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ABSTRACT

The Ray-Tracing algorithm is a fast factor-based dose calculation method for the Cy-
berKnife system. It however has been known to severely overestimate the dose to the target
in lung plans. In this work, a cohort of 219 lung CyberKnife plans are recalculated with a
completely independent Monte Carlo method. The beam model of the CyberKnife used in
this work was built and tuned to match commissioning measurements. The original treat-
ment planning dose, calculated with either Ray-Tracing or Monte Carlo, were compared to
their recalculation. Target doses calculated with Ray-Tracing were found to significantly
differ from their Monte Carlo recalculation. When correcting for tissue heterogeneities, Ray-
Tracing was found to have a median overestimation of target doses by 29% (in EQD2).
Without heterogeneity corrections, the discrepancy between Ray-Tracing and Monte Carlo
doses were found to be highly variable, with target mean dose underestimated by up to 22%
and overestimated by up to 72%. Over the entire cohort, this has caused a deterioration in
target coverage, with only 27% of plans meeting their original prescription dose when re-
assessed with their Monte Carlo recalculation. Differences in the dose to most organs-at-risk
do not generally cause them to exceed their original dose limits. This only happens in at
most 7% of plans (for the rib). The median difference between the dose-to-water and the
dose-to-medium for various organs was found to be less or equal to 1%.

Despite the low compliance rate to the original prescription dose, this failure in target cov-
erage was not found to be directly associated to lower loco-regional control rates. Tar-
get coverage by higher absolute doses were however correlated with superior loco-regional
progression-free survival (p = 0.027) with a hazard ratio of 3.28 (95%CI:1.07-9.97). This re-
sult highlights the importance of delivering a sufficient dose to the target in order to achieve
a better tumor control. Although a previous study had demonstrated a correlation between
the dose outside the PTV and the incidence rate of distant metastasis in lung SBRT patients

treated with conventional linacs, this correlation was not observed in the present CyberKnife
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cohort. This is hypothesised to be due to the slower dose fall-off of CyberKnife doses when

averaged isotropically outside the PTV.
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ABREGE

L’algorithme Ray-Tracing du CyberKnife est une méthode de calcul de dose rapide
en grande partie du a sa simplicité. Cependant, plusieurs études ont démontré que cet
algorithme surestime la dose au volume cible prévisionel (PTV) lorsqu’il est utilisé pour
les plans de traitement du cancer du poumon. Dans le cadre de ce project, 219 plans de
traitement CyberKnife du cancer du poumon ont été recalculé a 1’aide d’'un modele Monte
Carlo indépendant. Le modele du faisceau du CyberKnife a été construit de maniere a
correpondre aux mesures d’étalonnage de la machine. La dose initiale calculée durant la
planification de traitement, soit par méthode Ray-Tracing ou Monte Carlo, a été comparée
a leur recalcul Monte Carlo. Nous constatons que la dose a la cible calculée par Ray-Tracing
differe significativement de la dose calculée par Monte Carlo. En effet, lorsque les corrections
tenant compte de I’hétérogénéité de densité des tissus étaient utilisées, 'algorithme Ray-
Tracing surestimait la dose a la cible par un facteur médian de 29%. Sans corrections
d’hétérogénéité, nous constatons une plus grande variabilité dans cette différence entre Ray-
Tracing et Monte Carlo. La dose a la cible calculée par Ray-Tracing pouvait étre sous-estimée
de 22% ainsi que surestimée de 72% dans les cas extrémes. En analysant les doses recalculées,
seulement 27% des plans de traitement étaient conformes aux doses originellement prescrites.
Néanmoins, pour la plupart des organes a risque, la dose Monte Carlo n’excede pas leur limite
respective. Le pire scénario est observé dans le cas des cotes ou 7% des plans dépassent la
dose limite associée. La différence médiane entre la dose absorbée a 1’eau et la dose absorbée
au milieu sont égales a 1% ou moins dans tous les organes étudiés.

Bien que le taux de conformité a la dose prescrite soit bas, la conformité en elle-méme par
la dose Monte Carlo n’a pas pu étre associée a de meilleur taux de controle locorégional.
Cependant le dosage absolu de la cible a été positivement corrélé avec le taux de controle
locorégional (p = 0.027). Ce résultat souligne 'importance de délivrer une dose suffisante a la

cible afin de maximiser le controle de la tumeur. Bien qu’une étude précédante ait demontré



une corrélation entre la dose en dehors du PTV and le taux d’apparition de métastases a
distance pour des patients du cancer du poumon traités par radiothérapie stéréotaxique,
cette corrélation n’a pas été observée dans la présente étude. L’absence de cette corrélation

chez les patients du CyberKnife pourrait étre en raison de la plus grande dose que celle-ci

délivre en dehors du PTV.
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CHAPTER 1
Introduction

1.1 Cancer and Radiation Therapy

In Canada, 30% of all deaths are due to cancer [I]. Lung cancer accounts for both
the largest proportion of incidence rate (14%) and mortality (26%) among all cancer types.
Four main cancer treatment modalities exist: surgery, chemotherapy, hormonal therapy and
radiation therapy. Around half of all cancer patients typically have a treatment involving
radiation therapy [2].
Cancer treatment by radiation therapy consists of depositing energy in the tumour through
the use of ionizing radiation. A measure of the energy deposited in a given volume V is the

absorbed dose D. It is defined as:
de

D—
dm’

(1.1)

where € is the mean energy deposited by the ionizing radiation within the volume V' of mass
m. As such, it has units of joule per kilogram (J/kg), nominally defined to be the gray (Gy).
The concept of the absorbed dose is central to radiation therapy. Delivering a larger dose to a
cancer cell increases the probability of inducing DNA damage, thereby leading to cell death.
However, healthy tissues are also susceptible to damage by ionizing radiation. The principal
idea of radiation therapy thus consists of maximizing the dose to the targeted tumour while
minimizing the dose to normal tissue. Through decades of treatments, different forms of
radiation delivery have been devised to address this optimization problem. For superficial
tumours, electron beams or low-energy orthovoltage X-rays are used to take advantage of
their limited penetration depth. In brachytherapy, radioactive sources are placed inside the
patient body in close proximity to the tumour. Today, the most widespread technique is Ex-

ternal Beam Radiation Therapy (EBRT), where radiation beams are delivered from outside



the patient body.

The current workflow in a radiation oncology department can be described in 4 main
steps. From a referral by a radiation oncologist, the treatment technique is chosen and the
patient is prescribed a dose to their target tumour. A Computed Tomography (CT) scan
of the patient must be taken in the same position as their desired treatment. A CT image
consists of a 3D representation of the relative electron density map of the patient body, from
which the tumour and other important organs can usually be distinguished. This step is
called the CT simulation as the images are assumed to be representative of the patient at
the time of their treatment. As such the imaging conditions are made to closely resemble
the treatment conditions. Optical lasers and markers are used to ensure that the patient can
be accurately re-positioned.

Contours of the target and Organs-At-Risk (OAR) are segmented on the CT images. They
thus provide a binary information on the location of their respective structure within the
images. There exist several delineations for the target shown in Fig.1-1. The Gross Tumour
Volume (GTV) is limited to the grossly visible part of the tumour. The Clinical Target
Volume (CTV) is an extension of the GTV such as to include the microscopic spread of the
disease. The extent of the CTV depends on the clinical judgment of radiation oncologists
as it is not simply discernible on the CT images. In other words, the CTV represents the
region that must be treated by radiation. Beyond the CTV, an internal margin called the
Internal Target Volume (ITV) is added to ensure that the CTV remains within the treated
volume despite internal motion of the tumour due to physiological changes throughout the
treatment course. An additional margin exists to take into account setup uncertainties when
re-positioning the patient for treatment. This encompassing region consists of the Planning
Target Volume (PTV), on which the prescribed dose is commonly optimized.

Using the contour information, the treatment beams are optimized on a patient-per-patient

basis so as to take into account the patient anatomy featured in the CT images. During
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Margin

CTVv -

l The arrow illustrates the influence of the organs at risk
on delineation of the PTV (thick,full line).

Figure 1-1: Definitions of the different target volume delineations. Taken from [3].

this step the important process of calculating the treatment planning dose is performed.
Using its dose calculation algorithm, the Treatment Planning System (TPS) computes the
necessary beam configuration and intensity to deliver the required prescription dose. The
resulting dose distribution is a prediction of the dose to be delivered to the patient.
However, depending on the algorithm, this treatment planning dose may be more or less
accurate. It also assumes that during the final step, which consists of the actual treatment
delivery, the patient is static and positioned exactly as in the CT images over all treatment
sessions.
1.2 Thesis motivation and aims

Today, Monte Carlo simulations provide the gold standard for accurate dose calculations.

However, its computation time has historically been quoted to be prohibitive for regular use



within the clinical workflow [4]. As such, fast analytical techniques have been routinely used
despite their inaccuracies in some scenarios. One such example is the Ray-Tracing (RAT)
algorithm on the CyberKnife system (Accuray Inc., Sunnyvale, CA). Due to previous the
lack of a more accurate dose calculation algorithm, RAT was initially used to calculate lung
treatment plans. Numerous groups have investigated the accuracy of the RAT in heteroge-
neous sites like the lung and had found significant discrepancies from measurements. Wilcox
et al. [5] performed film measurements of CyberKnife beams at depth in a heterogeneous
slab phantom containing a lung-equivalent material. They found that RAT-predicted doses
were consistently larger than their measured and Monte Carlo-calculated dose. In a follow-
up study [0], they confirmed this overestimation to be also present in delivered patient plans.
Similar results had been later observed by other groups [7]-[9]. Target coverage by the pre-
scription dose was susceptible to significant deterioration if RAT plans are recalculated using
Monte Carlo methods. Smaller size tumours were observed to be correlated with a larger
discrepancy between RAT and Monte Carlo doses by van der Voort van Zyp et al. [10].

Historically, treatment plans were calculated without accounting for differences in density
within the patient body. The patient is assumed to be a homogeneous phantom made out of
water with unit density. Despite tissue heterogeneity correction methods being developed,
the majority of the clinical experience at the time was based on prescription doses without
heterogeneity corrections. Although the prescribed doses could differ significantly from the
actually delivered dose [11], [12], they were resulting in satisfying patient outcomes for clini-
cians. As such, RTOG 0236 [13], one of the first lung Stereotactic Body Radiation Therapy
(SBRT) clinical trials in North America, required lung patient plans to be calculated without

heterogeneity corrections.

The purpose of this work was to assess accuracy of dose distributions calculated by
the CyberKnife TPS. To do so, we compared the original dose distributions of CyberKnife

plans to their recalculation using an independent Monte Carlo model. Although previous



studies have compared Ray-Tracing doses to the TPS Monte Carlo dose, they have only
considered Ray-Tracing plans corrected for heterogeneity correction with the effective path
length. In our work, both plans calculated with and without heterogeneity corrections were
investigated. Plans originally calculated using the TPS Monte Carlo were also recalculated.
With Monte Carlo being the dosimetric gold standard, the recalculated dose distribution
is assumed to more closely reflect the actually delivered dose. Using a large set of 219
plans delivered on Non-Small Cell Lung Cancer (NSCLC) patients, we aimed to establish
correlations between a patient’s recalculated Monte Carlo dose and their loco-regional and
distant outcome. This work can be split into three steps.

e A CyberKnife Monte Carlo beam model was built on EGSnrc[14] from scratch using
technical drawings and geometrical measurements of the machine. The beam model is
further tuned using commissioning measurements of the model that was used to treat
patients in our cohort.

e Patient plans are extracted from the treatment planning archive system and repli-
cated on EGSnrc for Monte Carlo recalculation. Relevant dosimetric parameters in
the PTV and in organs-at-risk were calculated using both the original TPS dose and
the recalculated dose.

e Parameters from the recalculated dose are used to investigate correlation with loco-

regional control rates and incidence rates of distant metastasis.
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CHAPTER 2
Theory

In this chapter, an overview will be given on the fundamental theory behind the particle
interactions that lead to the deposition of dose by ionizing radiation. The generation of these
radiation in external beam radiation therapy will be explained by examining the relevant
components of a medical linear accelerator. A few methods employed to calculate the dose
delivered by these accelerators will be considered. Finally the basic radiobiology surrounding
Stereotactic Body Radiation Therapy (SBRT) will be discussed.

2.1 Particle Interactions in Radiation Therapy

A radiation is said to be ionizing if it has the ability of causing the loss of an electron
in an atom. Multiple processes can cause ionization but they ultimately result in a transfer
of energy to a bound electron that is larger or equal to its binding energy. The minimum
energy required to ionize an atom, i.e. the binding energy of its mostly loosely bound
electron, is defined to be its ionization potential. Ionizing radiation can then be further
divided in two categories: directly and indirectly ionizing radiation. As its name suggests,
directly ionizing radiation are charged particles capable of depositing energy directly through
Coulomb interaction with atomic electrons. In contrast, indirectly ionizing radiation, which
are neutral particles such as photons and neutrons, must first release a charged particle
through interactions with either orbital electrons or the nucleus of an atom. The released
charged particles are the ones responsible for most of the energy deposition.

2.1.1 Electron Interactions

Electrons, like other light charged particles, interact with matter through the Coulomb
force. The interaction can either occur with the orbital electrons or the nucleus of an atom
depending on the impact parameter of the incident electron. For impact parameters that are

on the order of the radius of the atom, the incident electron can be classically understood



to collide with an orbital electron, thus transferring a fraction of its energy. Depending
on the magnitude of the energy transferred, the orbital electron can be either excited to a
higher orbital state, or ejected out of the atom thus leading to ionization. If the impact
parameter is much smaller than the radius of the atom, the incident electron is subjected
to the electric field of the much heavier nucleus. As its trajectory gets deflected through
Coulomb interactions, the electron suffers an acceleration and therefore loses energy through
radiative emission of bremsstrahlung photons. The production of bremsstrahlung photons is
governed by the Larmor relationship such that the power of emitted photons is proportional
to the square of the acceleration of a charged particle. The energy of the emitted photons,
defined to be X-rays, follows a continuous distribution with a maximum energy equal to the
kinetic energy of the incident electron. Bremsstrahlung production is particularly important
for the generation of X-rays in modern linear accelerators (see Section 2.2.1). The energy

lost by charged particles traveling in matter can be quantified by the stopping power S:

dE},

=T

(2.1)

defined to be the rate of kinetic energy FEj. lost by the particle as a function of distance x. It
follows that the mean path length travelled by the charged particle, defined to be the range
R, can be approximated as the integral of the inverse of the stopping power over energy,
representing a continuous slowing down from an initial energy Ej, to 0:
0
R = —/ 1/S(E)dE (2.2)
Lo
The stopping power can be split as the sum of a collisional component S, and a radiative
component Sy,q accounting for the contributions from the two different interactions. As
only collisional interactions deposits energy to the medium near the point of interaction, the

collisional stopping power S, is related to dose as:

D = ¢Scol/p7 (23)
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where ¢ is the electron fluence and p is the mass density of the medium.
2.1.2 Photon Interactions

As opposed to charged particle interactions, there are many more ways for photons to
interact with matter. Some of them result in the release of charged particles which in turn
can deposit dose, while others only result in scattering of the photon. However, they all
ultimately lead to an attenuation of the photon beam, dictated by the linear attenuation
coefficient p. Given a monoenergetic photon pencil beam of intensity [, its attenuation as
it travels a distance x through a medium with linear attenuation coefficient p is described

by an exponential decay:

I(x)=1,e7 ", (2.4)

The linear attenuation coefficient is related to the total photon cross-section in matter

through the mass attenuation coefficient p/p:

N
% == O—totfy (25)

where N, is the Avogadro constant and A is the atomic mass number. Therefore the lin-
ear attenuation coefficient represents the probability for a photon interaction to occur when
travelling a unit distance x in matter. As the total photon cross-section is the sum of all
the individual cross-sections for each possible interaction, it follows that the total mass at-
tenuation coefficient is also the sum of the individual mass attenuation coefficient for each

interaction type.

For a photon interacting with orbital electrons, where the photon energy hv is larger or
equal to the electron binding energy Eg, the photon can be absorbed by the electron through
the photoelectric effect. The electron is then ejected out of the atom with a kinetic energy
equal to: Ey = hv — F. The mass attenuation coefficient 7/p for this interaction to occur

in a medium of atomic number Z is proportional to (Z/hv)3.
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As photons can also be viewed as electromagnetic waves, their interaction with tightly
bound orbital electrons can cause them to oscillate such that the atom forms an oscillating
dipole. The latter in turn re-emits photons at the same frequency as the incoming wave. This
interaction, called Rayleigh scattering, can therefore be understood as an elastic scattering
of the initial photon with the atom. Almost no energy is transferred and the orbital electrons
return to their original state. As no charged particles are released, Rayleigh scattering is not
responsible for any dose deposition. Its mass attenuation coefficient og/p is proportional to

Z/(hv)?.
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Figure 2-1: Schematic diagram of Compton scattering. Taken from [I]

If the energy of the incident photon hr is much larger than the binding energy, its
collision with an electron can cause it to be ejected out of the atom through Compton
scattering, see Fig.2-1. Kinematics dictate that if the scattered photon has an energy hv/
the recoil electron must have an energy Ej = hv — hv/. Enforcing momentum and energy

conservation laws lead us to a relationship between the scattering angles and the outgoing

12



energies:

1
hw' =h 2.6
Y Vl—i-nZ;Q(l—cosH) (2:6)
P mhe”cg(l — cosf) 27)
b 1/1—1—771”::2(1—(3089)7 '

where m.c? is the electron rest mass energy, and @ is the photon scattering angle as shown

in Fig.2-1. The mass attenuation coefficient o /p for Compton scattering is independent of

Z.

In the presence of a Coulomb field such as the one of a nucleus, a photon has a finite
probability to transform into an electron-position pair through pair production. As mass
is created in this interaction, the photon must have a minimum energy of hy > 2m.c* =
1.022 MeV for it to occur. Kinematic laws require the presence of a third recoiling particle
(the nucleus) for this pair production to be possible. This interaction can also occur near the
field of an orbital electron, in which case it is called a triplet production: the orbital electron
is also ejected with the recoil energy. The threshold photon energy for triplet production is

2

however higher: hv > 4m.c®. The mass attenuation coefficient x/p for pair production is

approximately proportional to Z and is null for energies lower than the threshold.

The total mass attenuation coefficient is thus equal to:

T g g K
T, R, 0OC K
PP PP

- (2.8)

s
p

The contribution from each interaction varies differently with photon energy and Z. The
regions where each interaction dominates is given in Fig.2-2. For low atomic number, char-
acteristic of the human body, and for energies used in radiation therapy (on the order of
1~10 MeV), the Compton effect dominates photon interactions. As shown in the plot of
mass attenuation coefficients in water (Fig.2-3), the contribution from Compton scattering

represents the almost entirety of the total mass attenuation coefficient in that energy range.
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Figure 2-2: Dominance of the major photon interactions as a function of photon energy
and medium atomic number. Bold curves represent the region where the two neighbouring
dominant interactions have equal mass attenuation coefficient. Taken from [1]

As such, the mass attenuation coefficient in photon beam therapy is often treated to be
independent of the atomic number Z.
2.2 External Beam Radiation Therapy

As discussed in the previous section, ionizing radiation can be used to deposit dose
in patients through its different interactions. If one can accurately deliver the radiation
to a tumour, local tumour control can be achieved. In External Beam Radiation Therapy
(EBRT), the radiation is delivered from outside the patient body and, except for superficial
tumours, travels through centimeters of healthy tissue before reaching the target. Electrons
lose energy as they travel through more matter as expressed through the stopping power of
the medium and photons are attenuated exponentially as described by the linear attenuation
coefficient of the medium. As such for a single electron or photon beam, the dose deposited
to a deep-seated tumour would be significantly less than the dose deposited to the tissue

above it. However, if multiple beams are used from different angles such that they intersect
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at the tumour location, the relative dose to the surrounding tissue can be made substantially
lower.
2.2.1 Conventional Linear Accelerators

Delivery methods for EBRT have undergone numerous iterations, ranging from kilo-
voltage energy orthovoltage x-ray tubes during the early days of radiotherapy to current
megavoltage accelerators. Conventional state-of-the-art medical Linear Accelerator (linac)
all rely on the same principle to generate high energy particles: the acceleration of electrons
through a waveguide. This fundamental design which started seeing broader clinical usage

in the 1970’s remains to this day the cornerstone of EBRT.

A schematic diagram of a megavoltage linac is shown in Fig.2-4. Electrons are initially
generated in the electron gun by heating a filament cathode. As they are freed from the
cathode by thermionic emission, they then drift towards the anode positioned at the entrance
of the accelerating waveguide. True to its name, the accelerating waveguide is the principal
component of the linac responsible for ramping up the electron kinetic energies from the keV
range to MeVs. The waveguide itself is made out of cylindrical cavities equally spaced along
its length. A microwave produced by a radiofrequency power generator is injected into the
cavities so as to setup an electric field capable of accelerating electrons.

Upon reaching the end of the waveguide, now-MeV electrons are deflected towards a thick
metallic slab using bending magnets. This slab is the target, which has the purpose of
generating X-ray photons through bremsstrahlung. As the incident electrons pass through
the target, they are subjected to the electromagnetic field of atomic nucleii within the latter.
When decelerated, electrons emit a photon of energy equal to its lost kinetic energy. Although
the incident electrons have mostly mono-energetic kinetic energies, bremsstrahlung photons
are generated with a continuous spectrum of energy. Thus, a 6 MV linac will accelerate
electrons to around 6 MeV and generate X-rays with energies between 0 and 6 MeV. The

mean X-ray energy is around a third of the electron energy (e.g., 2 MeV for a 6 MV linac).

16



Pulsed

waveguide

Filament [ Vacuum pump 1 =y °‘:::;“n%?"
—ll - | o l
wm) [T LLLL - T ey
transport
system

B
L

Finode] (] AR R

id A
=" {Focusing coil
| eoll Load |

. Tl f’riic‘i"ﬁi‘]
eering | target Primary
soll | collimator

-
|Ceramic —
] ]/ o w
[Circulator | ‘ Duai

e system

Microwave
power source

iklystron or magnetron)

[— v ionization
chamber

" e

{Lower jaws
ﬁ MLC
optional
Linac —
lce;:cr.;tur Couch rotation axis

I
e
Patient

Power supply
support assembly |
Control (treatment couch) !
unit e

Water
cooling
system

Figure 2-4: Schematic diagram of megavoltage linear accelerator. From [!]

The X-ray target and the following components constitute the linac treatment head. Pri-
mary collimators, usually made out of tungsten, initially shape the outgoing photon beam.
These collimators are fixed and are therefore shaped to generate a beam broader than the
maximum desired field size. A flattening filter is placed in the way of the beam and serves
a dual purpose. Indeed, right before hitting the target, the initial electrons form a pencil
beam. As they get scattered through the target, bremsstrahlung photons are preferentially
generated towards the center of the field. This has the effect of creating an unbalanced field
with a sharper intensity at the center. Shaped like a cone, the flattening filter resolves this
issue by preferentially attenuating photons on paths near the center. Its second purpose
is the origin of the second part of its name: further filtering electrons that have not been
fully stopped by the target. For the purpose of generating electron beams, the target is
removed and a thin scattering foil replaces the flattening filter. The foil scatters the incident
electron pencil beam into a wider clinical beam. An ionization chamber allows the linac

system to monitor the delivered dose. The response of the chamber is measured in monitor
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units. At most institutions, it is regularly cross-calibrated with an external ionization cham-

ber such that 1 Monitor Unit (MU) corresponds to 1 ¢Gy in well-defined reference conditions.

The jaws or secondary collimators constitute the second component of the beam col-
limation system. Made out of similar material as the preceding collimators, the jaws can,
however, be moved to specific locations during treatments to provide the desired beam field
size. In most conventional linacs, there are two set of jaws: one for each axis of the field,
thereby creating rectangular fields. For further collimation in custom field shapes, the usage
of Multileaf collimator (MLC) is needed. Made out of retractable high Z thin leaves, the
MLC allows the linac to shape its beam with higher resolution. The field can thus be made

to fit the shape of the target tumour (see Fig.2-5).

In most modern linacs, the linac treatment head is attached to a gantry that is capable of

g

_FI‘I‘I‘I‘J#I:

Figure 2-5: Varian’s Millenium 120 Multileaf collimator. From Varian Medical Systems

360° rotation. As a result, in EBRT treatments, photon beams are commonly delivered at

discrete angles of an arc or continuously over the latter.
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2.2.2 CyberKnife

The CyberKnife (Accuray Inc., Sunnyvale, CA) is one such linac with a few unique
characteristics. In essence, it is a 6 MV X-band linac which allows it to have a more compact
form factor as shown in Fig.2-6. The electron gun, accelerating waveguide, target and
beam collimation system are all setup linearly and the relatively low energy and higher RF
frequency means that the waveguide can be made shorter than in conventional linacs. The
CyberKnife also does not use a flattening filter, allowing for higher dose rate delivery. The
distinctive feature of the CyberKnife is, however, in the stand of the linac: an industrial
robotic arm. With 6 axes of rotation, the arm enables CyberKnife treatments to deliver
photon beams from theoretically any angle. As opposed to conventional EBRT, CyberKnife
treatment plans are therefore non-coplanar. Mathematically, this means that CyberKnife
dose distributions can be made more conformal to the target at the expense of larger volumes

of tissue exposed to low dose baths.

Figure 2-6: CyberKnife M6 model at the McGill University Health Centre.
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Although a conformal dose distribution goes hand-in-hand with the radiation therapy
philosophy of maximizing dose to targets while minimizing dose to healthy tissue, its sharp
dose gradients, however, demand a stricter positional accuracy. Therein lies the second asset
of the CyberKnife: its on-board kV imaging system. Two X-ray sources mounted on the
ceiling (see Fig.2-6) are used before and during treatments to track target motion and au-
tomatically adjust treatment beam positions accordingly. Multiple tracking methods have
been developed by Accuray. They either make use of existing anatomical contrasts such as
between bone and soft-tissue by tracking the spine or the skull, or between lung tumours
and lung tissue by tracking the tumour itself. If neither of these are reliable for the patient,
fiducials can also be implanted. The optimal corrected treatment beam positions are then

obtained by correlating target motion to the breathing pattern of the patient in real-time.

In the early models of the CyberKnife, the only beam collimation system available con-
sisted of fixed conic collimators. They are a set of 12 tungsten cones which determine the
field of the beam, ranging from 5 to 60 mm in diameter as projected to a Source-to-Axis
Distance (SAD) of 80 cm. The CyberKnife system is programmed to autonomously switch
between collimators by detaching and attaching them at the end of the linac head. Re-
cent models have incorporated the Iris™ collimator which replicates the field created by the
previous cones but using variable tungsten segments. Treatment time is thus saved as the
collimators don’t have to be physically reattached when changing field sizes. The M6 model

of the CyberKnife has further introduced the InCise™ MLC, allowing for variable field shapes.

2.3 Dosimetric Quantities

To mathematically quantify the dose delivered to the patient, several quantities have
been defined to characterise the dose deposition of a beam. A distinction must however be
made between quantities defined in a constant Source-to-Surface Distance (SSD) setup and

an isocentric (constant SAD) setup, see Fig.2-7. In an SSD setup the distance between the
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source and the surface of the patient is always kept constant. The distance from the source
to the point of interest varies with its depth. In an SAD setup, the point of interest is kept

at the isocenter and constantly at the same distance from the source.

1
SAD
SSD
”
10 ¢m

L )
I v 10x10

10¢cm

b o
SSD Setup SAD Setup

Figure 2-7: Diagram depicting distinction between a SSD vs. SAD setup. Taken from [3].

2.3.1 Depth doses

The variation of the dose deposition as a function of depth in a medium is quantified by
the Percentage Depth Dose (PDD) and the Tissue-Maximum Ratio (TMR). They are both
defined to be the ratio of the dose deposited on the central axis at a given depth d relative

to the maximum dose (usually quoted in percent):

TMR(d) = %, (2.9)

where d,,.., is the depth of maximum dose. The PDD however assumes a constant SSD,
such that the surface of the phantom is always at the same distance from the source for
all dose points. The distance between the dose point and the source increases linearly with
depth. In contrast, for the TMR, all dose points are at the same distance from the source.

Thus, for a TMR measurement, the phantom is shifted at every measurement depth.
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2.3.2 Off-center ratios
The dose off-axis is described by the Off-Center Ratio (OCR). It is defined, at a given

depth d, as the ratio of the dose for a point at a distance r to the dose on the central axis:

Dose(r, d)

OCR(r,d) = Dose(0, d)

(2.10)

2.3.3 Output factors
The Output Factor (OF) describes the variation in dose for differing field sizes. It is
defined as the ratio of the dose on the central axis at the depth of maximum dose d,,,,, for

a given field size A to the dose at the same point for a reference field size A,.:

Dose(A,r = 0,d = dpaz)

OF(4) = Dose(Aref,r = 0,d = dmaz)

(2.11)

The reference field size is commonly taken to be 10x10 cm? for conventional linacs.
2.3.4 Dose-volume histograms

In radiation therapy, the primary concern is knowing the dose delivered to the target
and each organ. However, these structures are not point-like but rather volumes, there is
therefore a distribution of the dose within each structure. Thus, to characterize this dose dis-
tribution, the differential Dose-Volume Histogram (DVH) is a histogram of the dose, where
frequency is normalized to the volume of the structure. A point on a differential DVH graph
therefore represents the percentage of voxels (y-axis) within the structure that receives a
given dose (x-axis). However, we are often more interested in knowing the fraction of the
volume receiving a given dose or more. This tells us, for example, whether or not the target
is being sufficiently covered, or whether a too large fraction of the lung is receiving a too
high dose. As such, the cumulative DVH is more commonly used: it is defined as the reverse
cumulative histogram of the dose in a structure. For a dose of interest (x-axis), the corre-
sponding point on a cumulative DVH curve is the integral (y-axis) of the differential DVH
curve from the maximum dose to the dose of interest. The cumulative DVH curve therefore

represents the percentage of volume receiving at least a given dose as a function of dose. An
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example of such curve can be found in Fig.2-8.
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Figure 2-8: Example of a cumulative DVH curve for a lung CyberKnife treatment plan.
The curve was generated using Radify. Target structures (“PTV” and “IGTV”) usually
have 100% of their volume receiving high doses or more, whereas organs-at-risk are required
to not receive more than a dose limit to more than a small fraction of their volume.

The DVH curve gives rise to two important quantities which are the dose D,y delivered
to at least v% of a structure’s volume and the percentage Vpg, of a structure’s volume
receiving at least D Gy. !

2.4 Dose Calculation Methods

In order to create a treatment plan, the TPS must be able to predict the dose distribution
in a patient for a given linac configuration. Starting out as hand calculations, dose calculation
methods have improved significantly over the years, in large part thanks to advancements in
computational power. Different types of calculation methods exist, ranging from simple table

lookups of in-water measurements to full stochastic simulations of particle transports and

! Note that these concepts are also defined for absolute volumes (e.g., Dyepn3) or relative
dose, e.g., Vpy,

23



interactions. Superior accuracy in the dose model often implies more computational time.
According to the International Commission on Radiation Units and Measurements (ICRU),
dose calculation methods can be separated into two large categories: factor-based methods
and model-based methods [1]. In this section, an overview of the two dose calculation
methods available on the CyberKnife system will be given.
2.4.1 Ray-Tracing

The RAT algorithm is the first dose calculation method made available on the Cy-
berKnife’s treatment planning system. The way RAT calculates doses in patients is very
similar to hand calculations. To do so, it requires 4 input parameters: the collimator size
Acol, the shortest distance to the central axis Rgap, SAD and the water-equivalent depth deg
of the point of interest. The collimator size (5 to 60 mm) is defined as the nominal diam-
eter of the field projected at a SAD of 80 cm. The water-equivalent depth of a point is its
physical depth scaled by Relative Electron Density (RED) to water averaged over all voxels
that lie on the line joining the dose point and the beam source. It is thus the “Effective
Path Length (EPL)” in water through which travels the beam. The calculation of the EPL
is demonstrated in Fig.2-9. The dose D at a point is then calculated by RAT using the

following equation:
D = MU - OCR(Aeol, Rso, degt) - TMR(Agap, degr) - OF (Acor, SAD) - (80/SAD)?,  (2.12)

where Rgy = Rsap(80/SAD) and Agap is the field size at the dose calulation point. The OCR
at a given depth and for a given collimator is the ratio of the dose at a given off-axis radius
Rgp to the dose on the central axis, both assumed to be at SAD = 80 cm. The TMR is the
ratio of the dose at a given depth d.g to the maximum dose on the central axis and at equal
SAD = 80 cm. For the CyberKnife, the maximum dose is measured to be at d.x = 1.5 cm
in water. The OF is defined to be the ratio of the maximum dose measured at d.. for
a given collimator A., to the maximum dose of the A.,; = 60 mm collimator. The OCR,

TMR and OF are measured in water at the commissioning of a CyberKnife machine and are
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Figure 2-9: The EPL converts the physical depth in patients into an equivalent depth in a
homogeneous water phantom. EPL = (1 cm-1) 4+ (2 cm - 0.5) = 2 cm.

then input into the TPS as tables. The RAT algorithm will then interpolate or extrapolate
from these measurements to compute equation 2.12. All the previously mentioned quantities
serve to convert the dose in reference conditions (80 cm SAD, deg = 1.5 cm, Ay = 60 mm)
to the dose at the calculation point. The monitor unit (MU) can be understood as a scaling

factor: 1 MU is calibrated for the CyberKnife to deliver 1 ¢Gy in reference conditions.

The parameters that affect a dose calculation in RAT therefore only specify the geomet-
ric position of the point of interest along a ray line from the source. No information about
the tissue surrounding the calculation point is considered if they do not intersect the ray line.
After calculating deg, the problem is treated as if it is in a homogeneous water phantom.
This method is a good approximation of the attenuation of the primary beam, and is very
fast to calculate. In homogeneous regions like the brain, doses calculated by RAT are fairly
accurate. However, if heterogeneities are present, such as in Fig.2-9, the different scatter
contribution due to the heterogenity is completely ignored in the RAT calculation. Fur-
thermore, a lower tissue density with respect to water will have a longer range of secondary
electrons. As the field size is finite, this difference in electron range R can induce a loss in
Charged-Particle Equilibrium (CPE) in larger regions of the field than in water. CPE is the
balance of energy released at a photon interaction point and the energy locally deposited

by charged-particles. In large fields and ignoring depth-wise contribution and attenuation, a
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point on the central axis can be expected to have dose deposition from any electrons released
in a disk of radius R about the central axis, thus balancing the range R of electrons released
at the point by photon interactions. However, if the range of released electrons is larger than
the field radius, this balance is broken, thereby reducing the dose deposited to the central
point. This effect is also ignored with RAT, making its dose calculation in heterogeneous
regions like the lung extremely inaccurate.
2.4.2 Monte Carlo

Monte Carlo (MC) methods have been around for almost 70 years, and have been used in
diverse areas of science and finance. The core principle of Monte Carlo (MC) methods is the
random sampling of events repeated over enough times such that the average outcome of these
events can be used to predict a real scenario. In MC simulation of radiation physics, particles
are “transported” by calculating the distance to their next interaction. As the interactions
are probabilistic, the distance is sampled from a random number and calculated using the
total cross section of the particle in the medium. The relative cross section of each interaction
is then used to randomly choose the type of interaction which occurs. The simulation is then
updated according to the effects of the interaction: the energy and momentum of the initial
particle is randomly sampled from known distributions of the given interaction and other
particles are created if needed (e.g. release of electrons). This transport process is repeated
until all particles have either exit the volume of interest or transferred all their energy. For
computational efficiency, it is often the case that a threshold is set such that particles with
energies below the threshold are assumed to deposit all their energy locally. The simulation
itself is repeated over millions (or more) of initial particles. The results derived from such a
simulation follow Poisson statistics such that their relative statistical uncertainty (Type-A)
decrease with the square root of the number of particles traversing the region. The latter is
proportional to the number of initial particles generated, or “histories”. As such, increasing
the number of histories induces a linear increase in computation line while only reducing the

uncertainty by a square root factor. Due to this reason, MC simulations have historically
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been known to be computationally expensive.
One of the earliest and most widely used package developed for MC simulations is the
National Research Council’s Electron Gamma Shower (EGSnrc) [5] which is a successor of
the EGS4 code [6]. Starting out development of EGS at the Stanford Linear Accelerator
Center in the 1970’s, EGSnrc handles the transport of photons, electrons and positrons over a
kinetic energy range of 1 keV to 10 GeV. With the contribution of academic groups, multiple
user codes have been available on EGSnrc to create simulations in particular geometries or
scenarios, while usually relying on EGSnrc for the actual particle physics.

BEAMnrc

BEAMnrc is one such user code, specifically built to simulate particle transport in linear
accelerator heads. A linac model, or beam model, in BEAMnrc typically starts with an elec-
tron source, representing the accelerated electrons that impinge the target. Multiple source
types are available for the user to model their desired distribution. For conventional linacs,
an elliptic source with a Gaussian spread is commonly used. BEAMnrc provides a large set
of “component modules” that are geometry classes used to model each of the component
downstream, such as the target, collimators, flattening filters or MLC. The user must input
geometrical specifications as well as the material and density of each simulated piece. A
phase space source file is a collection of particles with their known energy, momentum and
type. A phase space file can be collected at the end of a beam model during a simulation
to have a representation of the distribution of particles exiting the linac. The phase space
file can then be re-used as an input for other simulations, from which initial particles are
sampled. Recently, vendors have also distributed phase space source files of their linac heads,
usually downstream of the target. This provides the user the ability to accurately model a
vendor’s linac without having to know detailed information of components upstream from

the phase space’s position.
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DOSXYZnrc

Another such user code is DOSXYZnrc, which is principally used for scoring the dose
in user-defined cartesian phantoms or phantoms created from CT images. The user defines
the dimension and position of voxels in which the deposited dose is scored. The density and
material of the phantom can be customized. Phantoms of CT images can be automatically
generated using the accompanying “ctcreate” code. A variety of sources are also available
to model different angles or configurations of the incoming radiation. These sources rely
on phase space files to sample particles from. In the case of BEAMnrc, a beam model can
be compiled as a shared library such that the data of particles crossing the would-be phase
space plane are directly input in the DOSXYZnrc simulation. DOSXYZnrc can thus be used
to calculate the dose distribution in patients from their treatment plan if there is a beam
model of the linac used.
2.5 Stereotactic Body Radiation Therapy

SBRT began as an extension of stereotactic radiosurgery to extracranial sites. Stereo-
tactic radiosurgery is a technique that has been developed since the 1950’s [7] and consists
of the treatment of brain tumours with high doses of radiation usually delivered in a single
fraction. The delivery of such high doses implied stringent precision requirements, which
was mostly fulfilled by the Gamma Knife system. Research on translating this technique to
extracranial sites started in the 1990’s [¢]. In the early 2000’s the preliminary results for
several SBRT clinical trials gave promising outcomes for lung [9]-[11] and liver treatments
[12]-[11]. The ICRU defines SBRT treatments as the delivery of higher dose per fraction
than in conventional radiation therapy, over fewer fractions. In the Task Group 101 report
of the American Association of Physicists in Medicine [15], only treatments delivered in 1 to
5 fractions were classified as SBRT. Recently, treatments over up to 8-10 fractions have also

been commonly included [16].
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The radiobiological implications of SBRT differ from those of conventional EBRT mainly
due to the high dose delivered per fraction. To have a better understanding on the effect
of hypofractionation, let us discuss the mathematical model behind cell killing by ionizing
radiation. A commonly used simplistic model of the surviving fraction S of cells subjected

to a single dose D of radiation is the linear quadratic model proposed by Fowler [17]:
S(D) = e~ PP, (2.13)

where a and 3 are tissue-specific constants. The ratio of o/ differs for different tissue type
and is an indication of the tissue response to radiation. Larger «/f ratios are associated
with early-responding tissue, such that the surviving fraction S decreases rapidly for small
D. Most cancer cells, including NSCLC [15], are accepted to be early-responding tissue with
a/ B ratios on the order of 10 Gy [19].

The Tumour Control Probability (TCP) can be defined to be the probability of eradicating

all tumour cells subjected to a dose D. It can be approximated to be [20]:
TCP(D) = ¢ N5, (2.14)

where Nj is the initial number of tumour cells. Plugging the form of S(D) in equation 2.13,

we find that the TCP has a sigmoidal relationship with dose, as depicted in Fig.2-10.
Equation 2.13 only describes the behavior for a single dose D. In the case of an evenly

fractionated dose, such that cells are irradiated with a dose d per fraction over n fractions,

equation 2.13 becomes:

S(n,d) = (eod=Fn (2.15)

= ¢ nad ) (2.16)

Today, a conventional EBRT treatment is fractionated such that doses of d = 2 Gy are given
per fraction. Therefore, for any given treatment fractionation scheme to achieve the same

cellular damage effect as in a 2 Gy per fraction treatment (spread out over ny fractions), we
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Figure 2-10: Idealistic relationship of TCP (A) and the probability of complications in
normal tissue (B) with dose. The TCP curve is characterised by a large gradient region

followed by a plateau. In the high dose plateau region, linear increase in dose have limited
impact on tumour control. Figure taken from [!]
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can equate the survival fraction S in 2.16 due to either fractionation:

S(n2,2) = S(n, d) (2.17)
no (20 + 48) = n(ad + Bd?) (2.18)
2ny (o + 28) = nd(a + Bd) (2.19)

Ta/p+2) = Fa/s+d) (2.20)

2y = nd% (2.21)
EQD2 = D%, (2.22)

where Equivalent Dose in 2 Gy fractions (EQD2) is the total dose in 2 Gy fractions that is
equivalent to a total dose D = nd given in d Gy fractions.

Rearranging equation 2.16 by using D = nd:
S(n,d) = e~ Plethsd), (2.23)

we find that given equal total dose D, the linear quadratic model predicts a more important
cellular damage for a larger dose d per fraction. Although the applicability of the linear
quadratic model for SBRT remains a subject of debate [1], [21], this is one of the rationale
behind using a higher dose per fraction to achieve superior tumor control. Nevertheless, this
effect is more prominent for late-responding tissue as it is proportional to §. It thus follows
that moving to a hypofractionated treatment would cause more damage to late-responding
normal tissue than to early-responding cancer cells. However, thanks to the advance in dose
delivery technology such as Intensity Modulate Radiation Therapy (IMRT) and improved
image-guidance (e.g. CyberKnife), dose distributions can be made much more conformal to
the tumour. As much higher dose can be delivered to the tumour relative to organs at risk,
the predicted increase in cellular damage to late-responding tissue can be mitigated while

obtaining a superior tumor control [].
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CHAPTER 3
Large-scale dosimetric assessment of Monte Carlo recalculated doses for lung
robotic stereotactic body radiation therapy

Veng Jean Heng, Marc-André Renaud, Robert Doucet, André Diamant, Houda Bahig
and Jan Seuntjens

3.1 Abstract

Owing to its short computation time and simplicity, the Ray-Tracing algorithm (RAT)
has long been used to calculate dose distributions for the CyberKnife system. However, it
is known that RAT fails to fully account for tissue heterogeneity and is therefore inaccurate
in the lung. The aim of this study is to make a dosimetric assessment of 219 non-small cell
lung cancer CyberKnife plans by recalculating their dose distributions using an independent
Monte Carlo (MC) method. As expected, target coverage was found to be significantly com-
promised when considering MC doses as only 27% of plans were found to comply to their
prescription doses. For the majority of the cases, normal tissue dose limits were respected
with the worst non-compliance rate (7%) observed in the rib. Comparison of RAT and
recalculated-MC doses confirms the overestimation of RAT doses observed in previous stud-
ies. An inverse correlation between the RAT/MC dose ratio and the target size is also found
to be statistically significant (p < 107), consistent with other studies. In addition, this
study has demonstrated the inaccuracy and variability in target coverage incurred from dose
calculations using RAT without heterogeneity corrections. Despite significant deterioration
in target coverage, no correlation was observed between the compliance of the prescription
Dgs% and loco-regional control rates. On average, no clinically relevant differences were ob-

served between MC-calculated dose-to-water and dose-to-medium for all tissues investigated

(<1%).
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3.2 Introduction

For medically inoperable non-small cell lung cancer (NSCLC) patients, stereotactic body
radiation therapy (SBRT) has been demonstrated to be a promising treatment alternative.
Indeed, as reported in multiple studies [1]-[3], the 3-year local control rate of early-stage
NSCLC patients treated with SBRT is over 90%. Specifically, increased dose prescribed to
the tumor has been shown to be strongly correlated to better local control and survival rates
[1]. For adequate lung cancer treatment, it is therefore imperative to deliver sufficient and
accurate doses to the tumor.
With its image-guidance kit, the CyberKnife (Accuray Inc., Sunnyvale, CA) system is par-
ticularly adapted for lung SBRT, where breathing motion may compromise the accuracy of
dose delivery. Dose calculation of CyberKnife treatment plans are carried out on the Multi-
Plan (v5.3.0) system. The first dose calculation method implemented in MultiPlan was the
Ray-Tracing (RAT) algorithm. Ray-Tracing calculations rely on tabulated measurements
of the beam’s profile, depth doses and output factors in homogeneous water phantoms. To
account for variation in tissue density, RAT scales in-patient depths by using the effective
path length. The latter is calculated as the ratio of the electronic density of traversed voxels
to the electron density of water (unit density). It is well known that this method fails to
account for differences in the beam’s scatter component and is therefore inaccurate in regions
of heterogeneity [5]-[7]. This is because RAT, like other factor-based algorithms, does not
correct for differences in lateral scatter in an inhomogeneous medium. For this reason, the
International Commission on Radiation Units and Measurements (ICRU) has recommended
the use of type-b model-based algorithms which do model lateral electron transport (ICRU
91)[3]. A fast Monte Carlo (MC) type-b dose calculation algorithm [9], [10] has been avail-
able on MultiPlan as of v2.1 and after. Although MC algorithms are considered the gold
standard in terms of dose calculation accuracy, the MC algorithm used by MultiPlan makes
use of a few approximations to minimize computational time. MultiPlan’s MC algorithm

transports photons in medium using the medium’s mean free path. The latter is determined
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from the mass density of the voxel. Electron tracks are pre-generated in water and have their
step length scaled based on the voxel’s density. The MC algorithm of MultiPlan therefore

effectively outputs dose to varying density of water.

Various studies [11]-[15] have compared dose distributions of lung plans as calculated
by RAT and fast MC. All studies have reported RAT to overestimate target doses, with
maximum doses being overestimated by up to a factor of 1.63 [11]. Braunstein et al. [1]
found that the ratio of RAT to MC doses was inversely correlated to target size and its
overlap with soft-tissue.

Past lung SBRT clinical trial protocols such as Radiation Therapy Oncology Group (RTOG)
0236 and RTOG 0618 [1], [3], dictated stringent dosimetric constraints despite requiring plans
to be planned without heterogeneity corrections (HC). In this case where all tissues are
treated as unit density water, neither RAT nor MC would accurately estimate the physically
delivered dose in the lung region. In this study, the dosimetric adequacy of a large set of
NSCLC patient plans will be re-assessed based on dose distributions recalculated using an
independent MC method with HC.

3.3 Materials and Methods

3.3.1 EGSnrc model

A Monte Carlo (MC) model of the CyberKnife G4 system was built on the BEAMnrc
user code of the EGSnrc package [16]. A monoenergetic electron beam source of energy
E was simulated normally incident on the target. The radial distribution of the electron
beam was Gaussian with spot size o. All components downstream from the target, which
include the primary collimator, a lead electron filter, the patient plane shield and the 12
fixed conic collimators have their geometry and position initially modelled from technical
drawings. The electron beam parameters were initially set to be similar to reported literature
values [10], [17]. Measurements performed during the commissioning of the CyberKnife G4

system at the Centre hospitalier de 1’Université de Montréal served as a baseline to tune

37



the electron beam parameters and dimension of the component modules. All measurements
were taken at 80 cm source-axis distance (SAD) in a water tank using a PTW60012 diode.
An open-field profile, for which no fixed conic collimator was attached to the CyberKnife
head, was taken at 2.5 cm depth. Tissue-Maximum Ratio (TMR) and profile measurements
were made for all fixed collimators. Profiles were taken at the depth of maximum dose dy,ax
= 1.5 cm. An open-field profile was firstly calculated using the MC model by irradiating a
28x28x 10 cm? water phantom on the DOSXYZnrc user code in the same conditions as the
measurements. For all validation simulations, doses were scored in cubic voxels of 1 mm?
and sufficient histories were used to obtain a Type A uncertainty of less than 1% in voxels
receiving at least 20% of the maximum dose scored. Standard cut-off energies were used,
i.e., for electrons ECUT = 0.7 MeV (total energy) and for photons PCUT = 0.01 MeV.
The spot size o of the electron beam, the opening radii of the primary collimator and of
the patient plane shield were iteratively adjusted to empirically match the measured profile.
The TMR and radial profile of the 60 mm fixed collimator was then calculated from MC
simulation in measurement conditions. For TMR(z) simulations, the water phantom had
dimensions of 10x10x(z+10) cm® where z is the depth at which TMR is evaluated for that
given simulation. The energy F of the electron beam was adjusted to match the simulated
and measured TMRs. Similarly, the opening radii of the fixed collimator was tuned according
to differences in radial profiles. This iterative process was repeated for the profiles of all other
fixed secondary collimators. The dose scored in the voxel on the central axis at dp., was
used to calculate the output factor for each collimator. Commissioning measurements of
output factors were also taken with the PTW60012 diode at d,,.x as the ratios of the raw
detector reading for each collimator size to the reading for the 60 mm collimator. These
ratios were corrected for the field size dependency of the detector’s response by using the
TRS-483 output correction factors interpolated based on the full width at half maximum of

the radial profile at the measurement depth[l5].
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Table 3—-1: Patient set characteristics

Fractionation Number of patients planned with:
scheme (Gy/fx) RAT without HC RAT with HC MC with HC
40/3 0 0 1
40/5 2 0 0
48/4 1 0 0
50/4 20 0 0
50/5 29 1 1
54/5 0 0 1
60/3 109 10 12
60/5 16 8 6
60/8 1 0 1

3.3.2 Patient set

From July 2009 to February 2015, 219 non-small cell lung cancer (NSCLC) stage I
patients were treated with stereotactic body radiation therapy (SBRT) on the CyberKnife
system using circular collimators. All patients were either medically inoperable or refused
surgery. Only patients with a single lesion were analysed in this study. Patients were CT
scanned in a supine position on a 512x512 grid with 1 mm slice thickness. Prescription
doses varied from 40-60 Gy and were delivered in 3-8 fractions (Table.3-1). The gross tumor
volume (GTV) was contoured on CT images and the planning target volume (PTV) is defined
as a b mm extension to the GTV. The prescription isodose surface was chosen such that at
least 95% of the PTV was covered by the prescription dose, although higher priority was
given to respecting maximum doses to organs at risk (OAR). Planning was done on Accuray’s
MultiPlan treatment planning system (TPS) (versions 3.5 and 4.5), with 197 patient doses
calculated by RAT and 22 by MC. TPS MC doses were calculated with a Type A (k=1)
uncertainty of either 1 or 2%. Out of the 197 RAT plans, 178 of those were planned without
HC: tissue above -800 Hounsfield unit (HU) were set to water with 1 g/cm? density. Note
that CT numbers in this paper are defined in units of HU which differ from MultiPlan’s CT
numbers by an intercept shift of -1000 (e.g., -800 HU = 200 MultiPlan CT number). Patients

before November 2013 were treated on the G4 model of the CyberKnife, while the remaining
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ones were treated on the VSI model. No significant dosimetric difference between the two
CyberKnife models had been observed in their commissioning measurements. Patients were
followed-up for loco-regional progression 1-3 months after their last treatment and every 3-6
months thereafter.
3.3.3 Plan recalculation and analysis

All patient plans were recalculated with the BEAMnrc MC model on DOSXYZnrec,
while keeping all beam parameters (node position, beam weights, etc.) the same. This was
done using source 21, developed by Lobo and Popescu Lobo’2010 The same MC model was
used to recalculate both G4 and VSI plans. In-plane voxel dimensions were chosen to be
double the CT pixel spacing to reduce computation time while the axial voxel dimension was
kept equal to the CT slice thickness. Sufficient histories were ran such that the statistical
uncertainty in the 20 voxels receiving the highest dose is less than 1%. To this effect, history
counts were scaled by the squared diameter of the collimator used. Dose distributions output
by DOSXYZnrc were converted to absolute absorbed dose by multiplying all voxel doses by
the total monitor unit (MU) delivered with the given collimator and a MC-to-reference dose

conversion factor N:

Gy

Dabsolute<GY) = dMC(GyMC)N(G[y—CM[J
M

MU, (3.1)

where the conversion factor N was calculated by dividing the machine’s calibration factor
of 0.01 Gy/MU by the dose per incident particle dyic(ref) scored to high precision (<0.1%)
by DOSXYZnrc in a 1 mm? voxel under reference condition. dyc(ref) was calculated at
dmax and SAD = 80 cm with the 60 mm collimator. Dose-to-water was calculated by setting
all tissues within the body contour to be water with varying mass density determined by
a CT-density curve. Regions outside the body contour had their density overridden to air

density (0.0012 g/cc) to avoid beam attenuation due to CT artifact.
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There has been considerable debate on the relevancy of reporting dose-to-medium
against dose-to-water [19]. It was chosen to report the latter in this study as previous clinical
dosimetric expertise in CyberKnife lung treatments had been based on doses-to-water calcu-
lated by the RAT algorithm. Andreo [20] had reported analytical differences between these
two calculation approaches to be less than 1% in soft-tissue and lung. Only in bone has the
difference between these two approaches been observed to be clinically significant [20]-[22].
Nevertheless, all patient plans were also recalculated for their dose-to-medium by using the
following medium within the body contour: ICRUTISSUE700ICRU, LUNG700ICRU and
ICRPBONET700ICRU. The medium of a voxel is assigned based on the voxel’s C'T number
range. Dosimetric differences between these two approaches for MC-calculated lung plans

are reported.

The following dosimetric characteristics of the PTV were analysed: the dose Dgsy, deliv-
ered to 95% of the PTV, the near-maximum dose Dy, near-minimum dose Dggy, and mean
PTV dose Diean- PTV doses were converted to equivalent dose in 2 Gy fractions (EQD2)
using the linear quadratic model [23] to account for differences in fractionation scheme (Table
3-1) with o/ = 10 Gy. The homogeneity index (HI) and the conformity index (CI) were

also calculated as:

: (3.2)
CIl = VPD/VPTV> (33)

where Doy, Dgogy, and Dsge, are evaluated in the PTV, and where Vpp is the volume receiving
at least the prescription dose and Vpry is the volume of the PTV. Volumes of structures
in this study were calculated by summing the volume of dose voxels within the structure’s
contour. The difference in dose distribution between the one given by the TPS and the
MC recalculation was estimated by a scatter plot of every plan’s EGSnrc-calculated D ,can

against TPS-calculated Dyean. For RAT plans, the correlation between the ratio of Dcan as
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calculated by these two previous methods and the volume of the PTV was assessed by cal-
culating the Spearman rank correlation. The correlation between loco-regional control rates
and dose coverage was tested by performing a Kaplan-Meier analysis of the loco-regional
progression-free survival. Patients were split in two groups according to their compliance of
their MC-recalculated PTV dose coverage to their prescription dose (Dgsy, > prescription
dose). A log-rank test was used to determine the difference in survival between the two
patient groups. Statistical significance in this study is defined for p < 0.05. In a separate
analysis, the cohort was split by thresholding the target coverage dose Dgsy by an absolute
EQD2. The above-mentioned Kaplan-Meier analysis was repeated for the two resulting sub-
groups. If the latter were found to be significantly different by the log-rank test, a hazard
ratio and its 95% confidence interval (95%CI) were computed from a univariate Cox propor-
tional hazards regression model.

Near-maximum Dsg, dose were compiled for the following OAR: heart (75%), spinal cord
(97%), brachial plexus (28%), esophagus (84%), trachea and large bronchus (68%), segmen-
tal bronchi (50%), great vessels (43%) and ribs (100%). Not all OARs were available for
all patients. The percentages quoted above in brackets represent the fraction of patients for
which the OAR was contoured. If 2% of the OAR volume was smaller than 0.03 cm?, the
near-maximum dose to at least 0.03 cm?® was instead taken as recommended in the Report
91 of the ICRU [3]. This occurred in only 42 cases (3.5%) across all OAR, with 41 of them
involving the bronchus. The fraction Vaoqy of the whole (right and left) lung volume (minus
PTV) receiving at least 20 Gy was also calculated. These calculated normal tissue doses

were compared to the dose limits that were used when planning for these patients.

3.4 Results
3.4.1 EGSnrc model validation
The radial profiles at d,,.x calculated by the MC model is plotted in Fig.3—1 for all 12

collimator sizes. The off-center ratio (OCR) is normalized by the dose on the central-axis.
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Figure 3—-1: OCR for all 12 collimators (5, 7.5, 10, 12.5, 15, 20, 25, 30, 35, 40, 50 and 60
mm diameter). Although an offset is present in the shoulder of the largest collimator profile
(60 mm), that collimator was not used in CyberKnife treatment plans. For clarity, the local
residuals are only plotted for the 30 mm collimator (orange), which was the the most often
used collimator in this study.

Despite a slight offset in the shoulder of the 60 mm collimator profile, this set of primary
collimator opening and o = 0.85 mm were chosen as they provided the best agreement for
the other collimators. The smallest collimator (5 mm) required a different spot size o = 0.95
mm for a better agreement with measured output factors. Neither of these two collimators
(60 mm and 5 mm) were used in the patient plans of this study. From the residuals, for all
collimators, the out-of-field dose is underestimated by the MC model. The latter is however
negligible for patient plan recalculations as its absolute contribution to the delivered dose
is less than the statistical uncertainty in the target dose. Monte Carlo-calculated output
factors were found to match measurements to within better than 1% for all collimators
(Fig.3-3). This ensures that the systematic dose offset introduced when recalculating plans
of different collimator sizes is smaller than the statistical uncertainty in Monte Carlo doses.
A monoenergetic electron beam source of energy £ = 7.0 MeV was found to provide the

best agreement between calculated and measured TMRs (Fig.3-2).
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Figure 3-2: TMR for the 60 mm collima- Figure 3-3: Output factor for all col-
tor up to 30 cm depth. Type A uncer- limator sizes. Agreement between MC
tainties of Monte Carlo doses are shown calculation and measurement is observed
in the local residual plot. within 1%.

3.4.2 Dosimetric characteristics

Patient plans were separated into three subsets according to the method with which the
planning dose was calculated. The plot in Fig.3-4 shows the distribution of the mean recal-
culated PTV dose against the TPS’s calculated dose, for all subsets. Firstly, all MC-planned
mean PTV doses lie near the line of identity, thus supporting an agreement between the two
MC models. The ratio of TPS MC to EGSnrc MC-calculated D ., has a median value of
1.02 (0.96-1.04). Secondly, as expected, the majority of RAT plans have their PTV dose
overestimated by the TPS. However, the extent of this error is not uniform for all plans.
Indeed, the ratio of RAT to EGSnrc MC PTV mean dose was found to have a median value
of 1.08 with a range of (0.78-1.72). For RAT plans that were calculated using HC, this
ratio was found to be always positive with a median of 1.29 (1.13-1.44). However, 32% of
RAT plans that did not use HC had a higher recalculated dose. These patients were found
to have a higher mean CT number (-700 HU) inside their lung contour (minus PTV) than
the remaining 68% (-779 HU). For all RAT plans, an inverse correlation between the dose

ratio of RAT to EGSnrc-calculated Dyyean and the PTV volume is observed in Fig.3-5 with
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Figure 3—4: Scatter plot of mean dose to the PTV Figure 3-5: Scatter plot of the ratio of
as recalculated by EGSnrc against the TPS dose. RAT-calculated to EGSnre-calculated

Plans were separated according to the method Diean as a function of PTV volume.
with which the doses were calculated. Points A Spearman correlation of -0.29 (p <
close to the line of identity have similar TPS and 10~%) suggests an inverse correlation
EGSnrc recalculated mean PTV dose. between the RAT/EGSnrc PTV dose

ratio and the PTV’s size.

a Spearman correlation coefficient of -0.29 (p < 107).

The PTV dose characteristics in all patients of the cohort is represented in the boxplot
in Fig.3-6. The EQD2 shown are calculated from the EGSnrc MC recalculated dose distri-
bution. Only 27% (60) of the plans were found to have their recalculated dose satisfy the
planning PTV coverage goal (Dgss, > prescription dose), as opposed to 70% when analysing
the TPS dose. Both the HI and CI were found to be highly diverse with median (range) val-
ues of 0.66 (0.28-1.22) and 0.93 (0.06-2.31) respectively. The loco-regional progression-free
survival curves in Fig.3-7a found no statistically significant differences between the loco-
regional control rates when separating patients according the compliance of Dgse, to their
respective prescription dose. However, when patients are separated by a threshold EQD2
Dgs9, >119 Gy, their loco-regional progression-free survival curves were found to be statis-

tically distinct using a log-rank test with a p-value of 0.027 (Fig.3-7b). The hazard ratio
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Figure 3-6: PTV coverage parameters for all 219 patient plans, based on MC-recalculated
dose distributions. The target coverage goal of Dgsy > Prescription Dose (PD) is only
achieved in 27% of the plans when assessed on MC doses.

was calculated to be 3.28 (95%CI:1.07-9.97). The threshold EQD2 of 119 Gy was chosen
as it resulted in the minimum p-value for the log-rank test. For reference, this threshold

corresponds to a dose prescription of 52 Gy in 3 fractions.

The near-maximum doses delivered to OAR as calculated by EGSnrc MC are also shown
in Fig.3-8. Although planning dose limits applied to the maximum dose to any voxel, Doy
was calculated in this study as single-voxel doses are not meaningful in MC calculations due
to its inherent statistical uncertainty. The rib is the OAR with the lowest compliance rate
(93%) to the normal tissue dose limits followed by the segmental bronchi (94%), the brachial
plexus (95%) and the esophagus (99%). Maximum doses to all other organs-at-risk comply
to the limits for all plans.

3.4.3 Dose-to-medium

The above-mentioned OAR doses and the PTV’s Dgsy; were recalculated using their
plan’s dose-to-medium dose distribution. The ratio of these metrics are shown in Fig.3—
9. The medium tissue of the heart, brachial plexus, esophagus and great vessels being
assigned to soft-tissue in the MC simulation have a smaller dose-to-medium than their dose-

to-water counterpart. This is in agreement with the calculated ratio of 0.996 by Andreo
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[20] for soft-tissue. Although the spinal cord is also assigned to soft-tissue, it is surrounded
by bone. This makes most of its volume fall within the bone/soft-tissue interface region,
which does not have a uniform dose-to-medium to dose-to-water ratio [22]. Although bone is
known to be overestimated by dose-to-water by 4~6% for 6 MV beams [21], [22], the median
Dinedium/Dwater ratio for the rib is not as different from unity (0.99). That is because the
rib contour in the large majority of patients include surrounding soft-tissue which constitute
the majority of its voxels. For some patients, only rib bones are featured in the contour.
These patients thus have much smaller dose-to-medium to dose-to-water ratio and are then
becoming outliers in the boxplot. Similarly, for great vessels, 1ow Dedium/Dwater Outliers
correspond to patients which had CT images featuring contrast agents. As such for these
patients, most vessel voxels had artificially higher CT number and were assigned to be bone
as a result. The slightly larger than unity ratio observed for the lung agrees with the slightly
larger than 1 stopping power ratio of LUNG700ICRU calculated at this energy [21]. Although
the PTV’s medium is mostly assigned to soft-tissue, some patients with small tumors (eg.
outliers in Fig.3-9) have a significant proportion of lung tissue within their PTV. Overall,
the median difference produced from using dose-to-medium instead of dose-to-water is at
most 1% for all investigated organs and target.
3.5 Discussion

Recalculated MC doses analysed in this study were obtained from a beam model built
with EGSnrc. The beam model was manually fine-tuned to match commissioning measure-
ments of TMR, OCR and output factors. Similarly, these measurements were used by the
TPS to commission its own beam model. Therefore, differences between our EGSnrc beam
model and the TPS beam model can be estimated from the local residuals given in Fig.3-1,
3-2 and 3-3. Although local residuals on the order of 10% and 100% can be observed in the
penumbra and out-of-field region respectively, the in-field dose agrees with measurements
within 1%. This is demonstrated by the close agreement between mean PTV doses as calcu-

lated by the TPS MC and the recalculated MC dose (Fig.3—4). Discrepancies between the
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Figure 3-9: Ratios of dosimetric parameters as calculated using dose-to-medium to the
same parameters using dose-to-water. Note that for the lung, it is a ratio of volumes and
not doses that is shown. For OAR points, only plans where the OAR received Dyg, > 4 Gy,
and therefore sufficiently small statistical uncertainty, were plotted. For similar reasons, if
2% of the OAR volume was smaller than 0.03 cm?, the maximum dose deposited in at least
0.03 cm?® was instead recorded.

beam models are therefore negligible when compared to the differences observed between
RAT with or without HC and MC doses.

The major factor that affects the relative difference between RAT and MC dose is the
contribution of miscalculated scatter to the point of interest. The proportion of this scat-
ter contribution depends on the immediately surrounding tissue density. Points located in
soft-tissue with near-water density will have their lateral scatter contribution accurately
approximated by RAT whereas the dose at points in the middle of the lung or next to high-
density bone will be respectively over and underestimated [6]. As tumor densities are close
to unity, only points on the extremity of PTVs, which are either near or within lung tissue,
are generally overestimated by RAT. Indeed, for all plans initially calculated by RAT with
HC, PTV doses were found to be lower when calculated with EGSnrc MC. Similarly, as large
PTVs have a larger proportion of voxels within the near-water density tumor, their mean
dose calculated by RAT is closer to the EGSnrc value than for smaller PTVs, as observed

in Fig.3-5. This correlation with target size is consistent with past studies [12]. In order to
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deliver doses that are similar to previous RAT-based prescription while using type-b algo-
rithms, the method proposed by Lacornerie et al. [25] could be used. The dose should be
prescribed to the GTV instead of the PTV as it does not encompass as much low-density

lung tissue.

When calculated without HC, doses to the PTV can be underestimated due to over-
attenuation of the beams through lung tissue. Indeed, in the case of this study, if the CT
number of the lung tissue is above the -800 HU threshold, its density would be erroneously
overestimated to 1 g/cm®. However, the contrary is also true if the lung’s CT number is
under -800 HU, in which case beams traversing the lung will be under-attenuated and the
overestimation of PTV doses by RAT is amplified.

The deviation of dose calculations of lung plans without HC from physically delivered
doses are thus highly variable across patients. As was observed in Fig.3—4, if MC doses are
assumed to accurately reflect delivered doses, PTV doses calculated without HC are sus-
ceptible to both underestimation and overestimation, by factors ranging from 0.78 to 1.72.
Planning constraints regarding target coverage enforced in study protocols that mandated
the non-usage of HC, such as RTOG0236 and RTOGO0618, therefore become inconsequential
when considering the disparity between calculated and delivered doses. Based on an anal-
ysis by Xiao et al. [26], Timmerman et al. [I] quoted the RTOG 0236 prescription dose
of 60 Gy in 3 fractions to be delivered as 54 Gy when taking into account HC. However,
the present study shows that no simple uniform conversion factor can be made to estimate
actual delivered doses from dose calculations without HC. Such estimate would have to take
into account patient-specific parameters such as the lung’s mean density, the target’s size

and position.

Despite these discrepancies, compliance of delivered dose to OAR dose limits was the

case for the large majority of plans in this cohort. Indeed, assuming that the TPS dose
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adequately complies to the normal tissue dose limits, only RAT plans without HC that
had a higher PTV dose when recalculated are susceptible to overdose the OARs. Out of
those, only OARs close enough to the target to receive a considerable dose will be at risk
of being overdosed. Thus, in most cases, physically delivered doses to OARs do not exceed
their imposed limits. On the other hand, target coverage for lung patients can be severely
compromised if the dose is calculated using RAT, with or without HC. In our cohort, when
re-assessed using the EGSnrc MC dose, only 27% of the plans satisfied the prescribed target
coverage. Nevertheless, no correlation was found between loco-regional control rates and
the target coverage of the prescription dose. However, target coverage with a dose above
a threshold was found to be a better indicator of loco-regional control. This supports the
generally accepted [/] positive correlation between dose to the target and local control rates.
However, although Onishi et al. [1] had found superior local control rates for patients being
prescribed biologically effective dose (BED) of more than 100 Gy (=83.3 EQD2 Gy) to the
isocenter. In our study, no statistically significant distinction in loco-regional control rates

could be found with threshold BED lower than 124.8 Gy (=104 EQD2 Gy).

3.6 Conclusions

The aim of this study was to retrospectively assess the dosimetry of lung CyberKnife
plans by recalculating them using an independent, highly accurate MC method. Target
coverage parameters were severely worsened in the majority of plans when compared to
their original doses, whereas OAR dose limits were generally respected. Dose distributions
originally calculated without HC and using the TPS RAT were observed to have the largest
disparity with MC doses. The magnitude of this discrepancy was found to be non-uniform
across patients, thus underlining the importance of using MC or advanced type-b algorithms
when calculating lung doses. Conclusions regarding the adequacy of prescription doses or
target coverage goals obtained from clinical trials requiring no HC should therefore be re-

examined.
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CHAPTER 4
Correlation between dose distal to the target and distant metastasis incidence
rate for CyberKnife lung patients

4.1 Preface

In addition to establishing the relation between target doses and loco-regional outcomes,
the large set of recalculated lung dose distributions allowed us to investigate another recent
clinical question. In a previous study by Diamant et al.[1], it was found that the dose deliv-
ered to regions proximally outside the PTV was inversely correlated with the incidence rate of
Distant Metastasis (DM) in lung SBRT patients. The study was based on a patient cohort of
217 stage I NSCLC patients treated with conventional linacs (either Volumetric Arc Therapy
(VMAT) or 3D Conformal Radiation Therapy (CRT)). In particular, they had found that
patients receiving an EQD2 larger than 21 Gy in the region extending from the PTV to 30
mm beyond had a significantly lower incidence of DM. Patients receiving less than 21 Gy in

that region had a worse DM-free survival rate with a hazard ratio of 24.2 (95%CI: 10.7, 54.4).

In this chapter, we aimed to determine the presence or absence of this correlation in Cy-
berKnife lung patients. CyberKnife dose distributions differ from conventional linac mainly
due to their non-coplanarity. In CyberKnife treatments, radiation beams can be delivered
from almost any angles whereas VMAT or CRT plans are restricted to angles of an arc.
The following study thus investigates whether or not the above correlation still holds for

non-coplanar dose delivery.
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The work described in this chapter is part of a study featured in a manuscript submitted
for publication: A. Diamant! , V.J. Heng! , A. Chatterjee, S. Faria, H. Bahig, E. Filion, R.
Doucet, I. El Naqa, J. Seuntjens, Does non-coplanar radiotherapy reduce distant recurrence
in NSCLC patients compared to conventional SBRT? Manuscript submitted for publication
(2019) [2].
4.2 Methods

The same patient cohort as described in Chapter 3 was used for this analysis with a few
additional requirements. Only patients with a single lesion, and that had not received other
CyberKnife lung treatments in the past 5 years were included in this study. Furthermore,
only patients that were either followed-up for more than 12 months or had developed distant
metastasis were considered. The final cohort for this part of the study was thus 205 stage I
NSCLC patients. Dose prescription, planning and treatment specifications are the same as

described in Chapter 3.

Only the recalculated MC dose distribution obtained in Chapter 3 was used in this anal-
ysis. For every patients, the dose in all voxels were converted to EQD2 with an «/f ratio
of 10 Gy. The dose fall-off beyond the PTV was characterised by calculating the average
dose in shells extending beyond the PTV. These shells will henceforth be called ROIcopn (),
representing the continuous region of interest extending x mm away from the PTV. To create
the ROILeont (), a 3D convex hull of the PTV was generated from its contour points. The
coordinate of the centroid of the hull was calculated as the mean coordinate of all hull points
in each dimension. Each point of the hull was then extended x mm in the direction of the
vector joining the centroid to the hull point. This results in a second larger convex hull.
All lung voxels that lie between the two hulls constitute the ROl.on (), see Fig.4-1. Voxels

outside the lung contour were excluded so as to not consider the dose outside the patient

I co-first author

58



—-100

—-80 60

c"11h1 —-40

-20 60 X
ate [mm] 0 ()

Figure 4-1: Example of the generation of a ROl (x). The green region corresponds to
voxels inside the PTV. Black lines refer to the convex hull grown isotropically about the
PTV. The red region corresponds to the ROI o (): all voxels that are both inside the lung
and between the PTV and the grown hull.

body. The mean dose to voxels in the ROI oy () was then calculated. This process was

repeated for every patient and for x = 1 to 100 mm.

The dose fall-off curve can be plotted as the mean dose to the ROI oy () as a function
of the distance x from the PTV. This curve was averaged among patients who had devel-
oped DM and among patients who did not. A Wilcoxon rank sum test was performed for
each ROl o () to test for a statistically significant difference, defined at a p-value of 0.05,

between the dose fall-off curve of the two subsets.

In the previous study, a significantly different DM-free survival curve was found for pa-
tients receiving doses either larger or lower than 21 Gy to the ROl (30). It was therefore
interesting to compare the distribution of patient doses with respect to the previous thresh-

old dose. The dose fall-off curve for the entire CyberKnife cohort was compared to the fall-off
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Figure 4-2: The mean dose to ROl () as a function of distance z beyond the PTV from
1 to 40 mm. The red points represent the mean dose averaged over patients who developed
DM while blue points are averaged over patients who did not have DM. The error bars are
calculated as the standard error on the subset-averaged mean with £ = 2. Thus both curves
overlap each other at the 95% confidence level.

curve of the patient cohort of the previous study (VMAT/CRT). The 95% confidence bands
for both fall-off curves was calculated from the standard error on the cohort-mean of the
mean dose to each ROI.on (). A histogram representing the distribution of the mean dose to
ROl ont (30) was plotted for the CyberKnife patient cohort with respect to the threshold dose
of 21 Gy. The former was also compared to the VMAT /CRT distribution of the previous

study.

4.3 Results

The mean dose to each ROI is plotted in Fig.4-2 for patients who developed DM and
for patient who did not. The two dose fall-off curves are not distinguishable at the 95%
confidence level. The Wilcoxon rank sum test did not find the dose to any ROl .o (2) to be

statistically significantly different between patients with or without distant recurrences for
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Figure 4-3: The mean EQD2 to ROI as a function of distance x from the PTV. The dose to
regions outside the PTV in CyberKnife plans (blue) is significantly larger than VMAT /CRT
plans (red) for x > 10 mm, despite having similar dose in the PTV at the 95% confidence
level. This figure is extracted from [2], where Gy, is a Gy in EQD2.

any x between 1 and 100 mm (p > 0.06).

The dose fall-off curve beyond the PTV for the entire CyberKnife cohort and for the
VMAT/CRT cohort is plotted in Fig.4-3. The dose fall-off in CyberKnife plans was found
to be significantly slower than in VMAT/CRT plans at 95% confidence level. The average
dose to all ROl on(z) for z > 10 mm is significantly larger in CyberKnife plans.

When looking at the distribution of dose to ROl.on(z) for £ = 30 mm beyond the PTV
(Fig.4-4), 95% of all CyberKnife plans in this study were found to have a larger mean EQD2
to the ROlont(30) than the threshold dose of 21 Gy determined in our previous work][l].
This is in stark contrast with the VMAT /CRT cohort, where only 75% of plans had a larger-
than-threshold dose. The distribution of CyberKnife doses in Fig.4-4 is also observed to be
more spread out, with maximum doses extending up to 71 Gy. The two distribution are

found to have a significantly different median by the Wilcoxon rank sum test, with p < 1078,
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Figure 4-4: Histogram of the mean EQD2 to ROl (30) for CyberKnife (blue) and
VMAT/CRT (red) plans. The threshold dose hypothesized in the previous study is rep-
resented by a black line. This figure is extracted from [2].

4.4 Discussion

In the previous study by Diamant et al. (2018)[1], VMAT/CRT patients who had de-
veloped DM were found to have received a significantly lower dose outside the PTV than
patients who did not have a distant recurrence. However, in the present study, when the
same analysis was performed in Fig.4-2 for CyberKnife patients, no significant difference

with respect to dose could be observed between the DM and no DM groups.

Although this result may seem to refute the hypothesis proposed by the previous study,
they can be reconciled by looking at the scale of the dose fall-off for CyberKnife plans. Indeed,
as shown in Fig.4-3, CyberKnife plans have a significantly slower dose fall-off outside the
PTV than in VMAT /CRT plans, despite having similar doses near the PTV. Our hypothesis
is that this is due to the non-coplanarity of the delivery. In conventional linac delivery, the

dose distribution is concentrated on a few axial slices as the linac is rotated along an arc.
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Beyond those slices, the dose falls off rapidly. As such, the only lung voxels in which the
dose is non-negligible are those near the axial slices of the PTV (see Fig.4-5). By definition,
the ROl on () are isotropic expansions of the PTV (minus the PTV itself). For x > 10 mm
beyond the PTV, the ROI will include an increasingly larger fraction voxels that are axially
far enough from the PTV such that they have almost zero doses. In contrast, in CyberKnife
treatments, the dose delivery can come from almost any angle (except from below the couch).
As such, a larger fraction of the lung is susceptible to be in the path of the beam as shown
in Fig.4-5. This thus leads to fewer lung voxels with negligible dose, thereby explaining the

slower dose fall-off observed in Fig.4-3.

Figure 4-5: Sagittal slice of the dose distribution in a typical CyberKnife (left) vs. a CRT
plan (right). The red contour represents the PTV. The dose in the CRT plan is limited to
slices near the PTV. This figure was produced by viewing the patients’ dose distribution on

Radify.

Due to a slower dose-fall off, only 5% of CyberKnife plans were found to have an average
dose to ROIcont(30) lower than the 21 Gy threshold dose. We hypothesize that no dosimetric
distinction between DM and no DM patients were found because almost all the patients
already belong to the higher-than-threshold branch. Assuming that DM control can be

associated to a sigmoidal behavior of the TCP of microscopic disease extension, CyberKnife
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lung plans would lie on the high dose plateau [2]. Variations in doses within the plateau would
thus have negligible effects on DM control rates (see Fig.2-10). It thus logically follows that
the CyberKnife patient cohort should be expected to have superior outcomes with respect
to distant recurrences. This was found to be the case when the CyberKnife patients were

compared to the low-dose branch of the VMAT /CRT patients from the previous study [2].
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CHAPTER 5
Conclusion

In this retrospective work, a full MC recalculation of a large set of 219 CyberKnife
NSCLC plans was carried out. For this purpose, a beam model of the CyberKnife was built
on BEAMnrc. The purpose of the recalculation was two-fold. First, it allowed an extensive
assessment of the accuracy of the different TPS dose calculation methods in lung. While the
TPS fast MC algorithm showed good agreement with our full MC, a large discrepancy was
observed for the RAT algorithm. When tissue heterogeneities were accounted for with den-
sities obtained from a proper CT-density curve, RAT was found to consistently overestimate
the dose in the PTV. This overestimation is in agreement with past literature. However,
if no tissue heterogeneity corrections were used, such that all voxel above a threshold CT
number were considered to have unit density, the discrepancy in target dose calculated by
RAT and by MC becomes highly variable and less predictable. With a decade of research
having shown the failure of RAT in lung calculations, it is now common practice to calculate
CyberKnife lung plans using the MC method. Nevertheless, most of the clinical experience
has been based on RAT-calculated doses. As early lung SBRT clinical trials [1], [2] required
patients to be planned without heterogeneity corrections, our results suggest that their find-
ings on the appropriate prescription dose may not be simply translated to MC calculations.
Plausible workarounds have been suggested to match MC-based prescription doses to the
prior RAT-based prescriptions. Indeed, van der Voort van Zyp et al. had proposed to scale
down prescription doses for smaller tumors [3]. Lacornerie et al. suggested to renormalize
the MC-calculated dose distribution such that the median GTV dose equals the prescription
dose [1]. These suggestions however do not take into account the inaccurate attenuation due

to the lack of heterogeneity corrections.
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In addition, the recalculation was used to investigate the correlation between MC-
calculated doses and loco-regional and distant outcomes. The coverage of the target by
the original prescription dose was found to be a poor predictor of loco-regional control.
Instead, it was the coverage by an absolute dose that was positively correlated with loco-
regional control rates. On the other hand, the dose outside the PTV was not found to be
predictive of DM incidence rates, in stark contrast to the strong correlation observed by
Diamant et al. [5] in linac-delivered SBRT patients. This is hypothesized to be due to the
significantly larger dose outside the PTV in CyberKnife patients compared to VMAT /CRT
patients. Within this framework, no significant distinction in DM incidence rates would be
expected among patients receiving doses higher than a threshold.

Although this explanation may reconcile the lack of correlation with the previous study,
the present study in itself does not corroborate the hypothesis of a predictive dose region
beyond the PTV with respect to distant recurrences. As such, the above hypothesis remains
to be confirmed in an independent set of linac-delivered lung SBRT patients. However,
if such a correlation can be independently demonstrated to be present, the results of this
study would indicate that non-coplanar dose distribution, due to their slower isotropic dose
fall-off, are inherently better suited at controlling distant recurrences. As distant metastasis
is associated with a significantly worse prognosis in NSCLC patients [], it would therefore
be of interest to revisit prescription methods in linac-delivered SBRT treatments such as to

deliver higher doses isotropically around the PTV.

An exciting direction for future work on dose-to-outcome modelling resides in machine
learning approaches. Rather than using statistical tests and fits to infer correlation be-
tween parameters, one can train a neural network to associate dose patterns to their patient
outcomes. As we have found that higher MC-calculated PTV doses were correlated with
better loco-regional control rates, a neural network could be used to predict the likelihood

of recurrences based on the dose distribution that will be delivered.
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In conclusion, this work has demonstrated the necessity of using advanced type-b meth-
ods for accurate dose calculation in the lung. This is all the more true as delivering a
sufficient dose to the target is observed to lead to fewer local recurrences. As correlations
between dose and outcomes were investigated, this work also highlights the importance of

using accurate doses as the basis for a dose-to-outcome model.
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