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ABSTRACT

Mechanical and algorithmic advances in the field of linac-based radiation therapy have
enabled for increasingly complex, and personalized therapies to irradiate disease with a
high-dose technique known as stereotactic radiosurgery (SRS). This technique is highly
conformal, places stringent tolerances on patient alignment, and requires a steep dosimetric
fall-off beyond the target volume to ensure surrounding tissues receive minimal dose. To
ensure optimal treatment, several techniques are employed, namely: (1) Use of image
guidance to ensure accurate patient positioning (e.g. pre-treatment cone-beam computed
tomography); (2) Use of immobilization devices (e.g. invasive frames or non-invasive
thermoplastic masks) that fixate the patient to the treatment couch during therapy. Despite
these efforts, intra-fraction motion on the order of several millimetres or degrees can occur
that could impact target coverage, and dose received to healthy tissues. This work aims to
quantify the dosimetric impact of motion during radiosurgery and develop two
methodologies for addressing motion: 1) megavoltage (MV) imaging with region of
interest (ROI) apertures to detect and correct for motion with couch translations. 2)
Dynamic couch trajectories to minimize treatment distances during delivery which could
improve treatment efficiency, potentially minimizing the magnitude and/or frequency of
motion.

This thesis presents a series of three manuscripts pertaining to the topics mentioned
above. The first manuscript explores three variables, namely, aperture size, target size, and
intrafractional motion, when assessing delivery quality for the treatment of small targets.
The second investigation introduces a methodology for generating control point-specific
optimal apertures to be used for MV imaging; these apertures conform to anatomical sites
which allow for sub-mm positional verification while also reducing imaging dose. The
third manuscript explores the potential efficiencies gained by treating at a shortened, virtual
isocentre in previously treated clinical cases.

These manuscripts form the basis for methodologies and strategies to improve
treatment efficiency, and fidelity with planned treatments. These techniques are motivated
by evidence that intrafractional motion during SRS can have clinically significant
detriments. These works demonstrate an embodiment of dynamic, trajectory radiotherapy
where multiple axes of a linac engage in coordinated motion during therapy.
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CHAPTER 1. INTRODUCTION

The aim of radiation therapy is to deliver a lethal dose of radiation to a target
volume (TV) while minimizing dose to normal tissue. External beam radiation therapy
involves directing high-energy radiation (e.g, 4 — 20 MeV for electrons, 1 — 20 MeV
photons, up to 150 — 250 MeV for protons.) in a targeted manner towards a delineated
target within a patient’s body.! Several different diseases are treated with radiation therapy
and are further addressed in Section 1.1. The primary disease considered in this thesis is
cancer, which is a disease that is characterized by the uncontrolled replication of abnormal
cells which can develop into benign or malignant lesions that may spread to locations in
the body that differ from their origin.? Cancer is one of the leading causes of death in every
country worldwide.? There is a 19% higher incidence rate in men, and a 43% higher death
rate in men when compared with women.* While there is a variance across treatment sites,
and cancer staging, approximately 50% of patients will receive radiation therapy at some

point during the management of their disease.’

1.1  STEREOTACTIC RADIOSURGERY

Stereotactic radiosurgery (SRS) is a highly targeted form of radiation therapy which
delivers a large therapeutic dose in one single session.®® When protracted over the course
of a few fractions (typically three or five) it takes on the name of stereotactic radiotherapy
(SRT). The hallmark of SRS is a conformal dose distribution with a rapid dosimetric fall-

off beyond the TV.? An important distinction between conventional radiation therapy and



SRS is the mechanism by which a biological response is elicited. In conventional radiation
therapy (2 Gy per fraction, where Gy = Gray, the unit of dose), a fraction of the cells in the
lesion are killed by means of DNA damage. There is not enough damage to kill all tumour
cells, thus subsequent treatments are needed for full eradication. The most important aspect
of this treatment scheme (multiple treatments with low doses — compared with SRS) is the
time allocated for the repair and repopulation of the surrounding healthy tissue.? In

SRS/SRT therapies where doses are ablative,!*!2

indirect cell death appears to be a
consequence of vascular damage, which can ultimately lead to cell death.!* Due to the
magnitude of the large doses delivered with SRS, sub-millimetre positional accuracy is
required as to minimize dose to surrounding healthy tissue.”!*

Radiosurgery is a technique that was first invented by Lars Leskell and Borje
Larsson in 1951 for the non-invasive treatment of intracranial lesions inaccessible to
surgical resection.” The technique relied on earlier work by Leskell in 1949 where they
developed a frame for the three-dimensional (3D) localization of anatomical sites within
the cranium; this process is referred to as stereotaxy.!’ The frame establishes a polar
coordinate system by fixating to the skull and allowing for the precise determination of
points within the frame with respect to angle, depth, and anterior-posterior extent. Early
work utilized stereotaxy with orthovoltage X-rays (200 kVp) for the treatment of trigeminal
neuralgia (TN).'® The lack of beam penetration of low energy x-rays limited the utility of
this type of beam for therapeutic applications. Thus, the technique of SRS evolved to utilize

deeper penetrating gamma rays from a Co-60 source (Eave = 1.25 MeV, Ti2=5.26 years)

for delivering therapeutic radiation.!” An adaptation of this methodology, called the



Gamma Knife ® (GK), utilized a hemispherical array of 179 Co-60 sources to create highly
conformal dose distributions for radiosurgery, and was first used in Stockholm in 1968 for
treating arteriovenous malformations (AVMs) and acoustic neuromas.® The modern GK
system, the GK Icon™ is manufactured by Elekta (Elekta AB, Stockholm, Sweden). It
shapes complex dose distributions with up to 192 sources by combining contributions from
circularly shaped beams with cones (physical cone diameters of 4 mm, 8 mm, and 16 mm),

from eight different sectors around the cranium with varying exposure times. '8

1.2 IMAGING FOR RADIOSURGERY

The quality of treatment plans for radiosurgery has vastly improved with the
invention of computed tomography (CT) in 1972 as it provided a 3D volumetric image for
visualization of targets and normal structures.'” The CT-data in conjunction with contrast-
enhanced magnetic resonance imaging (MRI, used for soft tissue delineation due to
superior soft tissue contrast) is routinely used for defining the extent of TVs in linac
radiosurgery.”’ Common 3D MRI of the cranium utilizes gadolinium contrast-enhanced
T1-weighted inversion recovery gradient echo (IR-GRE)?! as well as 3D-turbo-spin-echo
(TSE)?2. Gadolinium is taken up by the tumor and provides visual contrast with MR
imaging by effectively changing the relaxation time of the tumor environment relative to
the background (normal tissue); its efficacy (with respect to improved tumor contrast) is a

25,26 and

function of its physiochemical properties,” doseage,** timing of administration,
magnetic field strength.?® Paulson et al. found that MRI simulation scanning resolutions

for stereotactic planning to be 1.0 x 1.0 x 2.0 mm?® amongst seven clinical institutions in

the Elekta ‘Atlantic’ consortium.?’” No general consensus for the use of immobilization



systems during MRI was found by Paulson et al.?’; scanning without thermoplastic
immobilization systems improves the signal to noise ratio in the brain,?® however, this
could lead to uncertainties when registering to CT imaging.>>** Geometric distortions can
occur in MR-image as a result of: nonlinearity of the magnetic field produced by the
gradient coils®® (which implement the imaging protocol via a pulse sequence),
inhomogeneity of the main magnetic field,*? patient-induce magnetic field perturbations,*’

as well as pulse sequence choices.*

1.3 INDICATIONS FOR RADIOSURGERY

A variety of different functional, benign, and malignant indications are treatable by
SRS. Meningiomas are slowly growing benign®> or malignant*® neoplasms originating
from arachnoidal cap cells within the dural sinus and can cause impaired vision, personality
changes, headaches, and seizures.?” Prescription doses of 14 Gy have been reported with
local tumour control rates of up to 93% at 10 years.® Acoustic neuromas (vestibular
schwannomas) are slow-forming benign indications that develop in the vestibular portion
of the inner ear and cause hearing loss, vertigo, tinnitus, and disequilibrium.* The
International Stereotactic Radiosurgery Society (ISRS) recommends a dose of 11 to 14 Gy
in a single fraction,*® and control rates of 99% have been reported for 5-year longitudinal
studies.*!* An arteriovenous malformation (AVM ) is a shunt between cerebral veins and
arteries which can disrupt oxygen circulation through the brain.** Maximal obliteration was
determined to occur when the indication is covered by approximately 25 Gy by Flickinger

et al.in a 3 to 11 year follow up study of 351 AVM cases.* Alternative dosing regimens



for large AVMs have incorporated staged deliveries where geometrically distinct segments
of the lesion are treated over separate SRS sessions.*® Obliteration rates with staged
deliveries have been shown to reach 42%*" to 71%"*® with low rates of adverse reactions
(6% to 13%). Pituitary adenomas are growths on the pituitary gland and represent 10 to
20% of all intracranial lesions;* doses vary between centres and cases but typically fall
within the region of 10 to 18 Gy.°*! Trigeminal neuralgia is functional indication
stemming from a disruption in the function of the trigeminal nerve. Its therapy is ablative
in nature with doses ranging from 60 to 97 Gy as determined from a systematic review of
the literature by the ISRS.>

Gliomas are the most commonly occurring type of primary malignant lesion of the
brain which encompasses 35-45% of all primary brain tumors.>>>* Brain metastases occur
as secondary malignancies in 20 to 40% of all cancer patients;>> with 30 to 60% of brain
metastases being owed to primary lung lesions.>® The Radiation Therapy Oncology Group
(RTOG) defined the maximum tolerated doses, and sizes by single-fraction SRS with
primary brain tumors such as gliomas, and recurrent lesions like brain metastases in a
retrospective analysis of 156 patients. They found that the maximum treatable tumor sizes
(in diameter) were < 20 mm, 21-30 mm, and 31-40 mm with a maximum tolerated dose
of 24 Gy, 18 Gy, and 15 Gy, respectively.’’ Dose escalation is viable for lesions <20 mm,
but is to be implemented at the discretion of the clinician.’®* Modifications to the RTOG
90-05 guidelines have been suggested for dose reduction in cases where there are five or

more lesions.®°



1.4 SRS THERAPY TREATMENT UNITS

Over the past several decades the stereotactic technique at its core remains
unchanged, but the means by which it is implemented has seen many changes in the hands
of different commercial vendors. Following the development of the GK system, several
commercial entities made innovations to reproduce its radiosurgical capabilities with a
medical linear accelerator (linac). Medical linacs are often gantry mounted systems that, in
ideal conditions, rotate around a single point in space referred to as isocentre. In reality,
the coincidence of the rotational axes of the linac (gantry, collimator, treatment table),
referred to as the mechanical isocentre, forms a spherical volume due to excursions of ideal
motions along each axis.®' The American Association of Physicists in Medicine’s (AAPM)
Task Group (TG) 142 report recommends that the coincidence between mechanical and
radiation isocentre should not exceed = 1.0 mm.'* While QA tests are not explicitly defined
within the TG-142 document, various different investigations have devised techniques to
assess the coincidence between mechanical and radiation isocentre. The Winston Lutz
(WL) test, formulated by Lutz and Maleki in 1988, involves the irradiation of a sheet of
radiographic film at four cardinal gantry angles (0°, 90°, 180°, 270°) which have been
mounted on a mechanism that is fixed to the head of the gantry.®* Proximal to the film is a
metal ball bearing that is mounted to the end of the treatment table (the WL phantom)
which has been aligned to mechanical isocentre.®? The difference between the radiographic
shadow created by the ball bearing and the center of the field indicates the magnitude of

coincidence.®® Extensions of this technique with additional irradiation angles,®> 3D



mathematical localization algorithms,® and electronic portal imaging (EPI)®® have been
developed.

Radiation therapy with a linac is delivered either from a series of fixed gantry
positions, or while rotating around the patient as demonstrated in Figure 1. The first

1.9 A C-arm linac is

attempts at radiosurgery with a C-arm linac was in 1982 by Betti ef a
one in which the x-ray generation and delivery system rotates in one single plane around
isocentre. These first systems used 6 MV to 10 MV x-ray beams with externally mounted

circular collimation systems referred to as stereotactic cones.’” Some centres still make use

of stereotactic cones which have sizes ranging from 4 to 45 mm.®



Figure 1: A conventional C-arm linac and its rotational axes that would ideally
intersect a single point in space. In reality, the isocentre is defined by an ellipsoidal
volume as depicted by the ellipse in the diagram.

An alternative linac design was conceived in 1994 with the manufacturing of a
Robotic-arm-mounted linac known as the CyberKnife® (CK) system by Accuray (Accuray
Inc. Sunnyvale, CA, USA). The CK system was invented by a neurosurgeon, John Adler
along with several engineering colleagues at Stanford University.’ It differs from
conventional C-arm linacs in that it utilizes an X-band wave-guide (9.3 GHz) for
production of the its treatment beam, and it has access to slightly more than half of 4r

space for treatment angles. The collimation system of the CK was initially based on



tungsten cones ranging from 5 to 60 mm. An updated version used a dynamic cone-based
collimation system with twelve tungsten pieces (two stacks of six) was made and can
produce an effective circular field with a maximum diameter of 60 mm at an 80 cm source-
to-axis-distance (SAD); this system is referred to as Iris™. Today, modern CK systems
utilize a high-definition multi-leaf collimator (MLC) which contains 41 pairs of 0.9 mm
thick (along beamline) tungsten leaves which have a projected width of 2.5 mm at 80 cm
SAD.”%"" A demonstration of the three commercially available SRS units is shown in

Figure 2.

Figure 2: Therapy units available for radiosurgery. (A) The Gamma Knife® Icon
system by Elekta (Elekta AB, Stockholm, Sweden). (B) The CyberKnife® M6 system
by Accuray (Accuray Inc. Sunnyvale, CA, USA). (C) The Truebeam by Varian
(Varian Medical Systems Inc., Palo Alto, CA).



C-arm linacs have also featured similar improvements to the internal, tertiary
collimation system (MLC) beyond externally mounted stereotactic cones. The Clinac®
system manufactured by Varian (Varian Medical Systems Inc., Palo Alto, CA) was the first
to introduce an internal MLC system which used 26 leaf pairs with a 1.0 cm projected leaf
width at 100 cm SAD. The next iteration of MLCs by Varian, known as the Millenium™
MLC, increased the number of leaf pairs to 60 and increased the resolution of the central
28 leaves to 5 mm.”! Brainlab (Brainlab AG, Munich, Germany) developed the m3 micro-
MLC, an externally mounted MLC to further increase the resolution of the leaves to a
projected 3.0 mm at 100 cm SAD.”? The newest linacs designed by Varian utilize a high-
definition MLC referred to as the HDMLC, which includes 60 pairs of leaves with a 2.5
mm width projected at 100 cm SAD for the central 28 leaf pairs and 5 mm for the outer

leaves.”?

1.5 DELIVERY TECHNIQUES

Beyond the mechanical limitations of the collimation hardware utilized by a
therapeutic unit, a variety of delivery techniques can also be employed to achieve
dosimetric conformity. The simplest of these is a conformal fitting procedure, where the
collimation system is positioned to match the projection of a delineated target for each
beams-eye-view (BEV) as demonstrated in Figure 3B; this technique is referred to as 3D
conformal radiation therapy (3D-CRT). This methodology can be used to deliver static
ports or during arc-based therapies where radiation is delivered continuously as the gantry

rotates. This is called dynamic conformal arc therapy (DCA) where the MLC (and
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sometimes the jaws) are dynamically positioned to maintain the changing projection of the
TV for each BEV.

Increased computational capacity has allowed for more complex approaches to
treatment planning with the use of optimization procedures’’>; where “optimization,” in
the context of treatment planning for radiation therapy, refers to shaping the dose
distribution as dictated by choices of the clinician. Clinically, forward-planning
optimization involves perturbing the numerous degrees-of-freedom for treatment (e.g,
gantry angle, beam weighting, fluence pattern, additional fields with field-in-field’®) to
achieve a desired dose distribution, whereby the perturbations are typically derived from
anecdotal experiences of the clinician. Conversely, inverse-optimization defines dosimetric
goals or constraints (e.g, criteria for dose to some percentage of the target and dose limits
for normal tissues) along with their relative importance (determined by the planner). The
optimizer proposes a series of fluence intensity patterns (or aperture shapes depending on
the optimization technique), and a dose distribution is calculated. The deviation of each
dosimetric goal from the ideal value is converted into a cost and summed across all
dosimetric goals to represent the cost function, where each cost is weighted by its relative
importance. This process is repeated numerous times with each iteration using perturbation
to the fluence patterns to minimize the cost function (or commonly referred to as the
objective function).”””® In the seminal paper by Brahme et al.,”” the use of intensity
modulated radiation beams for a series of fields in rotational delivery was developed to
produce homogenous dose distributions in complex target shapes. This technique was later

paired with inverse optimization to achieve conformal avoidance of normal tissue and is
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known as intensity-modulated radiation therapy (IMRT).® To create treatments with this
method, each intensity pattern (shaped by the MLC) for each BEV is subdivided into
hundreds of individual beamlets. The weighting of the individual beamlets is iteratively
perturbed until plan quality improves no further either using the step-and-shoot,’! or sliding
window technique.®? A subsequent optimization step follows the optimization of the
distribution where a leaf-sequencing algorithm translates the intensity distribution into a
set of MLC apertures.®! Alternative algorithms exist which synchronously optimize leaf-
sequencing and aperture intensities known as direct aperture optimization (DAO),** or
Direct Machine Parameter Optimization (DMPO)* by the Pinnacle planning system
(Philips Radiation Oncology Systems, Milpitas, CA) and is based upon the principle of
DAO.

Another embodiment of an IMRT-style delivery is one where the in an arc-based
delivery where the gantry rotates, and the MLC moves while radiation is being delivered.
The first commercial implementation of this technique is intensity-modulated arc therapy
(IMAT), now commonly referred to as volumetric arc therapy (VMAT).?>8¢ The advantage
of VMAT delivery is increased therapeutic efficiency while maintaining or improving
dosimetric outcomes. "’ %>

The CK and GK systems cannot produce arc-based deliveries, thus, they employ a
slightly different version of this treatment methodology by adding the dosimetric
contributions from individual “shots” (fixed couch/gantry angle combinations for CK and
individual source positions with GK).**** When compared with GK, conformity with the

MLC (C-arm linac or CK MLC) has been shown to be non-inferior.”>**
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Figure 3: Example of fitting achieved with intensity modulated therapy with complex
aperture pattern shaped by the multileaf collimator to shield surrounding tissue in
(A). Example of conformally fitting with a multileaf collimator to two lesions in (B).

For many centres, treatments of secondary malignancies in the brain utilizes whole-
brain radiation therapy (WBRT) in conjunction with SRS and/or surgical resection.’®-1%
The efficacy and safety of adjuvant therapy of SRS with WBRT was retrospectively
evaluated by multiple clinical trials by the RTOG.!% Some investigations have explored
the feasibility of treating multiple metastases with SRS alone; Yamamoto et a/. found that
the treatment of five to ten metastases with SRS was noninferior to the treatment of two to
four metastases and ongoing trials are exploring the treatment of five to fifteen

metastases.'® The use of SRS in place of WBRT for treating multiple metastases is a

treatment paradigm which is continually evolving as WBRT has been shown to cause
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neurocognitive decline.!°”!% An ongoing clinical trial is exploring possible improvements
with WBRT by adopting a hippocampal avoidance strategy when comparing to treatments
with SRS alone for patients with five to 20 cranial lesions.!%

The superiority of intensity-modulated therapies or conformal arc therapies for the
treatment of multiple lesions remains as a point of contention within the field of radiation
therapy. In general, the necessary monitor units (MUs) are higher for VMAT plans due to
aperture modulation during delivery. To create DCA plans for multiple lesions different
methodologies have been developed such as the Elements™ Multiple Brain Mets SRS
(MBSRS) by Brainlab (Brainlab AG, Munich, Germany) which treats subsets of the total
number of lesions using specific arcs.!!'®!!"* With respect to plan quality, conflicting
evidence has been shown in the literature. Velten ef al. found that VMAT produced a better
homogeneity index (0.16 versus 0.24 = 0.07 for DCA with MBSRS) and conformity index
(0.8 £ 0.08 versus 0.71 = 0.08 for DCA with MBSRS) whereas the Viogy was higher (13.5
+ 6.64 cc versus 9.26 + 4.57 cc for DCA with MBSRS), where Viogy is the volume
receiving 10 Gy or more.%® Hofmaier et al. found that conformity was similar (median of
0.75 for DCA MBSRS versus 0.73 VMAT) with better healthy brain sparing for DCA
(Viogy median of 3.2 cc versus 4.9 cc for VMAT) and lower MUs (median 4569 versus
5840 for VMAT).!? Liu et al. found better conformity with VMAT based upon the RTOG
definition (closer to unity is better; VMAT = 1.21, MBSRS = 1.38, P < 0.0001) with lower
volumes receiving 12 Gy or more (Vi2gy) and volumes receiving 8 Gy or more (Vsay)
(median: Viagy, vmat = 19.2 cc, Vi2y, MBsrs = 23.7 cc; P =0.0001; Vscy, VMAT =44.1 cc,

Vscy, MBSrs = 53.6 cc; P =0.024).!1°
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For the average cranial lesion, treatments with linacs usually take approximately 15
— 20 minutes per isocentre.'!® Thus, treating cases with multiple lesions, each with a
separate isocenter, could lead to long treatment times. The use of a single isocentre for
treating multiple lesions simultaneously is an attractive option due to the inherent gains in
treatment efficiency. Clarke et al. evaluated the feasibility of treating three brain metastases
simultaneously with three non-coplanar arcs and found that treatment plans were
comparable with multiple-isocentre plans with smaller Vi2gy for lesions that were close
together.'!” Clarke et al. also investigated plan quality when treating up to five lesions with
single isocentre-VMAT and found that 2 to 4 arcs was sufficient to produce clinically
acceptable plans with a median Paddick conformity index of 0.86 and a mean Paddick
gradient index (GI) of 3.34 + 0.42.”> Huang et al. explored plan quality metrics between
single isocentre DCA (SIDCA), multiple isocentre DCA (MIDCA) and VMAT. They
found the RTOG conformity index (Clrtoc) to be best with VMAT when treating with a
single isocentre (1.15 = 0.09 versus 1.38 + 0.12 for SIDCA) whereas the GI was worse
(4.34 + 0.46 versus 3.97 £ 0.51 for SIDCA, p < 0.01); they also found a substantial
reduction in delivery time when treating with a single isocentre (52% for SIDCA and 46%
with VMAT when compared to MIDCA).¥

When treating small indications (less than 0.5 cc) stereotactic cones have
historically been the standard to create small, conformal dose distributions. But, with the
refinement of the MLC as mentioned in section 1.4, treating without the need for the
externally mounted cone systems has become feasible. Popple ef al. introduced a virtual

cone technique in which two pairs of opposed MLC leaves with a small gap between the
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leaves are used to shape the treatment field. In addition, the technique delivers a given arc
twice with orthogonal collimator angles to create a dose distribution comparable to that of
a stereotactic cone.''® The virtual cone technique has been demonstrated with thalatomy of
the nucleus ventralis intermedius (VIM),!!? dorsal nerve root ganglion ablation,'? and
trigeminal nerve ablation.!?! The treatment of small targets such as the trigeminal nerve

have also been demonstrated with 18-21 static conformal fields shaped by the HDMLC.!*?

1.6 MOTION MANAGEMENT AND IMMOBILIZATION FOR SRS
For intrafractional (either inter-arc or intra-arc) image guidance, kilovoltage (kV)
and megavoltage (MV) imaging options can be used on a C-arm linac. Positioning with
individual kV or MV images is referred to as monoscopic imaging where images are
compared with digitally reconstructed radiographs (DRRs) from the patient’s CT data set
to derive necessary corrections in set-up positioning. On a conventional linac, the kV
imaging system (x-ray generator and detector) is mounted orthogonally to the central axis
of the treatment beam as shown in Figure 4. The ability to perform image guidance with
respect to the treatment beam is inherently limited by the coincidence of the kV imaging
isocentre and radiation isocentre. Guidance documents suggest this should be limited to a
maximum of + 1.0 mm.'* The MV imaging system uses a target within the head of the linac
at the same location as the treatment beam target and its detector, known as the electronic
portal imaging device (EPID), is mounted along the central axis of the beam (referred to as
BEV imaging), also shown in Figure 4. Use of MV imaging for registration with DRRs

usually necessitates image pre-processing due to a dissonance with DRRs later addressed
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in Section 2.4.!212% The inherent limitation of MV imaging when compared with kV
imaging is inferior contrast, spatial resolution,'?> and larger imaging dose.'?®!?” Borsavage
et al. investigated the use of a sintered diamond target for the 2.5MV imaging beam in a
Varian TrueBeam Linac (Varian Medical Systems Inc., Palo Alto, CA) and reported
enhanced contrast-to-noise-ratios (CNR) of approximately 16% to 19% in cortical bone
when compared with the commercial 2.5 MV beam.'?® Similar results were seen by Parsons

et al. with the modeling of a 2.35 MV carbon beam using Monte Carlo (MC).!'?*
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Figure 4: Monoscopic and stereoscopic imaging available on C-arm linac.
Stereoscopic imaging shown with the Exactrac® system (Brainlab AG, Munich,
Germany). Blue arrows indicate the ray-line direction of stereoscopic imaging, red
arrows for kV imaging and yellow for MV imaging.

In a clinical setting, monoscopic imaging is rarely used alone. Instead, pairs of
orthogonal images (kV/kV or MV/MV or kV/MV) or kV cone beam computed tomography
(CBCT) is used to perform image guidance. Inter-arc CBCT is usually not utilized as it is
slower and may not be necessary, given the rigid relation between a brain tumor and the

skull. Most commonly, a pair of orthogonal images is used, with one being from the
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anterior-posterior (AP) view and another being from the right-left (RL) or left-right (LR)
view. In this format, 2D-3D registration is implemented by iteratively applying
transformations to one image set and calculating a similarity metric (to assess registration)
in both images. Using coordinate system transformations as demonstrated by Fu and
Kuduvalli,'*° 2D-3D registration is achievable for any combinations of imaging view-
points. One such implementation of this technique is with externally mounted stereoscopic

systems such as those used by the CK platform'®!

as well as the ExacTrac® system
(Brainlab AG, Munich, Germany) as shown in Figure 4.!3? The limitation of the deploying
2D-3D registration to derive positional corrections for all six degrees-of-freedom for
motion (translations and rotations about each principle axis) is that out-of-plane rotations
can not be directly quantified; e.g, for two orthogonal images in the AP and RL view, a roll
correction would be impossible to directly assess. Jans et al. investigated the coupling of
perceived rotations and translation with orthogonal AP and LR MV/MYV images and found
that with clinical set-up errors less than 0.7 mm (translation), registration errors could be
no better than + 0.2°.13

There exist commercially available systems which do not utilize ionizing radiation
for positional tracking, namely: optical surface imaging with speckled-light patterns and
infrared (IR) marker tracking. Optical surface imaging works by projecting a known pattern
onto the skin of the patient and extracts features from said pattern to derive 3D information
such as the AlignRT system (Vision RT, London, UK) system. While this method

possesses the ability to capture near continuous monitoring information (up to 60 frames

per second), it suffers from ghosting,'** as well as false positives and false negatives in the
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case of skin monitoring.'* IR marker tracking monitors the position of a reflective marker;
for the GK system, a marker is placed on the tip of the nose during therapy and is imaged
at 20 Hz, its position is monitored relative to its initial position that is established in the
pre-treatment CBCT.!*¢ The limitation of this technique is that the tip of the nose is
susceptible to deformations and rotations of the cranium, and thus does not necessarily
represent positional deviations at the target site.'*”!3® The IR marker tracking method is
also available on C-arm linacs such as with the Varian Real-time Position Management
system (Varian Medical Systems Inc., Palo Alto, CA), which monitors IR markers on a
block which sits on the patient’s chest during therapy. The limitation of this technique is
that it assumes a correlation between the markers and the tumors motion during
respiration.'*

During delivery of radiosurgery, substantial effort is taken to ensure fidelity with
planned positioning. To that end, minimizing motion while radiation is being delivered is
of paramount importance. Historically, frame-based systems have been used to immobilize
the patient by rigidly fixating to the patients skull."*%!*! Leskell’s original stereotactic
frame was improved upon through the introduction of the Brown-Roberts-Wells (BRW)
and Cosmon-Roberts-Wells (CRW) frames which could be used in modern clinical
workflows with CT and image guidance.!**!* Rigid frame-based systems suffer from
several drawbacks including slipping,'* risk of bleeding and infection at the screw site,'*
as well as added stress and anxiety for the patient, oncologist, planner, and neurosurgery
staff for treatment delivery coordination as treatment must be completed within the day.

Frame-based systems have evolved into various manifestations such as the Gill-Thomas-
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Cosmon (GTC) frame which and utilizes a bite-mould system for immobilization and can
be utilized for fractionated radiosurgery.!#> This system however does obstruct the beam
path for some treatments making it unsuitable.'*® Newer frames such as the PinPoint frame
(Aktina Medical, Congers, NY, USA) have incorporated sophisticated bite-mould systems
with integrated vacuum suction that improves contact and loses pressure when the patient
moves.'*>> A modern trend is towards the use of a frameless immobilization system with a
thermoplastic mask which conform to the patient’s facial features.?®:!3%144147-150 Thjg
system allows for fractionated therapy, is non-invasive, demonstrates improved patient
comfort,'! and easily usable in radiosurgical work-flows.

As mentioned above in Section 1.1 the stereotactic coordinate system is one that
allows for the localization of anatomical sites (typically the TV) by utilizing affine-
transformations to relate coordinate spaces during stereotaxis, namely: the anatomical
coordinate system and the coordinate system of the frame.!>?> The information described
below is unique to medical linacs as it pertains to the device used for delivery in this thesis.
To define a stereotactic coordinate system, CT or MR simulation can be implemented with
a localizer box over the stereotactic frame (which is intrinsically linked to the coordinate

system of the frame!®

3 or frameless-based immobilization system through mechanical
fastening) or with other commercially available systems like the BrainLab frame (Brainlab,
Inc, Westchester, IL).!>* The localizer boxes house various configurations of radio-opaque
bars that relate anatomical locations to the coordinate system of the frame,'> or in the case

of the Brainlab system, relates the positions of the IR markers on the frame to the isocentre

of the planning data set.'**
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When using a conventional stereotactic frame, alignment of the patient on the
treatment unit can be achieved by using the localizer box (which will have the isocentre
location defined in the treatment planning system (TPS) mapped to the faces of the
localizer).!>®> When thermoplastic mask systems are used, such as the BrainLab ExacTrac®
system (Brainlab, Inc, Westchester, IL), patients are initially aligned to isocentre by IR-
guidance which is then followed by some subsequent form of imaging (e.g, stereoscopic
imaging).">* To verify the coincidence of the ExacTrac® system with the radiation
isocentre of the auxiliary system, a calibration is conducted before every treatment. A series
of alignment tests are conducted with an IR-phantom and WL-phantom using the IR-
alignment system in conjunction with either stereoscopic imaging,'*® kV imaging,'>* or

MV imaging"’

1.7 CURRENT LIMITATIONS OF SRS

Despite the combined efforts of image guidance and immobilization systems to
minimize positional errors during treatment delivery, intrafractional motion can still occur.
The magnitude, and frequency of motions observed during cranial radiosurgery has been
explored in the literature for all manner of commercially available immobilization systems.
Babic ef al. explored translational and rotational intrafractional motions by comparing pre-
treatment CBCT to one taken post-treatment for a variety of frame-based systems; they
found that the patients using CRW frame had a mean 3D error of 0.30 = 0.21 mm while
the patients using the non-invasive GTC frame had 0.54 = 0.76 mm."*® The non-invasive

PinPoint frame reduced 3D errors to 0.45 = 0.33 mm and reduced the frequency of errors
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exceeding 1.5 mm from 5% with the GTC frame to 0% with PinPoint frame.!* Jursinic
observed that the BRW frame allowed for an average motion of 0.93 + 0.22 mm as
determined with optical imaging tracking a fiducial plate with AlignRT (Vision RT,
London, UK).!?

Frameless systems are becoming increasingly more common for radiosurgery and
SRT due to ease of use, and improved patient experience. Quality, and tightness-of-fit will
impact the performance of immobilization, which is largely dictated by patient
tolerance.!%%!1¢! Using the BrainLab (Elekta AB. Stockholm Sweden) thermoplastic mask,
Gaevert et al. quantified intrafractional motion with a post-treatment kV X-ray images
(occurring 14.6 + 3.9 minutes on average after set-up imaging) for 40 patients receiving
SRS and found a mean 3D error of 0.58 + 0.42 mm with motions reaching up to 1.8 mm
and 1.55°.162 Performing a similar assessment with 104 patients receiving radiosurgery,
Lewis et al. quantified translation motion with kV images at two time points during
therapy as shown in Figure 5; they found the maximal average motion at the first time point
(0.79 + 0.45 mm) and saw maximal 3D-displacement of 3.64 mm.'%* Comparisons between
frameless thermoplastic immobilization systems and frame-based systems by Carminucci
et al. found a significantly higher variance of intrafractional motion with the frameless
system (p < 0.05).!%* Ramakrishna et al. similarly compared these two immobilization
systems and found a larger proportion of patients exhibiting motions greater than or equal
to 1.0 mm with the frameless mask-based system (22% compared to 3% for the frame-
based system).'** The magnitude, and frequency intrafractional motion during within

thermoplastic masks has been shown to increase with increasing treatment time. '37-165-168
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Figure 5: Translational intrafractional motion within a thermoplastic mask derived
from kV images at two time points during therapy in the left-right (LR), anterior-
posterior (AP) and superior-inferior (SI) direction. (a-c) were derived at the first
imaging time point, (d-f) were derived from the second time point. Images from Lewis
et al.'®

Motion during treatment has the potential to negatively impact normal tissue dose
constraints, as well as compromise therapeutic coverage. Guckenberger et al. calculated
dose distributions in 72 patients with brain metastases while simulating intrafractional
motion (translations and rotations) derived from post-treatment CBCT; they found that
each simulated millimetre (3D-vector) of motion resulted in a 10% and 6% reduction of

the Paddick conformity index and coverage index respectively.'® Wang et al. investigated
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the dosimetric impact of simulated intrafractional motion on 20 patients receiving
stereotactic body radiation therapy (SBRT) for spinal metastases; they found that 13 out of
20 patients exhibited a max dose increase greater than 25% to organs at risk (OAR) with a
2.0 millimetre shift along the AP axis, and up to an approximately 10.0% decrease in the
target volume receiving 95.0% of the prescription dose (Vos).!” The treatment of multiple
lesions simultaneously with a single isocentre is also highly sensitive to translational and
rotational errors. Roper et al. performed a retrospective dosimetric analysis of rotational
errors on 50 SRS cases with multiple metastases and found that TV, and distance from
isocentre were predictors for compromises to target coverage as demonstrated in Figure 6,
where the probability of coverage (determined by Vos) is shown to decrease in a complex
manner as a function of distance of target from isocentre and TV size.!”! Similar results
were determined by Minniti et al. when simulating intrafractional motion as determined
from post-treatment ExacTrac™" images on patients receiving SIDCA; where 90.0% of
targets with a Vos less than 95.0% had a volume less than 0.4 cc, and were located 3.9 mm

or more from isocentre.'”?
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Figure 6: The probability that 95.0% of the planning target volume (PTV) will be
covered by 95.0% of the prescription dose (Rx) as function distance from isocentre.
The data is estimated from Generalized Estimating Equations logistic regression and
is segmented for ranges of PTV sizes. The top plot for 0.5% indicates ideal
circumstances where a 0.5° rotation would not impact any target size range for
distances up to 8.0 cm from isocentre. Image from Roper et al.!”!
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1.8 RESEARCH OBJECTIVES

As motion during therapy is unavoidable and has been shown to increase for long
treatment times, the efficiency of treatment delivery is of significant importance,
particularly in SRS. Manufacturers have recognized the importance of treatment efficiency
and have made great strides to maximize the efficiency of treatment delivery by means of
hardware improvements, such as the flattening-filter-free (FFF) beams which increase
dose-rate, and software/algorithms improvements, such as Elements™ Multiple Brain
Mets SRS by Brainlab (Brainlab AG, Munich, Germany).

This thesis investigates two novel strategies for improving the fidelity between
planned and delivered radiosurgery by means of improved treatment efficiency, as well as
a motion correction strategy for cranial SRS workflows. The improvements in treatment
efficiency would come from the manipulation of the movable axes of a C-arm linac during
radiation delivery, in particular, the implementation of couch trajectories in which the
distance from the radiation source to the target (isocentre) is shortened for unique
combinations of treatment couch and gantry angle (defined as a control point). Shortening
the distance of the radiation source to isocentre would lead to increases in the effective
dose-rate at the target, which in turn would necessitate the delivery of fewer MUs to
produce the same dosimetric outcome. The improvements in treatment efficiency by means
of delivery at a shortened-isocentre must be achievable without dosimetric compromises
for the intended TV as well as the surrounding tissues. Detecting and correcting for motion
that could occur during therapy would be achieved with control point-specific couch

motions derived from MV-imaging.

27



The work in this thesis explores questions pertaining to motion during cranial
radiosurgery: 1) What are the dosimetric consequences for SRS-magnitude motions and
for what target sizes do they compromise plan quality in a virtual cone treatment setting?
2) Can we detect SRS-magnitude motion with MV control point-specific imaging and
correct for these positional errors with couch motions? 3) Can we implement couch
trajectories to improve treatment efficiency and are there dosimetric consequences
associated with these motions? These questions are explored in a series of three
manuscripts as follows:

Manuscript 1 is presented in Chapter 4. This manuscript addresses the first
research question by exploring the dosimetric consequences of simulated SRS-magnitude
intrafractional motion while treating small spherical targets (less than or equal to 1.0 cm in
diameter) with a virtual cone. Dose metrics for the TV as well as the surrounding normal
tissue are explored for various target sizes, aperture sizes and types of motion.
Relationships between these variables for clinical decision making is discussed within.

Manuscript 2 is presented in Chapter 5. This manuscript addresses the second
research question by exploring the possibility of detecting SRS-magnitude motions with
control point-specific MV region-of-interest (ROI) imaging using a 3D printed skull
phantom. The investigation establishes a methodology for creating ROI imaging plans for
cranial SRS which minimize registration errors without the need for user intervention. The
characteristics of the apertures produced from this algorithm are explored. While

simulating intrafractional motion on a Varian TrueBeam STx Linac, positional accuracy is
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evaluated when using the ROI imaging plans to detect and correct for motion when imaging
the 3D printed skull.

Manuscript 3 is presented in Chapter 6. This manuscript addresses the third
research question by exploring the potential gains in treatment efficiency and plan quality
when delivering at a shortened, virtual isocentre with couch trajectories. In this work,
clinically delivered SRS plans for patients with one to three lesions are converted from a
delivery at standard isocentre (100 cm SAD) to a shortened virtual isocentre. For each
control point, the isocentre is shortened with an intent to deliver at distance of closest
approach while avoiding collisions of the linac with the patient and/or treatment couch.
Plan metrics for the TV(s), as well as OARs are explored. A delivery efficiency analysis is
calculated for each of the plans based upon the velocity limits of the axes of the linac. A
subset of the SRS plans are mapped to a cranial SRS phantom with an insertable holder for
radiochromic film and ion chamber. The plans are delivered at a standard isocentre, and a
virtual isocentre in Developer Mode. Gamma analysis and absolute dose measurements are
compared to the planned dose distributions as a function of target size, and distance of
target from isocentre.

The second chapter of this thesis describes the theoretical and algorithmic
considerations pertaining to the experimental and modelling methodology used to conduct
the investigations presented. The third chapter addresses the explicit methodologies
utilized to conduct the work in Chapters 4-6 which are otherwise not addressed within each
respective chapter. The seventh chapter summarizes the main findings from the

manuscripts presented in this thesis and discusses the natural progression of future work.
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CHAPTER 2. THEORETICAL CONSIDERATIONS

2.1. MEDICAL LINEAR ACCELERATOR

A medical linear accelerator is a device that generates high-energy x-rays by
directing relativistic electrons into a target (often composite Copper (Cu) or Tungsten (W)).
For the work in this thesis, the 6 MV FFF beam is exclusively used for all treatment
deliveries. Commonly, flattened beams are referred to by their energy, e.g, 6MV beam;
and FFF beams are similarly identified by 6 MV FFF. This photon beam has a maximum
dose (Dmax) at 1.5 cm depth in water, with a relative dose of 64.2% at 10 cm depth for a 10
x 10 cm? field at 100 cm source-to-surface distance (SSD). The beam has a maximum dose-
rate of 1400 MUs per minute, where 1.0 MU is equivalent to 1.0 cGy at 95 cm SSD, 5 cm
depth in water.!”® Other beam energies are available such as 10 MV, 15 MV, and 10 MV
FFF but these are not considered in this work. Accelerators are able to change energies by
changing the power transferred to the electrons within the accelerating waveguide.!’*17
Sometimes this can be coupled with the change of target. For the imaging performed in

this thesis, the 2.5 MV imaging beam was used which does use a different target than the

clinical treatment beam.

2.1.1. Beam Generation

The information from this section is taken from Karzmark and Morton'’® as well as

Mayles et al.!”” To produce x-rays, several different systems can be used. Varian utilizes a
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178 where a

dispenser cathode which dispenses barium to the surface of the cathode,
kilovoltage potential difference across the cathode heats up the filament causing electrons
to “boil” off via thermionic emission. These electrons are injected into an accelerating
wave guide with a speed approximately equal to 20% of the speed of light. Radiofrequency
(RF) pulses with a power in the range of 2.5 to 5 MW generated by either a magnetron or
klystron are directed towards the wave guide with a frequency of 2.856 GHz for S-band
linacs or 8 to 12 GHz for X-band linacs. The waveguide is a structure that accelerates and
bunches electrons through interaction with the oscillatory electromagnetic wave produced
from the RF power source. Two structures have been used, a traveling waveguide and a
standing waveguide. The electrons leave the waveguide with speeds close to the speed of
light and are steered by bending magnets. Different manufacturers have implemented
different configurations of bending/steering to direct the electron beam towards the target;
Varian uses a gradient magnetic field system to bend the beam 270°, whereas Elekta has
used a 112.5° slalom bending system. The redirected electrons are incident on a “target”
where bremsstrahlung photons are produced. The combination of electron energy and

target material ensure that the photons are preferentially forward directed towards the

patient.

After photons are produced, the beam can pass through a flattening filter which has
a few effects: 1) it flattens the beam profile to be within 3% across the region defined by
the inner 80% of the aperture at 90 cm SSD, 10 cm depth in water; this is accomplished by
using a conical flattening filter that produces monotonically decreasing beam attenuation

as a function of radial distance from the central axis. 2) A consequence of this filter design
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is a radial dependence of the beam spectrum, with a harder beam being found on the central
axis due to the preferential attenuation of low energy photons resulting from passing
through the thickest region of the filter.!”” 3) Change the relative dose at a reference depth
compared with un-flattened beams. The presence of the filter significantly reduces the dose
rate compared to unfiltered beams. Ancillary components (dual ion chambers) downstream
of the flattening filter stage are organized in a feedback loop configuration with the beam
steering components above the target. The ion chambers monitor the beam output as well
as the radial and transverse beam profile which is actively used to update the radiation
beam during treatment delivery. Several components after the target are utilized to shape
the radiation beam leaving the linac head (primary collimator, Jaws, MLC). A schematic
representation the main beam-generating components of a medical linear accelerator is
shown in Figure 7 where other notable components have been excluded for clarity

including cooling, the pulse modulator cabinet, and voltage delivery.
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Figure 7: Schematic representation of the beam-generating components of a C-arm

linac.

2.2.

2.2.1. Photon Interactions

INTERACTIONS IN MATTER AND DOSE CALCULATION

When a monoenergetic pencil beam of photons is incident on a material, the beam

is attenuated, and the incident number of photons, N; is reduced by:

N = Nie_”x
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where u is the attenuation coefficient of the material. The attenuation coefficient is
dependent upon the elemental composition of the material and the density, p. There are
tabulated values of the attenuation coefficient divided by the density, ©/p, and these are
referred to as the mass attenuation coefficients. The coefficient, u/p, is composed of the
sum of all mass attenuation coefficients for the probabilistic interactions that a photon can
undergo in a material. In human tissue, there are four common interactions that can occur
within diagnostic (25 — 150 keV) and therapeutic (300 keV — 20 MeV) energy range,
namely: Rayleigh scattering, the photoelectric effect, Compton scattering, and pair-
production. Descriptions of these interactions can be found elsewhere.!®® The predominant
interaction (in tissue) within the diagnostic energy range is the photoelectric effect, and the
predominant interaction in the therapeutic range (for the 6xFFF treatment beam utilized in

this work) is Compton Scattering.

The mass attenuation coefficient of the Compton interaction is effectively
. . . z
independent of atomic number as it reduces to o, « i 0.5 for most atoms. Thus, the

probability of a Compton interaction occurring in materials with different atomic numbers
is effectively the same. Given that the electron density of atoms contained within tissue
does not vary significantly (as tissues are by-and-large not ionically charged), very little
contrast is seen between different materials with MV imaging, as much of the photon
energy spectrum is in the therapeutic range, primarily participating in Compton
interactions. In contrast when using kV imaging (diagnostic energy range), the ~ Z3

dependence of the photoelectric effect exhibits a much larger relative difference in the
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interaction cross-section between materials, giving a much larger contrast. The mass
attenuation coefficients of tissue and bone as defined by ICRU — 448! is shown in Figure

8.
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Figure 8: Mass attenuation coefficients as a function of energy for tissue (ICRU-44)
and cortical bone (ICRU-44). Subscript PE denotes the photoelectric cross section
and subscript C denotes the Compton cross section.
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2.2.2. Electron Interactions

In this section, the information presented will focus on the motion of electrons
through a material, as they are the primary source of dose from an incident photon beam.
When electrons pass through a material, they go through several different interactions that

cause them to lose energy. Energy loss per unit distance for these interactions is quantified

by stopping power, commonly represented as the mass stopping power, (p(%) , which is
Tot

o . . dT
the sum of two contributions, the mass collisional stopping power, (E) , and the mass
c

diati t . (ﬂ)
radiative stopping power, { =~ 5

The mass collisional stopping power is the result of the large number of collisional
events in which a moving electron loses energy via Coulombic interactions with every
charged particle in a medium. This interaction is separated into two types of events,
namely, soft or hard collisions, and are distinguished by the proximity of the trajectory of

the electron in relation to the atom radius, a, shown in Figure 9,
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Figure 9: Electron interaction where a moving electron (green) passes by an atom
with an atomic radius, a, with a proximity, b, referred to as the impact parameter.

where, b, is referred to as the impact parameter. A soft collision is one where an electron
passes by the atom at a large distance, b > a, whereby the interaction of the Coulombic
force field of the electron transfers momentum, and thus, energy to the atom.'®?> A hard
collision is one where the electron passes by at a distance on the order of the atomic radius,
b =~ a; which results in the ejection of an orbital electron, referred to as a delta (&) ray.!®?
To describe the energy lost by the electron undergoing these interactions, Bethe!

combined the contributions from soft and hard collisions based upon the Mgller cross

section for electrons. '
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The mass radiative stopping power describes the energy loss of an electron that
passes closes to the nucleus, b < a, and is described by Attix.'®° This interaction results in
the production of bremsstrahlung photons from the deceleration of the electron via
Coulombic interactions with the electric field of the nucleus. Up to 100% of the energy of
the electron can be transferred from the energy stored in the electric field of the electron

to the bremsstrahlung photon'®’.

As stated earlier, dose deposition in a material is the result of energy transferred
from moving electrons that were set in motion by incident photons. The dose deposited at
some depth, x, can be calculated with the differential charged-particle fluence spectrum,
@, (calculation of this spectrum is discussed in the context of treatment planning systems

in 3D later within Section 2.2.4.1 with symbol, ¥¢), and used to determine dose with:

Gy Tmax dT
D =1.602x 1071 [—/— f o (T (—) daT 2
MeV 0 x( ) pdx . ( )
9

This calculation makes two assumptions about dose deposition: 1) Photons produced by
electron interactions with the nuclear field will not deposit dose locally (instead, via
subsequent interactions which set in motion other secondary electrons). 2) Charged particle

180

equilibrium (CPE) exists, " allowing for the exclusion of dose owed to §-ray production.
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2.2.3. Monte Carlo

Analytically describing the progression of photon interactions, radiative losses, and
coulombic interactions as electrons inelastically collide with other electrons from an
incident photon beam leads to complex integro-partial differential equations.!®® These
equations are computationally intractable to solve, even with approximations. Thus, the
MC dose calculation framework has been developed to model the transport of photons and
electrons in a material. The algorithmic premise behind the technique involves sampling
probability distributions of stochastic processes with a random number generator.
Essentially, the MC process uses random numbers to follow the history of a simulated
particle, by determining where in space an interaction takes place, the type of interaction
that takes place and the geometric-, as well as energetic- after-products of that interaction
are. The are two inherent limitations of MC methods to accurately simulate radiation
transport: 1) The data utilized to determine the outcome of individual interactions (e.g,
cross-section data for each interaction, as well as approximations that go into sampling
probability distributions) are derived from an amalgamation of theoretical and
experimental measures. The limitations of these various interaction types have been
discussed at length in the EGSnrc!®” and EGS4!® manuals. 2) The MC method simulates
a finite number of user-defined histories, N, which is intimately related to the convergence
of the system to analytical solutions of the Boltzmann equations (which describes radiation
transport). The number of histories is representative of a partial sampling of the stochastic
nature of radiation transport; thus, quantities that are derived from MC simulations are

subject to statistical uncertainty which are proportional to N~1/2 187
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In the following, the MC approach for simulating radiation transport as employed
by Kawrakow et al. will be introduced following a generalized history of a photon as it
progresses through a MC simulation.'®® The first required action is to determine the
distance to the next interaction, x, by sampling the cumulative probability distribution

function which describes the probability of an interaction occurring with:

N In(1—7) 3)
U

Where u is the linear attenuation of the material, and r is randomly generated number
between 0 and 1. At the depth of the interaction, the next algorithmic step is to determine
the type of interaction that will occur. A mentioned prior in Section 2.2.1, given that the
attenuation coefficient is the sum of the possible interaction coefficients (Rayleigh
scattering, Compton, photoelectric, pair-production) a stepwise function can be constructed

for random sampling with, 7, to determine interaction type with:

{Rayleigh |0 <r < Z—R r € [0,1)}
o +
{Photoelectric | = < r < (G +1) r €[0,1)}
H @
+ +7+
{Compton |M <r< (Ort+7+0) r € [0,1)}

U

Op +T+o0
(or )

{Pair Production | r<i r € [0,1)}

Once an interaction is determined, the kinematics of the problem, i.e, the resulting angle(s)

and energies of the particle(s) following the interaction is determined by decomposing the
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differential cross-sections of the respective interaction into a probability density function

which can be sampled with a random number.

Following a photon interaction, which produces a secondary charged particle
(electrons will be considered for simplicity), the history of the charged particle will be
followed until it loses all of its energy. As shown by Podgorsak,!®>!*° a 10 MeV electron
can undergo up to 10° interactions in oxygen before slowing down. To fully simulate every
interaction an electron would participate in would be too computationally expensive; thus,
an approximation referred to as the condensed history technique was developed by
Berger.'”! The concept of the technique is to combine the small-effect electron interactions
which result in small angular deflections and energy losses into large steps to make the
process more computationally feasible. Energy loss between electron path-steps (between
“catastrophic” interactions) is approximated by the continuous slowing down
approximation (CSDA) which is governed by stopping powers.!”> The small-angular
deflections along an electrons path within the condensed history technique are modelled
by several small-angle theories.'®* The electron’s history will be simulated with few larger-
steps by sampling a probability distribution describing its energy losses, and trajectory
through a medium. The condensed history technique is an approximation in which its
representation of full electron-transport is dictated by a “step-length” parameter, to which
this parameter has been shown to create artifacts at boundaries between different media.'*?
At each interaction site (i.e the “catastrophic” event), an interaction type is selected based
upon the step-wise function describing the cross sections of possible events (similar to

photons) and the outcome of each interaction is determined from sampling the differential
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cross section of each interaction type; for hard collisions the Méller cross section is

sampled, for bremsstrahlung interactions the Bethe-Heitler cross sections are sampled.'**

2.2.4. Treatment Planning System

Calculating the absorbed dose from radiation produced by a medical linear
accelerator is a complicated process that requires transporting a radiation beam through
two different stages. In the first stage, the radiation beam is transported through the beam-
shaping components of the linac which contain high atomic number materials for shielding.
In the second stage, the collimated radiation beam is incident on a patient geometry where
a dose deposition calculation is performed. This final step is affected by various intricacies
such as tissue heterogeneities and obliquities through the curvature of different material
interfaces. To simplify this process, a clinical treatment planning software (in which there
are several different versions produced by different vendors) is utilized to approximate the
various radiation transport scenarios mentioned above with algorithms and experimentally
verified data repositories. For Chapter 6, the Eclipse integrated treatment planning system
(TPS; Varian Medical Systems, Inc., Palo Alto, USA) was used and will be introduced
below.

Monte Carlo simulations of radiation transport through the up-stream components
of the linac before the collimation system (e.g, target, primary collimator, flattening filter,
etc.) are conducted to generate a photon beam model for dose calculation in the TPS. The

configuration of the input model is based upon feedback from measured clinical data. The
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components of the beam model include: the photon energy spectrum, the mean radial
energy with respect to the central axis, and the beam intensity profile which is unit-specific.
The phase space simulates the treatment beam with four separate models: 1) The primary
photon source resulting from bremsstrahlung photons produced in the target. 2) The extra
focal source resulting from photons that are produced from interactions in the components
of the accelerator head. 3) Electron contamination source which would represent dose
deposited within the build-up region that does not come from source 1 or 2. 4) Photons
scattered from the wedge — when a wedge is being used. Eclipse currently comes equipped
with two dose calculation engines, namely: the Analytical Anisotropic Algorithm
(AAA)>17 and the Acuros XB advanced dose calculation (AXB)!**-2°, Both algorithms

will be briefly described below.

2.24.1. Analytical Anisotropic Algorithm (AAA)

Prior to dose calculation the TPS divides the material data of the dose-deposition
volume (clinically the patients’ CT scan) into voxels (volume pixel in 3D) which are
divergent, aligning with divergence of the treatment beam; the voxels are then assigned
with the mean electron density of the local medium, p(x,y,z). The treatment beam is
subdivided into finite beamlets, 8, which are incident on the dose-deposition volume to

derive an energy distribution, Eg, for each beamlet using a 3D pencil beam convolution

superposition:
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o ufvy
Ep(X,V,Z) = dp x Ig(z,p) f k(u—x,v—7y,z p)dudv 5)

(uj,vi)€EArea(f)

where (X,¥,Z) is the calculation point relative to the beamlet coordinate system (X, Y, Z),
and @ is the fluence of the beamlet. The photon scatter kernel, k(x,y, z, p), defines the
absorbed energy at location (x,y, z) with respect to the beamlet derived from MC pencil
beam scatter kernels. The energy deposition function, Iz(z, p), models photon beam
attenuation throughout the material. This function is polyenergetic and is created from a
superposition of MC-modeled monoenergetic beams — thus, the relative contribution of
each Iz(z, p) depends on the incident photon energy spectrum. For each photon source
mentioned above, this operation is performed independently.

The AAA algorithm handles tissue heterogeneities between the incident beamlet,
and the calculation point, ()? VA ), by scaling Ig and k with the concept of radiological
path-scaling:

Zo(x,y,t
oo [ Py.t)

0 pwater

(6)
For example, in the presence of heterogeneities, Iz(z, p) used in equation (5) becomes:

Ig(z,p) = I(z") = px.y.2) (7

water

To adequately handle the impact of heterogeneities on the scatter kernel, B, the kernel is
first collapsed to the depth dimension, z and is pre-emptively deconvolved with the energy

deposition function before calculating equation (5) with:
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I5(2) = Iy ® inv(x, (2)) 8)

Where ® denotes the convolution operator and k, (z) is the photon scatter kernel which
has been modified with radiological scaling. At the end of the calculation, a dose
distribution is determined by superposing all energy distributions from each source and

multiplying by the ratio of the electron densities in the material with respect to water.

2.2.4.2. Acuros XB (AXB)

The Acuros XB dose calculation engine solves the linear Boltzmann transport
equation (LBTE) numerically; it assumes that radiation only interacts with the matter it is
passing through and not with other radiation sources/interactions. It utilizes the same
machine model as the AAA algorithm (comprising of the same four source components).
Differing from the AAA algorithm, AXB directly models different radiation interactions
in matter; to do this, the voxelized dose calculation volume is converted into a mass-density
grid (derived from the imaging data set with the CT calibration curve) and the chemical

composition of each material is used to calculate the photon cross section:

_ Nep T
o= M 2 0, )
l

where p is the mass density, M is the mass of the atom in the voxel, and g, is the cross

section for each photon interaction (Rayleigh scattering is excluded).

Dose to the medium is calculated in four sequential steps: 1) Transport the beam

model into the dose calculation volume. 2) Calculated the scattered photon fluence. 3)
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Calculate the scattered electron fluence. 4) Calculate the dose. Analytically, the AXB
algorithm is solving the time-independent coupled Boltzmann equations which take the

form:

Q-V9Y 4+ g/ Py = g7 4 q¥

-~ = a
Q- V¥ 4+ gfWe —%(Ll{’e) =q° +q¥° +q°

(10)

where ) is the directionality function in spherical coordinates. The parameter W¥, is the
angular fluence where x denotes the photon (y) fluence or the electron (e) fluence. The
parameter g** , is the scattering source where xx denotes the photon-photon (yy)
scattering source of photons resulting from photon interactions, the electron-electron (ee)
scattering source of electrons resulting from electron interactions, or the photon-electron
(ye) scattering source of electrons resulting from photon interactions. The parameter g*,
is the extraneous source from a point source P, where x denotes the photon (y) or electron
(e) source. The parameter ¢*, is the cross section where x denotes the photon (y) or
electron (e) cross sections and g; denotes the total cross section. The parameter L, denotes

the restricted collision and radiative stopping power.

Steps 1-3 in the AXB algorithm numerically derives the final angular electron
fluence ,W¢, through various discretizations of geometries, limitations of scattering models
as well as cutoffs for energy deposition conditions. Once the angular electron fluence , ¢,

is derived, the dose in every voxel within the medium is calculated with:
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0 4m p(#)

where g is the macroscropic electron energy deposition cross section, and E,, 4, is the

maximum energy of the input beam phase space model.

2.3. DOSIMETRY

Dosimetry refers to the determination of an absorbed dose in a material with some
measurement apparatus. In a clinical setting, published protocols (e.g, TG-51'7) can be
used to accurately quantify the dose output of a linac under a prescribed set of reference
conditions (more on this below). With knowledge of the dose delivered by the linac, it is
then possible to cross calibrate other dosimetry systems (e.g, film, other ion chambers) to
permit the translation of a measured signal (optical density or integrated charge) into dose
in conditions other than reference conditions. This chain of cross calibration is critically
important in the setting of small field dosimetry (see Section 2.3.1) where some detectors
used for clinical reference dosimetry are simply not appropriate for small field dosimetry

measurements.

The modern protocol for reference dosimetry was established in TG-51 where the

dose to liquid water, Dv?,, for a given treatment beam quality, @, is calculated with:

DY = Mk,NEo (12)

D,w
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where M, is the corrected measurement of the ion chamber, k is the chamber-specific
quality conversion factor that was calculated by Muir and Rogers®! using egs++2*? and

N;?Af" is the absorbed-dose calibration factor that is obtained under reference condition
with a %°Co radiation beam determined by an accredited standards laboratory. When

establishing reference dosimetry in clinical practice, the measurement M, necessitates

several correction factors:

13
M = PionPTPPpoeraw (13)

where P;,,, is a correction factor to adjust for incomplete ion collection owed to ions of
opposite charges recombining before reaching the collecting electrode;?** P;,,, exhibits

non-linear behaviour for pulsed beams,?* has a dose per pulse dependency,'”® and is

defined as:
W
p oV (14)
ion — MH VH
M, V,

where V}; is the high operating voltage (typically -300V), My is the raw measurement at
Vy, V, is the low operating voltage (typically -150V) and the corresponding raw
measurement is M; . The temperature-pressure correction, Prp, corrects for changes in gas
density within the active volume of the ion chamber from reference conditions (T =22.0°

C, and P = 760 mmHg) defined as:

_ (273.15 + T) (760) (15)
™7\ 29515 J\p
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where T is the temperature in Celsius, and P, is the pressure in mmHg. The polarity
correction factor, Py, adjusts for several variables including: 1) Current induced within
the collecting electrode from incident radiation interacting within the electrode;** 2)
Extracameral current arising from ionizations outside of the collecting volume;?% 3)

Distortions in the electric field between the guard electrode and the collecting electrode. "’

2.3.1. Small-field Dosimetry

In Chapter 6 small-field dose measurements are quantified and require special
consideration. Small fields create complex dosimetric conditions where the penumbrae
(defined approximately by the measured distance between 80% to 20% dose level for
lateral beam profile) of opposing components in the collimation system (e.g, opposing
MLC leaf pair) overlap causing a drop in measured output, and increase in radiation field
size as determined by the full width at half-maximum (FWHM: defined by the difference
in physical extent between the 50% dose levels for a lateral beam profile). To delineate
what constitutes a small-field, the definition described in TRS-483 will be used.”®
Dosimetrically, a small-field is one where at least one of three physical conditions are met:
1) There is a loss of lateral charged particle equilibrium (LCPE). This condition occurs
when the half-width of the beam is smaller than the maximum range of the electrons that
are set in motion from interactions of photons within the beam. 2) There is an occlusion of
the spot-size of the bremsstrahlung photon fluence distribution within target indicated in

Figure 10 by the collimation system. An investigation by Lopez-Sanchez et al. found that
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the mean focal spot-size projected at isocentre (100 cm SAD) was 1.56 £ 0.02 mm for three
separate Varian TrueBeam linacs installed over three years.?? 3) The detector size exceeds
the dimensions of the beam; this condition being intimately related to the volume averaging

effect and perturbation of the charged particle fluence.

Spot Size

Penumbra Penumbra

Overlapping Penumbra

Figure 10: Demonstration of a measurement of the maximum output region
(indicated by dotted black lines) for a regular sized field (left) and small field (right)
where the spot size of the bremsstrahlung photon fluence spectrum has been occluded
by the collimation system, causing the dosimetric penumbra of the opposing
collimation components overlap. Figure reproduced from TRS-483.28
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2.3.2. GafChromic™ Film Dosimetry

In this work, EBT3 GafChromic™ film (Ashland Advanced Materials,
Bridgewater, NJ, USA) was used to measure dose distributions due to its potential for high
spatial resolution. An additional benefit of GafChromic film is its near tissue-equivalence
as well as little to no energy dependence.?'?!! EBT3 film consists of two symmetric layers
of 120 um of a polyester sandwiching a ~28 um of a proprietary substrate which contains
di-acetylenes (active monomer) that upon irradiation,?!? initiates a polymerization reaction
that darkens the film .2!%213 Film dosimetry is particularly sensitive to scanner response

and film orientation,?'* as well as post-irradiation darkening time.?"

The dosimetric response of GafChromic film has historically been determined from
the change of its optical density when compared to a measurement of its optical density
prior to irradiation. Optical density by definition is the logarithm of the inverse
transmission measured in the scanning process. The outcome of this measurement is
affected by: 1) The absorption spectra of the film which is function of the irradiation and
manufacturing condition for the film. 2) The emission spectra of the densitometer
(lightbulb in the scanner). 3) The sensitivity spectrum of the sensor in the scanner.?!%-16
Modern practices have adopted the determination of dose by directly measuring the pixel

value with a flat-bed scanner and comparing this to a calibration protocol under reference

conditions (discussed further in Section 3.3).
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2.4. IMAGING ON A MEDICAL LINEAR ACCELERATOR

As discussed in Section 1.6, the importance of imaging in radiotherapy is to verify
patient position both before and during treatment. While a modern linac has a kV imaging
system orthogonally mounted to the treatment beam, this section focuses on MV imaging
with the 2.5 MV beam of the Varian TrueBeam® STx linac. The impetus for imaging with
the 2.5 MV beam is that it provides positional information with respect to the BEV, and it
produces images with higher contrast than ones acquired with the 6 MV treatment beam.
Higher contrast with the 2.5 MV beam is the result of a softer energy spectrum. Parsons et
al. reports that approximately 22% of the photons in the 2.5 MV beam fall within the
diagnostic energy range, compared with less than 1% with the 6 MV beam.!® The
normalized energy spectra for the 2.5 MV and 6 MV beam are shown in Figure 11. As
mentioned in Section 2.1.1, changing of the photon beam spectrum relies on the adjustment
of the incident electron energy, and target. The production of the 2.5 MV beam relies on
an incident electron beam with a nominal energy of 2.5 MeV as well as a target change to
2 mm of a copper alloy.*!” Due to proprietary reasons, exact information on the operational
parameters of the waveguide during the production of the 2.5 MV are not available to
describe the production of the 2.5 MeV electron beam. In other works by Parsons et al., a
tuning of the gun high voltage, and grid-voltage was required to adjust beam current to
practical levels with an in-house low-Z target which produced a 1.9 MV or 2.35 MV
beam.?!'® However, it is not publicly known if these operational changes are needed with

2.5 MV imaging beam by Varian.
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Figure 11: The relative spectral distributions of the 2.5 MV imaging beam'*’ and the
6 MV treatment beam?!® that have been normalized by their respective integrated
energy spectra.

The EPID for the Varian TrueBeam® STx linac utilizes the aS1000 MV imaging
panel and was used extensively in Chapter 5. The aS1000 has physical dimensions of 40
x 30 cm? with a pixel area of 1024 x 768 pixels (0.392 x 0.392 mm? physical pixel size)
and can be moved along central axis from 95 to 180 cm source-to-detector distance (SDD).
The imaging panel consists of a stacked design where the first layer is a 1 mm sheet of
copper which creates a cascade of secondary electrons (from the incident photons). The

electrons travel into a scintillating sheet of 134 mg/cm? gadolinium oxysulphide phosphor
ysulp phosp
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material creating visible light photons. This is followed by a layer amorphous silicon on a
grid (each pixel) consisting of a light sensitive photodiode and a thin film transistor
connected to the data readout lines.??° Griife et al. found that the 6MV and 2.5MV imaging
beam exhibited a strong correlation (r* ~ 0.99) in detected positional shifts with a WL
phantom.?!” Using the Leeds phantom, the discernible resolution of the high-contrast
portion of the phantom was found to be 1.4 Ip/mm (line-pair per mm) with the 2.5MV beam
and 2 Ip/mm with a 80 kV, 0.8 mAs beam; none of the line-pairs were discernible with the

6 MV beam.?'"??!

2.4.1. Digitally Reconstructed Radiograph

In patient position verification tasks, acquired images must be compared to a
reference image for the purpose of evaluating the degree of positional similarity. In the
case of planar imaging applications, this is typically accomplished by comparing an
acquired image to a DRR. A commonly used method to generate a DRR has been described
by Siddon,???> where the radiological path is calculated through a 3D volume of linear
attenuation coefficients as depicted in the illustration shown in Figure 12. In the text below,
the algorithmic formalism for calculating the radiological path for a given ray-line will be

introduced.
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Figure 12: A pictorial demonstration of Siddon’s Method??? for calculating the
radiological pathlength through a 3D array where the voxels describe the linear
attenuation coefficient of the material. (Left) Shows ray-tracing through the 3D
volume to the pixels of the detector plane. (Right) Shows ray-tracing in one 2D plane.

A parametric equation can be used to describe the ray-line from the source, Py ;ce, tO @

detector element, Pp,; with:

16
Pﬁ (a) = Pﬂ,source +oa* (Pﬁ,Det - Pﬁ,source) ( )

where [ describes the X, y, or z dimension of point P, and « is parameter that has value of
zero at Pyyrce and a value of one at Pp,,. Within the 3D volume, the planes along each

dimension can be described with:

Pﬁ,plane(n) = Pﬁ,plane(l) + (7] —1) * 6/? (B=1,.., NB) a7n

55



where 7 is the i*", j™, or , k™ index in the 3D volume, & is the distance in the B
dimension, and Np is the number of pixels in the f dimension. The parametric values,

Amin and a,q, shown in in Figure 12, represent the intersection, and exit of the ray

passing through the 3D volume respectively and are determined with:

aﬁlmin = min [aﬁ(l), aB(NB)]
B max = Max [aﬁ(l); ap (Nﬁ)] (18)

Pﬁ,plane (TI) - Pﬁ,source

ag(n) =
4 Pﬁ,Det - PB,source

From equation (17), only certain planes will have parametric values in the range of a,,;n

and a,;,4; these planes with have indices 7,,,;;, and 17,4 in the 3D volume and are given

by:

P,B,plane (Nﬁ) — Amin * (Pﬁ,Det - Pﬁ,source) - P,B,source
Op

Ngmin = Ng —
(19)
Pﬁ,source — Amax * (P,B,Det - Pﬁ,source) - Pﬁ,source

Op

Ngmax = 1-

The set of all parametric values for each ray-plane intersection is defined by merging the

sets of parametric values for each dimension which are in ascending order:
— (20)
{a} = {merge[ap(Nmin)], mergelag ()], merge[ap (max)] }

where 1,,,4, across all § dimensions is given by:
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3
21
NMmax = [z (nﬁ,max —Ngmin + DI+1 @1
=1

Sequential terms in the set {a} represent the intersection of the ray with consecutive voxels

along its path and the distance travelled by the ray across said voxel is given by:

ray (M) = 1Poe = Poourcell * [a(m) = a(m — 1)] 2
The total radiological path for a given ray line is then calculated with:
N
23
R = Z H(U(m)) * dray(m) (23)

m=2

Where N is the number of elements in the set {a}, and n(tm) for a given dimension B is

defined as:

a(m)+a(m-—1
Pﬁ,source + ( ) 2( )

] * (P[?,Det - Pﬁ,source) - Pﬁ,plane(l) (24)
Sg

ng(m) =1+

An example of a DRR calculated with the process described above is depicted in Figure

13.

57



Figure 13: A digitally reconstructed radiograph produced using Siddon’s method?*
from the computed tomography data set of the 3D printed skull used in Chapter 5.

2.4.2. Image Registration

Registration in the context of this work refers to the spatial alignment of anatomical
features between image data from the same, or different imaging modality. To achieve a

co-registration between to image sets (Imopings ltarget), there exists a transformation, T,
that maps Inoping t0 ltarger Via:
J: Imoving — Itarget = T(Imoving) = Itarget (25)

This notation implies that T is a spatial transformation. For the explicit utilization of image
registration in this work, T represents a rigid transformation which is composed of

translational and/or rotational motions that map Ipping t0 Itarger- Other transformations,
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such as affine (which includes shearing/scaling), as well as deformable registration exist,
but, do not serve much utility in this work as registration is confined to the alignment of a
rigid body (the skull). The spatial mapping, T is determined by an iterative optimization
process which explores the solution space (possible translations and/or rotations) of the
registration problem. With each iteration, a similarity metric between the two imaging data
sets would be quantified to inform and guide the optimization process. There are numerous
similarity metrics that are available such as the sum of squared intensity differences,?** the
correlation coefficient,”** or mutual information by the joint entropy between images
(discussed later in Section 3.4).%> An inherent limitation of registration in medical imaging
(for the purposes of patient positioning) is that geometric distortions of the imaging data
can be present which will impact the validity of derived transformations. These distortions
are dependent on the underlying physics of specific the imaging modality.??® For example,
with CT acquisitions, scaling or skew distortions can arise from a tilt in the gantry during

7

the procedure,?’ or pincushion distortions can arise from the curvature of the input

phosphor of the imaging panel.?*3

2.5. RELEVANCE TO THESIS RESEARCH

The concepts addressed in this chapter were presented due to their relevance to the
various measurements, calculations, and simulations performed in this thesis. Addressing
radiation transport in matter is necessary as much of this work relies of the fundamental

physics behind the interactions of radiation with matter. In Chapter 4 and Chapter 6, dose
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calculations are performed with MC, MATLAB, and the Eclipse TPS (AAA and AXB).
The MC method, and the AXB dose calculation engine explicitly model radiation
interactions with various approximations, while the AAA algorithm, and the in-house
MATLAB dose calculation algorithm employ model-based dose deposition behaviours in
tissues to approximate the deposition of dose in a material from MC data. Understanding
the underlying physics of radiation transport is helpful to contextualize how each dose
calculation method diverges from explicit modelling of all radiation interactions in tissue.
Addressing the probability of individual photon interactions, specifically the photoelectric
effect and Compton scattering, as it pertains to imaging, is necessary to understand the

utility of MV imaging conducted in Chapter 5.

In the final manuscript presented in this thesis, Chapter 6, dosimetry is quantified
with two different dosimeters, namely, an ion chamber and GafChromic ™ film for the
purposes of dose-verification. The fundamentals of ion chamber dosimetry, and the
nuances of how to conduct dosimetry in the presence of a small field were addressed to
properly quantify treatment dose linac. GafChromic™ film dosimetry was addressed for
the determination of an experimental dose distribution with planar SRS dose
measurements. Comparing experimental planar dose-distributions to calculated 3D dose

distributions was addressed with the theoretical background of the gamma analysis.
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CHAPTER 3. RESEARCH METHODS

3.1. MEDICAL LINEAR ACCELERATOR OPERATION

3.1.1. Developer Mode

Various sections in this thesis utilize Varian Developer Mode on a TrueBeam™
STx platform. In this mode, motion along any axis (couch, gantry, collimator) is
permittable during irradiation, as well as any form of clinically available imaging. To
communicate with the linac in Developer Mode, an Extensible Markup Language (XML)
dialect was created by engineers at Varian referred to as SetBeam XML. Treatments
designed in the XML schema serve as instructions for the linac during delivery. The
information in a SetBeam XML script is discretized into control point-specific instructions
where all axes-of-motion (including collimation by Jaws and MLC), as well as MUs per
control point is specified. For imaging control points, the type of imaging, position of the
imager, and the amount of MUs per image is specified. Between adjacent control points,
with dynamic motion, MU delivery is linearly interpolated. The speed at which linac
motion (and MU delivery) proceeds between controls points is dictated by the slowest
moving axis such that the endpoints of all motion (and MU delivery) are completed in

synchrony. The maximum speed of each movable axis is shown in Table 1.
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Table 1: Velocity limits for XML delivery in the Varian Developer Mode.??’

Axis Maximum Velocity

MLC Leaf 2.5 cm/s

Gantry Rotation 6.0 Degrees/s

Couch Rotation 3.0 Degrees/s
Couch Vertical 2.0 cm/s
Couch Lateral 4.0 cm/s
Couch Longitudinal 8.0 cm/s
Jaws 2.4 cm/s

Dose Rate 1400 MU/min

To generate the XML files used for imaging and delivery in this work, a plan was
initially made in Eclipse (Varian Medical Systems, Inc., Palo Alto, USA) and all
information contained within the Digital Imaging and Communications in Medicine
(DICOM) data set was exported. The RT Plan DICOM was imported in MATLAB (The
MathWorks, Inc., Natick, Massachusetts, U.S.A.) and all plan information was converted
into control point-specific instructions in the XML schema with a custom in-house script.
The coordinate system used in the Eclipse (and seen on the treatment console) utilizes the
Varian International Electrotechnical Commission (IEC) scale, which differs from the
DICOM (IEC 61217) and the Developer Mode coordinate system. Therefore, for each
unique couch-gantry angle combination, the geometry of each movable axis (couch
rotation, translation, and gantry rotation) was transformed using the relationships depicted

in Figure 14.
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Figure 14: Coordinate transforms between Eclipse (Varian IEC) coordinates,
DICOM (IEC 61217) coordinates, and Developer Mode coordinates. Isocentre
position in the Eclipse treatment planning system was used as a surrogate for defining

couch translations.

accompanying transformations between isocentre

coordinates and Developer Mode couch positions are shown.
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3.1.2. Virtual Isocentre Trajectories

A virtual isocentre is defined as a point within the anatomy that lies on the central
beam axis for every control point, though not necessarily at the same distance from the
linac target. In this work, the couch top is moved with linear translations to shorten the
treatment distance during treatment delivery, as shown in Figure 15. To implement couch
trajectories at a variable SAD in this work for dose calculation in the Eclipse TPS,
translations to isocentre are calculated in the DICOM coordinate frame. The calculation
first converts the couch and gantry angle from DICOM coordinates into Developer Mode
coordinates. The required shift to translate isocentre to a virtual position, Shift;,, for

gantry angle, 0, and couch angle, ¢ is calculated with:

— sin(6) cos(¢)
Shift;s,(6,¢) = vSAD * | —sin(¢) sin(8) (26)
—cos(0)

Where vSAD is a virtual SAD. The new virtual isocentre, V;s,, would then be calculated
with the original isocentre position, O;,, defined in the RT plan DICOM using:

Viso = Oiso — Shiftiso @7
To implement couch trajectories on the linac with a virtual isocentre, the isocentre shift
calculated in equation (26) is applied to initial couch positions using the coordinate

transforms depicted in Figure 14.
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Figure 15: Virtual isocenter trajectories with a shortened treatment distance involve
moving the couch top closer to the gantry head during radiation delivery. A virtual
isocentre is a point within the anatomy (depicted by the green target in the bottom
subplot) that is intersected by the radiation beamline.
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3.2.  DOSE CALCULATION

3.2.1. Monte Carlo

In this work, dose calculations were completed in the EGSnrc system with the use
of the BEAMnrc?*® and DOSXYZnrc?! user codes and their specific uses are described in
Sections 4.4.1 and 5.4.5. To conduct a simulation, phase space files from gold-beam data
were used that had been scored directly above the jaws.?*?> A phase space file contains
information of all particles crossing a plane. For a given particle this information includes:
particle type, particle weight, direction cosines, position, and energy. The phase space files
used in this work were generated by VirtuaLinac (Varian Medical Systems, Inc., Palo Alto,
CA), and includes all particles that have been transported through the components upstream
of the jaws. Varian does not release proprietary information about these components within
the Truebeam, thus this was the only option for simulations. A model of the Varian
TrueBeam™ STx system was designed in the BEAMnrc system with the XY Jaws and the
HD120MLC. A custom in-house script was used to convert RT plan DICOM files into
‘.egsinp’ and ‘.sequence’ files which describe the linac model geometry, beam data,
collimation geometries, gantry and couch angles via transformations described by Zhan et
al.** To calculate dose in medium for a continuous delivery (emulating a RapidArc™
delivery) SOURCE-21 was used in DOSXYZnrc and is described by Lobo et al.***
SOURCE-21 makes use of the ‘.sequence’ files which describe the positioning of the jaws
and MLC leaves on a control point-specific basis. In addition to a description of the

geometry, the ‘.sequence’ file also contains beam-weighting for each control point, where
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the weighting is analogous to the ‘CumulativeMetersetWeight’ parameter within the RT
plan DICOM structure; albeit, the sum of all weightings in the ‘.sequence’ must add to

unity across all arcs.

3.2.2. MATLAB

In Chapter 4 dose calculations of simulated treatment deliveries are achieved by
superposing a MC-derived dose kernel in MATLAB. A dose kernel, D,,, was created in
MC by delivering a MLC-shaped beamlet to a water sphere with a beam-angle orientation
of [0°,0°0°] for the gantry, collimator, and couch angle respectively in Eclipse
coordinates. In MATLAB rotational operators were used to rotate the beam along a given

axis:

1 0 07
R,(8) = |[cos(f) —sin(B) O
[sin (8) cos(8) O.

rcos(8) 0 sin(0)]
R,(6) = 0 1 0
|—sin (8) 0 cos (6).

[cos () —sin(8) O]

R,(6) =|sin(8) cos(8) O
L 0 0 1.

(28)

where 0 is an arbitrary angle of rotation. To replicate simultaneous rotations of the couch,
gantry, and collimator, these rotational operators were applied sequentially using the

imwarp function in the order given:
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~ 29
Dy matrag L0, 0co1, Ocu) = Ry(Bcy)Ry(06)R,(Bcor) * D mc (29)

Where Q(6;, Oco1, Ocyy) is the orientation of delivery for gantry angle 6, collimator angle
Oco1, and couch angle, 8.,,. The imwarp function utilizes 3D cubic-splines to interpolate
the input 3D matrix after rotation.>*> For a given arc-arrangement, the total dose is then

calculated by summing the dose-kernel from all beam-angle orientations.

3.3. DOSE MEASUREMENTS

3.3.1. Ion Chamber

For measurements conducted in Chapter 6, a PTW Semiflex Ionization Chamber
31010 (PTW, Freidburg, Germany) was utilized due to clinical availability, and correction
factors derived from Table 26 in TRS-4832% were applied to all raw measurements (a
description of how correction factors were derived can be found in Section 6.4.6.1). To
convert measurements with the PTW 31010 into a dose, an output factor (OF) calibration
curve was cross-calibrated at a field size of 5 x 5 cm? with an OF calibration curve (up to
reference field size conditions with a 10 x 10 cm? field size) for an Exradin A12 ion
chamber (Standard Imaging, Middleton, WI, USA) with a process known as “daisy-

chaining”. Where the OF for a given field size of interest, F'S;, is defined by:

MEs; (30)

OF(FS;) =
' Mref
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Each measurement was corrected with the factors introduced above. An OF is quantity that
is determined by the scattering conditions in which the measurement is acquired and is

defined by:

OF (FS) = S.(FS)S,(FS) (D)

where S, is the collimator scatter factor owed to photon scatter within components inside
the head of the linac. The phantom scatter factor Sy, is the ratio of dose rate for a given
field size, FS, at reference depth conditions to the dose rate at the same depth with reference
field size conditions. Thus, the dose to an ion chamber for an arbitrary field, F'S;, size at

reference depth is calculated with:

DW(FSi) = OF(FSi) * PionPTPPpoeraw(FSi) (32)

Measurements during treatment delivery were acquired with the PTW 31010
inserted into the MAX-HD SRS anthropomorphic phantom (Integrated Medical
Technologies, Troy, NY, USA) as shown in Figure 16 and were converted into a dose using

equation (32) where Py, and Py, had field-size and dose-rate dependent correction

described in 6.4.6.1.

69



Figure 16: Irradiation set up for ion chamber measurements with the MAX-HD
anthropomorphic phantom (Standard Imaging, Middleton, WI, USA) used in
Chapter 6. The electrometer is out of frame in the treatment console area.

3.3.2. GafChromic™ Film

When utilizing film for absorbed dosed dose measurements in Chapter 6, a
consistent irradiation and read-out process was implemented when measuring dose and
calibrating the films. Prior to irradiation, all films were cut with straight edge and marked
for orientation (up-down, and rotational orientation). Films were kept in a darkened
envelope in transport to the linac for dose delivery. The dose-response of the box of film
was initially calibrated by delivering incrementally higher doses from 0 to 2000 cGy to a
2 x 2 cm? film in reference conditions. The films were stored in a dark envelope, in a sealed
box for 12 hours to cure prior to scanning. For scanning, an EPSON EXPRESSION 10,000

XL scanner (Epson, Suwa, Japan) was used with a 48-bit colour depth and resolution of 72
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dpi. The scanner bulb was warmed up by implementing five total-bed pre-scans prior to
scanning the film. A template guide was used to align the film in the center of the scanner

bed and the films were scanned along the same orientation of the beamline axis of delivery.

Images of the calibration films were brought into MATLAB and decomposed into
the red, green, and blue channels for films with increased absorbed dose; the mean pixel
value in a 1 x 1 cm? area was extracted for each colour channel and was fit with the

function:

a+ Db 33)
+D

Pixel Value =

Where D is the dose delivered to the respective film and a, b and ¢ were parameters
determined with nonlinear least squares fitting. For each new sheet of film used (within
the same box) two 2 x 2 cm? films were cut and one was irradiated with 200 cGy; these
films were used to scale the calibration curve derived in (33). To scale the calibration curve,
a new fit was recalculated by: 1) forcing the zero-dose calibration film to match the film-
sheet-specific zero dose calibration film, 2) scaling the non-zero dose pixel values of each
colour channel based upon the percent difference between the original raw measurement
and the film-sheet-specific 200 cGy calibration film. A visual representation of this

procedure is shown in Figure 17.
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Figure 17: Film calibration procedure, where the individual red (R), green (G), and
blue (B) colour channels have been fit independently. To scale the fit of the original
raw calibration data, the zero-dose calibration film of the raw data was forced to
match the film-sheet-specific zero dose calibration film via AX¢,, where X is the (R,
G, or B channel). For all non-zero doses, the values were scaled by the percent
difference between the original raw measurement, and the film-sheet-specific 200 cGy
calibration film with, %46X. All film sheet calibration doses (indicated by stars) were
exaggerated for illustrative purposes.

To convert films scans into doses in this work, the triple-channel film dosimetry
algorithm by Mayer et al.>*® was used as it has been shown to have improved gamma pass-
rates over single-channel film dosimetry and to reduce the lateral scanner artifact.*’ The

/ 236

triple-channel algorithm by Mayer et al.=® calculates a dose, D, for the pixel of the scanned

film with indices i and j by:
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. ~0D ..
Yi-1 Dk () ﬁk ()]

Davg(i»j) - RS(i,j)

oD, ..
" 11305, 0D e
= 1-RSG,))
where Dg,,4 (i, j) the average dose across all colour channels given by:
1
Davg(i,)) = 3 (Dr(i,j) + Ds(i, ) + Dp(i, ))) 35)

where R, G, and B are the red, green, and blue colour channels respectively. The relative

slope of the colour calibration curve (described later in Section 3.3.2) is given by:

s 0D, .. A\
1(Zk=1— )
RS(, j) = 2~ OPV (36)
3 s 0D ;.
k=19py, b/

oDy . . ) ) )
where ﬁk is the derivative of the dose-calibration curve for the k™ colour channel with

respect to the pixel value (PV) of the k™ colour channel.
For absorbed dose measurements with film in Chapter 6, films were cut and
prepared with an in-house film punch for insertion in the MAX-HD phantom in the coronal

plane with the included film holder as shown Figure 18.
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Figure 18: Film punch and film-holder for use with the MAX-HD anthropomorphic
phantom (Standard Imaging, Middleton, WI, USA) used in Chapter 6.

Post irradiation, films were scanned using the procedure described above. Scanned film
images were then imported into MATLAB and converted into a dose using triple-channel
film dosimetry using the algorithm?*¢ described above in Section 2.3.2.

To compare measured film doses to calculated doses in Eclipse, a 2D-3D gamma
analysis was performed using the methodology described by Low et al.?*® First, a median
filter in 5 x 5 pixel neighbourhood was applied to the film dose. Then, the Eclipse dose
distribution was interpolated to the same resolution as the film dose using tricubic
interpolation. The film dose was rigidly registered (translations and rotations) to the Eclipse

dose (at the film plane) using mutual information (MI) described later in Section 3.4. Using
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a distance threshold (67) of 1.0 mm, and a dose threshold (6D) of 5.0%, for each measured
dose pixel at location (i,y, j,,) in the film-plane, the gamma value (y) was calculated in a

5.0 x 5.0 x 5.0 mm? search region (R) using:

.. _ DEclipse(ic'jc' kc) - Dfilm(imrjm) 2 Fcalc (ic:jc: kc) - Ffilm(im'jm' 0) 2 (37)
y]R(lC']C' kC) - 6D + 67"

where (i, j., k.) are the pixels being tested in the Eclipse dose matrix, with the k"
dimension being normal to the film-plane. The Eclipse dose is Dgcyipse (ic) je» k.), and the
position of the calculated dose is T¢gc(ic, jo» k). The final gamma value T’ from the search

region R was determined with:

[(imy jm) = min{yp}V{Teaic) (38)

where V represents all test points in the Eclipse dose distribution. AT' < 1 indicates a
passing value while I' > 1 indicates a failing value. A pictorial demonstration of the

calculation process is shown in Figure 19.
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Figure 19: (Left) A pictorial representation of the setup for a 2D-3D gamma analysis
between a measured dose with EBT3 GafChromic™ film and a calculated dose with
the Eclipse treatment planning system (Varian Medical Systems Inc., Palo Alto, CA).
(Right) A geometrically collapsed representation of the parameters used for the
gamma evaluation criteria in equation (37). The red line represents the collapsed dose
distribution from the Eclipse dose matrix, Dgjipse- The dose difference between the

film, D1, and Dpgjipse is given by AD;. The vector distance from the measured
Dyiim, and the calculated D jipse is given by r;

3.4. IMAGE PROCESSING AND REGISTRATION

Using the formalism described above in section 2.4.1, DRRs were calculated in
MATLAB and compared with images acquired with the 2.5 MV beam. Direct comparison

between DRRs and images with the EPID are inherently difficult due a few factors: 1)
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DRRs are generated with a calculation of the radiological path through the imaging
volume; equation (23) utilizes the linear attenuation coefficients within the volume which
have been interpolated from a Hounsfield unit (units of the CT imaging data set) calibration

curve for 60 keV monoenergetic photons. 2) Siddon’s method???

does not model photon
interactions within the imaging volume, thus ignoring the impact of patient scatter on the
DRR appearance. The choice of 60 keV for DRR generation was intended to be
representative of a typical photon energy from the scan used to generate the CT images.
To minimize the impacts difference in image content between measured EPID images and
calculated DRRs, image pre-processing was conducted in two steps using the methodology

outlined in Jans et al.'**:

1) Unsharp masking of the image to filter low frequency noise out of the image.
This was achieved by subtracting a blurred version of the image and then adding
the mean value of the original image to all pixels. The blurred image was
created by applying a gaussian filter with a kernel width that was half of the
size of the image width and a Gaussian width of one-sixteenth of the image
width.

2) Histogram equalization between the EPID image and the DRR was achieved by
first converting the histogram content of each image into a cumulative
distribution function (CDF). Subsequently, a CDF for a gaussian distribution
with a width of ¢ = 0.2 * Dynamic Range was created. The pixel information

in each image was mapped to the gaussian distribution using the procedure
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depicted in Figure 20. This process results in each image having pixels values

in the same range of 0 to N.
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Figure 20: Histogram equalization procedure by mapping pixel values from the
cumulative distribution function of an image to a pre-set gaussian distribution.

To derive the translational corrections to align the two images, MATLABSs built-in
imregtform function was used. The configuration of the registration algorithm (where all
pixels are used in the calculated) reduces the similarity metric for image comparison to MI
as introduced formalism introduced by Shannon.??® To determine the MI between two
images, MI(EPID,DRR), a probability distribution function is constructed from the
histogram of each image (pgp;p and pprr), as well as a joint probability distribution

function between the two images (pgpip prr); the Ml is then calculated with:
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N N
MI(EPID,DRR) = — Z Pepip () lOg(pEPID (l)) + Z Pprr (i)lOg(pDRR (]))
=

L

(39)

=1
N N
+ Z PEPID,DRR (i,j) log (pEPID,DRR (i,j))

i=1j=1

where N is the number of possible pixel values in each image. To guide the registration
process, the one plus one evolutionary optimizer was used.?*° Briefly, the algorithm
perturbs the MI calculated in equation (39) by translating the EPID image; through each
iteration, the perturbation space is adapted by updating a gaussian probability distribution

function describing the solution space in the local search region.

3.5. RELEVANCE TO THESIS RESEARCH

The purpose of the sections presented in this chapter was to elaborate on the
methodologies that were not included in the manuscripts presented in chapters 4-6; as
submission of these manuscripts for publication require that they contain less detail due to
length constraints. While the experimental and algorithmic considerations were addressed
in the preceding chapters, a large proportion this thesis utilized a programmatic
implementation of the theories and equations which has not been addressed. The explicit
computational formalism and syntax required to deploy these topics would be dependent
upon the data structures, and programming language used, and thus was outlined in this

document.
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CHAPTER 4. MANUSCRIPT 1: INVESTIGATING THE
IMPACTS OF INTRAFRACTION MOTION ON
DOSIMETRIC OUTCOMES WHEN TREATING SMALL
TARGETS WITH VIRTUAL CONES

4.1 PROLOGUE

This manuscript explores the dosimetric impact of treating small lesions intended
for radiosurgery with small treatment apertures during simulated intrafractional motion. It
is an application of the methodologies presented in Sections 3.1.2 and 3.2.2 where
simulated motion traces are an embodiment of a virtual isocentre trajectory during
treatment delivery. This section serves as an explorative investigation to assess if SRS
magnitude motions have clinically significant dosimetric impacts; thus, motivating the
investigations in Chapter 5 and Chapter 6. The aim of this work is to provide clinicians
with an understanding of how treatment outcomes are impacted in the multivariate problem

(aperture selection, target size, magnitude of motion).
This manuscript was published in the Journal of Applied Clinical Medical Physics:

“Church C, Parsons D, Syme A. Investigating the impacts of intrafraction motion
on dosimetric outcomes when treating small targets with virtual cones. J Appl Clin

Med Phys. 2021; 22(8): 60 — 71.724
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4.2 ABSTRACT

Purpose: Intrafraction patient motion is a well-documented phenomenon in radiation
therapy. In stereotactic radiosurgery applications in which target sizes can be very small
and dose gradients very steep, patient motion can significantly impact the magnitude and
positional accuracy of the delivered dose. This work investigates the impact of intrafraction
motion on dose metrics for small targets when treated with a virtual cone.

Materials and Methods: Monte Carlo simulations were performed to calculate dose
kernels for treatment apertures ranging from 1 x 2.5 mm? to 10 x 10 mm?. The phantom
was an 8.2 cm diameter sphere and isotropic voxels had lengths of 0.25 mm. Simulated
treatments consisted of 3 arcs: 1 axial arc (360° gantry rotation, couch angle 0°) and 2
oblique arcs (180° gantry rotation, couch angle + 45°). Dose distributions were calculated
via superposition of the rotated kernels. Two different collimator orientations were
considered to create a virtual cone: i) each treatment arc was delivered twice, once each
with a static collimator angle of + 45°, and ii) each treatment arc was delivered once, with
dynamic collimator rotation throughout the arc. Two different intrafraction motion patterns
were considered: 1) constant linear motion and ii) sudden, persistent motion. The impact
of motion on dose distributions for target sizes ranging from 1 to 10 mm diameter spheres
was quantified as a function of the aperture size used to treat the lesions.

Results: The impact of motion on both the target and the surrounding tissue was a function
of both aperture shape and target size. When a 0.5 mm linear drift along each dimension
occurred during treatment, targets > 5 mm saw less than a 10 % decrease in coverage by

the prescription dose. Smaller apertures accrued larger penalties with respect to dosimetric
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hotspots seen in the tissues surrounding the target volume during intrafraction motion. For
example, treating a 4 mm sized target that undergoes 2.60 mm (3D vector) of continuous
linear motion, the Ds in the concentric shells that extend 1, 2, and 3 mm from the surface
of the target was 39%, 24%, and 14% smaller respectively when comparing the delivery of
a larger aperture (6 x 10 mm?) to a smaller aperture (2 x 5 mm?). Using a static collimator
for shaping a virtual cone during treatment minimized the dosimetric impact of motion in
the majority of cases. For example, the volume that is covered by 70% or more of the
prescription dose is smaller in 60.4% of cases when using the static collimator. However,
the volume covered by 50, and 30% or more of the prescription dose is larger when treating
with a rotating collimator, but the clinical significance of this finding is unknown.

Conclusions: In this work, the dosimetric trade-offs between aperture size and target size
when irradiating with virtual cones has been demonstrated. These findings provide
information about the tradeoffs between target coverage and normal tissue sparing that may

help inform clinical decision making when treating smaller targets with virtual cones.

4.3 INTRODUCTION

Highly conformal treatments of small cranial lesions utilize a technique known as
SRS which aims to achieve sub-mm target localization in all three spatial dimensions.’
Compared with conventionally-fractionated treatments, single-fraction SRS and few-
fraction SRT are characterized by large doses per fraction, high dose conformity, and strict
patient positioning tolerances.?*! Several approaches have been developed to deliver these

treatments, including VMAT and stereotactic cones. In comparison to VMAT, cones have
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demonstrated better conformity for smaller TVs (4 mm in diameter) when treating
spherical lesions.?*?** For certain indications such as TN where targets sizes become

£,244

sufficiently small and dose limitations on surrounding tissues are stringen circular

stereotactic cones are most commonly used for treatment delivery.**

Recent literature has demonstrated that a combination of collimator rotations and
apertures shaped by the MLC, referred to as a virtual cone, are capable of shaping dose
distributions comparable to stereotactic cones for small targets. Popple et al. aimed to
create spherical dose distributions for the purpose of treating a small target like the
trigeminal nerve with a virtual cone and found that performing an arc-based delivery with
a 2.1 x 5 mm? aperture using two arcs with orthogonal collimator angles, produced a dose
distribution comparable to a 4 mm stereotactic cone defined at the 50% isodose line.!!8
Additional preliminary work with virtual cones investigated the treatment of functional
disorders (e.g. thalamotomy of the VIM), which coupled high-resolution fMRI and SRS to
delineate and ablate the VIM.!'!? They found that a delivery with a fixed-MLC position and
series of non-coplanar arcs can deliver a spherical dose distribution comparable to a 4 mm
SRS shot with a cone. Another study using virtual cones for dorsal nerve root gangle
ablation therapy alluded to the potential of reducing treatment times (and therefore
intrafraction motion) when using virtual cones, but did not quantify the dosimetric impact
of intrafraction motion with virtual cones.'?’ They found that the shape of the 60 Gy isodose
surface was appropriate for the ablative doses used in therapy, and that the dose limits on

surrounding organs at risk were satisfied. Furthermore, the conformity of the spherical dose
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profile shaped by virtual cones and arc arrangement eliminated the need for inverse

planning and could be used as a standard template for most patients.

Historically, framed-based systems were used for immobilization during SRS
treatments, but many centers have moved away from invasive immobilization techniques
in favor of non-invasive, thermoplastic mask-based methods.'4%!41:167-246 However, mask-
based systems have been shown to allow larger intrafractional positioning errors that
increase in magnitude with increasing treatment time.'¢*16>247 There have been several
studies that have investigated the magnitude of detected motion within different
thermoplastic mask systems and imaging modalities. Using Brainlab frameless masks and
imaging with the Brainlab ExacTrac stereoscopic X-ray system, Gevaert et al. reported the
3D displacement from intrafraction motion to be 0.66 to 3.16 mm.'®? Similarly, Bichay et
al. found 3D displacements of 0.4 to 3.23 mm using a Civco mask, and aligning orthogonal
images to DRRs.'%® Tryggestad et al. showed that set-up errors could range from 2.1 — 2.7
mm with four different thermoplastic masks.?’ Using GK-specific thermoplastic masks,
and imaging an IR motion marker on the nose, MacDonald ef al. found 3D-errors owed to
intrafraction motion up to 2.5 mm.!*” While the literature reports that the majority of
patients experience sub-mm motions, it is important to remember that pre-treatment
imaging modalities for SRS typically have 1 mm tolerances; which, in conjunction with
patient motion, could lead to larger errors (> 1 mm).

The dosimetric impact of motion is highly dependent upon the type of motion
experienced during treatment, the magnitude of motion, and the treatment site. Previous

literature has assessed the dosimetric impact of intrafraction motion on TV coverage when
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treating vertebral columns with SBRT. When treating with IMRT, Kim et al. found that
there was a + 1% median change in dose received to 95% (Dos) and 90% (Do) of the TV,
the Dmax, and mean dose (Dmean) for 8/9 subjects; whereas the dose received to 0.1% (Do.1),
0.5%(Do.s), 1%(D1.0), and Dmax for the surrounding organs at risk (OAR) differed by -14%
to 38%.2* Similar impacts of motion (simulated by shifts in one dimension at a time) were
shown by Wang et al. with IMRT where a + 2 mm shift in a given dimension resulted in a
reduction of up to 17.9 % to the volume receiving 95% of the prescription dose (Vos),
though the majority of cases had changes of < 5%; Dmax to surrounding OAR differed by
approximately (-15) — (+50)%.!° Using VMAT Ong et al. found that a 2 mm shift for 30s
during therapy could result in a 13% increase of the maximum dose (Dmax) to the spinal
cord.?® For cranial indications, and for TN in particular, the planning target volume (PTV)
volumes can be an order of magnitude smaller with much more stringent tolerances on
positioning due to the TV abutting sensitive structures. For example, the prescription
volume for TN can range 0.001 — 0.05 cc. (effective spherical radius: 0.6 — 2.3 mm), and
can reside an average of 2 mm away from the pons which is a radiologically sensitive
structure.”*® Therapeutic situations such as these necessitate PTV margins to be as small as
possible. However, Guckenberg showed that using a 0-mm PTV margin on cranial lesions
could result in a 40% reduction in the conformity index when intrafraction motion
occurs.'®’

There have been several bodies of work to investigate dosimetric impact of motion
when treating larger targets (> 0.52 cc) with MLC-based VMAT,!7%172 but there remains a

gap in the literature for investigating the dosimetric impact of treating with virtual cones.
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This study aims to investigate the impact of intrafraction motion when treating small
cranial targets with a virtual cone. Various motion traces were investigated for increasing
degrees of linear drift, and sudden large motions. None of the previously published studies
have investigated the dosimetric consequences of motion in a virtual cone-based treatment
delivery and previous studies related to virtual cones have restricted their analysis to a
limited number of treatment apertures. Results of this study provide insight into the
robustness of both target dose metrics and surrounding tissue doses when the planning
conditions (no motion) differ from the treatment delivery conditions (motion) as a function
of target size and treatment aperture size. Such information will be of value to clinicians

seeking to understand the risk-reward balance of highly conformal treatment apertures.

4.4 MATERIALS AND METHODS

4.4.1 Monte Carlo Simulation

Dose kernels were created with the EGSnrc MC system.!®” To simulate a dose
kernel, a phase-space from the treatment head of the TrueBeam STx platform for a 6
MVFFF beam was provided by Varian Medical Systems through 54 phase space files (~69
Gb) that was validated down to a field size of 1x1 ¢cm?2!” The phase space was scored
above the jaws at 73.3 cm from isocentre, and was used an input for SOURCE-21
containing a linac model with the jaws, HDMLC, and Mylar exit window within
BEAMnrc.?° The MLC-defined aperture was incident on an 8.2 cm diameter water sphere

phantom in DOSXYZnre,?*! with material composition defined by ICRU 521 pegs4 data
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file, with a 0.25 mm isotropic voxel size. To keep voxel dose uncertainty < 5% within the
size aperture defined at the nominal isocentre (100 cm SAD), 10® histories were used. Prior
to applying the simulated dose kernels to dose-delivery calculations, a Gaussian filter with
a sigma of 1.2 was applied to smooth out the dose kernel. A total of 19 dose kernels were
created from different apertures and are mentioned in Section 4.4.3, and Table 2.

MC simulations of a full treatment delivery with simulated intrafraction motion
(Section 4.4.2 and 4.4.4) were conducted with two apertures sizes (2 x 5, and 4 x 10 mm?)
incident on an 8.2 cm water sphere with a 0.5 mm resolution. The simulations were
conducted with a target residing in the center of the sphere, as well as targets residing 2,
and 3 cm off-axis. These simulations were then compared with the superposition
methodology described in Section 4.4.2 to quantify the impact of non-central target

locations.

4.4.2 Simulating treatment delivery

Treatments modeled in this study consisted of a set of 3 arcs: a 360° axial arc
(couch angle = 0°) and 2 partial arcs (180° rotations) with the couch at + 45°. Dose
distributions were calculated via superposition of the MC-derived dose kernels described
previously. To simulate the delivery, each arc was modeled as a series of discrete control
points with 10° of gantry rotation between each control point. The kernel was rotated to
account for the motion of the gantry, couch, and collimator. Rotations and translations were

implemented in MATLAB utilizing tricubic interpolation.
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4.4.3 Aperture Size and Orientation

In total, 19 different apertures shaped by a model of the NDS120HD MLC (Varian
Medical Systems Inc., Palo Alto, CA) were analyzed. Although stereotactic cones can
reach diameters of several centimetres (e.g. BrainLAB offers stereotactic cones ranging
from 4 — 30 mm),?! this study focuses on creating dose distributions that would be
comparable to plans created by stereotactic cones < 10 mm in diameter. The geometric
properties of the apertures studied in this work are listed in Table 2. A virtual cone was
created by implementing two different arc deliveries: 1) Static Collimator: For each arc
geometry in the treatment listed in Section 4.4.2, the arc was delivered twice; once each
with the collimator at + 45°. 2) Dynamic Collimator: For each arc geometry, the arc was
delivered once with the collimator rotating 180° throughout delivery. For the axial arc, the

collimator was rotated 0 — 180° for half of the arc, and 180 — 0° for the rest of the arc.
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Table 2: MLC-shaped treatment apertures.

# of MLC leaves used Gap between leaves (mm)  Effective Area (cm?)

1 1 0.025
2 0.050
3 0.075
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4.4.4 Simulating Intrafraction Motion

To approximate positioning errors owed to intrafraction motion, six different
motion traces were simulated as shown in Figure 21. Three of the traces mimicked a
continuous linear drift until the phantom was offset by 0.5, 1.0, and 1.5 mm in all three
dimensions which resulted in a 3D-offset of 0.87, 1.73, and 2.60 mm, respectively, (defined
as Lo.s mm, L1.0 mm,L1.5 mm, respectively). The other three traces emulated a sudden large shift
of 2 mm along each dimension (3D-offset of 3.46 mm) at different time points during
treatment, and persisted throughout treatment. These time points were chosen to occur at:
Ya, 2, and ¥4 of the way throughout treatment and were defined as Si14..S 12, and S 34,

respectively.
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Figure 21: Movement traces for different intrafraction motion patterns. Lo.s mm, L1.0
mm, L1.5 mm, represent linear motion up to 0.5, 1.0, and 1.5 mm in each dimension
respectively. S14,812, 834, represents a linear motion of 2 mm in each dimension at Y,
2 and % of the way through treatment respectively. The shaded regions represent the
first co-planar arc and the two non-coplanar arcs in order from left to right.

The spherical nature of the simulated phantom and the central location of the target
meant that the dose kernel was spatially invariant. When implementing shifts of the dose
kernel (caused by simulated target motion), spatial invariance was lost. To account for this,
an approximation was used by calculating the intersection of the central ray for a given
beam with the water sphere and applying an inverse square weighting correction based
upon the magnitude of the proximal or distal shift of the ray along the beamline (assuming

the entire field receives a homogenous correction).
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4.4.5 Dosimetric Analysis

For treatment simulations that did not involve motion, for each aperture size, a dose
volume histogram (DVH) was calculated for target sizes ranging from 1 to 10 mm in
diameter. For each TV, the dose matrix was normalized such that 99% of that TV was
covered by the prescription dose (which will be defined as Do9). For simulations where
motion was present, the distributions were not renormalized to achieve the same coverage.
The effective output of the linac at each control point was preserved (i.e. the equivalent of
delivering the same number of MU for both the no-motion and motion cases) to facilitate
evaluation of the impact of motion on delivered dose. To evaluate the dose received by the
volume abutting the target, three concentric spherical shells, each with a 1 mm thickness
were created around the TV.

To evaluate the dosimetric impact of motion, the ratio of the Paddick conformity
indices was calculated for the case of motion to the case without motion®3:

TV (40)

_ PIVy

TVZ,
PlVyo

R¢

Where TVwm refers to the volume within the target covered by the prescription dose for the
case of motion, PIVy is the prescription isodose volume for the case of motion; both of
these parameters are determined using the prescription isodose in the case of no motion.
TVno refers to the volume within the target covered by the prescription dose for the case

of no motion, PIVno is the prescription isodose volume for the case of no motion. A value
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of unity would indicate that the conformity index for the case of motion is equivalent to
the case without motion.
To evaluate the steepness of the dose gradient for different plans, the GI was

calculated by conventional means®?:

V.
Gl =% @1
Vioo

Where Vs is the volume receiving 50% of the prescription dose, and Vg is the volume
receiving 100% of the prescription dose. For this analysis, the dose distributions were

normalized such that the prescription dose was defined as 100%.

4.5 RESULTS

4.5.1 Effect of Aperture Size on Target Coverage

The impact of different sized apertures on target coverage is demonstrated by the
black lines in Figure 22 for the static collimator case. In Figure 22.A, a single target size
(5 mm) is considered while changing the size of the aperture. For all other target sizes not
shown in Figure 22.A, the same trend of larger aperture sizes producing steeper dose
volume histograms within the TV, as well as in the surrounding concentric shells is seen.
Analogous data are shown in Figure 22.B, where a fixed field size of 6 x 10 mm? is used
to treat various target sizes. For illustrative purposes, the doses received by the third

concentric shell around the target have been included in the figures. The GI as a function
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of target size and aperture size is shown in Figure 22.C. where all target size and aperture
size pairings that result in a maximum dose (Dmax) = 200% have been blacked-out as they
were considered unlikely choices for clinical application. For any given aperture size,
delivering to a larger target size results in a reduction of the GI. In general, there is a trend
of increasing GI as a function of effective aperture area. When implementing the dynamic
collimator, the GI is up to 6.3% smaller when compared with the static collimator.
However, only meaningful differences (= 2% smaller compared to static collimator) are
seen in 26.5% of target size and aperture combinations when implementing the dynamic

collimator.
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Figure 22: (A) Dose volume histogram for a fixed target size with various aperture sizes. Black lines represent dose to the
target, red lines represent dose to the 3" shell around the target. (B) Dose volume histogram for a fixed aperture size
with various target sizes. Black lines represent dose to the target, red lines represent dose to the 3" shell. (C) GI calculated
for all field sizes and target sizes, black tiles represent a case where the maximum dose within the target was > 20



In Table 3 the minimum dose received by 100% of a volume (Dm), and the dose
received by 5% of a volume (Ds) are shown for a fixed target size with varying aperture
sizes. This table is representative of the trends seen within the data, which is that larger
apertures (effective area) produce lower Ds at the expense of delivering a higher Dy, to

the surrounding concentric shells.
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Table 3: Dose metrics described as a percentage of the prescription dose for the treatment of a S mm target with the static
collimator case. Plans were normalized such that D99 was 100% of the prescription dose. Dm is the minimum dose received
by 100% of the volume for the respective volume indicated. Ds is the dose received by 5% of the volume for the respective

volume indicated.

Aperture Size

Metric 1x2.5 1x5 3x5 5x5 3x7.5 5x7.5 7x7.5 2x 10 6x10
Il’ll’l’l2 1’1’11’1’12 1’1’11’1’12 rnm2 rnm2 mm2 mm2 mm2 I’Ill’l’l2
Ds, PTV 397 257 201 145 157 121 109 175 110
Dm, 1st
Shell 54 59 59 69 71 82 91 72 90
DS, 1st
Shell 176 144 131 113 114 106 103 119 103
Dm, 2nd
Shell 39 40 39 48 54 65 79 60 80
nd
])Ssﬁezll 142 118 109 97 100 97 98 105 98
Dm, 3rd
Shell 29 28 26 31 39 48 65 50 67
rd
DSS};:H 118 98 90 82 86 87 92 93 92




4.5.2 Effect on Collimator Orientation

The impact of collimator rotation throughout gantry motion is depicted in Figure
23 for various circumstances. In Figure 23.A. a collimator size of 4 x 5 mm? is used to
irradiate a 5 mm spherical target. Differences between the static and dynamic collimator
deliveries were minimal for both the TV and the surrounding shells. However, as shown in
Figure 23.B, when irradiating with a dynamic collimator and a 1 x 5 mm? aperture, a
smaller Ds is observed for the 1%, 2", and 3™ shells. The Vso for the dynamic collimator
case is 96.7, 74.2, and 56.4%, while the Vs for the static collimator case is 103.9, 81.1,
and 62.6% for the 1%, 2", and 3™ shell respectively. The dynamic collimator creates a lower
Ds for 82.4% of the aperture/target size combinations where the D5 differed by more than
+ 2 % between the dynamic collimator and the static collimator; one of these cases is
represented in Figure 23.C when treating a 7 mm target. The arbitrary choice of a 2%
threshold was used to highlight meaningful differences between the static and dynamic

collimator deliveries as much of the data exhibited much smaller differences.
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Figure 23: Impact of collimator orientation during delivery. (A) Dose volume histogram where target is a S mm sphere
and aperture size is 4 x 5 mm2. Dotted lines represent the static collimator case, dashed lines represent the dynamic
collimator case. (B) Same plot characteristics as (A) but the delivery was performed to a 4 mm target with an aperture

size of 1 x 5 mm2. (C) A dose volume histogram for different target sizes with a fixed field size. Line definitions are the
same as in (A).



Figure 24 depicts the absolute volumetric differences between the volumes
receiving 30 and 10% or more of the prescription isodose defined as V3o, Vio for the
dynamic collimator compared to the static collimator. Blacked out tiles represent cases
deemed to be clinically infeasible as they possess a Dmax > 200%. Volumes < 0 cc indicate
a smaller volume for the rotating collimator case. The magnitude of volumetric differences
for V7 is -4.31 x 102 to 5.98 x 107 cc, and -3.26 x 10 to 7.72 x 107 for Vs (data not
shown). The majority of cases for V3o, and Viphave volumetric differences <+ 0.1 cc (97.3
and 76.7%, respectively). The dynamic collimator case produces smaller relative volumes

in 60.4, 44.1, 41.4 and 50.5% of clinically feasible cases for V7o, Vso, V30, and Vo,

respectively.
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Figure 24: The absolute volumetric differences between the volumes receiving 30 and
10 % or more of the prescription isodose defined as V3o and V1o respectively for the
different collimator deliveries. Volumes < 0 cc indicate a smaller relative volume for
the dynamic collimator case. Blacked out tiles represent plans that delivered a Dmax >
200%.
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4.5.3 Impact of motion on dosimetry

A visualization of the dosimetric impact of a linear motion (L;.0 mm) during treatment
when irradiating a 3 mm sized target with a 2 x 5 mm? aperture is shown in Figure 25. The
volume within the target receiving the prescription dose is reduced by 26.3%, but when the
same motion is implemented with a 4 mm sized target, the volume receiving the
prescription dose is only reduced by 11.0%. The hottest fraction of the target, represented
by Ds, is also reduced by motion, but by a smaller amount: 177.8% (no motion) vs 170.6%
(with motion) for the 3 mm target, and 133.8% (no motion) vs 139.6% (with motion). When
L7.0 mm motion is present, the dose wash area is reduced to 86.6, 84.5, and 84.3% in the
axial, sagittal, and coronal planes along isocentre respectively when compared with a
delivery without motion. An alternative visualization is shown in Figure 26, where profiles
are taken along the three orthogonal planes about isocentre when treating with a 2 x 5 mm?

aperture with L;.o»» motion. It is evident that the dose intended for the TV can been pushed

away and the shape of the dose distribution has changed.
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Figure 25: Dose map for a delivery with a 2 x 5 mm? aperture with the static collimator case. The black-dashed contour
line represents delivery without motion and red lines represents with the same delivery characteristics but the phantom
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Figure 26: Dose profiles extracted along the three orthogonal axes intersecting
isocentre for dose distributions when treating 3 mm spherical target with a 2 x 5 mm?
aperture with 1.0 mm of linear motion along each axes. Black lines represent the case
without motion, red lines represent the case with motion.

Analyzing the DVHs for two representative cases with the static collimator case;
the dosimetric trade-offs for different aperture sizes when intrafraction motion is present
can be evaluated. In Figure 27.A. and Figure 27.B. these trade-offs become apparent for an
irradiation of a 4 mm target irradiated with a 2 x 5 mm?, and 6 x 10 mm? sized field,
respectively. As is shown above in previous sections, irradiating with a smaller field has
the potential to produce a sharper dose gradient as the surrounding concentric shells receive
less dose. However, when intrafraction motion is present, small field sizes result in larger
relative increases to the hotspots in the surrounding shells of tissue. In the example of

Figure 27, the increase in the Ds for the smaller aperture (2 x 5 mm?) in the 1%, 2", and 3™
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concentric shell was 39%, 24%, and 14% larger respectively when compared with the
delivery using the larger aperture (6 x 10 mm?). While treating with a larger aperture
minimizes the relative penalties of intrafraction motion, this comes at the expense of

delivering a larger integral dose to the surrounding tissues.
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Figure 27: Dose volume histogram depicting impacts of motion for when the phantom
has been moved linearly 1.5 mm along each dimension during treatment. (A)
Represents an irradiation of a 4 mm sized target with a 2 x 5 mm? field size. (B)
Represents an irradiation of a 4 mm sized target with a 6 x 10 mm? field size. Each
delivery was performed with the static collimator case. The solid lines represent
delivery without motion and the dashed lines represent delivery with motion.

The dosimetric impact of motion on targets that reside off-axis are visualized in
Figure 28 where isodose lines for a full MC treatment delivery with simulated motion
(shown in white) are shown with isodose lines for the same treatment delivery using the
proposed superposition methodology outlined in Section 4.4.2 (shown in black). The

isodose lines for the different MC deliveries appear virtually on top of each other for the
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treatment of a central target, a target 2 cm off-axis, and a target 3 cm off-axis. The isodose
lines have been shifted for comparison with the dose distribution of the central target. In
comparison to a delivery performed with the superposition methodology, Ds is -0.07 %,
2.72 %, and 5.16 % different for the MC delivery with the target centered, 2 cm, and 3 cm
off-axis respectively. Similarly, the differences in V1o are less than 8 x 10" cc for the three

target locations when simulating a delivery with MC.
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Figure 28: Isodose lines from dose distributions produced in Monte Carlo (white), and MATLAB (black) when simulation
a sudden 2 mm shift % of the way throughout treatment (S14). The isodose lines are overlayed on top of a dose wash
produced using the MATLAB superposition methodology outlined in Section 4.4.2. There are three white lines in the plot
indicating the isodose lines for a central target (dotted), a target 2 cm off-axis (dashed), and a target 3 cm off-axis (dashed-
dotted). The lines all occupy effectively the same spaces, indicating that the off-central location of targets is not playing a
significant role in altering the dose distribution in these target locations.



In Figure 29 the Rc is shown for all field sizes and each different type of motion
trace. Predictably, the magnitude of conformity loss increases with increasing magnitude
of linear drift. A similar trend is observed for the large shifts that occur at different time
points, where earlier shifts producing larger losses of conformity. Interestingly, for the case
of large shifts occurring at set time points in Figure D, E, and F, there is a trend of
worsening conformity with increasing effective aperture area. The average Rc for the

different cases of motion are summarized in Table 4.

107



1.25

o S PR
...:::*, *.l!!!i.m ‘#i *—* .-E:l.i

0.5- -+ L 7

1.25
= qlllll o
**t***t***k* 2=l
3 i E -
05 ,’0. o e
#* o m_ ~H
- . - " « gt
B e * e
125 : L Seee
| S Target =3 mm
___________________________________ 7 Target=5mm
o 1 "1 Target=7 mm
&)
x

><><><‘—C\lcf><rlo><><><><><><><><><><>< ><><><‘—<\lc~’><ru')><><><><><><><><><><><
—ONeD NEHOENNTFOOD - e AEOSHUXONNTOLO

Field Size [mm?] Field Size [mm?]

Figure 29: The ratio of the Paddick conformity index for deliveries with varying
intrafraction motion. (A), (B), and (C) are plots for Lo.s mm, L1.0 mm, L1.5 mm, which
represents linear motion up to 0.5, 1.0, and 1.5 mm in each dimension respectively.
(D), (E), and (F) are plots for Ss/4,S 12,and S14, which represents a linear motion of 2
mm in each dimension at %, 2, and Y4 of the way through treatment respectively.
Open-face symbols represent the static collimator case and closed-face symbols
represent the dynamic collimator case. The dashed line at unity represents the
situation where a delivery with motion produces equal conformity to a delivery
without motion.
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Table 4: The average ratio of Paddick conformity index for the various cases of
motion. The magnitudes and standard deviations are determined from averages
across all apertures shown in Figure 29.

Target Size (mm)

Type of Motion 3 5 7
Lo.5s mm 0.81+0.07 0.93 +0.04 0.97 +£0.02
L1.0mm 0.49 +0.08 0.78 £0.09 0.89 +£0.06
Li.5mm 0.23 +£0.07 0.61+0.12 0.79+0.10
S3/4 0.38 £0.45 0.83 £0.26 0.92 +0.09
Sin 0.03 +0.08 0.30+0.25 0.59 +£0.20
Si/a 0.00 +0.00 0.09 +0.09 0.38+0.20

For any given TV, the choice of an aperture, and collimator orientation technique
will vary dose hot-spots as well as the low — intermediate dose wash which influence the
dosimetric conformity delivered to the target. This is visualized in Figure 30 where
dosimetric profiles along three orthogonal axes through isocentre have been extracted for
the treatment of a 5 mm target. The profiles are normalized to ensure that 99% of the TV
is covered by the prescription dose. In this figure, it is shown that while square-like
apertures (4 x 5 mm?) produce a steeper dose-gradient outside of the TV when compared
with rectangular-like aperture (3 x 7.5 mm?), they deliver a larger dosimetric hotspot (~
5.2% larger), which could pose a larger detriment to surrounding sensitive structures; and
the steepness of the dose gradient could lead to a larger decrement in TV coverage when
motion is present. The use of collimator rotation can be implemented to reduce the
dosimetric hotspot (~ 8.4% as is depicted in the case of the 2 x 10 mm? aperture) reducing

the dosimetric risk to surrounding tissues when motion is present. While this also leads to
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a larger distribution of low — intermediate dose to surrounding tissues, this could minimize
the decrements to conformity when motion is present for specific cases. For example, as is
shown in Figure 29.A-C when treating a 3 mm sized target witha 1 x 2.5,2 x 2.5, or 3 x
2.5 mm? field when linear motion is present, using a dynamic collimator produces a 12 +
3% higher Rc. Seen across Figure 9.A-C is the trend of a higher R¢ with more rectangular
apertures, as well as some values of R¢ greater than unity. This effect is due to the relative
shrinking of the TV coverage in the case of motion when compared to the shrinking of
prescription isodose volume in the case of motion. For example, when treating a 3 mm
sized target with as 1 x 2.5 mm? field, the PIVy, is 63.4% of the PIVy,, whereas the TV, is
73.2% of the TVyo, making the denominator (in the numerator of the equation in Section

4.4.5) smaller, and the resulting quotient greater than unity.
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Figure 30: Dose profiles through the three orthogonal axis along isocentre for a delivery to a 5 mm sized target with a 4
x 5,3 x 7.5, and 2 x 10 mm? field. Black lines represent the static collimator case and red lines represent the dynamic
collimator case. Profiles were normalized to ensure that 99% of the target volume was covered by the prescription dose.



4.6 DISCUSSION

For the majority of the analysis considered in this work, many of the pairings of
aperture size for a given TV would be clinically impractical. The purpose of performing
the analysis was to demonstrate the benefits and compromises one must make when
considering TV coverage, hot spots, and magnitude of dose received to abutting tissues,
and dose-gradients. In the past decade, irradiation of lesions < 1 cc. using VMAT, or DCA

171172 and TN.!?2 Popple et al. were the first to

therapy have appeared for brain metastases
implement the use of a virtual cone with an arc-based delivery for treating small targets
such as TN with arc-based and static port deliveries respectively.!!® That work determined
that the TV coverage by the 50% isodose line was 0.054 — 0.087 cc for a virtual cone shaped
by the two central leaves of the MLC and a 1.6 — 2.6 mm gap. The data in this investigation
agrees well as TV coverage by the 50% isodose line is 0.051 — 0.093 cc for a virtual cone
shaped by the two central leaves of the MLC and a 1 — 3mm gap. For the range of all
apertures tested in this investigation, a TV coverage by the 50% isodose line is 0.022 —
1.359 cc.

It should be noted that when using an odd number of leaf pairs, the center of the
treatment field is not located on the central axis and would require small couch motions to
preserve target position relative to treatment aperture. Such motions have been
demonstrated previously.?*” Implications of mechanical imperfections in motion are not
considered but have been considered in a previous investigation.?*°

A short-coming of this investigation is the use of an 8.2 cm water sphere to

represent a cranial phantom. This approximation was used to balance the computational
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requirements (time and memory) for conducting simulations with sufficient resolution. To
test if this approximation had any impact on the dosimetric contribution of scatter, a single
simulation with a 2 x 5 mm? aperture was conducted with a cropped section of water sphere
that measured 4 x 4 x 20 cm?, with the longest dimension along beam-line, and a 0.4 mm
isotropic voxel size (time = 27.4 hours). Using the same superposition methodology
outlined above, the width of the dosimetric profiles defined by the 50 % isodose line is
0.30 mm larger along ant-post, 0.45 mm larger along sup-inf, and 0.35 mm larger along
left-right when comparing the simulation of cranial phantom to the water sphere phantom.

Another limitation is the exploration of the dosimetric solution space when
simulating intrafraction motion. There are an infinite number of choices that could be made
when simulating motion traces during delivery. The varying degree of motions presented
in this work: Lo.smm to Li1.5 mm as well as S14 to S % should provide clinicians with a
meaningful way to consider the impact of motion in the context of their own clinic’s
immobilization approaches. The motion traces used in this work were restricted to
approaches utilized by other investigators to model the impact of motion on dose

metrics, 169,171,248,249

and furthermore, to utilized average trends of motion that have been
observed in the literature for cranial SRS.2%137:162,163,165.166,171.247

Neither of the collimation methods (static or dynamic) demonstrated a consistent
dosimetric benefit; albeit, the 10% isodose line appeared to be most impacted by the
dynamic collimator. The ranges for V7o, Vso, V30, and Vo are -0.043 to 0.060, -0.033 to
0.077, -0.078 to 0.156 and -0.789 to 0.579 cc respectively. The dynamic collimator

delivery led to a reduction in the high dose (V70), and low dose (V10) wash for the majority
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of cases, with the largest reductions occurring when the target size is ~60 to ~80% of the
longest field size dimension and the length to width ratio of the field is ~ 1.25 to ~ 1.40 for
spherical targets.

In this work, the impact of motion in the context of the volume receiving the
prescription dose was highly variable across different aperture sizes, target sizes, and
different magnitudes of motions. For a linear drift of 1.5 mm in each dimension (2.60 mm
3D-shift vector), the ratio of the dose covering 95% of the volume in the case of motion to
the case of no-motion ranged from 53.55 to 98.23 % of the no-motion prescription dose.
Without motion, the dose covering 95 % of the volume is > 100% of the prescription dose.
Larger TVs > 5 mm exhibited a difference of Vos between 14.56 — 100 % across all
movement traces and smaller targets sometimes had 0% of their volume covered by the
prescription dose due to dose-blurring from motion. The magnitude of these differences
are largely in agreement with Roper et al. which saw Dos < 60%, and Vo5 < 40% when
considering 2° rotations during the treatment of lesions far from isocentre when irradiating
multiple metastases with a single isocentre; as rotations to points far off-axis would result
in large perceived 3D-shifts with respect to isocentre (similar to some movement traces
simulated in this work).!”!

As is shown in Figure 30, the use of a dynamic collimator could push intermediate
doses into a larger volume. This idea in conjunction with the size of aperture chosen (which
dictates the prescription dose criteria that covers the TV) leads to some values (shaded
symbols) being higher in Figure 29 when compared with the static collimator (open

symbols). While not all data is shown, the static collimator produces a higher R¢in 59.6,
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50.0, 52.6% of cases for the 3, 5, and 7 mm target respectively; the clinical significance of
cases where the dynamic collimator produces plans with an R, closer to unity is unknown.
Different applications of the dynamic collimator could be used for dose-sparing in specific
scenarios where sensitive structures abut the TV and maximum dose tolerances have been

reached.

4.7 CONCLUSIONS

In this work, we have demonstrated the dosimetric trade-offs between aperture size
and target size when irradiating with virtual cones. Larger apertures (effective area)
produce smaller hotspots (Ds) at the expense of delivering larger absolute doses to
surrounding tissues. We have also shown the dosimetric impact of intrafraction motion
consistent with previously published data derived from thermoplastic mask immobilization
systems. For a given target size, the relative dosimetric penalties of intrafraction motion
are smaller for larger aperture. In a representative example, the Ds for a larger aperture (6
x 10 mm?) in the 1%, 2" and 3™ concentric shell was 39%, 24%, and 14% smaller
respectively when compared with the delivery using the smaller aperture (2 x 5 mm?).
Rotating the collimator throughout delivery is beneficial in minimizing the volumes
covered by the intermediate dose wash in the majority of cases (50 and 30% of the
prescription dose), but the clinical significance of these findings are unknown. Apertures
with a larger length to width ratio minimized the reduction in conformity when motion is
present. The data from this work illustrates the growing urgency and necessity for sub-mm

positioning when treating smaller targets.
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CHAPTER 5. MANUSCRIPT 2: REGION-OF-INTEREST
INTRA-ARC MV IMAGING TO FACILITATE SUB-MM
POSITIONAL ACCURACY WITH MINIMAL IMAGING
DOSE DURING TREATMENT DELIVERIES OF
SMALL CRANIAL LESIONS

5.1. PROLOGUE

This manuscript explores one methodology for minimizing the dosimetric impact
of motion by means of online positional corrections with BEV imaging. In this work, an
optimal ROI aperture generation algorithm was developed to create for MV imaging
apertures; the candidate apertures conform to anatomical sites which provide enough
textural information (with respect to the image) for sub-mm repositioning in the presence
of SRS magnitude motion. Additionally, using small ROI aperture enables for large
reductions in the delivered imaging dose. This work provides clinicians with a technique
to implement online positional verifications during treatment, allowing for the size of the
imaging aperture, and frequency of imaging to be adjusted accordingly with respect to

clinical objectives.

This work has been submitted to the Journal of Applied Clinical Medical Physics

and has been accepted:

“Church C, Parsons D, Syme A. Region-of-interest intra-arc MV imaging to
facilitate sub-mm positional accuracy with minimal imaging dose during

treatment deliveries of small cranial lesions.”
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5.2. ABSTRACT

Purpose: To automate the generation of region of interest apertures for use with MV

imaging for online-positional corrections during cranial SRS.

Materials and Methods: Digitally reconstructed radiographs were created for a 3D-
printed skull phantom at five-degree gantry angle increments for a three-arc beam
arrangement. At each angle, 3000 random rectangular apertures were generated and 100
shifts on a grid were applied to the anatomy within the frame. For all shifts, the mutual
information (MI) between the shifted and unshifted DRR was calculated to derive an
average MI gradient. The top ten percent of apertures that minimized registration errors
were overlayed, normalized, and discretely thresholded at the 50%, 60%, 70%, 80%, and
90% 1isoline level to generate imaging plans. Imaging was acquired with the skull while
implementing simulated patient motion on a linac. Control point-specific couch motions

were derived to align the skull to its planned positioning.

Results: Apertures with a range of repositioning errors less than 0.1 mm possessed a 42%
larger average MI gradient when compared with apertures with a range greater than 1 mm.
Dose calculations with MC exhibited an 84% reduction in the dose received by 50% of the
skull with the 50% thresholded plan when compared to a constant 22 x 22 cm? imaging
plan. For all different imaging plans (with and without motion) the calculated median 3D-
errors with respect to the tracking of a metal-BB fiducial positioned at isocentre in the skull

were sub-mm except for the 80% thresholded plan.
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Conclusions: Sub-mm positional errors are achievable with couch motions derived from
control point-specific ROI imaging. Smaller apertures that conform to an anatomical ROI

can be utilized to minimize the imaging dose incurred at the expense of larger errors.

5.3. INTRODUCTION

Cranial SRS has been shown to achieve high tumour control rates (greater than
95%) in pituitary adenomas,?** high obliteration rates (78%) of AVMs,>** and lengthen the
median survival of patients with 1-3 brain metastases while subsequently reducing
neurocognitive decline.?*® This precision therapy delivers large doses in a single fraction
(or a small number of fractions in the case of SRT) and uses techniques that promote rapid
dose fall off of dose outside of the targets. In the case of certain functional disorders (e.g.

TN), prescription doses can be as high as 90 Gy**°

and beam-on-times can be as long as
19.4 + 0.6 mins with an average delivered MU of 19444 + 611 at 1000 MU/min.*® Trends
in SRS treatment have moved away from invasive head frames toward non-invasive
thermoplastic mask-based immobilization. Studies have shown that the combination of
long treatment times and mask-based immobilization can lead to patient motions on the
order of 2-3 mm."*"!* The dosimetric consequences of intrafraction motion on small
targets and the surrounding tissues have been previously reported,?*’ and those findings
suggest that additional methods, beyond frameless immobilization, could be beneficial for
ensuring accurate treatment delivery.

Various considerations go into the choice of the size of margins placed around the

gross tumour volume, one of which being the expected patient motion during therapy.
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However, increasing numbers of centers have been reporting the use of no planning TV
margins (49.1% of centers).?>’ While techniques for patient-alignment vary across centers,
the majority utilize MRI fusion with CT simulation for planning, and utilize CBCT or
registration of DRRs with volumetric CTs on the day for verification of isocentre position
with respect to the patients’ coordinate frame.'*®>3%2° Beyond high-precision set-up,
intrafractional motion management strategies have made their way into various treatment
modalities such as GammaKnife (Elekta AB, Crawley, United Kingdom),'*” which utilizes
IR-based monitoring or optical surface monitoring, or CK (Accuray Inc., Sunnyvale,
CA),?60281 which monitors motion with periodic orthogonal kV imaging every 5 — 150
seconds (user defined). Several intrafraction motion monitoring systems for C-arm linear
accelerators (linacs) are currently clinically available, some of which are: 1) the ExacTrac
system (BrainLab AG, Munich, Germany) which can utilize an IR camera monitoring
device for fiducial-tracking in conjunction with two floor-mounted kV x-ray systems to
3D-localize the patient by comparing images to plan-generated digitally reconstructed
radiographs.'® This system requires hardware external to the accelerator and can acquire
one image per second.?®? 2) Optical imaging with lasers or speckled light-patterns such as
the AlignRT system (Vision RT, London, UK) which relies on skin-monitoring and has
several limitations: it can lead to false-positives and false negatives, it requires less
restrictive immobilization masks which could lead to motion, and imaging could be
occluded by the onboard imaging arms of the gantry.'*>?% For C-arm linacs that are not

equipped with an imaging system like Exactrac, development of novel motion
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minimization schemes would be beneficial. In this work, we explore the use of intra-arc
imaging with the MV imaging beam to correct for motions detected in the BEV.

The imaging dose accrued with MV imaging®®* or CBCT?* has been a concern
with image-guided radiation therapy, in particular with pediatric cases. Several works have
explored the use region-of-interest (ROI) CBCT?%2¢7 and MV-CT?®® and found possible
dose reductions of 16-90% and 15-75% with ROI based CBCT and MV-CT respectively
when compared with full-field imaging. While cupping artifacts were present, using
smaller imaging apertures with the MV-imaging beam presented minimal losses to CNR
when delineating bony anatomy.?®® We propose that BEV optimal imaging apertures can
be used to achieve sub-mm intra-arc target localization by deriving necessary couch-shifts
on a control point-specific basis with image registration. The frequency of imaging could
be user-defined to balance tolerance for expected motion with imaging dose and treatment
delivery efficiency. Herein we report a method for the generation and evaluation of
apertures for ROI imaging and quantify the results of image registration tests as a function
of aperture size. The technique is then used to demonstrate the feasibility of correcting for
motions as a result of mechanical imperfections during gantry rotation, as well as

intrafractional motion with the MV imaging beam in a clinical setting.
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5.4. MATERIALS AND METHODS

5.4.1. Phantom Fabrication

The skull of an anonymized cranial SRS case at the Nova Scotia Health was
contoured (with the exclusion of the mandible) with 3D Slicer (https://www.slicer.org/) as
shown in Figure 31. The skull was 3D printed at 90% scale with a copper-doped PLA
filament (3D Printing Canada, Hamilton, Canada) using a 0.3 mm layer height and at a
print speed of 40 mm/s. The infill factor for the skull was chosen to be 100% as it
maximized the Hounsfield units (HU) when scanned with a CT-scanner (396.53 + 20.19).
The purpose of this choice was to fall within the range of reported HU for real cranial bone
which contains a composite of various bone types (cancellous, cortical) which produce HU
within the range of 400 to 1500. To emulate brain tissue the skull was filled with gelatin.
A 2 mm metal-BB was placed at the center of the skull after filling the skull halfway and
letting the gelatin cure for three hours. The BB served as a tracking fiducial during imaging
and was placed at isocentre. The rest of the skull was then filled and sealed, without filling
the sinus-cavities with gelatin. The back of the skull was planed and leveled to ensure a
consistent placement (pitch-independent) between the CT-couch and the couch on the

linac.
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Figure 31: (A) The printed skull aligned on the CT-bed for imaging. (B) The 3D model
of the skull embedded in a sagittal view of the skull. (C) A sagittal view of the skull
with the contoured regions highlighted in green.

5.4.2. Treatment Workflow

A method for control point-specific patient position correction is shown in Figure
32. The generic workflow allows for an arbitrary number of gantry and couch angle
combinations for imaging, defined as imaging points, distributed according to user
preference. For the purposes of this evaluation, imaging points were evaluated at all points
throughout a series of non-coplanar arc geometries as described below (to within a 5-degree

gantry angle resolution).

To begin, a high-resolution CT scan (0.625 mm slice thickness) was acquired of

the phantom and imported into the Eclipse TPS (version 15.3; Varian Medical Systems,
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Inc. Palo Atlo, CA). A treatment plan consisting of 3 arcs was created for the purpose of
defining the treatment and imaging geometry (in particular, the location of isocentre which
is essential for the subsequent steps of the algorithm). The arc geometry in this study
consisted of one full axial arc and two partial arcs with the couch rotated to + and — 45
degrees. For the imaging-arc with the couch angle at 0 degrees, the EPID was set to 50.0
cm in the vertical direction. When the couch was at + 45 degrees, the EPID was extended
to 80.0 cm in the vertical direction in order to avoid couch-EPID collisions. The gantry-
couch angle combinations in this work allowed for imaging at every control-point.
However, there are gantry-couch angle combinations that would preclude the possibility of
BEV due to collisions of the EPID with the couch and/or patient. For example, with a
vertex arc (gantry ranging from 180.0 degrees to 15 degrees in 5-degree increments, Varian
IEC coordinates), nearly half of the imaging control points could be inaccessible
(approximately from 250 degrees to 345 degrees Varian IEC coordinates) due collisions of
the EPID with the couch or patient. The full specifications of the arcs are shown in Table
5. Control points, which are defined as any unique gantry and couch angle combination,
were defined every 5 degrees of gantry rotation. Isocentre was located at the center of the
metal-BB. The DICOM plan object and images were then exported for further use in

MATLAB (R2020b, The Mathworks, Inc. Natick, MA).
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Table 5: Arc geometry specifications in Eclipse coordinates.

Arc  Couch Angle Gantry Span
(degrees) (degrees)
One 0 180.1 -179.9, CW
Two 45 179.9 -5, CCW
Three 315 180 —-360,0—-5, CW

From this volumetric CT, MATLAB-generated DRRs were created for each control
point using Siddon’s Method.??? Prior to DRR generation, the voxels within the volumetric
CT in a 60 x 60 x 40 pixel neighbourhood around the centre of the BB were assigned a
value of 36.1 HU; this corresponded to the average HU of the gelatin material within the
skull (taken from a 20 x 20 x 20 voxel neighbourhood in slices that did not contain the BB).
To facilitate efficient image acquisition, imaging plans were created for use in developer
mode on a TrueBeam Stx platform (Varian Medical Systems Inc. Palo, Alto, CA). The
plans consisted of the arcs described in Table 5 with imaging control points (where a high-
resolution MV image was acquired) defined every five degrees of gantry rotation. Prior to
delivery of the imaging plans, a CBCT was acquired to align the phantom to its planning
CT with errors along each linear couch axis being less than 0.1 mm, and couch rotation
(yaw) errors being less than 0.1 degree. This form of alignment will leave residual
positional errors that result from the disagreement between the MV and kV isocentres,
which are typically found to be less than one millimetre. In this study, image acquisition
and analysis were decoupled as the analysis was performed in MATLAB (described below
in section II.D). In a clinical setting, the workflow would be altered to permit image

registration, and repositioning to occur in pseudo real time at a given control point.
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Figure 32: An example of a clinical workflow for control point-specific image
repositioning.

5.4.3. Control Point-Specific Apertures

One objective of this work is to identify apertures that are capable of providing
accurate registration information following motion, regardless of the direction of that
motion. Such a set of apertures is required at all possible imaging points along the arcs. A
second objective is to determine how small an aperture can be used such that accurate

registration information is still generated while minimizing the dose delivered to acquire
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that information. Apertures that conformed to an anatomical ROI were explored for use in
control point-specific repositioning with image registration. To choose the location and
size of the control-point-specific ROIs, an analysis of the repositioning capabilities of
various apertures was assessed as follows. For each BEV, 3000 rectangular apertures
shaped by the MLCs were generated with a randomly sampled central position and size
ranging from 0.375 to 37.5 cm?. The size and position of each aperture was used to create
two cropped images; one of the images was shifted laterally and/or vertically with 100
simulated shifts on a grid (up to £2 mm in steps of 0.04 mm in each direction perpendicular
to the BEV at isocentre). For each shift, the shifted-image (shifted anatomy) was registered
to the unshifted imaged (unshifted anatomy) with Mattes Mutual Information in MATLAB.
For each BEV, the top 10% of apertures that minimized the mean and standard deviation
of registration errors from the simulated shifts (on a grid) were selected for contribution to
a composite image. Binary masks of these apertures were overlayed and summed (i.e. each
time a voxel of the unshifted DRR was included in a binary mask, the value of that pixel
was increased by 1) to create topographical maps which highlighted anatomy that was
commonly included in the best-performing apertures; an example of one map is shown in
Figure 33A as an overlay on top of the DRR with the BB present for illustrative purposes
(it was removed for DRR image registration purposes as described previously). Imaging
plans comprised of control point-specific apertures were created based on discrete
threshold levels from the topographical maps shown in Figure 33B. Higher thresholds
represented smaller apertures. The apertures were defined by the bounding rectangle for a

given isovalue line and made as rectangles with the MLC and the jaws shown in Figure
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33C. The impact of threshold-level on the mean registration error was assessed for known-

shifts applied during an imaging arc.
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Figure 33: (A) Mask overlay of top 10% of apertures which minimized registration errors. (B) Topographical map
created from sum of top 10% apertures which minimized registration, peak indicates most common pixels shared by
apertures, and contours depict thresholds for aperture designs. (C) An aperture design derived from the 80% threshold
level depicted in (B).



To assess the feasibility of the thresholded-imaging plans derived from the 3D-
printed skull analysis for use with different clinical cases, an imaging plan (with the 60%
thresholded aperture) was applied to DRRs generated for six anonymized, previously
treated clinical SRS patients with skull volumes ranging from 2.5 x 103 to 3.5 x 10°cc. To
scale the location and size of the ROI apertures, we calculated the cubed root of the relative
volumetric scaling factor between the case in question and the 3D-printed skull for which
the ROI apertures were derived; this factor was used to scale each dimension of the aperture
(X/Y extent) as well as the vector position of the aperture with respect to isocentre (location
of the metal-bb) for each BEV. For each case, the grid-shifting analysis described above
for deriving the apertures was applied for each BEV to assess the mean registration error

with a £2.5 mm range.

In an effort to quantitatively characterize image information that yields sub-mm
registration results, two characteristics of the anatomy seen within the ROIs (delineated by
the apertures created in the analysis above and restricting the analysis to apertures greater
or equal to 4 cm?) were investigated. For the purposes of this analysis, we have separated
apertures into two groups: “Good” apertures were those that produced a range of
registration errors (defined by difference between the 95" percentile and 5™ percentile
errors) less than 0.1 mm, and a mean error less than +£0.1 mm across the entire shift grid.

“Bad” apertures were defined as ones that possessed a range of errors greater than 1 mm.

First, the 2D-directional gradient of the image contained in each aperture was
calculated. The angular directions of the vectors that comprised the gradient images were

binned into a histogram with eight bins, each having a 45-degree directional span. The
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contribution of each pixel was weighted by the magnitude of the gradient in that pixel. For
the purpose of evaluating the characteristics of good versus bad imaging apertures, the
polar histograms were parameterized by the variance of counts across the apertures and

normalized by the sum of counts in the histogram.

Second, the MI between the anatomy contained within a given aperture and the
same anatomy when it is shifted was calculated (using a grid-based shifting pattern as
described earlier). This produced a 2D array of 121 MI values with the central element
having the highest value (i.e. unshifted images have the highest possible MI score) and
values decrease for all shifted positions. This information was condensed by calculating

the mean difference between all pixels with respect to the central pixel.

The condensed information for both the gradient polar histograms and MI mean
difference were calculated for 30 good and 30 bad apertures at gantry angles ranging from
0°to 360° in 45° increments (i.e. a total of 480 apertures). Scatter plots of the parameterized
polar plots against the parameterized MI data were generated to determine if the metric

was predictive of aperture quality.

5.4.4. Motion Correction and Targeting Accuracy

Two forms of positional errors were explored in this investigation; namely: 1)
mechanical imperfections of the dynamic motions of the linac (gantry rotation at different
couch positions) during delivery. 2) Simulated intrafractional motion. In the following

subsections, the methodology for detecting, and correcting for motions with the tracking
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of a high-Z fiducial, as well as anatomical image registration is explained. In addition, the
simulation of intrafractional motion, and the comparison of the performance of the two

repositioning strategies is described.

5.4.4.1. Repositioning by Tracking High-Z Fiducial

1.2% a small aperture was created

Following the method described in Parsons et a
with the jaws (2.5 x 2.5 cm?) for imaging. The center of the metal-BB was identified using
a maximum convolution approach which maximized values within the BB and zeroed all
objects that appeared larger than the physical size of the BB. The center of the BB was then
compared with the center of the EPID as depicted in Figure 34. The deviation of the BB

was used to derive the necessary couch motions to position the BB at the center of the EPID

with:
ALatg , cosp —sing 0 (BB, — EPID,)cos?
ALnggy| = |sing cosp 0 (BB, — EPID,) (42)
AVrtg 0 0 1 | (BB, — EPID,)sin?

Where BBy is the detected center of the BB and EPIDyyy is the center of the EPID in the x
and y direction for a given BEV, respectively. The angles 8 and ¢ are the gantry and couch

angle, respectively.
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Figure 34: Example of the detection of the center of the BB (magenta line intersection)
with respect to the center of the electronic portal imaging device (red line
intersection). The detected shifts for this control point are shown for the case of a
sudden 1.5 mm shift along each linear couch axis with the gantry at 90 degrees and
the couch at 0 degrees.

5.4.4.2. Repositioning with Anatomical Image Registration

To perform anatomy-based registration, images were pre-processed with
normalization and histogram equalization.!*® Following pre-processing, images were
registered using the imregister function in MATLAB with Mattes MI using all pixels for
registration, and an initial radius of 6.25 x 10™*. The deviation of the EPID image from the
DRR (shown with the bb present for illustrative purposes) as depicted in Figure 35 was

used to calculate the necessary couch motions to align the phantom with respect to the BEV
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as described in section 5.4.4.1 above. Two different forms of anatomical imaging were
acquired: 1) Utilizing open-field anatomical imaging (shown in Figure 35A) with a 22 x
22 cm? field which will herein be referred to as ANAopen. 2) Utilizing control point-specific
apertures as depicted in Figure 35B, which will herein be referred to as ANAgo or ANAgo
for the 60% and 80% thresholded apertures, respectively. With the ROI imaging, the EPID
images were cropped to the physical size of the aperture prior to registration. None of the
ROI apertures considered in the work imaged the BB embedded in the centre of the skull.
The detected couch motions for repositioning with anatomical registration was compared
to the same corrections derived with the tracking of the metal-BB; The tracking of the
metal-BB was considered the gold standard for repositioning due to the high contrast

presence for any BEV.
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Figure 35: Example of anatomical registration between MV image with the electronic
portal imaging device (green overlay) and a MATLAB generated DRR (magenta
overlay). Yellow lines were drawn to highlight example edges of anatomical features
in the EPID image while black lines depict the same example edges in the DRR. (A)
Registration with an open field (22 x 22 cm?). (B) Registration with an 80%
thresholded aperture described in Figure 33. The detected shifts for this control point
are shown for the case of a sudden 1.5 mm shift along each linear couch axis with the
gantry at 90 degrees and the couch at 0 degrees.

5.4.4.3. Simulated Intrafractional Motion

In this study, intrafractional motion was simulated with simplistic motion traces to
evaluate the repositioning capabilities of the registration algorithm when there were known
deviations of the phantom. For one motion trace, the phantom was linearly moved 1.5 mm
in each direction over the full treatment duration (i.e., first control point had 0 mm of
motion, last control point the couch was shifted 1.5 mm in each linear couch axis). The
other motion trace emulated a sudden 1.5 mm shift in each linear couch axis that occurred

halfway through the axial arc (the first arc delivered). For both cases (motion or no motion),
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positioning errors were assessed by comparing the results of image registration (between
DRR and EPID) to the tracking of a metal-BB with respect to the center the EPID. This
ensured that any positioning errors that resulted from mechanical issues like EPID sag did

not impact the comparison of the two registration techniques.

5.4.5. Imaging Dose Calculation

Dose distributions for each imaging arc with a given aperture design was calculated
using EGSnrc. The treatment head of the TrueBeam STx platform was simulated using a
previously-validated 2.5 MV photon beam generated in VirtuaLinac (Varian Medical
Systems, Inc., Palo Alto, CA).?’”° The phase space was located 73 cm above isocentre and
was validated as accurate to better than 2% compared to measured depth dose and off-axis
profiles. This served as the input for a BEAMnrc model containing the jaws,?’”! HDMLC
and mylar exit window. These three components were modeled using exact geometric and
material specifications provided by Varian Medical Systems. This was used as an input to
DOSXYZnrc.?*! The phantom was created with voxel sizes of 9.62 mm?® from the CT of
the ATOM (Model 701, Computerized Imaging Reference Systems, Inc. Norfolk, VA)
head phantom. An ECUT = 0.512 MeV and a PCUT = 0.010 MeV was used with 10'°
histories for each arc. An equal number of monitor units was delivered for each imaging
control point using the definition of monitor units defined for Source-21 within

DOSXYZnrec.
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5.5. RESULTS

5.5.1. Characterization of High-Quality Imaging Apertures

A few examples of the outcomes from the aperture-searching algorithm described
in section 5.4.3 are shown in Figure 36. Here, a topographical map, as depicted in Figure
33A-B, is shown as a colorwash over a DRR for a given BEV, with a bounding rectangle
delineating a ROI for imaging with the 80% threshold line. The accompanying gantry and
couch orientations for the depicted beams are shown as a rendering of the linac with the
phantom included in the row below the colour wash. The colour wash depicted in these
images highlight (as bright colours from the colour wash) anatomical features that were
common to the top 10% of apertures which exhibited minimal registration errors.
Qualitatively, these examples also depict regions that would be poor for imaging to
minimize positional errors (identified as dark colours in the wash). Regions with poor
registration capabilities tend to contain a lack of bony landmarks (such as the middle of the
skull). Potentially counter intuitively, some regions of bony anatomy do not feature
prominently in the highlighted apertures. This meant that those regions did not meet the
criteria for “good” apertures described previously and suggests that those regions may
estimate registration-derived shifts that are erroneous in a subset of motion cases (i.e., they

could have excellent registration results, but only in a subset of patient motion directions).
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Figure 36: Examples of the top 10% of apertures which minimized registration errors for four different BEV depicted
as a colour wash overlayed onto a DRR. Bright colours highlight the anatomical regions shared by the proportion of the
top 10% of apertures. The red box articulates the 80% threshold level for creation of an imaging aperture for the
respective BEV. The accompanying couch and gantry positions are depicted in the row below the BEV.



An example of a good and bad aperture for repositioning is demonstrated in Figure
37. Here the polar histogram for the good aperture is shown to contain a more uniform
distribution of directional information whereas the bad aperture is heavily unidirectional.
Additionally, the MI distribution for simulated shifts depicts a rapid drop off in all
directions with the good aperture, whereas the bad aperture depicts a sharper drop off in
some directions and not in others (implying repositioning capabilities would be strong in
some directions and weaker in others); also the magnitude of the central pixel is lower with
the bad aperture which implies a smaller quantity of high-entropy content. As described in
section 5.4.3, the behaviour of these data across multiple apertures and BEVs was
condensed and is depicted in Figure 38. Within this parameterized data, the average polar
histogram of good apertures contains 112% more counts than bad apertures. This could be
the result of apertures being larger and/or containing a relatively larger presence of high-
contrast feature with strong directional gradients (e.g, bone bordering soft tissue). There is
an evident clustering of data between the two aperture subsets. While the magnitude of
variance of the polar histogram alone does not appear to be enough to distinguish between
good and bad apertures, the average MI difference does as it is 40% larger for good
apertures when compared with bad apertures. The mean and standard deviation of the
compass plot variance is 0.11 £ 0.15 and 0.04 + 0.02 for bad and good apertures,
respectively. The variance metric in conjunction with the average MI difference could be
used to identify apertures that have strong repositioning capabilities but only in a few

directions.

138



Mean = 0.00 mm STD = 0.00 mm Mean = 0.33 mm STD = 0.98 mm

(]

N

N
W NE
‘ ‘Ia,
E
SW SE
S
0 2

E

1

1

2
k.

Shift [mm] Shift [mm]

w

%)
=

SE

-2

Shift [mm]
o

N 2 o A
N
o
wn
(N
B
o N S~ D
MI [Unitless]

Figure 37: An example of directional and Mutual information-based characteristics
for an aperture with low registration errors (left column) and an aperture with worse
registration errors (right column). The second rows depicts a polar histogram where
the counts are the pixel values of weighted-gradient image of the anatomy contained
within the aperture (depicted by red rectangle in the top row). The bottom row depicts
the mutual information between unshifted and shifted anatomy contained within the
aperture for 2D-shifts with respect to the beams-eye-view.
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Figure 38: Variance of compass plot depicted in Figure 37 normalized by the total
counts with respect to the average MI difference derived from the bottom row plots
in Figure 37. Black circles represent good apertures with a range of registration
errors less than 0.1mm and a mean registration error less than 0.1 mm and red circles
represent bad apertures with a range of registration errors greater than 1 mm. The
size of the markers are indicative of the size of the aperture. The smallest markers
represent at 4 cm? field size, and the largest markers represent a 36 cm? field size.

5.5.2. Dose Reduction with ROI Apertures

Reducing of the size of the imaging aperture leads to a reduction in the imaging
dose. There was an 83% reduction in the dose received by 50% of the volume (Dso)
throughout the skull for an axial imaging arc with the 50% thresholded plan when
compared to imaging plan with an open aperture (22 x 22 cm2). From the 50% to 90%
thresholded imaging plan, the Dso throughout the skull was reduced by 87%. The
normalized integral dose with decreasing field sizes (notated by threshold levels from the

surface plot in Figure 33) decreased in a linear fashion from the 50% to 90% threshold.
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Qualitatively these results are visualized with a dose wash calculated with MC simulations
in Figure 39, where this a notable reduction in the magnitiude, and size of the imaging dose
distribution. The imaging arc simulations with a 22 x 22 cm?2 field had a less than 4%, and
3% voxel uncertainty for doses greater than or equal to 50% and 90% of the maximum

dose, respectively.
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Figure 39: Dose washes for the central axial, coronal, and sagittal planes calculated
with Monte Carlo for ANAopen (22 x 22 cm? field size), ANA7 (70% thresholded
aperture design), and ANAgo (90% thresholded aperture design); where ANA refers
to imaging of cranial anatomy with the 2.5 MV imaging beam. Each dose wash was
normalized to the max dose of the ANAopen plan.
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5.5.3. Registration Errors

Pre-Imaging alignment with a CBCT reported positional differences with the
planning CT of less than 0.1 mm in any dimension as well as less than 0.1 degrees of couch
rotation (yaw). The maximum detected offset of the BB from isocentre without simulated
intrafractional motion is shown in Table 6. The errors represented in this table would be
indicative of a single point for calculating the isocentric sphere comparably calculated with

a WL test.

Table 6: Maximum detected offsets in the lateral, vertical, and longitudinal couch
motions (in mm) of the metal-BB when the couch is positioned at idealized isocentre.

Couch Angle -45 0 45

Lateral [mm] 0.71 0.15 0.10

Vertical [mm)] 0.18 0.23 0.18
Longitudinal [mm] 0.42 0.34 0.18

During simulated linear motion, the 2D positional errors (i.e. positional error in the
BEV) with respect to BB-tracking were less than one millimetre in 100%, 89%, and 57%
of imaging control points for open-field imaging (ANAopen), and thresholded imaging
(ANAgo and ANAg), respectively. During a simulated sudden persistent-motion, the 2D
positional errors with respect to BB-tracking were less than one millimetre in 100%, 82%,
and 42% of imaging control points for open-field imaging (ANAopen), and thresholded
imaging (ANAso and ANAgo), respectively. In Figure 40 the repositioning capabilities of

imaging with progressively smaller apertures (from an open field with a 22 x 22 cm?
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aperture to the 80% thresholded plan derived from Figure 33) is presented as the difference
from the detected shifts with metal-BB tracking. In Figure 40A the 3D repositioning errors
based upon the detected couch shifts are shown. All median 3D-errors are sub-mm
indicated by the center line in the box. The 2D repositioning errors with respect to the
BEV are shown in Figure 40B. All median 2D-errors are sub-mm with the exception of the
T8 imaging (equivalently ANAgo with an 80% thresholded plan but changed for display

purposes) with a sudden shift for which a 1.16 mm discrepancy was observed.
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Figure 40: Registration errors for the various imaging acquisitions with respect to
BB-tracking. (A) represents 3D-errors detected using image registration with respect
to BB-tracking. (B) represents 2D-errors with respect to BB-tracking for each beams-
eye-view. The mean value is depicted by the black circles overlayed on each box. O =
open field imaging, T6 = thresholded imaging at the 60% isoline level, T8 =
thresholded imaging at the 80% isoline level, L.1.5 = linear shifting up to 1.5 mm while
imaging, S1.5 = sudden shift of 1.5 mm while imaging.
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The registration error detected for the grid-shifting analysis with the clinical cases
using the 60% thresholded aperture imaging plan is shown in Figure 41. For the clinical
cases, the 99 percentile of registration errors were less than 0.1 mm across all gantry
angles and all simulated shifts on a grid. For patients 1-6, the volumetric scaling factor was

determined to be 1.13, 1.18, 1.06, 1.15, 1.16, 1.06, respectively.
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Figure 41: Registration errors detected across all gantry angles (179.9 — 355° for couch = 135°, 180.1 —5° for couch = 225°
and 180.1- 175° for couch = 180°; IEC coordinates) and all simulated shifts on a +/- 2.5 mm grid with respect to the
beams-eye-view for six clinical cases. Red plus signs indicate outliers which represent the top twenty-five percentile of
registrations errors detected, and the black circles represent the 99™ percentile registration error detected.



5.6. DISCUSSION

This study investigates the complex relationship that exists between imaging
aperture size and location, patient dose and image registration accuracy. Larger aperture
plans (ANAeo) were shown to maintain sub-mm registration errors while smaller apertures
were not always able to do so (ANAgo). However, given the fact the imaging phantom
utilized in this study represented the lower end of the HU range encountered in the skull,
clinical images of a real skulls may provide improved contrast that could improve
registration results, particularly for smaller ROI apertures. Several studies have identified
the dose-reduction possibilities of volume-of-interest (VOI) kV-CBCT,?** MV-CBCT.
Robar et al. demonstrated a 39% reduction in dose when reducing the field size from 25 x
25 cm? to a 4 x 4 cm? withing a VOI when imaging with a 2.35 MV beam generated with
a carbon target.?6”28 The findings of maximum dose reduction seen within this study were
comparable, with a 34% dose reduction with a 2.5 MV beam when comparing a 22 x 22
cm? imaging plan with a 70% thresholded aperture plan with an average aperture size of
19.6 cm?. Dose reduction when using a thresholded plan varies on a control-point-specific
bases due to the varying size of the aperture for each respective BEV. Ding and Munro
have shown that the Dso is ~0.8 cGy for a single 40 x 40 cm? image with the 2.5 MV Varian
imaging beam (3.0 MU per image).?®* Extrapolating the average dose-reduction
possibilities presented from the MC analysis in this work, using an ANAeo image would
incur ~0.07 cGy D5 for the entire skull; and therefore ~10.10 cGy for a full imaging plan

(images every 5 degrees, 72 control points for axial arc, 38 controls per non-coplanar arc).

While this imaging dose is small compared to therapeutic dose in typical cranial SRS plans
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which would be 1500-2400 cGy for brain metastases,>’> or 4778-8500 cGy for TN;?"
sensitive structures with strict dose tolerances may necessitate a reduction in imaging
frequency. In a clinical setting this could be realized by imaging at a reduced frequency
(i.e. every 20-degrees, or image every 500 MU, which would force more control points in
sub-arcs with high dose delivery). An additional dose-reduction strategy could also include
the reduction of monitor units delivered per image, though this would be accompanied by
an increase in image noise. An investigation by Borsavage and colleagues found a 10-18%
reduction in CNR between cortical bone and soft tissue when reducing the imaging dose

from two to one cGy with a 2.5 MV beam.!?8

The use of a single planar 2D image for 3D-repositioning has the potential to incur
positional errors along beamline due to the nature of the trigonometric approach for
calculating couch positions from detected 2D shifts. It has been shown in several works
that the majority of motions within a thermoplastic mask do not exceed 2.5 mm along any
given dimension,!37:138:163.274275 Considering extreme positional errors of 3 mm along
beamline would only result in dose errors of approximately 0.60% based on inverse square
changes. The main motivation for implementing the methodology proposed in this work is
to minimize dosimetric errors that can occur in-plane for a given BEV. As shown in
previous work in the context of treating with virtual cones, a 1.0 mm linear drift of a 4-
mm-sized target along each direction can lead to an 11 % reduction of the volume receiving
the prescription dose, and a 39% increase in the dose received by the healthy tissue
immediately adjacent to the target.>* A more complex 2D-3D registration could be utilized

with MV/kV imaging as was proposed by Fu and Kuduvalli to better account for beam
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direction position error.2’® When utilizing this method to image a head-and-neck phantom
in 49 different simulated positions (within + 20 mm and + 5° along each orthogonal
dimension), they found a mean 3D-registration error of 0.33 mm. While a WL test on a
linac is usually implemented to validate a sub-mm isocentre volume,’ the reported value is
always smaller than the maximum deviation encountered in the analysis and it only
represents a very small sampling of a very large parameter space (i.e. all possible

couch/gantry combinations).

Rotational errors were not explicitly addressed in the methodology proposed in this
work as separating translation and/or rotational components from single planar images is
inherently difficult due to the coupling of rotational and translational information, except
for limiting cases where rotations are orthogonal to the imaging plane (e.g, perceived yaw-
rotations for an anterior-posterior MV image). Even with 2D-3D imaging, there exists a
complex coupling of translations and rotations which was explored for 2D-3D MV imaging
by Jans et al?® The methodology presented in this work may not be well-suited to
accurately quantify complex rotational motions, however, it is well-suited for identifying
discrepancies between BEV DRRs and intra-treatment images. As such, in addition to
permitting the online correction of small positional errors, this methodology could also be
utilized to detect positional discrepancies that exceed a user-defined threshold and trigger
a treatment interruption to permit a more robust patient repositioning procedure. (e.g,

CBCT or stereoscopic imaging).

A method such as the one outlined here has the potential to correct for positional

errors that can go otherwise undetected during treatment delivery. However, for large
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couch-angles imaging would be impossible due to collision of the gantry with the couch
and/or patient. For example, when imaging a head and thoracic cavity phantom with the
couch at 90 degrees, we found that imaging was possible for gantry angles from 180 to 200
degrees, and 340 to 15 degrees (Varian IEC coordinates). Safe operation of a linac
necessitates the avoidance of a collision between the patient and the linac during the motion
of its mechanical axes, and thus, these regions should be quantified. Northway et al.
explored this concept by mapping patient-specific image sets to a library of body contours
which were placed on the bed of a virtual linac model. With this model, collisions zones
were mapped out for non-coplanar SBRT.?”” This approach could be extended to include a
model of the imaging panel. Treatment plans could then be designed to avoid these regions,
or at least inform the treatment team of the control points at which position verification
imaging would not be possible. Implementing an imaging protocol as depicted in this
investigation would benefit significantly from an efficiency point of view from a fast-

l 278

switching target similar to the work explored by Berbeco ef a and Yewondwossen et

al.279

5.7. CONCLUSION

This investigation has demonstrated the capability of ROI control-point-specific
MYV imaging to detect and correct for intrafraction motion observed during cranial SRS
therapies. The use of ROI MV-imaging has been shown to reduce the accrued imaging
dose while balancing the proportion of visible anatomy needed to detect and correct for

motions observed from a BEV. Although the method was based on a single skull, we have
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demonstrated that the approach is generalizable. Compared to an open-field, aperture
specific corrections can reduce imaging dose by up to 83% with a three-arc plan. Fora 1.5
mm linear drift in phantom motion along each direction, 60% threshold design
demonstrated a mean registration error of 0.56 + 0. 33 mm. This is the first work that we
are aware of to present a method for the construction of small, robust imaging apertures
that balances the objectives of accurate intrafraction position detection and dose

minimization.
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CHAPTER 6. MANUSCRIPT 3: EVALUATION OF
PLAN QUALITY AND TREATMENT EFFICIENCY IN
VIRTUAL ISOCENTRE CRANIAL SRS TREATMENT
PLANS

6.1 PROLOGUE

This manuscript establishes another methodology to minimize the dosimetric
impact of motion established in Chapter 4. The ability to implement dynamic motions of
the axes of a Varian TrueBeam™ linac during delivery in Developer mode have allowed
for the exploration of trajectory radiotherapy,?” a technique currently not implemented
clinically. One such embodiment of trajectory radiotherapy is the movement of the
treatment couch during delivery, in which the patient will be brought closer to the head of
the linac, shortening the effective treatment distance. The impetus for such motions is the
possible increase in treatment efficiency by means of reductions of monitor units via
inverse square gains. This paper explores various aspects of trajectory radiotherapy when
treating at a shortened, virtual isocentre. With clinical feasibility being a mandatory feature
of the technique, the methodology takes previously delivered plans and converts them into
a delivery at a shortened isocentre. Plan quality analysis is completed for a cohort of
patients and a subset of these plans are delivered on a Varian TrueBeam™ STx linac to an

anthropomorphic head phantom for dose verification and deliverability validation.

This work has been submitted to the Journal of Medical Physics and is currently

under review:
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“Church C, MacDonald R.L Parsons D, Syme A. Evaluation of plan quality and

’

treatment efficiency in virtual isocentre cranial SRS treatment plans.’

6.2 ABSTRACT

Introduction: Radiotherapy deliveries with dynamic couch motions that shorten the
source-to-axis distance (SAD) relative to deliveries at a standard isocentre on a C-arm linac
have the potential to increase treatment efficiency through the increase of the effective dose
rate. In this investigation we convert clinically deliverable VMAT and DCA plans for
cranial radiosurgery into virtual isocentre plans through implementation of couch

trajectories that maintain the target at a shortened SAD throughout treatment.

Materials and Methods: A randomly sampled population of patients treated with cranial
radiosurgery from within the last three years were separated into groups with one, two, and
three lesions. All plans had a single isocentre (regardless of the number of targets), and a
single prescription dose. Patient treatment plans were converted from their original
delivery at a standard isocentre to a dynamic virtual isocentre in MATLAB (R2020b, The
Mathworks, Inc. Natick, MA). The virtual isocentre plan featured a variable isocentre
position based upon the closest achievable source-to-target distance (referred to herein as
a virtual source-to-axis distance - vSAD) which avoided collision zones on a TrueBeam
STx platform (Varian Medical Systems, Inc., Palo Alto, CA, USA). Apertures were
magnified according to the vSAD and monitor units at a given control point were scaled

based upon the inverse square law. Doses were calculated for the plans with a virtual
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isocentre in the Eclipse (v13.6.23) treatment planning system (TPS) and were compared
with the clinical plans. Plan metrics (MU, Paddick conformity index, gradient index, and
the volume receiving 12 Gy or more), normal brain dose-volume differences, as well as
maximum doses received by OARs were assessed. The values were compared between
standard and virtual isocentre plans with Wilcoxon Sign Ranked Tests to determine
significance. A subset of the plans were mapped to the MAX-HD anthropomorphic
phantom (Standard Imaging, Middleton, WI, USA) which contained an insert housing
EBT3 GafChromic™ film and a PTW 31010 microion chamber for dose verification on a

linac.

Results: Delivering plans at a virtual isocentre resulted in an average reduction of 20.9%
(p =3 x 10°) and 20.6% (p = 3.0 x 10°) of MUs across all VMAT and all DCA plans,
respectively. There was no significant change in OAR max doses received by plans
delivered at a virtual isocentre. The low dose wash volume (dose level of 1.0 — 2.0 Gy or
5 — 11 % of the prescription dose) was increased (by approximately 20 cc) for plans with
three lesions. Alternatively, this was equivalent to a 2.7 — 3.8% volumetric increase in
normal tissue receiving the respective dose level when comparing the plan with a virtual
isocentre to a plan with a standard isocentre. Gamma pass rates were 96.40% =+ 2.90% and
95.07% =+ 3.10% for deliveries at standard and virtual isocentre, respectively. Absolute
point dose agreements were within -0.36% + 3.45% and -0.55% + 3.39% for deliveries at
a standard and virtual isocentre, respectively. Potential time savings per arc were found to
have linear relationship with the monitor units delivered per arc (savings of 0.009 s/MU

with an r? = 0.866 when fit to plans with a single lesion).
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Conclusions: Converting clinical plans at standard isocentre to a virtual isocentre design
did not show any losses to plan quality while simultaneously improving treatment

efficiency through MU reductions.

6.3 INTRODUCTION

When treating intracranial lesions with SRS, care is given to ensure proper patient
positioning to maintain fidelity between planned and delivered doses. It has been shown
that the magnitude of translational and rotational errors can reach 3 mm and 2 degrees,
respectively, during SRS therapy with a thermoplastic = immobilization
system,2%137.144.158,162.163.167.275 Whjle intra-arc errors are much smaller (mean of 1 mm), it
has been shown that larger positional errors can be seen with increasing treatment times. !>’
In general, treatment times increase with increased prescription dose, use of heavily
modulated treatment beams and, in the case of multiple metastases, treating single (or a
small number of) lesions at a time.!!®172280-282 Jse of single isocentre treatments for
multiple targets has been shown to significantly improve treatment efficiency; in a study
by Nath et al., where 26 patients with a median of five lesions were treated with a single-
isocentre using a Varian Trilogy Linac (dose rate of 1000 MU per minute), the median
beam on times were 21.0 minutes (maximum time of 38.9 minutes).!'® Similar efficiencies
were observed when treating with a Varian 21EX at 600 MU/min by Hardcastle et al.,
where median beam-on time was 15.0 minutes per isocentre, regardless of the number of

lesions.?®® A trade off with this efficiency gain is the magnification of positioning error that
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results from patient rotations.!”! This further suggests that maximizing treatment efficiency

is an important objective of cranial SRS.

The requirement for efficient, highly conformal treatments has been recognized by
the manufacturers of medical linear accelerators. Advancements include the introduction
of FFF treatment beams to increase treatment dose rates, and reduction in MLC leaf widths
to improve beam shaping. Additional drivers of efficiency arise from treatment planning.
Algorithmic advancements in DCA treatments (e.g. MBSRS; Brainlab AG, Munich,
Germany) leverage the MU reductions that result from the reduction of aperture
modulation.?®* Others have modified the DCA method to permit binary collimation of

targets to facilitate the concurrent treatment of targets with variable prescriptions doses.>®

The concept of dynamic radiotherapy was developed in the 1980s.22%287 Podgorsak
et al. first studied the properties of this treatment type in 10 patient plans where dynamic

d.?%” Dosimetric validation at the time was

rotation of the couch and gantry were delivere
limited by experimental comparison with empirical calculations using several correction
factors (for transmission through the frame and disagreement of doses measured between
deliveries with or without dynamic rotation). Several modern studies have explored
dosimetric and positional accuracy while implementing couch and gantry rotations during
delivery. Rodrigues ef al. found dose agreement with calculated doses to be within £2%
when treating targets with dynamic motions of the couch and gantry with electron arc
therapy.?®® Similarly, Wilson et al. found agreement with dosimetric error of 1.1 + 0.6%

for delivered dose with an ion chamber and gamma pass rates of 96% greater evaluated

with 2%/2mm.?*° Quality control procedures were devised by Yu et al. to assess positional
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and dosimetric accuracy when dynamically moving the axes of a linac (MLC, couch
rotation, couch translation, MLC movement) and found the translation accuracy of the
couch to be 0.01 cm, rotational accuracy of the couch to be 0.3°, and dosimetric deviations
to be less than 3%.”* A Winston Lutz (WL) test assesses comparable information for
standard isocentric deliveries; this suggests a more robust version of the WL test could be
used for quality assurance testing, similar to the embodiment of the WL test for trajectory

radiotherapy at shortened virtual isocentre demonstrated by Parsons et al.?*’

Recent work in the area of 4n radiotherapy has demonstrated the potential benefits
of dynamic trajectories in radiotherapy (treatment deliveries in which the couch, gantry
and collimator engage in continuous motion while the beam is on). The benefits include
both a reduction in normal tissue doses as well as increases in monitor unit efficiency.?!"
2% In one clinical trial with 47-radiotherapy, treatment-time tolerability for N = 11 cases
was found to be tolerable (8.625 + 2.64 out of 10) and was found to not cause nausea.>*
To date, most of this research has focused on treatments delivered at the nominal isocentre
of the treatment unit (i.e. conventional SAD treatments), however, the same capabilities
that permit intra-treatment rotations of the couch also permit dynamic translations of the
couch for the purpose of reducing the source-to-target distance. In this work we define the
concept of a virtual isocentre. Whereas in conventional radiotherapy the term isocentre
refers to a fixed point in space around which all mechanical axes rotate, herein, a virtual
isocentre refers to a fixed point in the patient’s anatomy (often the centre of mass of the

target) through which the central axis of the radiation field passes, regardless of the position

of any mechanical axis of the linear accelerator. In the context of the current work, the
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difference between a conventional and virtual isocentre is driven by the use of a
continuously varying source to target distance, herein referred to as a virtual source to axis
distance, or vSAD. The vSAD technique offers a reduction in projected leaf width at virtual
isocentre (proportional to the reduction in vSAD compared to the nominal SAD) and an
inverse square-driven increase in dose rate at the target (which translates into a reduction
in monitor units). Additionally, reducing the necessary monitor units to deliver a
prescription dose has the potential benefit of reducing peripheral dose in patients owed to
scatter as these have been shown to be 2 to 15 times higher in modulated plans which
require a large number of monitor units (2 to 5 times the number of monitor units when

compared with conformal treatment plans).>

An investigation by Mullins ef al. explored the impact of using a vSAD treatment
(with a fixed vSAD of 80 cm) on dose and plan quality metrics using a published treatment
trajectory involving concurrent couch and gantry rotation.?®”-**° They found a similar plan
quality for vSAD deliveries when comparing isodoses, DVH as well as plan quality
metrics. Additionally, they found a significant reduction in MUs (p < 0.05) for vSAD
deliveries. In that work the authors required a fixed vSAD of 80 cm despite the fact that
some control points of their trajectory could not achieve that vSAD due to collisions
between the gantry and the patient or couch. The selected trajectory does not sample the
4m space as widely as some other SRS arc templates.?”’ Furthermore, the study was

restricted to single targets.

The current work introduces a variation on the vSAD concept by translating pre-

existing clinical SRS plans to a shortened vSAD design. At each control point the vSAD
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was chosen to bring the target as close to the accelerator exit window as possible without
risking collision. Both VMAT and DCA plans were evaluated. Plans with up to three
targets treated with a single isocentre were included in the study and a subset of the VMAT
plans were delivered on a linac for dose verification. Our hypothesis was that treatment
plans would be non-inferior to standard SAD plans with respect to dose metrics while

producing a significant reduction in monitor units required to deliver the treatment.

6.4 MATERIALS AND METHODS

In this study VMAT and DCA plans were converted from a delivery at a standard
SAD to a delivery at a dynamic vSAD. Fitting the complex apertures created with VMAT
plans at virtual isocentre was limited by the geometric constraints of the projected leaf
width. In particular, the inability to perfectly account for aperture magnification in the
direction perpendicular to leaf travel placed a fundamental limitation on the accuracy with
which the standard SAD apertures could be reproduced in the vSAD configuration.
Therefore, plans with conformal apertures served as a control for assessing the fitting of

apertures at a virtual isocentre as they were not subject to the same limitations for fitting.

6.4.1 Patient Selection
Twenty-eight previously treated cranial SRS patients were included in this study.
Treatments were mono-isocentric and the number of targets ranged from 1 — 3. For this

study, all patients received single fraction treatments, and in each plan, all targets received
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the same prescription dose. Details of the patient cohort are presented in Table 7. The TPS
used for plan creation was Eclipse (v13.6.23) with the Progressive Resolution Optimizer
(v13.6.23) used for VMAT plan generation. Doses were calculated with the Analytic
Anisotropic Algorithm (AAA; v13.6.23) and Acuros XB Advanced Dose Calculation
algorithm (AXB; v15.6) with a 6X-FFF beam on a Varian TrueBeam STx platform (Varian
Medical Systems Inc. Palo, Alto, CA) with an HDMLC120. Doses were calculated with a

dose grid resolution size of 0.15 cm.

Table 7: Description of patient cohort used for retrospective planning.

Number of Number of Patients Number of DR (cGy) PTV Size [cc]

Mets Arcs
1 13 3-4 1800 - 0.73 - 14.69
2000
2 11 3-4 1800 - 0.39-5.79
2000
3 4 3-4 1800 - 0.12-5.98
2000

6.4.2. Conventional SAD Planning

Patients described in section II.A were treated with VMAT plans using an arc
template based on a previously-published study.”’ In some patients, one of the oblique
arcs was dropped if treating a lateralized lesion. In a few cases, deviations from the couch

angles prescribed in the published template were included to help avoid critical structures
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in the brain. A full description of the plan geometries and characteristics is presented in the
supplemental data. All VMAT plans were created by a certified Medical Physicist.

DCA plans were created by utilizing the same arc geometry (couch angles and
gantry span) as the VMAT plans. Plan-specific collimator angles were chosen for patients
with multiple lesions to avoid MLC-bridging between the conformal apertures created for
individual targets. MLC fitting was performed with variable MLC margins (asymmetric
margins and negative margins) to minimize discrepancies between the DVH of plans with
multiple targets (e.g, over-coverage of one or more targets). Additionally, beam weightings
were manually adjusted to reduce excessive hotspots. Across all clinical VMAT plans, no
lesions had a volumetric coverage of less than 98.0% by the prescription dose. Therefore,
all DCA and virtual plans were normalized to maintain a coverage constraint of 98.0% by

the prescription dose.

6.4.3 Virtual Isocentre Plan Conversion

The anonymized treatment plans and structure sets were exported as a DICOM files
and imported in MATLAB (R2020b, The Mathworks, Inc. Natick, MA). The control point-
specific information (isocentre, gantry and couch angle) was used to convert the arc
structure with N control points into N-1 individual static fields as depicted in Figure 42.
The gantry angle of a given static field was taken as the mean of the two adjacent VMAT
control points. Similarly, the MLC and jaw positions were linearly interpolated between

the adjacent control points. Additionally, the MUs that would be continuously delivered as
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the gantry rotates from one control point to the subsequent control point were delivered at
the linearly interpolated control point.

The patient geometry from the original plan with a conventional SAD of 100 cm
was converted to a geometry with a variable vSAD. For each control point (with a unique
couch and gantry angle), the initial isocentre was shifted along the vector of the central
axis to a user-defined SAD isocentre using a distance-of-closest-approach (DOCA)
technique. The SAD for a given couch-gantry geometry was determined from a look-up-
table which contained the DOCA for couch-gantry pairings in couch angle increments of
45°, and gantry-angle increments of 5° these values were individually tested on a
TrueBeam STx platform, incrementally decreasing the SAD for a given couch-gantry
pairing until the collision-detection system was flagged, and then adding a safety buffer of
two centimetres. The control point-specific SAD choices for the patient depicted in Figure
42 are shown in Figure 43 where the smallest SAD was limited to 80 cm (at some control-
points, an SAD of 73 cm was possible) due to a beam calculation restriction in Eclipse that
required a minimum source-to-surface distance (SSD) of approximately 57 cm. MUs were

calculated at each control point based upon inverse-square scaling.
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Figure 42: In (A), an axial view of a patient’s CT along with a 3D rendering of the
VMAT treatment arcs with the patients’ structure set in the Eclipse treatment
planning system (v13.6.23) is shown. (B) Is a demonstration of interpolating an arc
geometry (red lines) with N control points into a static field (yellow line) between
adjacent control points. MLC interpolation for static fields (blue MLCs) is achieved
by averaging the leaf position across adjacent control points in the arc structure (grey
MLCs). Similarly, monitor units that were delivered across adjacent control points
during gantry rotation in the arc structure were forced to be all delivered at singular
control points in the static field structure. A rendering of same VMAT plan converted
to a series of static fields with a variable isocentre (depicted by the changing positions
of the yellow circle in the axial view) for delivery at a distance of closest approach is
shown in (C). Only a few control points are displayed for clarity purposes.
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Figure 43: The control point-specific source-to-axis-distance for the patient depicted
in Figure 42B (blue-squares) as well as two other patients in the study.

As mentioned above, the MLC/jaw positions were interpolated for each control
point (in the virtual isocentre plan) at the midpoint between adjacent control points of the
original plan. To project the aperture created by the MLCs at a standard SAD to a vSAD,
a binary mask of the aperture (based upon physical MLC positions) was created and then
magnified (according to the specific vSAD). The middle of the MLCs was then fit to the
magnified mask based upon the physical size of the leaves at the virtual isocentre. The
fitting of the aperture in Figure 44A at a virtual isocentre is shown in Figure 44B where
yellow markers indicated differences in fitting outcomes due to the discretization of leaf

widths owed to geometric minification.
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Figure 44: (A) MLC aperture at a standard isocentre where red squares highlight
beamlets which are effectively abutting (< 0.2 mm gap) and were closed for fitting the
MLCs at a virtual isocentre. (B) Depicts the MLCs aperture created by fitting the
MLC bank in (A) at a virtual isocentre where yellow lines highlight differences in
fitting as a result of discretization of leaf widths at a virtual isocentre.

6.4.4 Dose Analysis

Virtual isocentre plans were imported back into Eclipse and dose was calculated
with the same dose grid resolution as the original plan (0.15 cm). Dose was calculated with
preset values (inverse square-scaled MUs described in Section 6.4.3). Following
calculation, plans were normalized such that 98% of the PTV was covered by the
prescription dose. When multiple targets were being treated, the normalization ensured that
98% of the coldest target was covered by the prescription dose.

Plan quality metrics in this analysis included conformity and dose fall-off. For

each PTV, the Clpaadick>>? was calculated according to equation ((43):
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TVZ,
Clpaadick = TV % PV 43)

Where TVpy is the volume of the target covered by the prescription dose, TV is the target
volume, and PV is the prescription isodose volume. Perfect coverage of the PTV by the
prescription dose would result in a conformity index of unity, whereas over-coverage or
under-coverage would take on values less than one. Additionally, a dose gradient metric?>
was calculated according to equation (41). When dose bridging between targets at the 50%
isodose level was present for plans with multiple targets this metric was not calculated.
DVHs were calculated in Eclipse for all PTVs as well as OARs: lenses, eyes, optic
nerves, optic chiasm, hippocampi, brain stem, and normal brain (brain — PTVs). These
DVHs were exported from Eclipse and imported in MATLAB for analysis. For each OAR
and PTV, the Dmax was calculated from the DVH and defined as the minimum dose
received by the hottest 0.1 cc of the volume. For normal brain tissue, the Vi2gy was

quantified.

6.4.4.1 Statistical Analysis

Plan comparison analysis was grouped by treatment type (VMAT at standard SAD
to VMAT at vSAD; or DCA at standard SAD to DCA at vSAD) and by target number (1,
2 or 3 targets). For each subset of plans, the plan quality metrics (MUs, V 126y, Cl, GI) as

well as the OAR dose metric (Dmax) were compared with a Wilcoxon sign-ranked test. A
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threshold for statistical significance was set at p < 0.0036 (0.05/ 14) based on a Bonferroni

correction to account for multiple hypothesis testing (n = 14).

6.4.5 Fitting at a Virtual Isocentre

The choice to use a DOCA for the vSAD in the studied plans was driven primarily
by the prospect of efficiency gains through significant reductions in MUs. However, the
optimal vSAD with respect to MLC-target conformity may involve a more nuanced
consideration of the magnified target projection and the relationship between target
boundary and leaf boundaries in the direction perpendicular to leaf-travel. This complex
relationship is illustrated in Figure 45 where a target has been conformally fit by the centre
of the MLC leaves at three different vSADs. In Figure 45A, the projected size of the target
at some VSAD intersects with the centre of the MLC leaves, causing two pairs of leaves to
open leading to an increase in the normal tissue being exposed in the region of these leaf
pairs. In Figure 45B, at a larger vSAD (the projected target size would appear smaller), the
boundary of the target does not intersect with the centre of the MLC leaves causing the
same leaf pairs to stay closed and occlude the target. To study this behaviour, we compared
the fitting of a synthetic spherical target ranging from a 0.2 to 2.0 cm radius in MATLAB
at a virtual isocentre ranging from 80 to 100 cm SAD. The targets were conformally fitted
with the MLCs based upon the intersection of the centre of the leaves with the perimeter
of the target with two different procedures: 1) The physical size of the target was magnified

for a given vSAD and fit with the physical size of the MLC leaves based upon their

166



geometric minification at the vSAD. 2) The MLC leaves were used to fit to the target at
100 cm, and the mask for the aperture created by this fitting was then projected to a virtual
isocentre (based upon geometric magnification) and the magnified mask was then fit by
the physical size of the MLC leaves at the respective VSAD based on geometric
minification. The second procedure is akin to what was implemented for the fitting of the
aperture utilized in the patient study. For the VMAT cases this approach was followed
because the aperture at each control point was determined through inverse optimization
and matching this aperture as closely as possible was the objective. Either approach could
have been implemented for the DCA plans, but for consistency we used method 2. For both
procedures, geometric coverage metrics in the form of: 1) the normal tissue area present in
the projection of the aperture was quantified and compared to the normal tissue present at
100 cm SAD. 2) The occlusion of the target by the MLC leaf corners was quantified and

compared with the target occlusion by the fitting of the target at 100 cm SAD.

=MLC
= Target Outline

= Normal Tissue

0ol

= Target Occlusion

Figure 45: Demonstration of coverage when fitting the MLCs to a fixed physical
target size. In (A), the target is located at a shorter vSAD than in (B) making the
projection of the target (relative to the MLC) appear larger. White space depicts
normal tissue that is not being shielded by the collimation aperture and yellow space
depicts the projection of the target being occluded by the aperture.

167



6.4.6 Deliverability

To verify deliverability at a virtual isocentre, a subset of patients from this study
(one met, n = 6, two mets, n = 2) were selected and their VMAT plans were mapped to an
SRS anthropomorphic head phantom. The plans were converted from a DICOM structure
to XML structure for delivery on a Varian STx linac in Developer Mode. For each patient,
the original plan at a standard SAD was also delivered. To setup the phantom, a pre-
treatment CBCT was used to align the head phantom. The phantom was aligned with couch
translations and rotations (yaw) derived from image registration at the console. For cases
with multiple lesions, the couch was translated at the beginning of treatment such that high

dose region of one lesion fell on the measurement apparatus.

6.4.6.1 Dose Validation

For the subset of the patients mentioned above in Section 6.4.6, dose distributions
were measured with EBT3 GafChromic™ film. MUs in the plans were reduced by half to
avoid film saturation. After delivery, films were sealed in a dark envelope for twelve hours
prior to scanning. Films were scanned with the EPSON EXPRESSION 10,000 XL using a
48-bit colour depth at 72 dpi. Five pre-scans were performed to heat up the bulb in the
scanner and then films were scanned at the same spatial location on the scanner bed with
an alignment template. Films scans were converted to dose distributions with the triple-

/ 236

channel film dosimetry outlined by Mayer et a and filtered using a median filter in a 5
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x 5 pixel neighbourhood. Film doses were registered to the film-plane in the calculated
dose distribution using Mattes Mutual Information in MATLAB. A 2D-3D gamma

8 was calculated between the film dose and the calculated dose using dose

analysis®
difference and distance to agreement criteria of 5% and 1 mm respectively. Gamma values
were suppressed for doses less than 10% of the maximum dose measured.

Absolute dose verification was measured with a PTW Semiflex Ionization Chamber
31010 (PTW, Freidburg, Germany). Measurements were cross-calibrated at 5 x 5 cm? using
a Exradin A12 ion chamber (Standard Imaging, Middleton, WI, USA). All measurements
were converted to doses with correction factors outlined in TRS-483.2% Polarity (Ppo1) and

1'7 were measured for dose rates

Recombination (Pion) correction factors outlined in TG-5
of 600 MU/min and 1400 MU/min for field sizes ranging from 2 x 2 cm? to 5 x 5 cm? at
SADs of 100 cm, 90 cm, and 80 cm. An additional correction factor was applied

specifically for the PTW Semiflex 31010 described in TRS-483 for small field

dosimetry.??® To determine the appropriate correction factors for each plan, the effective

field size was calculated for each control point similar to Wolfs et al.?*%:
2xL«W
EFS = —— 44
L+W “4)

where L is the length of the field, determined from the participating leaves in the field,
and W is the average width of the beamlet shaped by the MLC openings. Additionally,
the dose rate was calculated between all adjacent control points in the plan. The median
field size and dose rate was used to interpolate the appropriate plan-specific correction

factors for conversion of measured charge with the ion chamber to dose.
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6.4.6.2 XML Deliverability Analysis

For each plan, delivery timings between adjacent control points were calculated
using velocity limits for XML deliveries in Varian Developer Mode. The velocity limits
for the movable axes considered in this calculation are shown in Table 1. Timings were
calculated for the original plans at a standard SAD and for plans at a vSAD. The time-
limiting axis, including each MLC leaf, was calculated for each control point. The time
accrued between arcs was discounted as this would be shared between a delivery at a
standard and virtual isocentre. All cases in the planning study were added for this analysis
as well as a mock-case for treating TN using the same arc geometry described in Thomas
et al.?”® A total of ten arcs were delivered for the TN case, two axial, and eight non-
coplanar, with 5000 MUs being delivered for each axial arc, and 2500 MUs for all non-
coplanar arcs with equal weighting delivered at each control point. A secondary analysis
of the data was also performed in which the MLC leaves in the vSAD plans were not
considered as potential rate limiting components. This was performed for two reasons.
First, the MLC leaf positions for the vSAD plans were not optimized for this delivery
technique, and second, in the standard SAD plans optimized within the planning system,

the MLCs were never the rate limiting component (likely due to leaf position optimization).
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6.5 RESULTS

6.5.3 Plan Metric Comparisons

For all patients outlined in Table 7, OAR max doses and plan quality metrics were
calculated at a standard SAD and vSAD for two planning techniques (VMAT and DCA).
The means and standard deviations of these metrics across each patient population
(separated by the number of lesions in the patient) are shown in Figure 46. Figure 46A
shows the reduction of monitor units when treating at virtual isocentre (indicated by
VMATYV and DCAYV) for the two different planning techniques (VMAT and DCA). When
pooling the data (all patients regardless of number of lesions), plans delivered at a virtual
isocentre resulted in an average reduction of 20.9% (p =3 x 10°®) and 20.6% (p =3 x 10°%)
in the number of MUs across all VMAT and all DCA plans, respectively. Analyzing the
data on a per lesion basis showed that there was an average reduction of 21.0% (p =
0.0002), 20.0% (p = 0.001) and 21.0% (p = 0.13) of MUs between VMAT plans at a
standard isocentre and VMAT plans at a virtual isocentre with one, two, and three lesions,
respectively. There was an average reduction of 21.4% (p = 0.0002), 20.3% (p = 0.001)
and 20.9% (p = 0.125) of MUs between DCA plans at a standard isocentre and DCA plans
at a virtual isocentre with one, two and three lesions, respectively. When considering the
adjusted significance threshold for multiple comparisons, only MU differences for plans
with one to two lesions were statistically significant for both VMAT and DCA plan
comparisons, however the trend is robust and the lack of statistical significance in other

groups can be attributed to the small sample sizes.
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In Figure 46B the volume receiving 12 Gy or more is shown for the different plans.
There were no statistically significant differences between any of the plan comparisons
(plan type or number of lesions). The Paddick conformity index is depicted in Figure 46C
where there were no significant differences between plan comparisons (plan type or
number of lesions) except for the comparison between the DCA plans at a virtual isocentre
and those at standard isocentre with two lesions (difference in CI equal to 0.03 with p =
0.0025). The Gradient index is shown in Figure 46D where the was no significant

difference found between any of the plan comparisons (plan type or number of lesions).

172



A 40 EEVMAT R

6000 A 0| AT, B

5 3, 30| —pca ST

. 4000 11 1 o —DCA

2 _ Q20 v f

C I ~— - T

O ]

S 2000 H > 10 H H |
x 0 | | o -MHEHHE |
T15) - \ 81 - \
> C x D
E 1 .~ Ee6 |
o —

O 0.5 : T4 _ _

% &5 ﬁ

:

s 0N HE - ‘ 2 M - ‘

all 1 2 3 1 2 3
Number of Lesions Number of Lesions

Figure 46: Mean and standard deviation of plan metrics calculated for each patient
subset (one, two, three lesions) with each planning technique (VMAT or DCA) at a
standard SAD and at a vSAD (e.g, VMATYv, DCAv). (A) Shows the total monitor units
of the planning technique. (B) The volume receiving 12 Gy or more in normal brain
(brain — PTV). (C) Paddick conformity index and (D) is the gradient index which have
been averaged over all PTVs for plans with multiple lesions.

6.5.4 OAR Dose Differences
The mean and standard deviation of max doses received by OARs (quantified by

the dose received by 0.1 cc) in the virtual plans is shown in Figure 47A The mean and

173



standard deviation in OAR max dose differences of the plans with a virtual isocentre with
respect to a standard isocentre is shown in Figure 47B. Here a negative value indicates a
smaller dose received by the OAR in the virtual plan. There was a statistically significant
difference in the dose received by the right optic nerve (2.08 cGy less with vVSAD, p =
0.002) when comparing VMAT plans with a single lesion and the dose received by the
brainstem (4.52 cGy less with vSAD, p = 0.002) when comparing DCA plans with three
lesions, though the clinical significance of such a difference is likely negligible. In general,
cases with three lesions exhibited the largest differences in OAR max dose, though the

clinical significance of those changes is again likely minimal.
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Figure 47: (A) The average and standard deviation of the maximum dose (quantified as the dose received by 0.1 cubic
centimetres of the volume) received by the organs at risk (OAR) for each patient subset (one, two, three lesions) for each
planning technique (VMAT or DCA) at a virtual isocentre (e.g, VMATY). (B) depicts the average and standard deviation
of the maximum dose difference for OARs between the plans with a virtual isocentre and plans with standard isocentre.
Positive values indicate that a larger dose was delivered by the plan with a virtual isocentre. All plans had a prescription
dose in a range of 18 to 20 Gy for each target.



The DVH subtraction between virtual and standard plans for normal brain (brain
subtracting PTVs) is shown in Figure 48. For context, the data points at a dose of 12 Gy
are derived from the data shown in Figure 46B. When comparing plans with a single lesion,
volume differences are minimal across all dose levels, but they are most pronounced at
dose levels below 2.0 Gy, with a slight reduction in volume realized with the virtual
isocentre plans (for both VMAT (Figure 48A) and DCA (Figure 48B)). For plans with two
lesions, VMAT plans with a virtual isocentre resulted in an approximate 6.5 cubic cm (cc)
increase in the volume of normal brain receiving 1.25 Gy or more, and DCA plans exhibit
an approximate 10.2 cc increase in the volume of normal brain receiving 1.25 Gy or more
as seen by the peak in the volume difference data. For plans with three lesions, VMAT
plans at virtual isocentre exhibit an approximate 19.2 cc increase in the volume of normal
brain receiving 2.16 Gy or more, and DCA plans exhibit an approximate 19.9 cc increase
in the volume of normal brain receiving 1.06 Gy or more as seen by the peak in the volume
difference data. The relative increase in the low dose washes for the patients with three
lesions is shown as the volumetric percent difference in Figure 48C for VMAT plans and
Figure 48D for DCA plans. For the same dose levels where there is a peak in the volume
difference curves (2.16 Gy for VMAT and 1.06 Gy for DCA) the average volumetric
percent difference is 3.8% and 2.7% for the VMAT and DCA plan comparisons,

respectively.
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Figure 48: A subtraction of the normal brain DVH of the virtual isocentre plan (e.g.,
VMATYV) from the DVH of the standard plan for each patient subset (one, two, three
lesions). The mean is depicted by the lines and the envelope depicts the standard
deviation across all patients in the set. (A) Depicts the DVH subtraction for the VMAT
plans and (B) shows the DVH subtraction for the DCA plans. (C) Shows the
volumetric percent difference (PD) between the VMAT plans with three lesions and
(D) shows the PD for the DCA plans with three lesions. The analysis for (C) and (D)
was restricted to the 13.5 Gy dose levels as volumes for larger doses are small (<1 cc)
and were not considered to be of clinical relevance.

6.5.5 Aperture at Virtual Isocentre

An assessment of MLC fitting to a synthetic spherical target at a virtual isocentre
is shown in Figure 49 where geometric coverage indices (normal tissue exposed, and target
occlusion) were quantitatively determined by the illustration depicted in Figure 45. In

Figure 49A and Figure 49C MLC leaf fitting is performed on a spherical target which has
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been magnified according to the vSAD. In Figure 49B and Figure 49D, fitting is performed
on an aperture mask created by fitting the MLCs to a target at 100 cm and magnifying the
aperture via geometric scaling at the vSAD. The values in each figure represent the
difference in area (either exposed normal tissue or occluded target) between apertures at
vSAD and apertures at standard SAD. Values less than +0.004 cm? different are
represented as black tiles. Values greater than zero depict more normal tissue area exposure
for A) and B) and more target occlusion for C) and D) in the vSAD apertures compared to
the standard SAD apertures. When fitting to a magnified target in Figure 49A, the
maximum difference in area of normal tissue exposed in the aperture projection is 0.11
cm?; while fitting the MLCs to a magnified aperture cm in Figure 49B exhibited a
maximum area of normal tissues exposed in the aperture projection of 0.38 cm? The
occlusion of the target by fitting to the geometrically magnified target is shown in Figure
49C and exhibits a maximum target occlusion of 0.13 cm?; whereas the fitting to magnified
aperture in Figure 49 exhibits a maximum occlusion of 0.36 cm?. Qualitatively, the fitting
of the geometrically magnified target appeared to exhibit an oscillatory trend of normal
tissue area exposed and target occlusion with respect to varying SAD; the period of these
oscillations appears to be larger for smaller targets and the amplitudes appear to be larger

for larger targets.
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Figure 49: Geometric coverage metrics represented by difference in area between
apertures at various shortened source to axis distances (SAD) and apertures at a
standard SAD (100 cm). (A) and (B) shown the normal tissue exposed in the projection
of the aperture at the target site. (C) and (D) shown the area of the target occluded by
the MLC at the target site. (A) and (C) are a result of fitting a target that has been
projected to a virtual isocentre by geometric magnification. (B) and (D) are a result
of fitting the mask of an aperture fitted to a target at 100 cm SAD has been projected
to a virtual isocentre and refit with the projected MLC leaf width at that isocentre.
Black tiles represent values that are less than + 0.004 cm? different from fitting at a
standard SAD of 100 cm.

6.5.6 Dose Verification
Results in this section and section 6.5.7. focus on the VMAT treatment deliveries
because we believe these are more representative of challenging deliveries from a

mechanical point of view compared to DCA deliveries. The pass rates determined from a

179



2D-3D gamma analysis for the plans delivered on the linac is shown in Figure 50. Across
the subset of patient plans which were delivered, the transformations to register the film
dose to the dose plane in the Eclipse dose distribution was: -0.37 mm + 0.64 mm in the
LR-direction, -2.42 mm + 1.47 mm in the SI-direction, and -0.01° + 0.01° about the AP
axis. Across these patients, the gamma pass rates were 96.40% + 2.90% and 95.07% +
3.10% for deliveries at standard and virtual isocentre, respectively. The average dose
difference between measured and calculated doses with the ion chamber were -0.36% +
3.45% and -0.55% + 3.39% for deliveries at a standard and virtual isocentre, respectively.
Average polarity correction factors were found to be 0.07% = 0.15% and 0.09 + 0.09%
across all field sizes at dose rates of 600 MU/min and 1400 MU/min, respectively. Average
ion recombination correction factors were found to be 0.43% + 0.10% and 0.41% =+ 0.08%
across all field sizes at dose rates of 600 MU/min and 1400 MU/min, respectively. The
calculated dosimetric hetereogeneity within the ion chamber volume, as determined by the
difference between the maximum and minimum dose in the volume, was found to be 6.54%
+ 2.08% and 7.35% =+ 2.53% of the prescription dose for standard and virtual isocentre

plans, respectively.
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Figure 50: Gamma pass rates when determined from a 2D-3D analysis between dose
measured with EBT3 GafChromic" Film and dose calculated in Eclipse. Pixels which
possessed less than 10% of the prescription dose were suppressed in the analysis.
VMATS represents plans delivered at a standard isocentre and VMATY represents
plans delivered at virtual isocentre.

6.5.7 Delivery Time Analysis

The time-limiting components for a virtual isocentre delivery are shown in Figure
51. For each patient, the fraction of control points limited by each component is shown and
the potential time reductions are represented as a percent difference between the beam on
time of the standard isocentre plan and the virtual isocentre plan. The analysis is performed
twice for each patient: once based on simple (non-optimized) leaf fitting to each aperture
without scheduling optimized MLC motions; and once with the assumption that properly
optimized MLC leaf motions will eliminate control points in which MLC leaf motions are
the rate limiting component. Justification for this assumption is the fact that the MLC leaf

motions were not the rate limiting component for a single control point in any of the
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standard SAD plans in which MLC motions were optimized. For the plans that had
avoidance sectors for portions of the delivery, the time owed to the avoidance sector was
excluded from the calculation of total delivery time. In the case of non-optimized MLC
motions, for five out of eleven of the two lesion cases, and all three lesion cases, time
savings were not realized with a virtual isocentre delivery. For these plans (Tw1, Twa, Tws,
Twa, Tw7, Two, Twii, Thi, Thy, Ths, Ths), there is a larger relative proportion of the
delivery time being limited by aperture modulation. In many of the control points in which
the time-limiting axis was the MLC, the magnification of the aperture required for the
shortened vSAD necessitated the inclusion of a leaf pair that was not included in the
standard SAD plan. Consequently, the affected leaf pair was either parked under the jaws
prior to the control point in question or at least far removed from the treated area. As a
result, the affected leaf pair had an abnormally large distance to travel, thus causing it to
be the rate limiting component. Without leaf-sequencing optimization, the average time
savings (for beam-on time) for cases with one, two and three lesions were 15.04%, -10.69%
and -36.26%, respectively (negative numbers indicate longer beam-on times).
Comparatively, with leaf-sequencing optimization, the average time savings for cases with
one, two and three were 17.23%, 15.32% and 18.59%, respectively. The largest time
savings of 19.81% (approximately 4:14 minutes) were realized with the TN case where

99.95% of the delivery time was dose rate limited.
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Figure 51: (Left — axis) Demonstrates the fraction of delivery time limited by the axes indicated in the legend for a virtual
isocentre delivery. (Right-axis) Shows the potential time reductions for a virtual isocentre delivery expressed as a percent
difference with respect to the standard isocentric delivery. ‘S’ indicates a plan with one lesion, ‘Tw’ indicates a plan with
two lesions, ‘Th’ indicates a plan with three lesions with the subscript indicating patient number. TN represents a mock-
plan for treating trigeminal neuralgia where 30000 MUs were delivered over 2 axial arcs and 8 non-coplanar arcs. The
second bar in each grouping with a gold outline indicates the fraction of delivery time by each axis where leaf-sequencing
optimizations were assumed. Similarly, the potential time savings with the optimization of leaf-sequence is indicated by
the bar with a blue outline.



The calculated time savings per arc for a virtual isocentre delivery is shown in
Figure 52. In this figure, the arcs for cases with a single lesion (including the TN case and
excluding cases with avoidance sectors) were fit with linear regression. The fit was found
to have a slope of 0.009s/MU with an r* = 0.866. In this figure, colour indicates the number
of lesions in a plan (or the TN case). Time savings were seen in every arc for the single
lesion cases except for two arcs (Single1; — Arc 1, Singleis — Arc 1), every arc in the two

lesion cases except for two arcs (Two7 — Arcl, Twoi1 — Arc 1), and all three lesion cases.
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Figure 52: Time savings when delivering at a virtual isocentre in comparison to
standard isocentric deliveries for individual arcs. Maximal time savings are depicted
by incorporating additional time savings through optimized leaf-sequencing during
delivery. The single lesions cases including TN were fit with linear regression.

6.6 DISCUSSION

A significant reduction in MU was found when delivering at virtual isocentre across

all patients with an average reduction of 1000 to 1300 MU and 670 to 790 MU between
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VMAT plans and DCA plans respectively. When significance was assessed for cases sorted
by number of lesions, significance was not found for plans with three lesions. This was due
to the small number of cases assessed with multiple lesions (N = 4 for three lesions) paired
with the adjustment to the significance threshold for multiple paired comparisons with a
Bonferroni correction. Regardless, there was still a trend of MU reductions across all
patients (20.9% for VMAT plans and 20.6% for DCA plans) when delivering at a virtual
isocentre. The MU reductions found in this investigation with the control point-specific
VSAD could be seen as indicative of a theoretical limit on the maximum possible time
reductions available during delivery. In this work we found that time savings up to 19.87%
were achievable when the dose-rate was time limiting axis for 99.95% of the treatment
time in a TN case. For TN cases, prescription doses can be escalated higher than those
analyzed in this study, suggesting that savings in beam time could be even higher in
absolute terms.**** During radiosurgery, procedures in which doses range from 15 to 24
Gy, dose-rate modulation during delivery can occur causing one of the other axes to
become a time limiting component (gantry rotation, couch translation, aperture
modulation) and could limit the time-saving potential of a virtual isocentre delivery. This
limitation was observed in the single lesion cases (1 through 6) analyzed in this study where
time savings were on average 15.03% + 3.95%. In the other cases analyzed with multiple
lesions, where MLC travel was the largest time-limiting component during delivery, time
savings were not observed when delivering at a virtual isocentre. While it is possible that
the virtual isocentre approach does not universally confer time savings, it is possible that

the observed increases in treatment time in this study could be, at least partially, attributable
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to the non-optimized leaf motion sequencing used. When magnifying an aperture to move
from standard isocentre to virtual isocentre, it was found that in the five cases mentioned
in Section 6.5.7, an additional 104 + 68 s of beam on time was attributed to the recruitment
of MLC leaf pairs into the field that were not involved in the standard isocentric aperture;
this was determined by calculating the difference between the current MLC travel time and
the time of the next time-limiting axis. This calculation was performed to provide a fair
comparison with standard isocentric plans where leaf sequence optimization had been
performed; in these plans MLC motion was never the rate limiting step and it would not be
unreasonable to assume that could still be the case for vSAD treatments. Leaf-sequence
optimization could be used to improve the efficiency of these plans and should be
investigated further as reducing treatment times is useful for reducing the possibility and
magnitude of intrafractional motion, !37:144.163:274.285 Reducing intrafractional motion errors
is crucial for minimizing losses in target dose coverage, as well as dose spread into target-

adjacent normal tissue, !6%171:240249

An implementation of a vSAD delivery is not restricted to fixed arc templates; it
could be used for static gantry IMRT as well as dynamic trajectory radiotherapy where all
axes (couch, gantry, collimator) move in synchrony during treatment. Alternatively,
utilizing a virtual isocentric therapy with an extended SAD could maximize collision zone
avoidance in the 471 delivery space for dynamic radiotherapy. Additionally, extended SAD
therapies have the potential of treating larger lesions through geometric minification.
However, dosimetric benefits for 4 deliveries with an extended SAD would have to be

balanced with MU increases (similarly increased treatment times) and coarser aperture
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resolutions. While vSAD therapies are possible with dynamic couch trajectories, the
positional accuracy during non-standard SAD therapies should not be assumed. In an
investigation by Parsons ef al. found that dynamic couch trajectories with idealistic circular
trajectories resulted in a maximum positional error of 2.1 mm for a 77cm constant SAD.?%
Errors of this magnitude have been shown to result in clinically relevant dosimetric losses
when treating cranial lesions.!®!71:240 These findings suggest the need for patient-specific
QA for couch-trajectory therapies to minimize positional errors.

In the investigation by Mullins et al., an inverse optimization framework was built
for VMAT plan creation. Plans created in that work demonstrated no loss in plan quality
compared to plans at a standard isocentre.>®® Our work did not feature an optimization
framework for VMAT at a vSAD, but we nonetheless found that plan quality was similarly
unaffected when optimized apertures from a standard SAD VMAT plan were magnified
and projected to the vSAD. The maximum doses received by the OARs did not
significantly differ from the original plan. All doses were considered clinically acceptable
and any violations of these criteria with the virtual isocentre plans were also present in the
original plans (e.g, patient #2 with three lesions had 10 cc of normal brain tissue receiving
16.8 Gy at a standard SAD and 17.0 Gy at a vSAD, where our clinical objective is to keep
this metric below 12.0 Gy). Reduced SAD treatment fields will exhibit a greater degree of
beam divergence compared to their conventional SAD counterparts. This results in a
reduced volume of normal tissue exposure proximal to the target and an increased volume
distal to the target. In the current study, the consequences of this variation in beam

geometry were not significant in any of the evaluated dose metrics. As the number of
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targets increased, however, there was a trend toward increased low dose wash (1 — 2 Gy)
with the vSAD approach. The clinical consequences of this dose enhancement may not be
significant for a given treatment but may merit further consideration when considered in
the context of retreatments.

Projecting the aperture to a virtual isocentre and fitting to the projection is a simple
task in the direction of leaf travel but is inherently limited in the direction perpendicular to
leaf travel due to the discretization of leaf boundaries (defined by the projected leaf width).
Fitting to the projected aperture produced an average Dice similarity coefficient across all
control points and all patients (when comparing to the apertures in the original plan for
VMAT) of 93.0% for patients with a single lesion, 92.2% for patients with two lesions and
90.7% for patients with three lesions. Despite these differences, this simplistic approach of
magnifying apertures from a standard SAD still produced clinically acceptable treatment
plans. Apertures created at a virtual isocentre for DCA exhibited a higher fidelity with
standard isocentric plans as they did not possess the same challenge of fitting to complex
apertures shapes leading to erroneous openings. Instead, the discretization of the leaves
perpendicular motion is the limiting factor for optimally fitting to a target. This work
presented geometric coverage metrics in the form of normal tissue exposure and target
occlusion which could be used to inform the ideal vSAD (minimizing normal tissue
exposure for example).

Two important risk factors for trajectory radiotherapy include patient safety (i.e,
collisions) and the patient’s ability to tolerate motion. Few publications address these issues

in the literature. Northway et al. formulated a technique for mapping out couch-gantry, and
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couch-patient collision zones using a convex hull of the patient’s body contour.?”’ this
technique could be applied to assessing collisions with trajectory radiotherapy with a
shortened virtual isocentre. Lyu ef al. implemented monotonically increasing couch angles
with trajectory radiotherapy to minimize inertial forces being exerted on the patient during
delivery.®® In this work we were unable to assess the accelerations produced by
translational couch trajectories as this information is not accessible in the Varian TrueBeam
Developer mode at this time.?®*’ To evaluate several aspects of trajectory radiotherapy
(safety, feasibility, dosimetric benefit, patient tolerance) a phase I trial was conducted with
static gantry IMRT where dynamic motions of the couch (rotation and translation) were
implemented between ports;*** Intrafractional motion was determined to be less than 1.0
mm using kV-kV registration (three to four images every three to four couch kicks) and
patient tolerability was high 8.625 + 2.64 (10 being perfectly tolerable) for the 11 patients

tested.

6.7 CONCLUSION

This work has demonstrated that cranial SRS treatments delivered with a vSAD
technique require significantly fewer monitor units, have improved treatment efficiency
(approximately 0.009 s/MU, r2 = 0.866) and are dosimetrically equivalent to conventional
SAD plans. These conclusions held for all studied cases which included both VM AT and
DCA plans and plans involving one, two or three targets. While beam divergence increases
low dose distal to the target for vSAD plans, this work has shown that this negligibly affects

the dose received by normal brain for cases with one and two lesions. For plans with three
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lesions, there is an evident increase in the low-dose (approximately 2.0 Gy) which could
be undesirable for cases which necessitate retreatment. Fitting targets conformally at a
virtual isocentre is subject to the discretization of the MLC leaf width perpendicular to leaf
motion; this work has shown that target-size specific SAD choices can be made to
minimize normal tissue exposure while maximizing potential control point-specific MU

reductions.
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CHAPTER 7. CONCLUSION

7.1. SUMMARY

The purpose of this thesis was to establish viable strategies for improving the
efficiency, and fidelity of cranial SRS therapies. Irrespective of treatment vendor with C-
arm linacs and/or delivery technique (e.g, DCA or VMAT), intrafractional motions up to a
few millimetres will be a reality of therapies that utilize thermoplastic immobilization
systems. Treatment margins are commonly added to offset any potential dosimetric
detriments owed to motion (internal tumour volume), and/or setup errors (which are
encompassed within the PTV). However, complex treatment scenarios do exist where the
proximity of lesions to critical structures (e.g, brain stem, optic nerve) necessitate that the
dose falls off precipitously towards the OAR, thus internal tumor volume margins likely
will not adequately encapsulate motion. The first manuscript (Chapter 4) explored the
dosimetric impact of simulated SRS-magnitude motions in the context of treating small
targets (< 1.0 cm diameter) with small apertures (< 1.0 x 1.0 cm?). The second manuscript
(Chapter 5) introduced an online positional correction methodology with ROl MV-imaging
to detect and correct for SRS magnitude motions. This technique established a way to
generate ROI aperture templates (for a given couch-gantry angle combination) which can
be deployed with variable size and/or frequency to achieve a certain degree of positional
accuracy while minimizing imaging dose. In the third manuscript (Chapter 6) a strategy to

minimize the magnitude and/or frequency of intrafractional motion was introduced by
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means of improved treatment efficiency. Treatment efficiencies were realized by
implementing couch trajectories with shortened source-to-target distances, increasing the
effective dose rate through inverse square gains. These techniques, when used
independently or in synchrony, have the potential to improve the fidelity between planned
and delivered treatments by minimization of the dosimetric detriments owed to motion.
The first manuscript explored the dosimetric characteristics of a new treatment
technique, referred to as a virtual cone, which was introduced by Popple et al.''® In the
original work by Popple et al.,''® the concept of a virtual cone was defined as a combination
of arc geometries (couch, collimator, gantry, static aperture size) to produce a dose
distribution comparable to that of a 4 millimetre stereotactic cone. The first manuscript was
therefore an extension of the technique established by Popple et al.,!'® where a virtual cone
was simulated with different sized apertures as well as with a dynamically rotating
aperture. These two-treatment paradigms were investigated for varying target sizes (1 to
10 mm diameter) and in the presence of simulated intrafractional motion. Treating with a
virtual cone creates a clinically complex scenario where suitable pairings of aperture/target
sizes would be dictated by isodose prescription criteria and proximity of the target to
sensitive clinical structures. An additional layer of complexity was added when
implementing a virtual cone with a dynamically rotating collimator as maximum doses (in
target and surrounding normal tissue) were generally reduced at the expense of larger low
dose washes to the surrounding tissues due to the spreading of the low dose wash. The
dosimetric impact of motion followed expected trends, where larger degrees of motion,

and higher frequency of motion (represented as a persistent shift at different time points)
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caused larger detriments (reduced conformity and larger geographic misses in surrounding
tissues). Preserving plan quality in the presence of motion would require a nuanced
approach, balancing the multivariate solution space where even in some instances, the use
of the dynamic virtual cone was more robust against the dosimetric impact of motion.

The second manuscript introduced an online positional correction technique with
ROI MV-imaging and treatment couch motions. The methodology used ROI apertures that
conform to anatomical sites with enough textural information to be used for image
registration to achieve sub-mm positional accuracy. Common to all high-quality apertures
is a larger degree of MI fall-off (in the presence of motion) and a uniform distribution of
textural information. The last point was a crucial element for the robustness of a singular
ROI aperture for imaging in the presence of varying directionality of motion. The
feasibility of ROI imaging plans with two candidate aperture sizes (smaller and larger)
were explored by imaging a head phantom on a Varian TrueBeam™ STx linac for two
types of simulated motions. In this clinical scenario, realistic imaging challenges such as a
reduction in contrast, can pose a challenge for registration accuracy. While the larger
aperture imaging plan was more robust for motion detection, it also intuitively came at the
price of a larger accrued imaging dose. Implementation of this technique relies on the
utilization of the 2.5 MV imaging beam for improved image contrast, which at this time,
poses a significant treatment interruption for target switching; albeit, implementation of
fast target-switching systems is an area of ongoing research.?’®?” Most likely, integration
of this technique would require a reduced imaging-frequency (compared with what was

investigated in this study) and would likely only be used when certain proportions of a
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treatment arc risks dosing laterally proximal sensitive structures with respect to the BEV.
Use of detector with a higher detective quantum efficiency as demonstrated by Myronakis

et al.;’*

could be utilized to enable high image-sampling with comparable, or less accrued
imaging dose.

The third manuscript demonstrated an alternative methodology for motion
management by means of improved treatment efficiency. Higher efficiency treatments
were achieved by implementing treatment couch trajectories during delivery, where the
treatment distance was reduced as much as possible while avoiding collisions. The impetus
for treating at shortened SAD is the reduction in necessary monitor units through increases
of effective dose rate via inverse square gains. Another possible benefit for delivering at a
shortened SAD is the minification of the projected MLC leaf width at the site of the target.
In this work, previously treated VMAT plans with 1-3 lesions (and DCA plans generated
with the same arc structure) using a single, static isocentre, were converted into a plan with
a dynamic, virtual isocentre, with a criterion for delivering at distance of closest approach
(for a given couch-gantry geometry). Plan quality metrics between standard, and virtual
isocentre plans. A dose verification for a subset of the plans was conducted by mapping
the plans to an anthropomorphic head phantom with an insert that house radiochromic film
and an ion chamber. Dose distributions evaluated using a gamma analysis with a 5%/Imm
criteria were found to clinically feasible (pass rates: > 95.0%) and absolute dose
measurements were found to agree within 0.72% =+ 2.86%. A statistically significant

reduction of up to 21.0% of MUs was observed for virtual isocentre deliveries without any

statistically significant reduction in other plan quality metrics (CI, GI, Vi2gy). A large
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degree of low dose wash (approximately Vagy) was observed when treating cases with three
lesions at virtual isocentre, albeit these differences are not likely clinically significant as
they only represent a 3.0 — 5.0% volumetric increase compared with standard isocentric
plans. While dosimetric benefits were not realized by minification of MLC leaf widths,
treatment efficiencies up to 15.0% were seen with single lesion cases. Time savings were
not achieved for cases with avoidance sectors, and for cases with high degrees of MLC
modulation. For the latter, the majority of treatment inefficiencies were owed to
unoptimized leaf-sequencing, leading to singular leaf pairs being recruited in adjacent
control points to move large distances. Time savings for cases with multiple lesions could

be realized if leaf sequencing optimization strategies had been implemented. 3386304

7.2.  FUTURE WORK

The topics investigated in this thesis have introduced strategies to minimize the
impact of motion during therapy by means of utilization of onboard imaging, and
trajectories of one of the dynamic axes available on a C-arm linac. The implementation of
the techniques demonstrated in this work is only one such embodiment of their utility in

the delivery of efficient, and precise radiation therapy.

7.2.1. Trajectory Radiotherapy Quality Assurance
A mandatory requirement for treating with SRS as set out by AAPM Task Group
142! is the coincidence of mechanical and radiation isocentre to be < +1.0 mm. While

various testing regimens, as mentioned in Section 1.4, assess this coincidence for the
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motions of a linac at 100 cm SAD, the same information should not be assumed to hold
true when implementing trajectory radiotherapy. In the work demonstrated in Chapter 6,
idealized couch motions were derived from 3D path-tracing of beamlines defined at
arbitrary geometries. Implementation of these motions on the treatment unit is reliant on
the various electro-mechanical components of couch-stand driving the couch top to
requested positions accurately, and reliably. For non-coplanar, standard isocentric
trajectory radiotherapy, quality assurance protocols have been postulated by Yu et al.?*’

and further refined by Byron et al.>%

There are not currently any protocols for assessing the coincidence of mechanical and
radiation isocentre when implementing translational couch trajectories as demonstrated in
Chapter 6. In Figure 53, a possible quality assurance protocol for implementing corrections
to idealized couch trajectories is demonstrated, where corrections are derived using
equation (42) with images similar to those presented in Chapter 5. This data was collected
by taking a series of images with the 2.5 MV imaging beam using a custom-made XML
script in Developer mode. The imaging phantom was a simple solid-water phantom (30 x
30 x 10 cm?®) with a metal-bb embedded in the centre place on the end of the treatment
couch. The test was repeated with a weight-loaded couch using an anthropomorphic body
phantom with additional slabs of solid water that in combination weighed a total of 150
Ibs. Weight-loading was assessed as work by Towns et al. had demonstrated that couch

flexion of up to 4.0 mm was observed; albeit with heavier patients.>%
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Figure 53: For varying couch and gantry angles at varying source-to-axis-distances,
images were acquired on a Varian TrueBeam™ STx to derive positional corrections
to maintain fidelity between radiation and mechanical isocentre. 3D-Positional
corrections for an axial arc (couch =0°) were derived using equation (42), from images
similar to those represented in Figure 34 for an unloaded treatment couch, and a
loaded treatment couch (with 1501b anthropomorphic body phantom).

Corrections to couch trajectories when collecting data for Chapter 6 as outlined in
Section 6.4.6 were not implemented, and even so, dosimetric measurements were not
significantly different from measurements implemented at a standard isocentre. This result
is likely due to the fact that the target sizes explored in Chapter 6 were sufficiently large

that any positional errors while implementing couch trajectories had minimal dosimetric
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effects. For smaller targets, such nerve ablation therapies, the motions could have serious
dosimetric effects. An investigation by Parsons et al. explored the dosimetric impact of
delivering shortened SAD therapies with ultra-small apertures (single leaf-pair with a 1.0
mm opening) with and without positional corrections of idealized couch trajectories; they
found corrections to couch motions could reduce the width of the dose profile by up to 1.2
mm at 30% of Dmax.”%° The data presented in Figure 53 is a generalized embodiment of the
EPID-based WL test for virtual isocentre therapies as introduced by Parsons et al.,>® and
could easily be integrated into pre-treatment SRS quality assurance protocols. A logical
next step for the integration of translational couch trajectory radiotherapy in the clinic,

would be to establish robust quality assurance procedures.

7.2.2. Virtual Isocentre Delivery Optimization

Unlocking the use of the dynamic axes of a linac during delivery has been shown by
several investigators to confer a quantifiable dosimetric benefit for conformity, and for
normal tissue dose sparing.?8%-291:293-295307309 Qimjilar to the investigation by Mullins et
al.,*™ trajectory radiotherapy at shortened virtual isocentre, as demonstrated in Chapter 6,
did not yield any dosimetric benefit with respect to improved conformity (as a result of
finer resolution of the MLC due to geometric minification at a shortened SAD). These
results are in contrast with findings by Bratengeier et al.>!!! where normal tissue sparing
proximal to a spherical target was reduced for isodose volumes between 40% to 90% when
delivering at a constant 70 cm SAD. The authors posit that the reduction of penumbral

width observed with shortened virtual isocentre therapies would serve a higher utility for
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improving plan quality.>' While these results are promising, they are not generalizable for
all treatment vendors (their study was conducted with an Agility™ MLC model (Elekta
AB, Stockholm, Sweden)), as penumbral width is dictated by focal spot size, leaf
shape/transmission, and SAD.'? Further characterization of the penumbral dose with the
Varian TrueBeam™ MLC would be needed to assess any realizable dosimetric benefits for

treating at virtual isocentre.

The main benefit for treating at a shortened virtual is the efficiencies created by
means of increased dose-rate. Time savings were seen when converting several previously
delivered plans to a delivery at a virtual isocentre. But, in some cases (with avoidance
sectors or treating multiple lesions simultaneously), delivery at a virtual isocentre
lengthened the time of treatment, and the majority of these instances were owed to
unoptimized leaf-sequencing. Optimized fluence patterns in the original plan (at a standard
100cm SAD) were geometrically projected to a virtual isocentre and refit with
geometrically minified leaf widths. In many instances, this fitting procedure resulted in
erroneous fittings due to the discretization of the MLC leaf widths, necessitating forced
closures on a control point-specific basis. This process led to scenarios where adjacent
control points would recruit shielded leaves (placed underneath the jaws) resulting in
lengthy MLC travel times. In a clinical implementation of virtual isocentre delivery
optimization, a two-step optimization,’! or simultaneous optimization®*#¢-300313 of Jeaf
trajectories would be implemented. For the cases with multiple lesions, a larger viable
deliverability solution space could be developed by allowing the collimator to rotate

dynamically throughout delivery; An analogous investigation by MacDonald et al.**” could
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be adapted to develop optimization techniques for treating multiple lesions at virtual

isocentre.
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Figure 54: A demonstration of idealized collimator trajectories to minimize normal
tissue exposure (indicated by colour bar with arbitrary units) for a three coplanar
arc arrangement; figure from MacDonald et al.>?”

7.2.3. Clinical Utility

The integration of the virtual cone technique as demonstrated in Chapter 4 is
ultimately left to the discretion of the oncology staff within a clinic. The technique has
been shown to deliver comparable doses to stereotactic cones,!'®!!" has been integrated
into a clinical environment,>” and has the advantage of not requiring externally mounted
hardware. The latter allows for the virtual cone technique to be delivered at a shortened

virtual isocentre with the time savings posited in Chapter 6; where time savings were on
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the order of 4 to 5 minutes for therapies where a virtual cone would be used (e.g, TN with

MUs > 25000).

Implementation of trajectory radiotherapy at a shortened virtual isocentre introduces
a new degree-of-freedom by which plans can be optimized for treatment efficiency. From
a practical perspective, delivery at a shortened isocentre is only useful when the increase
in dose-rate between adjacent control points does not cause any of the mechanical motions
of the linac (couch motions, gantry rotation, MLC travel) to become the time limiting axis.
Anecdotal observation suggests that the collisional zones between the couch and gantry
while the gantry rotates from a posterior-anterior delivery up to anterior-posterior
(approximately 180.0E — 60° or 180° to 300°, Varian IEC coordinates) do not allow for a
substantial reduction in treatment distances, and thus, do not confer a substantial advantage
for implementing couch trajectories for the purposes of leveraging increases in dose-rate.
This leaves a theoretical 120° cone of delivery as depicted in Figure 55 where appreciable
times savings could be achieved. This problem is juxtaposed with the location of the lesion,
i.e, treatment plans for lesions in the anterior cranial fossa would likely benefit the most
from shortened virtual isocentre deliveries as these plans would likely request large
magnitudes of MUs in the 120° cone due to the proximity of the target to the source.
Exploration of shortened virtual isocentre deliveries for various classes of lesions would

be useful to establish criteria for assessing its utility.

Trajectory radiotherapy presented in this work is only one such embodiment of the
technique. Many investigators have demonstrated dynamic couch, gantry, and collimator

rotation. The largest limiting factor for deliverability in the 41 space is collisions between
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the components of the linac and/or patient. Translations of the couch using the
methodologies presented in Chapter 6 could be analogously implemented with the intent
to extend the deliverability of the 41 space by treating at an extended virtual isocentre. The
dosimetric benefits of such an implementation would necessitate a further investigation as
the divergence of the beam, and the coarseness of the projected MLC width could pose

other unforeseen issues.

Figure 55: A pictorial representation of possible treatment efficiencies by means of
shortened virtual isocentre delivery, where a red colour indicates the highest possible
dose-rate.
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7.3.  CONCLUSIONS

Radiosurgery is a therapeutic technique that delivers large doses in a single fraction.
SRS necessitates stringent tolerances on mechanical and radiation precision to ensure
adequate therapeutic outcomes and normal tissue sparing. Intrafractional patient motion is
an unavoidable reality of radiation therapy, even when utilizing immobilization systems.
The advent of frameless immobilization systems such as a thermoplastic mask have
drastically improved several aspects of the clinical experience for SRS or SRT; however,
these improvements come at the cost of increased magnitudes, and frequencies of motion
during therapy. This research demonstrated that SRS-magnitude motions can have
clinically significant detriments to therapeutic coverages, as well as normal tissue sparing,
which is exacerbated when treating small lesions (< 1.0 cm in diameter). To minimize the
impact of these motions, two methodologies were presented: 1) Online positional
corrections derived from MV ROI-imaging using couch translations. 2) Increased
treatment efficiency through increases of the effective-dose rate by delivering at a
shortened virtual isocentre. The implementation of these two techniques could be applied
independently or in synchrony to maximize the fidelity between planned and delivered
doses. One example would be the implementation of these techniques for improving the
delivery quality of virtual cone treatments as presented in Chapter 4, where intrafractional

motion was simulated.

The methodologies developed in this thesis are proof-of-concept techniques which
could be easily translated into a clinical setting. Both techniques achieved improvements

in treatment accuracy by utilizing the various facets of a linac’s operation (imaging,
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mechanical motions). Without any need for additional hardware or software for
implementation, these techniques are accessible to a large assortment of clinics with

minimal financial burden.
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APPENDIX B SUPPLEMENTARY DATA

B.1. SUPPLEMENTARY DATA FOR CHAPTER 6

Table 8: Arc geometries and weighting for each patient analyzed.

Number of Lesions = 1

Patient CO:E;? or iﬁ? Gantry Span MU per Arc
330 0 180.1-179.9 CW 2683
1 30 30 179.9 - 0.0 CCW 1757
330 330 180.1 - 0.0 CW 1417
330 0 180.1-179.9 CW 1535
2 30 45 179.9 - 0.0 CCW 1691
330 315 180.1 - 340.0 CW 1436
330 0 180.1-179.9 CW 2695
3 30 45 179.9 - 0.0 CCW 1466
330 315 180.1 - 0.0 CW 1544
330 0 180.1-179.9 CW 2492
4 30 45 179.9 - 0.0 CCW 1240
330 315 180.1 - 0.0 CW 1273
330 0 180.1-179.9 CW 2190
5 30 45 179.9 - 0.0 CCW 1148
330 315 180.1 - 0.0 CW 1118
90 0 180.1-179.9 CW 2180
6 90 90 179.9 - 350.0 CCW 1169
90 45 179.9 - 30.0 CCW 901
90 315 180.1 - 330.0 CW 878
330 0 0.0-179.9 CW 1224
7 30 45 179.9 - 0.0 CCW 1248
330 315 0-180.1 CCW 1269
90 0 180.1-179.9 CW 2678
3 90 90 179.9 - 350.0 CCW 2093
90 45 179.9 - 350.0 CCW 1838
90 315 180.1 - 10.0 CW 1384
330 0 180.1-179.9 CW 1342
9 30 45 170.0 - 20.0 CCW 2190
330 315 205.0 - 350.0 CW 2142
330 0 180.1-0.0 CW 1213
10 330 315 180.1 - 0.0 CW 1199
30 270 0.0 - 180.1 CCW 1375
11 330 0 180.1-179.9 CW 990
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30 45 179.9 - 0.0 CCW 1777

330 315 180.1 - 0.0 CW 1743
90 0 180.1 -179.9 CW 2731
12 30 45 179.9 - 30.0 CCW 2498
330 90 150.0 - 30.0 CCW 2158
330 0 180.1 -179.9 CW 646
13 30 90 179.9 - 40.0 CCW 1067
330 315 340.0 - 180.1 CCW 1184

Number of Lesions =2

Collimator Couch

Patient Angle Angle Gantry Span MU per Arc

10 0 20.0-179.9 CW 1068
1 90 90 179.9 - 20.0 CCW 1116
90 45 179.9 - 20.0 CCW 1085

330 315 180.1 - 310.0 CW 856

90 0 180.1-179.9 CW 3941

) 90 90 150.0 - 30.0 CCW 1333
90 45 150.0 - 40.0 CCW 1250

90 315 225.0 - 330.0 CW 1204

330 0 180.1-179.9 CW 1102

3 0 45 179.9 - 10.0 CCW 1608
90 90 170.0 - 15.0 CCW 1552

90 0 180.1-179.9 CW 2151

4 90 45 179.9 - 350.0 CCW 1430
90 90 180.0 - 10.0 CCW 1194

90 0 180.1-179.9 CW 2308

5 90 90 170.0 - 25.0 CCW 1007
90 45 170.0 - 25.0 CCW 957

90 315 190.0 - 325.0 CW 956

90 0 180.1-179.9 CW 2053

6 90 90 179.9 - 35.0 CCW 825
90 45 179.9 - 45.0 CCW 779

90 315 180.1 - 10.0 CW 1196

300 0 180.1 - 0.0 CW 1103

7 60 0 0.0-179.9 CW 1159
80 45 179.9 - 0.0 CCW 1212

90 90 170.0 - 10.0 CW 1003

8 90 0 180.1-179.9 CW 1476
0 45 155.0 -25.0 CCW 1880

0 90 150.0 - 15.0 CCW 1941

9 350 0 240.0 - 120.0 CW 1755
70 45 150.0 - 0.0 CCW 1085

30 90 150.0 - 0.0 CCW 963
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350 315 210.0 - 0.0 CW 959

10 10 0 180.1 -179.9 CW 2380
90 45 179.9 - 350.0 CCW 1542

350 315 180.1 - 10.0 CW 1264

11 350 0 180.1 -179.9 CW 1053
0 45 179.9 - 15.0 CCW 1651

0 315 180.1 - 345.0 CW 1674

Number of Lesions = 3
Patient Coilrllrglag or i(r)llgl:g Gantry Span MU per Arc

90 0 180.1 -179.9 CW 2536

1 90 90 179.9 - 350.0 CCW 1310
90 45 179.9 - 350.0 CCW 1364

90 315 180.1 - 10.0 CW 1475

90 0 180.1 -179.9 CW 1991

) 90 90 179.9 - 350.0 CCW 1453
90 45 179.9 - 350.0 CCW 1564

90 315 180.1 -10.0 CW 1428

20 45 20.0 -179.9 CW 1778

3 10 325 180.1- 340.0 CW 1822
5 289 340.0 - 180.1 CCW 1795

4 345 0 180.1 - 179.9 CW 3054
30 45 179.9 - 10.0 CCW 1906

330 315 180.1 - 350.0 CW 1441

228



