 6 MV, 3 x 3cm? (top) and 30 x 30cm? (bottom) field profiles scored in
a 30 x 30 x 30 cm? water phantom at 1.5 cm depth with an SSD of 90.0 cm from the
simulation of 1 x 10® histories from PS4 recycled 100 times (1 x 1010 total) and 1 x 107
histories from PS4 recycled 100 times respectively, with SPR and with the MCTWIST

module.

In Figure 4.14 the 10 x 10 cm? MCTWIST and benchmark profiles at 10 cm depth
are presented for direct comparison with AKDE results.

To investigate the degradation in profile dose uncertainty with increasing particle
recyclings, the spectral distribution of the particle fluence and radial position distri-
bution have been plotted for each PS4 used in the above 10 x 10 cm? profiles. (See
Figures 4.15 and 4.16.) For each figure, the 1 x 10 particle histogram corresponds

to the 10 000 recycle simulation.
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Figure 4.14: 6 MV, 10 x 10cm? field profiles scored in a 30 x 30 x 30 cm? water phantom
at 10 cm depth with an SSD of 90.0 cm from the simulation of 1 x 108 histories from PS4

recycled 100 times (1 x 10 total), with SPR and with the MCTWIST module.
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Figure 4.15: Plot showing the spectral distribution of the particle fluence within an
annulus between radii 2.7 cm and 3.0 cm for three PS4’s containing: 1 x 105, 1 x 107,

2 x 10® (benchmark) histories.
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Figure 4.16: Plot showing the radial position distribution for three PS4’s containing:
1 x10%, 1 x 107, 2 x 10% (benchmark) histories.
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4.4 Discussion and Conclusions

By making use of cylindrical phase space (PS) symmetry and sampling new azimuthal
particle positions between recyclings, the MCTWIST module provides a simple mech-
anism by which latent phase space variance and consequently the variance of scored
dose can be reduced, especially near the surface of a phantom. Unlike post-simulation
smoothing techniques, which operate on calculated dose distributions, APR improves
accuracy of the particle source prior to radiation transport into the phantom. The po-
tential for inadvertently smoothing out naturally occurring high dose gradient regions
within the phantom does not exist as it does with post-process smoothing techniques.

Ultimately, to avoid latent PS variance completely, MC PSF’s would be of sizes
great enough to not require the recycling of particles or would not be used at all.
However, even with modern computers, a two-step PS approach using particle recy-
cling is the best feasible alternative.

To improve results in the clinical realm when using a two-step PS based MC
simulation with particle recycling, significant reductions in latent PS variance have
been achieved using MCTWIST with as little as 10 particle recyclings. A mean
surface profile agreement of 1.0% has been achieved with a PS4 containing as little
as 10 million histories, recycled 1000 times.

Comparing the results of implementing MCTWIST (Figure 4.14) with the results
obtained by AKDE, one can see that APR has yielded a profile of similar quality to
the AKDE method within the high dose region (within 1.2% uncertainty for both)
and performs substantially better in the penumbral region (1.2% for APR versus
4.50% for AKDE)(for a comparison refer to Tyagi et al. [Tyagi et al., 2006] Figure
5(b)). As no latent variance reduction was reported or concluded by Tyagi et al., no
comparison can be made in this respect. Tyagi et al. have also found that their SPR

profiles show a systematic bias with high recyclings. No systematic bias has appeared
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in the author’s SPR profiles, as seen in Figure 4.14. From the author’s profiles, the
greatest latent variance appears closer to the surface of the phantom and is nearly
washed out by 10 cm depth.

As expected, the variance reduction capabilities of APR are increased radially
from the beam’s central axis. The reduction in the absorbed dose variance for a
given number of particle recyclings was found to be proportional to 1/R when the
absorbed dose is scored in a DOSXYZnrc cartesian voxel set.

It is important to note that the use of bremssrahlung splitting is not a replacement
for particle redistribution in any way and the two techniques are entirely compatible.
Latent variance reduction by particle redistribution is a technique to reduce PSF
latent variance for a phase space of a fixed size. Bremsstrahlung splitting will simply
reduce the latent variance of the PSF per incident electron, not per PSF size.

Uncertainty in the spectra for all particle characteristics will contribute to the dose
profile uncertainty. By considering the phase space in cylindrical coordinates (R, ¢,
w, F), the characteristics that do not undergo variance reduction with azimuthal re-
cycling include R, w (i.e. cos(fz)), and E. Therefore, if these characteristics become
inaccurate due to statistical fluctuations, it will be reflected in the inaccurate dose
profiles. From the plotted energy spectra and radial position distribution (Figures
4.15 and 4.16), an increasing level of degradation was observed as the size of P.Sy
decreases. The cos(6) distribution (not shown) was found to be less sensitive to P.Sy
size. One can see from these figures, that as PS4 gets smaller, it becomes a poor rep-
resentation of the particle fluence that results in inaccurate dose profiles. Therefore
evaluation of energy spectra and radial distribution of particles in the phase space
allows establishing a lower limit on the size of the phase space that can be used with
APR for accurate MC calculations.

In some respects, APR is similar to the particle re-distribution technique offered

in DOZXYZnrc code through utilizing the ISMOOTH input parameter. However, as
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demonstrated, APR as implemented in MCTWIST, is a considerably more powerful
and flexible technique. MCTWIST provides a significant improvement in latent vari-
ance reduction over re-distribution with ISMOOTH. The number of effective recycles
is only four with ISMOOTH, whereas it can be thousands with MCTWIST, and is
only limited by the size of the phase space. Clearly, the dose fluctuations that ap-
peared in the profiles, produced by 10 000 recyclings with MCTWIST, are attributed
to a small size of the phase space (only 1 000 000 particles) rather than to a large
number of recyclings. Larger phase spaces, that maintain integrity of the particle
spectra, can potentially be re-cycled as many times as needed. Another important
difference, is that re-distribution with ISMOQOTH is limited to radiation fields that
are symmetric relative to central axis of the beam. This is a rather severe limitation
making re-distribution with ISMOOTH unusable in clinical MC treatment planning
calculations. In contrast, MCTWIST, being a component module positioned above
any moving parts of the linac treatment head, can be used for any field, including
intensity modulated fields.

MCTWIST has been written in the format of a BEAMnrc component module to
allow for easy implementation in any accelerator model that has cylindrical symmetry

for particles traveling downstream.



115

Chapter 5

Monte Carlo Modeling of Arc

Radiotherapy Delivery

Based on Bush et al., Phys. Med. Biol. 53, 19 (2008)
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In the preceding chapters, the Monte Carlo method was introduced and two tech-
niques addressing fundamental issues faced by Monte Carlo users were investigated.
In this chapter a framework will be developed to carry out Monte Carlo dose calcu-
lations with BEAMnrc for the dosimetric verification of Varian’s RapidArc delivery
system. Verification of the framework will be made through comparison of the calcu-
lation results with the Eclipse treatment planning system (Varian Medical Systems,
Palo Alta, CA). The approach represents the first published account of Monte Carlo

dose modeling of RapidArc treatments.

5.1 Introduction

The RapidArc delivery system is among the most complex radiotherapy treatment
modalities available today, able to deliver an entire treatment fraction in a single
volumetric modulated arc [Otto, 2008]. The clinical impact and effectiveness of vol-
umetric modulated arc therapies (VMAT) has been investigated [Clivio et al., 2009;
Cozzi et al., 2008; Fogliata et al., 2008, 2009; Johansen et al., 2009; Kjaer-Kristoffersen
et al., 2009; Palma et al., 2008]. Verification of RapidArc dose calculation will cer-
tainly be an active part of upcoming research in the medical physics community.
The unmatched ability of Monte Carlo (MC) methods to model intensity-modulated

radiation therapy (IMRT) delivery is well recognized, as is the ability of MC meth-
ods to accurately model small radiation field apertures present in RapidArc radia-
tion delivery. MC based verification methods have been implemented in previous
radiotherapy arc delivery techniques. Solberg et al. [Solberg et al., 1998] used Monte
Carlo dose calculations to investigate effects of tissue inhomogeneities in radiosurgery
plans produced with fixed circular collimators. Li et al. [Li et al., 2001] demonstrated
the feasibility of Monte Carlo modeling an intensity-modulated arc therapy (IMAT)
technique [Yu, 1995]. The technique approximated the modulated arc as a series of

static multi-leaf collimator (MLC) apertures with a gantry angle spacing of 10 de-
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grees. Chow et al. [Chow et al., 2003| explored the use of MC particle source model
techniques in open field photon arcs. The technique uniformly sampled gantry posi-
tions for the open field (non-MLC) arc during the MC simulation. Gladwish et al.
[Gladwish et al., 2007] developed efficiency improvements to the IMAT optimization
process resulting in fewer required MLC leaf pair position permutations. MC dose
calculation was used on 51 static field MLC segments from the final derived IMAT
optimization using a fast commercial MC dose calculation code (NXEGS). MC verifi-
cations of Tomotherapy delivery [Mackie et al., 1993] have also recently been recently
published [Muzik et al., 2008; Sterpin et al., 2008|.

The importance of treatment plan dose verification in arc radiotherapy has been
discussed by Li et al. [Li et al., 2001] with respect to IMAT delivery. RapidArc
radiation fields are of increased complexity, in comparison with the characteristic
IMAT dynamic gantry and MLC motions, in that small field apertures are commonly
found in RapidArc plans as well as a variable dose rate during delivery. In this
situation Monte Carlo verification of RapidArc dose calculation, calculated using the
anisotropic analytical algorithm (AAA), becomes indispensable.

In this chapter, an efficient framework (VIMC-Arc) for MC verification of Rap-
idArc treatment plans is developed and presented. The implementation is unique
in that dynamic MLC motion is explicitly modeled throughout the arc rotation.
VIMC-Arc requires only a standard RapidArc Digital Imaging and Communications
in Medicine (DICOM) dataset to construct the MC beam and patient models, simu-
late radiation transport and collect the resulting dose, which is returned in DICOM
format for import back into the treatment planning system (TPS). A comparative
dosimetric investigation of RapidArc’'s AAA dose calculations against Monte Carlo
calculations with VIMC-Arc was conducted and published in a study by Gagne et al.

[Gagne et al., 2008] using the system developed in this chapter.
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5.2 Materials and Methods

5.2.1 The Vancouver Island Monte Carlo (VIMC) system

VIMC-Arec is based on the VIMC process [Zavgorodni et al., 2007, 2008] developed
as a collaborative project within the BC Cancer Agency - Vancouver Island Center.
The author has made considerable contributions to the project including developing
the primary infrastructure of the software, coding many of the C++ library routines,
TCL and shell scripting, interfacing with the parallel computing batching system
[Thain et al., 2005], and co-supervision of cooperative education students working on
code for the system. This section briefly describes the VIMC system components that
are relevant to the implementation of VIMC-Arc. Specific attention will be placed
on the author’s contributions.

VIMC was built for verification of existing treatment plans that can be exported
from the planning system in DICOM standard format. The MC plan verification pro-
cess is illustrated in Figure 5.2. The DICOM exported data set is required to include
the patient’s computed tomography (CT) files, a plan file containing all planning
parameters (including linac/couch angles, monitor unit details, MLC leaf sequences,
etc.), and dose files containing the dose distribution within the patient, calculated
by the TPS. Plan parameters needed for the MC simulation of the linac head, as
well as patient CT data, are extracted from the DICOM dataset using an in-house
developed DICOM Library [Locke and Zavgorodni, 2008]. The linac head is modeled
using the BEAMnrc system [Rogers et al., 1995]. Azimuthal particle redistribution
[Bush et al., 2007] (see Chapter 4) is incorporated in the BEAMnrc model, consid-
erably reducing the latent variance [Sempau et al., 2001] in the calculated MC dose
distributions. Photon transport through the MLC for conformal and IMRT fields is
modeled using the particle DMLC code [Keall et al., 2001; Siebers et al., 2002].

A patient phantom is created from the (CT) dataset, using the CTCreate code
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contained in the DOSXYZnrc package [Walters et al., 2005]. Once the patient phan-
tom is generated, the dose distributions can be calculated with either the DOSXYZnrc
[Walters et al., 2005] or VMC++ code [Kawrakow et al., 1996]. The patient phantom
can be converted into binary format for compatibility with VMC++.

Co-ordinate transformations [Thebaut and Zavgorodni, 2006] were implemented
into VIMC to provide the relationship between the linac’s coordinates (the isocentre
position within a patient, along with the gantry, collimator, and couch angles) and
the DOSXYZnrc coordinate system. This is essential as multiple coordinate systems
are used by different codes. The patient phantom is generated by CTCreate from the
DICOM CT dataset, and the phantom therefore remains in the DICOM co-ordinate
system (c.s.). BEAMnrc models the treatment beams in a Cartesian c.s. with a
different orientation to that of the patient c.s. The incident beam direction and
orientation in DOSXYZnrc are required to be specified in spherical coordinates that,
in turn, must be calculated from gantry, couch, and collimator angles provided by
the planning system. The equivalent transformations for use with VMC++ have also
been derived by the author and are presented in the following section for reference.

The total number of particle histories required for modeling each treatment field
is calculated based on the user’s requested dose uncertainty [Spezi et al., 2002]. This
calculation is based on the secondary collimator size, the voxel dimensions in the
patient phantom and effective attenuation coefficient of the photon beam. When a
plan consists of multiple beams, the uncertainty for each beam is added in quadrature.
The calculation of the required number of particles (N) to be run per field (from a

phase space located above the jaws) is calculated as

o 1 1 Abeam
B n 552N2g ‘/voxel ’

(5.1)

where n is the number of fields, ¢ is the total requested uncertainty, ut is the effective

energy absorption coefficient in water for the given field’s photon energy, Apeam is the
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open area of the beam, Vi o is the volume of the voxels used to create the patient
phantom, and £ is a correction factor to account for the scattered dose contributions
and other deviations from the ideal case assumed in Equation 5.1. The correction
factor &€ was derived from a 10 x 10 cm? calibration run.

For a plan with multiple fields, BEAMnrc and DOSXYZnrc (or optionally VMC++-)
input files as well as script files that run the simulation are created by VIMC for each
field. These job scripts are submitted to the Vancouver Island Monte Carlo (VIMC)
computing cluster (24-node cluster) via the Condor High-Throughput Computing
software! to allow parallel execution of fields. Upon execution, each field simulation
produces a separate 3D dose distribution.

The 3D dose output files produced from VMC++ are produced in a binary format
and so are converted to conform to the 3D dose format of DOSXYZnrc using the
.3ddose C++ library written by the author. This enables VIMC to seamlessly use
the same process to handle the 3D dose output from either DOSXYZnrc or VMCH+.

Conversion to absorbed dose from the normalized units of Gy/incident electron
(as produced by DOSXYZnrc and VMC++) to the absolute dose in Gy for each
treatment field is achieved using the strategy of Popescu et al. [Popescu et al., 2005].
In this method, backscattered radiation from the secondary collimator is collected
in the monitor chamber for use in the calculation. This method has been shown
to be very versatile, allowing simple yet very accurate absolute dose calculations
in a variety of situations encountered in treatment planning, from symmetric and
asymmetric open fields to static and sliding window IMRT. Following the conversion
into absolute dose (Gy) of the entire set of field dose distributions, all fields are
summed to provide a total plan dose.

Since the Eclipse TPS (and most other TPS’s) calculate the absorbed dose as dose-

to-water, VIMC has an option of converting the dose-to-media (Dpeq) resulting from

!Condor Project, Madison, Wisconsin.
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DOSXYZnrc calculated distributions to dose-to-water (D,,) for accurate comparison.
This is done using the method of stopping power ratios proposed by Siebers et al.
[Siebers et al., 2000]. Using this method each voxel’s dose is converted from dose-to-
media to dose-to-water by first determining the media of the voxel from the patient
phantom. Using a look-up table of mass collisional stopping power ratios the dose is
converted as

Dw = Dmedsw,meda (52)

where s, mea is defined as the ratio of unrestricted mass collisional stopping power
i water to mass collisional stopping power in the medium averaged over the energy
spectra of primary electrons in the phantom. The converted dose distribution and
individual field dose distributions are then written in DICOM format, to be available
for import into a TPS such as Varian’s Eclipse along with the dose-to-media dose
distributions.

Although VIMC uses a BEAMnrc model for the Varian Clinac 21EX, the VIMC
process is designed for use with many other clinical accelerators, and is not limited

to the Varian 21EX.

IEC coordinate transformations for clinical phase-space based VMC+H+4

simulation

The use of VMC++ dose calculation into the VIMC system required the derivation
of a coordinate transformation to allow the particles of a BEAMnrc type phase-space
file (PSF) to be correctly oriented relative to the VMCH+ patient model using Euler
angles («, 3, ), translation vector x, and isocenter position ;s from International
Electrotechnical Commission (IEC) linac coordinates of gantry, collimator and couch
angles.

The position  and direction u of each particle in the PSF are translated and

rotated within the VMC++ to new position =’ and direction u’ by way of the following
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operations:

¥ = R(x + Ty — Tiso) + Tiso (5.3)

and

u' = R(u), (5.4)

where rotation operator R is defined to be

R = Ry(a)Ry(B)R:(7) (5.5)
with rotation matrices
1 0 0
Ry(a) = | 0 cos(a) —sin(a) |, (5.6)

cos(y) —sin(y) 0
R.(v) = | sin(y) cos(y) 0 (5.8)
0 0 1

The motion of the Clinac 21EX can be expressed in terms of the rotation matrices
R,, R,, R, about the right handed patient coordinate system (c.s.) of the Eclipse
TPS. In the patient c.s. the positive X-axis is directed laterally left, the positive Y-
axis is directed posterior, and the positive Z-axis is directed superior. The radiation
field of an accelerator with gantry, couch and collimator (col) angles all equal to zero

(top-dead-zero) is incident on the front of the patient with head pointing toward the
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gantry.

Using rotation matrices in the patient c.s., a collimator rotation is simply de-
scribed by a rotation about the —Y-axis or R_,(col). A gantry rotation is then
simply described by a rotation about the +Z-axis or R,(gantry) and a couch rota-
tion is then described by a rotation again about the —Y-axis or R_,(couch). The
non-commutative nature of the operations requires the rotations be applied in the
order: collimator, gantry, couch. The rotation of the linear accelerator (Rgccer) 1S

then described in terms of rotation matrices as
Reaceet = R_y(couch)R_,(gantry)R_,(col). (5.9)

To determine the position of the linear accelerator beam in terms of the VMC++
rotations about the x, y and z axes as shown in Equation 5.5 the following relation

can be solved for rotation angles «, 3, v
R.(a)R,(B)R.(v) = R_y(couch)R_,(gantry)R_,(col). (5.10)

However, it is necessary to describe the motion of a BEAMnrc PSF with collimator,
gantry and couch angles of that of the Clinac 21EX model. One must therefore
account for an additional rotation required to initially align the BEAMnrc PSF with
the top-dead-zero position of the collimator, gantry and couch angles. This extra
rotation is required since the normal vector of the phase-space plane is initially aligned
along the positive Z-axis of the patient c.s. (incident on the soles of the patient’s
feet). The initial alignment of the BEAMnrc phase-space plane with the top-dead-
zero accelerator position is achieved through a rotation of 7 about the X-axis or

R, (g) The amended relation we need to solve is

R, ()R, (B)R.(v) = R_,(couch)R_,(gantry)R_,(col) R, (g) (5.11)
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or

sin(a) sin(8) cos(v)+cos(a) sin(y) — sin(a) sin(B) sin(y)+cos() cos(y) — sin(a) cos(3)

{ cos(B) cos() — cos(8) sin(~) sin(6) ]
— cos(a) sin(B) cos()+sin(a) sin(y) cos(e) sin(B) sin(y)+sin(a) cos(y)  cos(a) cos(B3)

(5.12)

—sin(a) cos(c) sin(a) sin(c) —cos(a)
sin(b) cos(a) cos(c)+cos(b) sin(c) — sin(b) cos(a) sin(c)+cos(b) cos(c) — sin(b) sin(a)

|: cos(b) cos(a) cos(c)—sin(b) sin(c) — cos(b) cos(a) sin(c)—sin(b) cos(c) — cos(b) sin(a) :|

for rotation angles «, 3, v and gantry (a), couch (b) and collimator (¢) angles. The
solution of the three variables «, (3, v is overdetermined by the nine equations of the
3 x 3 matrix. It can be shown that a sufficient solution of this system for VMC++

rotation angles «, 3, v in terms of gantry, couch and collimator angles as follows

o — tan-! cos(gantry) (5.13)
— sin(couch) sin(gantry) |’ ‘
8= tan! cos(couch) sin(gantry) and (5.14)
V1 = sin?(gantry) cos?(couch) |
= tan-L cos(couch) cos(gantry) sin(col) + Si'n(couch) c?s(col) (5.15)
cos(couch) cos(gantry) cos(col) — sin(couch) sin(col)

Table 5.1: Beam parameters used to test the transformations for fields shown in Figure

5.3.
Gantry Angle (deg.) Couch Angle (deg.) Collimator Angle (deg.)
Field 1 26.0 8.0 17.0
Field 2 107.0 49.0 99.0
Field 3 243.0 66.0 197.0

The transformations of Equations 5.13 - 5.15 were verified through comparison
of VMC++ simulated dose distributions with those calculated by Eclipse for two

different external beam plans, each of which contained three asymmetric photon
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Table 5.2: Beam parameters used to test the transformations for fields shown in Figure

5.4.
Gantry Angle (deg.) Couch Angle (deg.) Collimator Angle (deg.)
Field 1 10.0 59.0 266.0
Field 2 163.0 30.0 306.7
Field 3 318.0 92.0 88.0

fields. The field orientations are shown in Table 5.1 for the first plan and 5.2 for
the second plan. The orientations were chosen to be the same as those previously
used for testing the DOSXYZ transformations derived by Thebaut and Zavgorodni
[Thebaut and Zavgorodni, 2006]. This combination of beam angles allows testing
of the transformations in all clinically relevant quadrants and collimator angles. In
each simulation 250 million particles were transported into a CT scanned cylindrical
water phantom (radius = 10.0 cm, length = 20.0 cm) for each field.

For comparison with Eclipse field orientations the VMC++ calculated dose dis-

tributions were converted to DICOM format and imported into the Eclipse TPS.
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5.2.2 VIMC-Arc

By its nature RapidArc treatment delivery is a dynamic process in which the dose is
delivered with simultaneous gantry rotations and MLC motions. The delivered dose
rate can also be variable. Motion of any linac component is described in DICOM
files through the use of control points specifying where each linac component (such as
gantry, MLC leaves and other) are required to be positioned at a specific point of the
dose delivery. The required fraction of the total photon fluence will also be delivered
at the specified control point. Other parameters, such as the collimator angle, couch
angle, and jaw positions are specified outside of the control points (thus are currently
kept constant throughout the arc). Similar to the VIMC system described above, the
VIMC-Arc process uses DICOM files exported from the Eclipse TPS and extracts all
data required for the MC calculation.

DICOM files produced by Eclipse represent each RapidArc treatment as a series
of fields with 177 gantry positions, each associated with an MLC field aperture. Using
this information, VIMC-Arc models the gantry arc rotation as a series of static gantry
positions, with MLC motion modeled dynamically. Between each adjacent pair of
gantry control points, a mean gantry angle is computed, representing a static VIMC-
Arc gantry position 5.1. The MLC leaf positions for adjacent gantry angles are then
used as the basis to create an IMRT MLC motion for this mean gantry angle. This
implies that during a gantry rotation between two control points each leaf moves
with a constant speed, though this speed varies from one leaf to another. VIMC-Arc
therefore generates 176 sliding window IMRT radiation segments to model RapidArc
dose delivery. The process of generating IMRT fields within an arc segment is depicted
in Figure 5.1.

For each of the these 176 segments, MC input files are created along with the
respective input files for the code modeling dynamic MLC motion [Keall et al., 2001;

Siebers et al., 2002]. Each segment is treated as a separate radiation field and is
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P

Figure 5.1: Diagram demonstrating the generation of IMRT fields within an arc segment.
The RapidArc DICOM files from Eclipse provide values of gantry angles and MLC leaf
positions at the gantry angles 1, 2 and 3. VIMC-Arc averages between the given gantry
angles 1 and 2 to produce an “effective” gantry angle A, while the gantry angles 2 and 3
are averaged to produce an effective gantry angle B. The MLC leaf positions at points 1
and 2 are used to produce a dMLC file that controls leaf motions from point 1 to point
2 at the gantry angle A. Similarly, the MLC leaf positions at points 2 and 3 are used to
produce a dynamic MLC motion pattern for the gantry angle B. The angles as portrayed
in this figure are shown for demonstration purposes only; actual RapidArc gantry rotation
segments are on the order of 2 degrees.

simulated independently. The number of histories required to simulate in each rota-
tion segment is determined by the same method as per a standard IMRT VIMC plan
with multiple fields described by Equation 5.1. VIMC-Arc also has the capability of
modeling an arbitrary number of arcs.

The Eclipse TPS has the option of optimization with “avoidance sectors” - arc

sectors where radiation has been prohibited during optimization in order to minimize

the dose delivered to particularly sensitive structures in a patient. In DICOM plan
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Figure 5.2: Flowchart exhibiting the steps making up the VIMC-Arc process.

\

files these sectors are recorded as gantry positions with non-increasing beam meter set
weights. VIMC-Arc detects such sectors in the DICOM dataset and accounts for them
by ignoring MC beam segments for these gantry positions. The number of particles
required to achieve the user requested dose uncertainty will then be automatically
redistributed between remaining arc segments.

A Condor job submission script is written for each segment to execute BEAMnrec,
particle DMLC code, and either of DOSXYZnrc or VMC++. Because each segment
is treated by VIMC-Arc as an individual field, each segment produces an independent
3D dose distribution that is subsequently converted to absolute dose. The variable

dose rate is accounted for in this conversion by using the DICOM RT parameter
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“beam meter weight” that specifies the fractional monitor units (MUs) to be delivered
by a given gantry angle within each treatment arc. VIMC-Arc extracts the value of
this parameter from the DICOM plan file and calculates the MUs to be delivered in
each segment. This is different from the original VIMC process, where the MU for
each field would be obtained explicitly from the respective DICOM plan file.
Following the absolute dose conversions applied to the set of 3D dose files, the
dose (in Gy) from all 176 rotation segments of each arc are combined into a single arc
dose distribution. If requested, this dose distribution is then converted to absorbed
“dose to water” and finally written into DICOM dose files, allowing import of the
MC calculated dose into a commercial TPS for evaluation. A flowchart showing the
steps required to carry out the VIMC-Arc simulation process is displayed in Figure

5.2
5.2.3 VIMC-Arc tests and verifications

Essential components of the VIMC system utilized by VIMC-Arc, have been tested
and previously verified. This includes open field profiles and depth dose curves [Gagné
and Zavgorodni, 2007], absolute dose calculations including sliding window IMRT
[Popescu et al., 2005], sliding window IMRT profiles [Stapleton et al., 2005] as well
as IMRT patient dose calculations [Zavgorodni et al., 2007].

Patient plans were calculated by the Eclipse TPS for RapidArc delivery and then
transferred to an artificial water-equivalent cylindrical phantom. The plans were

designed to demonstrate the applicability of the VIMC-Arc system for
(1) a single-field RapidArc treatment,
(i1) a dual-arc RapidArc treatment,

(#i) a RapidArc plan where avoidance sectors were used during treatment planning.

VIMC-Arc calculations were compared with RapidArc dose distributions pro-

duced by the anisotropic analytical algorithm (AAA). As AAA has been proven to
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produce accurate dose distributions in homogeneous media [Fogliata et al., 2006],
[Gagné and Zavgorodni, 2007], the AAA calculated dose distributions offer a valid
comparison measure for the VIMC-Arc system in homogeneous phantoms. A single-
arc RapidArc treatment plan was also simulated on an inhomogeneous patient phan-

tom to observe dose differences introduced from phantom inhomogeneities.

5.3 Results

5.3.1 Verification of IEC coordinate transformations for clinical

phase-space based VM C++ simulation

A verification of IEC coordinate transformations derived in Section 5.2.1 is made
through comparison of two, three field IMRT (non-arc) plans with Eclipse and VIMC.
Transverse and sagittal planar comparisons of the dose distributions are displayed
in Figures 5.3 and 5.4. This agreement demonstrates the validity of the derived
transformations for a set of gantry, collimator and couch angles that cover clinically
relevant quadrants. This validation naturally extends to the VMC++4 simulation of

RapidArc delivery.
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Figure 5.3: Transverse (top) and sagittal (bottom) cross-sections of dose distributions from
three fields calculated by Eclipse (left) and VMC++ (right) for beam angle parameters
defined in Table 5.1. The surface contour of the cylinder is shown in dark blue.
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Figure 5.4: Transverse (top) and sagittal (bottom) cross-sections of dose distributions from
three fields calculated by Eclipse (left) and Monte Carlo (right) for beam angle parameters
defined in Table 5.2.
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5.3.2 Verification of the VIMC-Arc simulation process

Table 5.3 provides a summary of the test simulations that have been completed specif-
ically for the VIMC-Arc feature of the VIMC system. All plans were calculated on
phantoms with 0.5 x 0.5 x 0.5 cm?® voxels, and the number of particles was calcu-
lated by VIMC-Arc to achieve at least 1% uncertainty at isocenter. Table 5.3 also
demonstrates the dependence of the number of histories (and hence, the simulation
time) on the field size defined by the secondary collimator jaws for MC calculations.
This number of becomes approximately constant if normalized per unit area of the
secondary collimator aperture. VIMC-Arc dose calculations required an average of
approximately 59.5 minutes on a 9-node PC cluster each with a 2.2 GHz CPU, while
Eclipse calculations required an average of 4.8 minutes for dose calculations on an
8-core 3.0 GHz workstation.

Table 5.3: Summary of VIMC-Arc verification simulations.

Plan Beam Area | Histories | MC Time | Eclipse Time Dose
(cm?) (x10%) | (minutes) (minutes) | Difference

1-Arc Cylinder || 254.40 1.652 50 3.50 0.5%

2-Arc Cylinder | 228.00 1.481 62 6.82 0.6%

Avd. Sectors 478.01 3.109 69 447 20.8%

1-Arc Patient || 254.40 1.652 57 4.38 20.6%

The last column of Table 5.3 provides a comparison of percentage differences of the
dose calculated at the plan’s isocentre between VIMC-Arc and Eclipse. Agreement
was found to be within MC statistical uncertainties in all cases.

The dose distribution from a single-field RapidArc treatment plan calculated on a
water-equivalent cylinder is displayed in Figure 5.5. Agreement between the Eclipse
AAA and VIMC-Arc dose distributions was observed.

Figure 5.6 demonstrates VIMC-Arc’s ability to model a dual-arc RapidArc treat-

ment. Multiple arcs may be required in practice to extend the effective treatment
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Figure 5.5: Comparison of the AAA (left) and VIMC-Arc (right) dose distributions from
the regular single arc plan on a cylindrical water-equivalent phantom. The uncertainty of
MC dose calculation was within 1.0%.

field size, as currently RapidArc does not allow MLC carriage movement. Again, the
agreement of VIMC-Arc and Eclipse dose distributions confirms a correct implemen-
tation of this treatment option in the system.

The verification plan shown in Figure 5.7 was produced utilizing the sector avoid-
ance option in the Eclipse optimization stage. Good agreement of VIMC-Arc and
Eclipse dose distributions was observed, establishing the ability of VIMC-Arc to ac-
curately model this option.

Finally, to observe potential dose calculation differences with the presence of
phantom inhomogeneities, dose for a RapidArc patient plan was calculated using the
VIMC-Arc system and compared with AAA dose calculations as shown in Figure

5.8. It should be noted that the plan was identical to that used on the verification
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Figure 5.6: Comparison of the AAA (left) and VIMC-Arc (right) dose distributions from
dual-arc plan in water equivalent cylindrical phantom. The uncertainty of MC dose calcu-
lation was within 1.0%.

cylinder shown in Figure 5.5. In this case the dose distributions produced by Eclipse

and VIMC-Arc are very similar, with minor differences appearing in the regions of

tissue inhomogeneities.
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Figure 5.7: Comparison of the AAA (left) and VIMC-Arc (right) dose distributions from
a treatment plan using the avoidance sector option. The uncertainty of MC dose calculation
was within 1.0%.
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Figure 5.8: Comparison of the AAA (left) and VIMC-Arc (right) dose distributions from
a standard single arc plan on a patient. The uncertainty of MC dose calculation was within
1.0%.
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5.4 Discussion and Conclusions

RapidArc delivery is among the most complex modern radiotherapy treatment tech-
niques. In this chapter an automated VIMC-Arc system enabling the Monte Carlo
dosimetric verification of treatment plans generated by commercial software for Rap-
idArc delivery (Eclipse) has been presented. In addition to dosimetric verification,
VIMC-Arc offers the ability to model treatment options that are not yet clinically
available, such as variable dose rate delivery combined with simultaneous motion of
all movable components of the radiotherapy treatment delivery unit: gantry, MLCs,
collimator, jaws, and couch. This potential may allow for future Monte Carlo veri-
fications of highly complex dynamic treatment techniques where traditional pencil-
beam-based algorithms will be further challenged for both accuracy and speed.

In its development RapidArc evolved from IMAT and VMAT [Otto, 2008] treat-
ment techniques. Naturally, Monte Carlo verification methods for IMAT would have
similarity to those for RapidArc. However, as IMAT has not yet been embraced as
widely as fixed gantry IMRT, there are respectively less publications on Monte Carlo
modeling of this technique. Recent publications by Gladwish et al. and Vander-
straeten et al. [Gladwish et al., 2007; Vanderstraeten et al., 2007] do not provide
detailed description of the Monte Carlo implementation. An article by Li et al. [Li
et al., 2001] describes in detail the IMAT Monte Carlo verification process. In their
model, approximations were introduced that, although justified for IMAT with its
relatively open apertures and gradually changing field shapes, would be insufficient
for RapidArc. This includes a fairly coarse angular grid of 10 for gantry positions,
the modeling of dynamic IMAT fields as fixed apertures, ignored interleaf leakage and
tongue and groove effects. The implementation of VIMC-Arc makes none of these
approximations. The dMLC motion is explicitly modeled, including the tongue and

groove effect as well as interleaf leakage [Keall et al., 2001; Siebers et al., 2002]. The
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number of gantry segments used in the VIMC-Arc system is identical to that in the
Eclipse TPS.

Reducing the number of gantry positions modeled in the system would not gain
significant calculation speed, and increasing this number would not result in any loss
of efficiency. If needed, it is possible to increase the accuracy of the gantry motion
modeling in VIMC-Arc by interpolating the 176 rotation segments into several hun-
dred, or even thousands of segments. However, such an increase would inevitably
involve interpolating between gantry positions provided in the DICOM plan file used
to control the linac motion. Given that all provided gantry segments are already
modeled, and the dynamic motion of the MLC leaf motion has been accurately mod-
eled, further increase of the number of gantry segments may only produce minute
differences in the calculated dose distribution, and are most likely not required.

It is important to note that the VIMC-Arc system is capable of routine RapidArc
plan dose verification where the process requires only minimal user input such as
patient ID, required voxel size and requested dose uncertainty. The remainder of
the process is fully automated. This provides an excellent platform for investigations
of potential dosimetric problems in different treatment sites with varying degrees of
tissue inhomogeneity.

Within this chapter the validation of the VIMC-Arc system did not involve direct
experimental measurements from a RapidArc delivery. This is because RapidArc
capable linacs are not yet available in the author’s institution. However, as demon-
strated in the Section 5.2.2; all dosimetrically important components of the Monte
Carlo system have been verified in previous studies. Good agreement of the VIMC-
Arc calculations with AAA in homogeneous phantom, where the AAA is believed to
be accurate, were also demonstrated.

It should be reiterated that a quantitative dosimetric analysis of RapidArc dose

distributions was not the subject of this chapter. A study of the dosimetric accuracy
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of RapidArc for oropharynx radiotherapy has been performed using VIMC-Arc by
VIC medical physics researchers [Gagne et al., 2008]. In their paper investigating a
cohort of six patients, a dosimetric error of up to 12% near isolated MLC leaf edges
and up to 5% at MLC leaf ends was observed. The composite effect of these errors
was found to produce a 1.5% error in mean target dose. At present the study of
Gagne et al. is the only published comparison of AAA and MC dose calculations of

RapidArc delivery.
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Chapter 6

Monte Carlo Calculated Beamlet Dose
Distributions for Advanced Radiotherapy

Planning

Based on Bush et al., Phys. Med. Biol. 53, 18 (2008)
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In the previous chapter a framework was established allowing the verification of
arc therapy treatments with Monte Carlo (MC) dose calculation. In this chapter
the initial steps toward introducing MC dose calculation in the planning stages of

advanced radiotherapy treatments will be investigated.

6.1 Introduction

The importance of accurate dose calculations in the planning stages of IMRT treat-
ments was recently demonstrated by Mihaylov and Siebers [Mihaylov and Siebers,
2008] in their study of optimization convergence errors in pencil beams. The use of
MC dose calculation in the IMRT plan optimization process poses several challenges
as previously discussed in the literature [Verhaegen and Seuntjens, 2003; Zakarian
and Deasy, 2004; Chetty et al., 2007]. Perhaps the most significant, at present date,
are the computationally intensive nature of MC simulation and difficulties that can
exist in accurately representing the output of the treatment head being modeled.
Several groups thus far have implemented Monte Carlo based beam-element (beam-
let) or fluence-element type IMRT optimizations for radiotherapy applications. Jeraj
and Keall [Jeraj and Keall, 1999] have used MC beamlets in a Monte Carlo inverse
(MCI) treatment planning method. The technique employs a hybrid investigation
tool, in which an initial guess of the beam modulation is first derived without elec-
tron transport, followed by a forward MC simulation including electron transport.
Jeraj and Keall [Jeraj and Keall, 2000] have also investigated the noise convergence
error effects specific to the use of MC beamlets in dose optimization. The clinical
feasibility of a similar hybrid MC method was also investigated by Wang et al. [Wang
et al., 2005]. Other groups have used beamlets in fast MC dose calculation engines
such as VMC++ and XVMC [Ma et al., 2002; Zakarian and Deasy, 2004; Bogner
et al., 2006]. Zakarian and Deasy used a modified version of the XVMC code to sim-

ulate beamlets in a homogeneous water medium and investigated the compressibility
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of the dose data with wavelet-based multi-resolution (MR) decomposition. Bogner
et al. developed a non-hybrid, fluence based, inverse MC treatment planning system
based on the concept of inverse kernel optimization. Lindsay et al. [Lindsay et al.,
2007] have also implemented MC beamlets derived from a simplified beam model to
analyze an archived dataset of lung plans.

With the exception of Bogner et al. a particle source model (PSM) or multi-source
model approach was implemented in each of the above methods to generate the par-
ticles of each beamlet. Verhagen and Seuntjens [Verhaegen and Seuntjens, 2003] have
stated that the nature of such source models inevitably introduce approximations to
the radiation field. For accurate modeling of accelerators such as the Clinac 21EX
type model, where the multi-leaf collimator is below the secondary collimating jaws,
a beamlet PSM originating from the MLC plane would require a source model for
all components down to and including the secondary collimating jaw. Many groups
have successfully derived PSM’s up to but not including the secondary collimating
jaws [Ma and Rogers, 1995; Ma, 1998; von Wittenau et al., 1999; Deng et al., 2000;
Fix et al., 2000, 2001; Ma et al., 1997]. The absence of cylindrical symmetry below
the secondary collimator along with patient dependent variations in field size, make
this location less favourable for a source characterization point although models do
exist [Chetty et al., 2000; Aaronson et al., 2002].

Conventional dose calculations, i.e. those not employing MC often rely on an-
alytic methods such as pencil beam convolution or collapsed cone convolution for
calculation of beamlet dose distributions. Because of the relatively few computations
required to calculate beamlet dose distributions with these algorithms, beamlet dose
distributions are typically recalculated “on-the-fly” for each optimization iteration
to determine the resulting dose from each beamlet weight change. An alternative
approach, as suggested by Bogner et al. [Bogner et al., 2006], Zakarian and Deasy

[Zavgorodni et al., 2007], and Bush [Bush and Popescu, 2006] is to perform a one-time
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calculation of all beamlet dose distributions, store all distributions (in RAM), and
weight the stored dose distributions for each optimization. This approach requires
significantly more memory than recalculating beamlet dose distributions, something
which was not sufficiently available during the peak development of IMRT optimiza-
tion in the early 1990s. The computational load required for MC dose calculation is
significant such that storage of MC calculated beamlet dose distributions is essential
for fast optimization. Recalculating beamlet dose distributions with MC simulation
is impractical given the required computation.

To determine an estimate of the quantity of uncompressed data required for a
typical IMRT treatment plan, one could consider a typical 7 field treatment with an
approximate treatment area of 15.0 x 15.0 cm? per treatment field. Using a modest
beamlet size of 0.5 x 0.5 cm? one would require approximately 900 beamlets per field
or 7 x 900 = 6300 beamlets for the entire 7-field plan to cover the planning target
volume. Under the assumption of an average number of dose calculation points per
beamlet to be on the order of 10 000 (assuming a modest voxel grid of 100 x 100 x 100
and dose data within the PTV and OAR contained in one-tenth of these voxels), the
uncompressed memory requirements to store/buffer all dose data would be on the
order of > 1.2 gigabytes (GB) with 16-bit precision. For todays most powerful desktop
computers this memory requirement is feasible. However, the demands of modern
advanced radiotherapy treatments using treatment arcs typically require many more
fields (for example a RapidArc treatment plan requiring 177 fields per treatment arc).
In addition, the incorporation of a time domain in the planning process may require
even more beamlet data storage. It is not feasible to incorporate MC dose calculation
in such advanced treatments with the current optimization architecture.

Compression of beamlet dose distribution data has the potential to yield more
manageable memory requirements. Zakarian and Deasy [Zakarian and Deasy, 2004]

have shown the potential for near lossless compression of up to 100 times using
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multi-resolution wavelet decomposition of dose distributions with hard thresholding
(i.e. zeroing below a cutoff) of wavelet coefficients below a value of 1% of the maxi-
mum. In addition, the decomposed dose distributions were simultaneously de-noised.
As implemented by this group, a 2-D discrete wavelet transform was performed on
multiple 2-dimensional slices of the 3-dimensional dose distribution using a selection
of wavelets (orthogonal and biorthogonal). The wavelet transform was limited to
2 dimensions by the Matlab! software used for their analysis. It was suggested by
this group that improved compression would come from using a 3-D transform in the
decomposition.

In this chapter, a method will be presented to generate Monte Carlo beamlets
using a BEAMnrc phase space at the plane of the MLC for use in IMRT, volumetric
modulated arc therapy (VMAT), and/or intensity modulated arc therapy (IMAT)
optimization. It is expected that MC beamlets generated from the phase space will
provide a basis for more accurate modeling of the radiation field. The compressibility
of beamlet dose distributions will also be investigated for the first time using a 3-D

wavelet transform.

6.2 Materials and Methods

MC simulations were made using the BEAMnrc and DOSXYZnrc Monte Carlo
system, based on the underlying EGSnrc particle transport code [Kawrakow and
Rogers, 2000]. The following MC transport parameters were used in all simula-
tions [Rogers et al., 2006] [Walters et al., 2005; Sheikh-Bagheri and Rogers, 2002b]:
AP=PCUT=0.010 MeV and AE=ECUT=0.700 MeV, where AP and AE are the
low-energy thresholds for the production of secondary bremsstrahlung photons and
knock-on electrons, respectively, while PCUT and ECUT define the global cutoff

energy for photon and electron transport, respectively. Directional bremsstrahlung

I'The Mathworks, Inc., Natick, MA, USA.
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splitting was also used with a splitting factor NBRSPL=1000. The accelerator model,
a Varian Clinac 21EX, was defined according to manufacturer specifications.

The process of obtaining MC beamlet dose distributions consists of 3 parts: phase
space sorting and beamlet extraction, doselet acquisition, and doselet conversion to

absolute dose.
6.2.1 Generating Monte Carlo beamlets from a BEAMnrc phase space
Phase space sorting and beamlet extraction

In the context of this chapter, the term beamlet (or beam element) is defined as a
geometrical sub-division of a given radiation field. The basis for sub-division is a
two dimensional grid with spacing dx x dy through which the radiation field passes
at normal incidence (Figure 6.1). The placement of this grid along the direction of
propagation (Z) is arbitrary, a feature that, as will be discussed, enables additional
applications of beamlets beyond intensity modulated radiotherapy (IMRT) planning.
The dose distribution deposited in a phantom by all particles of a single beamlet will
be referred to as a doselet. This distribution is stored as a 3-D matrix along with the
associated dose uncertainties and voxel boundaries.

A phase space file (PSF), in the MC simulation context, can be considered a
“snapshot” of a set of particle characteristics for a field of particles crossing a partic-
ular two-dimensional plane in space. These characteristics in BEAMnrc simulations
include those essential for the continuation of MC particle transport (energy, mo-
mentum, type), and others that aid in simulation statistics (weight) and analysis
(LATCH). A particle record consists of 7 or 8 (depending on the scoring mode used)
32-bit variables: LATCH, energy (MeV), x coordinate (cm), y coordinate (cm), x
direction cosine, y direction cosine, particle weight (which also stores the sign of the
z direction cosine), and z coordinate of the last particle interaction (optional). It is

important to note that particles are written to the PSF in the order in which they
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reach the scoring plane and are in no way ordered by their PSF variables. It is also
important to note that the particle density in the PSF changes across the radiation
field and is subject to field non-uniformity as well as statistical uncertainty inherent
in MC modeling. It is therefore impossible to predict how many particles will be
located in each geometrical region.

The LATCH variable can be used to track the origin and interaction history of
each particle within the linac model[Rogers et al., 2006]. Up to 23 geometric regions
of the accelerator’s component modules can be mapped to specific bits (1 to 23) of
the 32-bit LATCH variable. In the present work the LATCH variable is used in a
somewhat different way to that which it was intended: To map beamlet regions in
the phase space (rather than regions in the MC model) to binary beamlet numbers.

The PSF can therefore be indexed by labeling all particles contained within a given
beamlet by the corresponding beamlet number. This is accomplished by reading each
particle’s position, determining the beamlet in which it is located, and embedding
the binary representation of the beamlet number into the LATCH variable.

The LATCH variable could not have been used in its original design, since it was
limited to a maximum of 23 geometric regions. A schematic overview of the use of
the LATCH variable is shown in Figure 6.2.

Once indexed, the method then sorts the PSF by the beamlet number index.
Initial implementations of the sorting method used an inclusive/exclusive LATCH
bit filter technique similar to that currently available in DOSXYZnrc [Walters et al.,
2005]. This method was found to be extremely inefficient in collecting doselets as the
entire phase space had to be read and re-read a large number of times to locate all
particles of a given beamlet. Efficient sorting of the PSF was crucial to maintaining
the overall simulation efficiency.

The new method achieves a sorted phase space in just two passes of the PSF.

During the first read (which also performs the indexing of the PSF as described
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Figure 6.1: Sample grid used to segment the phase space into beamlets. The choice of
numbering is completely arbitrary and can be adapted for the specific application. The
beamlet numbering scheme is shown in this example starting from the y < 0 and x < 0
quadrant of the secondary collimator coordinate system. All particles positioned outside of
the grid form an additional “outer beamlet”.

31 29-30 24 -28 1-23 0

E D C B A

Figure 6.2: Bit regions making up the LATCH variable. In order to index the phase space
beamlet numbers are assigned to each particle in the shaded bit region (B). By writing the
beamlet numbers into the LATCH variable, the particles of each beamlet and all associated
secondary particles can be tracked throughout a simulation.

above) the sorting algorithm determines the number of particles in each beamlet
and establishes the appropriate file pointers to the start of each beamlet location’s

memory address. During the second pass each particle is read from the original PSF

and placed in the appropriate location in the sorted PSF.
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At runtime each beamlet is quickly extracted from the sorted phase space file
into a smaller PSF containing only the particles of a single beamlet. During this
process the PSFE header for each beamlet is written as required by EGSnrc to reflect
the number of particles, photons, minimum electron energy and maximum energy
in the single beamlet. The number of particles from the original source, however,
is written to reflect that of the complete PSF. This is essential to ensure that dose
normalization per incident particle is consistent from beamlet to beamlet.

In total, a grid of N elements produces N+1 beamlets, where the additional beam-
let contains all particles outside of the defined beamlet grid. The grid size is generally
selected to reflect the secondary collimator setting. Recording the additional beamlet
outside of the beamlet grid ensures all particles contributing to the dose are kept and
transported, not just those within the defined beamlet grid.

Using the above technique, secondary electrons are unambiguously assigned to

the beamlet that caused the primary interactions that set them in motion.
History-by-history uncertainty implications

Sorting the PSF has significant implications for the history-by-history method of un-
certainty calculation [Walters et al., 2002]. Using this method, a PSF is generally
ordered in groups of correlated parent-child particles. Reordering the PSF by beam-
let number breaks the correlated particle ordering. As such, the history-by-history
method is not valid with phase space beamlets and thus batch-based uncertainty

estimation is used at present.
6.2.2 Doselet acquisition

Following the PSF sorting and beamlet extraction stage, each beamlet PSF is trans-
ported separately into a phantom. It should be noted that this can be executed using
any MC code capable of handling a PSF input. Each beamlet, as transported into

the phantom, provides an individual dose distribution (doselet) in the whole phantom
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(the MC analogue of a pencil beam kernel), reflecting accurately any inhomogeneity
effects. For storage efficiency purposes, the resulting doselets are appended into a
single binary dose file. Once this process is completed, the beamlet PSF’s can be
removed to conserve hard disk space.

One necessary modification of DOSXYZnrc was made to change the emphasis
in the code of simulating an exact specified number of histories; to simulating all
particles of a PSF an exact number of recycled times. In the distributed version
of DOSXYZnrc, the user requests a specific number of histories be simulated into
the phantom. As a result, it is possible that a PSF is not completely used or is
restarted and partially rerun. Due to the potentially low number of particles in each
beamlet, not running or rerunning even a small number of particles in a beamlet has
a potentially dramatic effect on the acquired doselet distribution. For this reason, it
was made certain that DOSXYZnrc ran exactly an integer multiple of the number
of particles in the PSF. Thus, the number of particles actually simulated is governed

by the requested number of recyclings and not by the requested number of histories.
Doselet normalization

When a phase space is used as a source for DOSXYZnrc simulation, the dose in
a voxel is normalized by an estimate of the number of particles incident from the

original, non-phase space source (NP) [Walters et al., 2005]:

NCASE + nsmiss + (NRCYCL + 1)(nsrjct + nsoutside + ndbsrjct)
nshist

NP =NINCSRC {

where:

e NCASE is the number of histories to be simulated in a DOSXYZnrc run.
e nsmiss is the number of particles rejected because they missed the geometry.

e nsrjct + nsoutside + ndbsrjct is the total number of particles rejected in

DOSXYZnrc because of user defined restrictions (LATCH setting, direction,
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crossed the phase space plane more than once, were beyond the user-selected

field, or rejected because of directional bremstrahlung splitting).

e NRCYCL is the number of times each particle in the phase space is requested

(or calculated) to be recycled.

e nshist is the DOSXYZnrc notation for the total number of particles contained

in the incident PSF.

e NINCSRC is an estimate of the number of particles incident from the original

particle source to generate the PSF.

For transport of the beamlets into the phantom with DOSXYZnrc a slight modifi-
cation to the dose normalization was made. The new formula reflects the fact that, in
the implemented version of the code, all particles present in a single beamlet PSF are
recycled the same number of times as every other beamlet PSF. The normalization

has been modified to be

NP = NINCSRC - (1+ NRCYCL). (6.2)

In other words, N P is simply given by the number of particles required to create
the incident phase space multiplied by the number of times each particle is to be

simulated.
6.2.3 Doselet conversion to absolute dose

The MC calculated doselets are converted to absolute dose using a calibration method
that fully accounts for the backscatter to the monitor chamber of any given treatment
field [Popescu et al., 2005]. The conversion factors specific to any open field will also
apply to each individual beamlet originating from that open field. Therefore the dose

to voxel (z,7, z) from a beamlet j (D’ ), is obtained based on the relation derived

zyz,abs

by Popescu et al. as
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forward back(10x10) cal
Dch + Dch . D

J _ N zyz,abs .
Da:yz,abs - D:cyz DfOT’ward + Dback Deal MU, (63)
ch ch Yz

where:

. D;yz is the dose per incident particle to voxel (z,y, z) in doselet j.

Df,frward is the dose per incident particle deposited in the monitor chamber
from the complete set of beamlets traveling though the chamber in the forward

direction.

e D% is the dose per incident particle deposited in the monitor chamber from
the complete set of beamlets scattered back toward the monitor chamber.

Dﬁiek(loxm) is the dose per incident particle deposited in the monitor chamber

from the complete set of beamlets scattered back toward the monitor chamber

for a calibration 10 x 10 cm? simulation.

o D& is a reference point dose from the 10 x 10 cm? calibration simulation for

which to calibrate the dose per incident particles.

) D;le abs 1S @ physical measurement made at the same point of acquisition as

cal
nyz.

e MU is the number of monitor units to be delivered to obtain the complete set

of doselets.

6.2.4 Doselet Compressibility

The need for the compression of dose distributions comes from the requirement of
storing a large number of dose calculation points within a patient for a large number
of beamlets. As discussed earlier, it is currently not feasible to re-simulate and obtain

beamlet dose distributions “on-the-fly” during the iterations of an optimization.
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A comprehensive introduction to multi-resolution (MR) wavelet decomposition
can be found in Mallat, 2008 [Mallat, 2008]. A brief introduction will now be pre-
sented.

Wavelet transforms employ basis functions that are localized in both frequency
and time. The wavelet transform expresses a given signal in terms of simpler signals
built from stretched or contracted versions of a “mother wavelet”. Because of their
ability to decompose a given signal with variable time-frequency resolution (multi-
resolution (MR) decomposition), wavelets are well suited to image (and therefore
dose) compression applications.

The 1-dimensional dyadic MR decomposition and reconstruction process is out-
lined in Figure 6.3. Signal V is passed through high and low pass filters Hp and
Lp. The result of each then is downsampled by a factor of 2. The high pass result
of wavelet coefficients refers to the details of V' while the low pass result is a lower
resolution approximation of V. The low pass result is passed through the high and
low pass filters again and the process is repeated nl times (decomposition levels).
Reconstruction of signal V is achieved through the reverse process.

The 2-dimensional dyadic MR decomposition scheme (used in image compression)
operates in a similar way with the addition that 1-D MR decomposition is performed
independently along the “row” and “column” directions as well as a “row” then “col-
umn” directions of the signal (image). The 3-dimensional dyadic MR decomposition
is performed independently along all permutations of the “row”, “column” and frame
directions of the signal (volume).

Hard thresholding of wavelet coefficients has been used by Zakarian and Deasy
which consists of setting all wavelet coefficients below a defined threshold to zero.
The same approach is implemented in this research.

The decomposition and thresholding does not compress data in any way. Com-

pression of data would be achieved through the process of quantization and encod-
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Figure 6.3: 1 dimensional dyadic multi-resolution discrete wavelet decomposition and
reconstruction of dose matrix V. Hp and Lp are high and low pass decomposition filters
respectfully. Hg and Ly are high and low pass reconstruction filters respectfully. The down-
ward arrow represents downsampling by a factor of two while the upward arrow represents
upsampling by a factor of two. V' are the derived wavelet coefficients.

ing of the transformed result. A large number of acceptable quantization/encoding
schemes exist but are beyond the scope of this dissertation as a proper investigation
would require a significant body of work on its own. In this chapter a similar level
of investigation of wavelet transform based compression of dose data is taken to that
performed by Zakarian and Deasy. For the purpose of this research we define the
term compressibility as the ratio of the original dose data matriz size in bits / the
number of bits describing the non-zero thresholded transform coefficients. 1t should
be noted that realistic compression ratios would be significantly lower as the zero
entries of the dose matrix require a finite number of bits be used as placeholders.

From the resulting wavelet coefficient set, smaller values generally represent small-
magnitude rough functions, likely to be either noise or negligible features of real dose
distributions. With increasing coefficient size comes decreasing detail and represen-
tation of broader signal trends.

For the purpose of comparison with the work previously investigated [Zakarian

and Deasy, 2004] two test cases have been used to investigate the compressibility of
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the doselet data. In the first test a 6 MV beamlet (0.5 cm x 0.5 cm) was transported
through a 100 x 100 x 100 voxel watertank model with uniform pixel spacing of 0.2 cm
(overall dimension of 20 x 20 x 20 cm?). In the MC simulation, 4 x 10° independent
histories were transported into the watertank model. The beamlet was incident on
the watertank at an angle of 45° to avoid unrealistic compression results from a
doselet parallel to the watertank’s surface and therefore containing more zero dose
voxels. Based on previous observations by Zakarian and Deasy, the compression of
doselets from other energy beams or spectral combinations is not expected to vary
significantly.

A second test case, a 6 MV beamlet (0.5 cm x 0.5 cm) was transported through
a head phantom that had been constructed from a computed tomography (CT) data
set. The CT phantom was identical to that used in previous work by Zakarian and
Deasy. The pixel size (and consequently the dose matrix spacing) was 0.16 x0.16 x 0.5
cm? in a matrix size of 251 x 149 x 60 pixels (voxels). In the MC simulation, 4 x 10°
independent histories were transported into the CT head phantom model.

The software to perform the discrete wavelet transform (DWT) and inverse dis-
crete wavelet transform (IDWT) of each doselet was coded by the author in the C++
programming language and makes use of QccPack [Fowler, 2000], an open-source li-
brary of routines for the quantization, compression and coding of data. Use of the
open source library enabled the construction of a 3-D DWT. The method employed

for each doselet is a follows:

(i) Perform the separable dyadic 3-D DWT of the three-dimensional signal which

is represented as a volume V' of frames, rows, and columns using wavelet W

(ii) Repeat (i) on the low-low-low pass octave of volume V for nl decomposition

levels.

(71i) Pass the result of (i) through hard threshold filter T', replacing coefficients
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below a defined cutoff with zeros. The total number of wavelet coefficients

below the cutoff is stored as NC.

(iv) Perform a separable dyadic 3-D IDWT of the three-dimensional signal corre-

sponding to that performed in (i) on thresholded volume V".
(v) Repeat (iv) for nl decomposition levels.

(vi) Calculate the root mean square error restricted to dose values greater than 0.5

times maximum dose (RMSE ¢ 5) using the following formula

1 . o
RMSEg ;5 = 100% x \/N > VLG k) = V(i g, k)| (6.4)

V<0.5

This restriction makes the RMSE metric insensitive to low-dose details which
are therapeutically less important and is done to allow comparison with results

previously published in the literature.

(vii) Calculate the maximum error from the original dose distribution restricted to
dose values greater than 0.5 times maximum dose (MAXERR (35) using the

following formula

MAXERRq; = 100% x Max{[V (i, j, k) — V'(i,5, %) [}v<os (6.5

(viti) Calculate the compressibility (C') of the doselet in the following way

frames x rows x columns

_ 6.6
frames x rows x columns — NC' (6:6)
To begin, an assessment of the 3-D MR decomposition and reconstruction algo-
rithm defined above is performed without any thresholding (i.e. step i of above). In

this way an observation of any differences introduced from the transform operations
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can be made.

To determine the dependence of compressibility on the number of dyadic decom-

position levels, a series of 3-D MR decompositions and reconstructions were made

using Haar, Coiflet 6, Daubechies 4, Daubechies 6 and Cohen-Daubechies-Feauveau

5-3 wavelets. The finite impulse response (FIR) sequences from the wavelets used are

given in table 6.1. The effect of decomposition level (1, 2, 3, 4, 5, 6) and threshold

values (0.5, 1.0, 1.5, 2.0) was observed in terms of the RMSE (5 and MAXERR g5

introduced into the reconstructed dose distributions.

Table 6.1: Finite impulse response (FIR) for wavelets used in QCCPack analysis [Fowler,

2000].
Wavelet  Filter FIR Sequence
Low 0707107  0.707107
Haar .
High  0.707107  -0.707107
Coifg oW 006557 -0.0727326  0.384865 0.852572  0.337808  -0.0727326
01
High -0.0727326 -0.337898  0.852572 -0.384865 -0.0727326 0.0156557
b g LoV 012041 0224144 0.836516  0.482963
at High  0.482963  -0.836516  0.224144  0.12941
Dup g LW 00332263 -0.0854413 -0.185011 0459878 0.806892  0.332671
au
High  0.332671  -0.806892  0.459878  0.135011 -0.0854413 -0.0352263
Low  1.06066  0.353553  -0.176777
CDF 5-3
High  -0.707107  0.353553

To observe the effect of thresholding on the reconstructed doselet a subtraction

of the original and reconstructed doselets was performed for the CT head phantom

and watertank test cases.

157
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6.3 Results

6.3.1 Selective simulation of the required beamlets

In Figure 6.4 (top left), a positional scatter plot of particle positions in a PSF scored
at 55.0 cm from the isocenter with a secondary collimator size of 10 x 10 cm? is
shown using the BEAMDP software package [Ma and Rogers, 2006]. In Figure 6.4
(top right) a beamlet grid of dimension 10 x 10 cm? with a grid spacing of 0.5 x 0.5
cm? has been used to index the PSF. From the resulting 400 + 1 beamlets, particles
beamlet #58 and beamlet #401 have been plotted.

A positional scatter plot of particle positions in a PSF scored at 73 cm from the
isocenter is also presented in Figure 6.4 (bottom left). Figure 6.4 (bottom right) shows
beamlet #1601 and six other random beamlets from the PSF that have been indexed
using a 40 x 40 cm? beamlet grid with a grid spacing of 1.0 cm. Note, that beamlets
#401 and #1601 represent phase-space particles positioned outside of the field size

as defined by the secondary collimator.
6.3.2 Dose distributions from single field and from combined doselets

The PS beamlet method is verified by using MC dose distributions from a single
10 x 10 cm? field calculated in a vertical lung interface phantom. This distribution is
compared with the sum of doselets derived from the same phase space. The impor-
tance of this type of self-consistency test has been emphasized by Jelen et al. [Jelen
et al., 2005] in their work on analytical finite-size pencil beams. For this simulation,
a PS is scored 55 cm from the isocenter as in Figure 6.4 (top left) and indexed as in
Figure 6.4 (top right). The indexed PSF was then decomposed into 401 independent
PSF’s and simulated independently into the vertical water-lung interface phantom
shown in Figure 6.5. In both cases, 2.5x10® particles were used from the PSF.
Figure 6.6 shows the resulting depth dose profile (left) and cross-plane profile

(right) for both the standard MC simulation and the sum of all 401 doselets. These
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Figure 6.4: XY scatter plot of PS particle position at Z = 45.0 cm from the electron
target (below the secondary collimator) for a 10 x 10 cm? collimated field (top left) and
the same phase space showing only beamlet #58 and outer beamlet #401 (top right). Also
included are XY scatter plots of a PS particle position above the secondary collimator at Z
= 27.0 cm (bottom left) along with a plot of six random beamlets and outer beamlet #1601
from this PSF (bottom right).

profiles confirm that, as anticipated, the beamlet method can be successfully em-
ployed in regions of electronic disequilibrium, where non-MC algorithms tend to fail.
A somewhat similar consistency check, performed in a water phantom without elec-

tronic disequilibrium, has also been performed by Bogner et al. [Bogner et al., 2006]

for the purpose of studying segment and field size effects.
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Figure 6.5: Monte Carlo dose distributions for a single field (left) placed with the beam
axis along the interface between lung and normal tissue and for a single beamlet (right),
which is part of the beam shown on the left.
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Figure 6.6: Lateral dose profiles (left) and depth dose profiles (right) for a single field
calculated with standard MC (solid) and the corresponding set of doselets (dashed) incident
on a vertical lung interface phantom. Each method simulated 2.5 x 108 particles.

In Figure 6.7 the dose profiles for an alternating bar pattern IMRT field are
shown for both standard MC and beamlet simulations. Agreement of these dose
distributions is within the statistical uncertainty of each simulation (1%), confirm-

ing application of the method to IMRT applications. Modulation of the field was

performed using the method developed by Siebers et al. [Siebers et al., 2002].
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Figure 6.7: IMRT dose verification profile comparison of standard MC and beamlet
simulations. In this figure, inter-leaf leakage is visible between the 4-bar MLC delivery
patterns and is modeled within statistical agreement of the standard MC dose profile.
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6.3.3 Doselet compressibility

The two doselet test cases used in the compressibility analysis are shown in Figure 6.8.
On the left, a transverse slice of the dose matrix is shown fused onto the watertank
CT density data. On the right, a transverse slice of the dose matrix is shown fused
onto the head phantom CT density data. In all doselet figures the Osirix DICOM
viewer [Rosset et al., 2004] was used to display the dose and CT data. For display
purposes the dose has been normalized to a maximum dose of 65535, the largest

binary number made from a 16 bit unsigned integer.

65440

Figure 6.8: Doselet test cases for 3-D discrete wavelet transformation. A single doselet
resulting from a beamlet incident at 45° to a 100 x 100 x 100 cm?® watertank model (left).
A single doselet resulting from a beamlet incident on the posterior face of a head phantom
reconstructed from CT data (right).

In Figure 6.9, a low-dose window and level view (> 0% and < 0.25%) of the
head phantom doselet test case (left) and the same doselet after performing a 3-
level 3-D dyadic multi-resolution decomposition followed by a 3-level 3-D dyadic
reconstruction with orthogonal wavelets and symmetric boundary extension (right)
are shown. These figures demonstrates the ability of the algorithm to accurately
decompose and reconstruct the doselet (without thresholding) and not observe a
significant loss of signal.

In Table 6.2 the RMSE o5, MAXERR (5, and compressibility ratios of the wa-
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Figure 6.9: Low dose window and level view (> 0% and < 0.25%) of the head phantom
doselet test case (left) before and after performing a 3-level 3-D dyadic multi-resolution
decomposition and corresponding reconstruction using orthogonal wavelets and symmetric
boundary extension (right). No thresholding was used in this example. (RMSE o5 =
4.8 x 10714%)

tertank test case for a selection of threshold values are displayed for Haar, Coiflet
6, Daubechies 4, Daubechies 6 and Cohen-Daubechies-Feauveau 5-3 wavelets. The
choice of these particular wavelets was made, in part, because they were included
with the QccPack distribution. However, the wavelets used also provide tests for both
orthogonal and biorthogonal wavelets as well as a commonly used wavelet in JPEG-
2000 image compression (Cohen-Daubechies-Feauveau 5-3) [Taubman and Marcellin,
2001].

In Table 6.3 the RMSE o5, MAXERR (5 and compressibility ratios of the head
phantom test case for a selection of threshold values are displayed for Haar, Coiflet
6, Daubechies 4, Daubechies 6 and Cohen-Daubechies-Feauveau 5-3 wavelets.

In Figure 6.10 (left) a low dose window and level view (> 0% and < 2%) of the
watertank doselet is shown. In Figure 6.10 (middle) the same doselet is shown after a
3-level MR decomposition, thresholding (1%), and reconstruction. The inherent noise
reduction in the thresholding process is visible. In Figure 6.10 (right) a subtraction
of the doselets is shown.

In Figure 6.11 (left) a transverse slice of the head phantom doselet is shown
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Table 6.2: Doselet compressibility results for the 100 x 100 x 100 voxel water tank phantom
test case with varying decomposition levels and a hard threshold of 1%. A hard threshold of
1% implies that wavelets with coefcients less than or equal to 1% of the maximum wavelet
coefcient are set to zero.

Threshold RMSE Maximum Compressibility

Wavelet (%) (%) error (%) ratio
0.5 0.00224  0.512 96:1

Hoar 1.0 0.00471  0.945 140:1

aa 15 0.00650  1.460 178:1

2.0 0.00880  2.347 219:1

0.5 0.00143  0.463 117:1

. 1.0 0.00292  0.680 154:1
Coifiet 6 15 0.00479  1.162 186:1
2.0 0.00764  1.969 219:1

0.5 0.00131  0.362 115:1

. 1.0 0.00290  0.731 154:1
Daubechies 4 15 0.00445  1.250 180:1
2.0 0.00755  1.763 206:1

0.5 0.00200  0.422 112:1

. 1.0 0.00607  1.583 158:1
Daubechies 6 15 0.0104 2.168 190:1
2.0 0.0153  2.856 217:1

0.5 0.00148  0.639 145:1

1.0 0.00687  1.592 203:1

Coh-Daub-Feauv 5-3 15 0.0122 2.129 243:1
2.0 0.0200  3.538 9279:1

passing through the nasopharynx. In Figure 6.11 (middle) the same doselet is shown
after a 3-level MR decomposition, thresholding (1%), and reconstruction. In Figure
6.11 (right) a subtraction of the doselets is shown.

In Figures 6.12, 6.13 and 6.14, the compressibility, RMSE 5 and MAXERR g5

dependence on decomposition level are shown for threshold values of 0.5%, 1.0%,
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Table 6.3: Doselet compressibility results for human head CT phantom test case with
varying decomposition levels and a hard threshold of 0.01.

Threshold RMSE Maximum Compressibility

Wavelet (%) (%) error (%) ratio
0.5 0.00101  0.587 372:1

_ 1.0 0.00193  1.064 540:1

aa 15 0.00263  1.663 735:1

2.0 0.00296  1.760 898:1

0.5 0.00081  0.633 336:1

. 1.0 0.00154  1.126 524:1
Coiflet 6 1.0 0.00211  1.697 603:1
2.0 0.00282  2.174 828:1

0.5 0.00082  0.559 323:1

. 1.0 0.00152  1.000 500:1
Daubechies 4 15 0.00212  1.704 651:1
2.0 0.00278  2.028 791:1

0.5 0.00094  0.655 9286:1

. 1.0 0.00144  1.188 443:1
Daubechies 6 15 0.00173  1.567 567:1
2.0 0.00237  1.857 691:1

0.5 0.00094  0.655 367:1

1.0 0.00144  1.188 592:1

Coh-Daub-Feauv 5-3 15 0.00173  1.567 766:1
2.0 0.00237  1.857 924:1

1.5%, and 2.0%.
In Figure 6.15, the compressibility, RMSE (5 and MAXERR g 5 dependence on the
thresholding used is plotted for Haar, Daubechies-4 and Cohen-Daubechies-Feauveau-

5-3 wavelets.
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Figure 6.10: Hard threshold example of the watertank test doselet. A 3-level 3 dimen-
sional dyadic multi-resolution decomposition was applied to the original doselet (left) with
windowing and leveling adjusted to show <2% of the maximum dose) with a Haar wavelet.
The resulting wavelet coefficients were thresholded below 1% and then the signal is recon-
structed (middle). A subtraction map showing dose differences is also shown (right) (RMSE
05 = 0.0029, MAXERR o5 = 0.73%).

Figure 6.11: Hard threshold example of the head phantom test doselet. A 3-level 3-
D dyadic discrete wavelet transform was applied to the original doselet (left) with the
Cohen-Daubechies-Feauveau-5-3 wavelet. The resulting wavelet coefficients were thresh-
olded below 1% and then the inverse wavelet transform is taken (middle). A subtraction
map showing up to £2% differences from the thresholding is also shown (right) (RMSE g 5
= 0.0014%, MAXERR o5 = 1.2%).
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Figure 6.12: Compressibility achieved with varying number of decomposition levels and
threshold values of 0.5%, 1.0%, 1.5%, 2.0% for Haar wavelets (left) and Daubechies-4
wavelets (right).
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Figure 6.13: Root mean square error (RMSE) calculated with varying number of de-
composition levels for threshold values of 0.5%, 1.0%, 1.5%, 2.0% for Haar wavelets (left)
and Daubechies-4 wavelets (Tight). In each case the RMSE was calculated with dose val-
ues greater than 50% of the maximum dose. This restriction makes the RMSE metric
insensitive to low-dose details which are therapeutically less important.
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Figure 6.14: Maximum error (MAXERR) calculated with varying number of decompo-
sition levels for threshold values of 0.5%, 1.0%, 1.5%, 2.0% for Haar wavelets (left) and
Daubechies-4 wavelets (right). In each case the MAXERR was calculated with dose val-
ues greater than 50% of the maximum dose. This restriction makes the MAXERR metric
insensitive to low-dose details which are therapeutically less important.
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Figure 6.15: Compressibility, root mean square error (RMSE) and maximum error de-
pendence on threshold value for Haar, Daubechies-4 and Cohen-Daubechies-Feauveau-5-3
wavelets. In each case the RMSE and MAXERR were calculated with dose values greater

than 50% of the maximum dose.
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6.4 Discussion and Conclusions

A method of generating phase space beamlets and resulting doselets has been de-
veloped and the compressibility of the dose matrix has been investigated with a
3-D multi-resolution decomposition technique. The method allows a phase space file
(PSF) to be used for MC beamlet generation and doselet calculation. The method
labels particles of a common beamlet by assigning each particle’s LATCH variable
to the given beamlet number. It should be noted that indexing the phase space with
the LATCH variable is not absolutely required to create individual beamlet PSF’s.
However, by doing so the powerful features of particle tracking with the LATCH
variable are maintained and this variable can be used to track every particle of a
given beamlet through BEAMnrc or DOSXYZnrc simulations.

The use of MC methods to calculate beamlet dose distributions was previously
deemed to be “exceedingly time consuming” for clinical application [Jelen et al.,
2005]. However, the time required to obtain and run a set of MC beamlets using
the presented method on a single CPU is slightly more than that of a standard MC
simulation. Additional time is a result of sorting the PSF or extracting individual
beamlet PSF’s. With careful buffering during the writing of particles to the sorted
PSF, the method sorts a typical PSF containing ~5 million particles in roughly 8
seconds on a 2.2 GHz Pentium 4 processor with 1 GB of RAM.

The separation of a single phase space into beamlet phase spaces allows natural
parallelization of the dose calculation across a computer network or multiple processor
cores. The method currently makes use of the Condor High Throughput Computing
software to distribute beamlet calculations across many computers. By doing so, the
dose calculation times are greatly reduced below that of a standard MC simulation
on a single PC.

The presented method employs the widely available open source MC codes BEAM-
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nrc and DOSXYZnrc; it can therefore be easily adopted by any user of these codes.
On the other hand the proposed method is flexible enough to allow the use of any
MC dose scoring code accepting a phase space as input by eliminating the require-
ment that the dose scoring code have bit filtering capability. This was one of the
motivations for choosing to sort the PSF prior to simulation over using a bit filter
at the time of simulation. Another important motivation is that sorting the PSF
drastically improves overall simulation efficiency by reducing the number of times
the phase space file must be read from N+1 down to just 2. The gain in simulation
efficiency boosts as the size of the PSF grows.

An alternative approach to the presented method is to make modifications to
the MC dose scoring code to enable the scoring of dose from particles of the same
LATCH beamlet number at the time of deposition in the phantom. A similar ap-
proach is presented by Bogner et al. [Bogner et al., 2006]. This approach has several
disadvantages. First, there are large memory requirements to hold dose and uncer-
tainty scoring arrays in RAM for a radiotherapy treatment field with N beamlets and
M voxels. As treatments increase in complexity (dynamic arc therapies, Intensity
modulated arc therapies, Tomotherapy [Mackie et al., 1993], 4-D IMRT) the number
of beamlets continually increases and therefore memory requirements may become
prohibitive. Second, access to the source code of the dose scoring routine is not
always available.

Obvious applications for generating MC beamlets are in radiotherapy optimiza-
tion. The beamlet technique has been successfully implemented in MC based inverse
treatment planning using direct aperture optimization by Bergman et al. [Bergman
et al., 2006]. It can be as easily utilized in fluence-based optimization of IMRT or
conventional beam portals. In particular, the technique was utilized in optimizations
of the open beam MC calculated profiles to match measured data [Bush and Popescu,

2005].
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It is important to note that, for use in most fluence based optimization appli-
cations, the simulation of beamlets can be a one-off process [Zakarian and Deasy,
2004; Bergman et al., 2006; Bogner et al., 2006]. That is, once the set of all required
doselets has been collected, calibrated and stored, the optimization process need not
re-simulate beamlets. Treatment planning optimizations can be carried out by simply
scaling the doselet contributions by a set of N beamlet weights.

Using a wavelet coefficient threshold of 1%, a maximum compressibility factor
of 592 was achieved using a 3-level dyadic decomposition with Cohen-Daubechies-
Feauveau-5-3 (biorthogonal) wavelet on the head phantom test case. The threshold-
ing introduced a root mean square error (RMSE) of 0.0014% and maximum error of
1.18% on voxels containg dose greater than 50% of the maximum dose. In compar-
ing these results with those obtained by Zakarian and Deasy [Zakarian and Deasy,
2004] with a 2-D decomposition technique (for the same 1% thresholding value on an
identical phantom) a maximum compressibility factor of 50 in the transverse plane
of the phantom and maximum compressibility factor of 84 in the sagittal plane were
achieved. The RMSE was calculated to be 0.04% with a maximum error of 0.94%
on voxels greater than 50% of the maximum dose. From the results of this group,
the symlet-2 wavelet (orthogonal) was found to produce the greatest compressibility,
albeit by a small amount over other wavelets.

From the results of this chapter on the head phantom test case, a maximum overall
compressibility factor of 924 was achieved with the Cohen-Daubechies-Feauveau-5-3
wavelet, a 3-level decomposition and a threshold of 2%. The thresholding resulted
in a RMSE = 0.00237% and maximum error = 1.86% on voxels containing greater
than 50% of the maximum dose. The biorthogonal wavelet achieved the highest
compressibility but also resulted in the highest RMSE and maximum error from
thresholding.

The water tank test case yielded, in general, lower compressibility results than
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the head phantom test case. This was a direct result of a smaller phantom, as well
as the water tank phantom containing less air, and hence a larger fraction of voxels
containing dose from the beamlet. A maximum compressibility factor of 203 with a
RMSE = 0.00687% and maximum error = 1.59% was calculated on voxels greater
than 50% of the maximum dose. Comparing the results to those found by Zakarian
and Deasy with a 2-D decomposition, a maximum compressibility factor of 32 was
found on a transverse slice and 82 on a sagittal slice (RMSE = 0.046%, maximum
error = 0.91% on voxels greater than 50% of the maximum dose).

A comparison of the 3-D compressibility results with the 2-D compressibility re-
sults published by Zakarian and Deasy is difficult since the latter were performed on
a single 2-D transverse slice and a single 2-D sagittal slice. An adaptive threshold-
ing method was introduced to apply variable thresholding to different slices in the
phantom depending on the slice position in the phantom. The adaptive thresholding
scheme is only applicable to beamlets that are coplanar or near-coplanar to the voxel
boundaries which severely limits the usefulness for any treatment planning use as
beamlets are almost never coplanar with voxel boundaries. With 3-D decomposition
such adaptive thresholding becomes unnecessary.

The ideal number of decomposition levels was found to depend of the choice of
wavelet and the particular dose distribution. A decomposition level of 3 was found
to be an optimal balance between compressibility and required CPU calculations for
most wavelets tested. The time required to decompose the doselet was found to
depend on the size of the dose matrix and was, in general, much less than the time
required to buffer the matrix into RAM. For the water tank test doselet, the time
required was approximately 0.1 second for both decomposition and reconstruction of
the doselet on a Intel 2.4 GHz Core 2 Duo processor with sufficient RAM to buffer
the dose matrices. Although highly efficient, the QccPack library could be further

streamlined to reduce this computation time.
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In this chapter, only the compressibility of the test dose matrices was investigated.
Encoding of the transformed and thresholded data is required to achieve actual com-
pression. Future research may include an investigation of optimal encoding schemes
for fast decoding and reconstruction during the optimization. Future work may also
include investigating methods of using the doselet in its decomposed form during
the optimization. Avoiding the need for reconstruction may inevitably lead to faster

optimization times.
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Chapter 7

Final Conclusions
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This dissertation has investigated techniques for the improvement and advance-
ment of dose calculations in external beam radiotherapy using the Monte Carlo (MC)
method. The purpose of this research is to further enable the use of MC dose cal-
culation in both verification and planning of advanced external beam radiotherapy
treatments such as intensity modulated radiation therapy (IMRT), and arc delivery
techniques such as volumetric modulated radiation therapy (VMAT), RapidArc, and
IMAT. The dissertation has covered a broad spectrum of topics from commissioning
the Monte Carlo accelerator model, to reducing the variance from the use of phase
spaces in the Monte Carlo simulations, to enabling the modeling of advanced ra-
diotherapy treatments such as RapidArc for quality assurance purposes, to finally
making the required steps toward using Monte Carlo dose calculation in the planning

stages of these advanced radiotherapy treatments.

7.1 Dissertation Summary

To begin, a technique was developed to efficiently determine the optimal intensity
distribution of the pre-target electron beam in a Monte Carlo (MC) accelerator model
able to most accurately reproduce a set of measured photon field profiles for a given
accelerator geometry and incident electron beam energy. A novel method has been
developed in which an electron beam intensity distribution can be inferred allowing
an accurate reproduction of measured dose distributions. The method has the ability
to reduce the number of simulations required to commission a MC accelerator model
and has achieved better agreement with measurement than other methods described
in the literature. The method begins from a cylindrically symmetric pre-target elec-
tron beam (radius 0.5 cm) of uniform intensity. This beam is subdivided into annular
regions of fluence for which each region is individually transported through the ac-
celerator head and into a water phantom. A simulated annealing search is then

performed to determine the optimal combination of weights of the annular fluences
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that provide a best match between measured dose distributions and the weighted
sum of annular dose distributions for a particular pre-target electron energy.

When restricted to Gaussian intensity distributions, the optimization yielded an
optimal full-width-half-maximum (FWHM) = 1.34 mm for 18.0 MeV, with a root-
mean square error (RMSE) = 0.49% on 40 x 40 cm? lateral profiles. When allowed
to deviate from Gaussian intensities, a further reduction in RMSE was achieved. For
our Clinac 21 EX accelerator MC model (based on the 1996 Varian Oncology Sys-
tems, Monte Carlo Project package) the optimal unrestricted intensity distribution
was found to be a Gaussian-like solution (18.0 MeV, FWHM = 1.10 mm, 40 x 40
cm? profile RMSE = 0.15%) with the presence of an extra-focal halo contribution on
the order of 10% of the maximum Gaussian intensity. Using the optimally derived

2 and 4 x 4 cm? profiles were found to be in agreement with

intensity, 10 x 10 cm
measurement with a maximum RMSE = 0.49%. The optimized Gaussian and un-
restricted values of the electron beam FWHM were both within the range of those
inferred by focal spot image measurements performed by Jaffray et al, 1993. The
inference of an extra focal pre-target electron component may be an indicator of a
deficiency in the MC model and requires further investigation.

It is well known that the use of a phase space in MC simulation introduces a base-
line level of variance that cannot be suppressed through the use of standard particle
recycling techniques. This variance (termed latent phase space variance by Sempau
et al) [Sempau et al., 2001] can be a significant limiting factor in achieving accurate,
low-uncertainty dose scoring results, especially near the surface of a phantom. A
BEAMnrc component module (MCTWIST) was developed to reduce the presence of
latent variance in phase space based Monte Carlo simulations by implementing az-
imuthal particle redistribution (APR). For each recycled use of a phase space particle

a random rotation about the beam’s central axis was applied, effectively utilizing the

cylindrical symmetry of the particle fluence and thereby providing a more accurate
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representation of the source. The MCTWIST module is unique in that no physical
component was actually added to the accelerator geometry. Beam modifications were
made by directly transforming particle characteristics outside of BEAMnrc/EGSnrc
particle transport. Using MCTWIST, a theoretical reduction in latent phase space
variance by more than a factor of 35 was demonstrated for a 10 x 10 cm? field,
when compared to standard phase space particle recycling techniques. The reduction
in latent variance enabled the achievement of dramatically smoother in-water dose
profiles.

RapidArc radiotherapy technology from Varian Medical Systems is arguably one
of the most complex delivery systems currently available, capable of achieving an
entire intensity-modulated radiation therapy (IMRT) treatment in a single gantry
rotation about the patient. Three dynamic parameters can be continuously varied
to create IMRT dose distributions - the speed of rotation, beam shaping aperture,
and delivery dose rate. Modeling of RapidArc technology was incorporated within
the existing Vancouver Island Monte Carlo (VIMC) system. This process was named
VIMC-Arc and it has become an efficient framework for verification of RapidArc
treatment plans. VIMC-Arc is a fully automated system that constructs MC beam
and patient models from a standard RapidArc Digital Imaging and Communications
in Medicine (DICOM) dataset, simulates radiation transport, collects the resulting
dose and converts the dose into DICOM format for import back into the treatment
planning system (TPS). VIMC-Arc accommodates multiple arc IMRT deliveries and
models gantry rotation as a series of segments with dynamic MLC motion within
each segment. Several verification RapidArc plans were generated by the Eclipse
TPS on a water-equivalent cylindrical phantom and re-calculated using VIMC-Arec.
This includes one typical RapidArc plan, one plan for dual arc treatment, and one
plan with avoidance sectors. One RapidArc plan was also calculated on a DICOM

patient CT data set. Statistical uncertainty of MC simulations was kept within 1%.
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VIMC-Arc produced dose distributions that matched very closely to those calculated
by anisotropic analytical algorithm (AAA) that is used in Eclipse. All plans also
demonstrated better than 1% agreement of the dose at the isocenter. This demon-
strates the capabilities of the new MC system to model all dosimetric features required
for RapidArc dose calculations.

As radiotherapy treatment planning moves towards MC based dose calculation
methods, the MC beamlet is becoming an increasingly common optimization entity.
Until now methods used to produce MC beamlets have utilized a particle source model
(PSM) approach. In this work the implementation of a phase space based approach
to MC beamlet generation was introduced with potential to provide greater accuracy
in beamlet dose distributions. In the presented approach a standard BEAMnrc phase
space was sorted and divided into beamlets with particles labeled using the inheri-
table particle history variable. This was achieved with the use of an efficient sorting
algorithm, capable of sorting a phase space of any size into the required number
of beamlets in only two passes. Sorting a phase space of five million particles was
achieved in less than eight seconds on a single-core 2.2 GHz CPU. The beamlets were
then transported separately into a patient CT data set, producing an independent set
of dose distributions (doselets). Methods for doselet normalization and conversion of
the absorbed dose to absolute units of Gy for use in IMRT plan optimization were
also presented.

The storage of a large quantity of beamlet dose distributions sufficient for ad-
vanced radiotherapies such as VMAT, IMAT, or RapidArc poses a significant chal-
lenge to todays computer hardware. Data compression tailored specifically to the 3-D
beamlet dose data matrices can significantly reduce the required quantity of data to
be stored and or buffered into the treatment planning system’s RAM for optimiza-
tion. This dissertation has developed a 3-D dyadic multi-resolutional decomposition

technique, using the discrete wavelet transform, for the purpose of data compression.
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The compressibility of beamlet dose distributions has been investigated with respect
to the wavelet used and number of decomposition levels. The 3-D decomposition
technique has yielded greater compressibility when compared to a 2-D decomposi-
tion method developed by another research group and published in the literature

[Zakarian and Deasy, 2004].

7.2 Future Work

There are several areas of future research that are a natural progression from the
research presented in this dissertation and would like to be explored by the author.
With respect to the research presented in Chapter 3 on inferring the optimal pre-
target electron beam parameters in a Monte Carlo virtual linac model, future research
may include investigating the use of alternative shaped fluences other than cylindrical
annuli to allow the technique to be applied to accelerator models with non-cylindrical
pre-target electron intensity distributions. In addition, the optimization technique
may be applied in the commissioning of therapeutic electron beams.

The optimization of the 18 MV Varian Clinac 21EX accelerator as modeled, with
the 1996 Varian Oncology Systems Monte Carlo Project package, yielded an optimal
intensity distribution containing an extra-focal component peaked off-axis and on the
order of 10% of the primary intensity peak. As demonstrated in Chapter 3, measure-
ments of the focal spot performed with the beam passing through the flattening filter
would detect the extra-focal component as a broad tail to the central intensity peak.
Future work will include performing a measurement of the electron beam focal spot
using a slit technique similar to that of Sham et al [Sham et al., 2008]. The measure-
ment would ideally be performed with the flattening filter removed. An apparatus
has been built and is currently being benchmarked within the BC Cancer Agency -
Vancouver Island Center.

Future work with respect to the research presented in Chapter 5 on the Monte
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Carlo modeling of arc radiotherapy delivery will include a Monte Carlo evaluation
of RapidArc treatment plans for head and neck radiotherapy. A Vancouver Island
radiotherapy (VIRAD) grant was recently received in part by the author (co-PI) to
carry out this study. A first Monte Carlo evaluation of RapidArc dose calculations
for oropharynx radiotherapy was recently published using the technique of Chapter
5 [Gagne et al., 2008].

Finally, future work with respect to the research presented in Chapter 6 on Monte
Carlo calculated beamlet dose distributions in advanced radiotherapy planning will in-
clude the investigation of encoding schemes for beamlet dose compression. Techniques
to introduce Monte Carlo dose calculation in the optimization of arc therapy planning
using the fundamentals developed in Chapter 6 (phase space based beamlet genera-

tion and compression of the beamlet dose distributions) will also be investigated.
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