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ABSTRACT

Mechanical and algorithmic advances in the field of kbased 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 receiveahanse. To
ensure optimal treatment, several techniques are employed, namely: (1) Use of image
guidance to ensure accurate patient positioning pre-treatment conddeam computed
tomography); (2) Use of immobilization devicesd. invasive frames onorinvasive
thermoplastic masks) that fixate the patient to the treatment couch during therapy. Despite
these efforts, intrdraction motion on the order of sevenaillimetresor degrees can occur
that could impact target coverage, and dose receiveelthly tissues. This work aims to
guantify 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 witicltdranslations. 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 manusg@@atsining to the topics mentioned
above. The firstnanuscripexplores three variables, namely, aperture size, target size, and
intrafractional motion, when assessing delivery quality for the treatment of small targets.
The second investigatiantroducesa methodology for generating control pesmecific
optimal apertures to be used for MV imaging; these apertures conform to anatomical sites
which allow for submm positional verification while also redag imaging dose. The
third manuscript explores tipotential 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 treatmentesehtechniques 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 maluwing 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 tissuexternal beam radiation therapy
involves directing higkenergy radiationdg.g, 41 20 MeV for electrons, I 20 MeV
photons, upd 1507 250 MeV for protons.)n a targeted manner towards a delineated
targetwithin a patiens body* Several different diseasase treated with radiation therapy
and are fuher addressed in Sectidnl The primary disease considered in this thesis is
cancer whichis a diseasthat is characterized lifie uncontrolled replicatioof abnormal
cells which can develop into benign or malignant lesitas mayspreado locations in
the bodythat differ fromtheir origin.2 Cancer ine ofthe leading caus®f death in every
country worldwide? There is a 19% higher incidence rate in men, and a 43% hightr d
rate in men when compared with wonfewhile there is a variance across treatment sites,
and cancer stagingpproximately 50% of patients will receive rdtba therapyat some

point during the management of their disease.

1.1 STEREOTACTIC RADIOSURGERY

Stereotactic radiosurgery (SRS) isighly targeted form ofadiation therapy which
delivers dargetherapeutic dose in one single ses$iblivhen protracted over the course
of a few fractions (typically three or five) it takes on tlaeneof stereotactic radiotherapy
(SRT).The hallmark of SRS is a conformal dose distribution with a rdpgimetric falt

off beyond theTV.° An important distinction between conventional radiation therapy and



SRS is the mechanism by which a biological response is elititednventional 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, thusubsequent treatments are needed for full eradication. The most important aspect
of this treatment scheme (multiple treatments with low dosssnpared witlSRS) is the

time allocated for the repa@nd repopulatiorof the surrounding healthy tissédn
SRS/SRT therapies where dosae ablative®!? indirect cell death appears to be a
consequence ofascular damagevhich canultimately lead tocell deatht®* Due to the
magnitude of the large doses delivered with S&&millimetre positional accuracys
requiredas to minimize dose to surrounding healthy tisstie.

Radiosurgeryis a technique that was firgtventedby Lars Leskelland Borje
Larssonin 1951 for the no#invasive treatment of intracranial lesions inaccessible to
surgical resectioh.The technique reééd on earlier work by Leskell in 1949 e they
developed a framéor the threedimensional D) localization of anatomical sites within
the cranium this process is referred to as stereofdxyhe frame establishes a polar
coordinatesystemby fixating tothe skull and albwing for the precise determination of
pointswithin the framewith respect tangle, depth, andnteriorposteria extent Early
work utilized stereotaxy with orthovoltagerdys(200kV p) for the treatment of trigeminal
neuralgia(TN).'® The lack of beam petration of low energy stays limitedthe utility of
this type of beam for therapeutic applicatiohsus, the technique 8RSevolvedto utilize
deeper penetrating gamma rays fro@60 source(Eavg= 1.25 MeV,T12= 5.26 years)

for delivering herapeutic radiatia An adaptation of this methodologgalled the



Gamma Knife ® (GK)utilized a hemispherical array of 179 @0 sources to create highly
conformal dose distributions for radiosurgeapd was firsused in Stockholm in 1968 for
treating arteriovenous malformations (AVMs) and acoustic neur8iihs. modern GK
system, the GK lcdh is manufactured by Elekta (Elekta AB, Stockholm, Sweden). It
shapes complex dose distitibnswith up to 192 sourcdsy combining contributions from
circularly shaped beams with conpsysical coneliameters of 4 mm, 8 mm, and 16 mm),

from eight different sectors around the cranium with vargrgosurdimes?!®

1.2 IMAGING FOR RADIOSURGERY

The quality of treatment plans for radiosurgery has vastly improved with the
invention of computed tomography (CT) in 199it provided a 3D volumetric image for
visualization of targets and normal structuif¥she CTdata in conjunction with contrast
enhanced magnetic resonance imaging (MRI, used for soft tissue delnéak to
superior soft tissue contrast) is routinely used for defining the extemvVsfin linac
radiosurgenf’ Common 3D MR of the craniumutilizes gadolinium contraseénhanced
T1-weighted inversion recovery gradieetho (IRGREY! as well as 3Bturbo-spinecho
(TSEY2 Gadoliniumis taken up by the tumor and provides visoahtrastwith MR
imaging byeffectively chanmg the relaxation time of the tumor environment relative to
the background (normal tissué&ks efficacy (with respect tisnproved tumor contrakts a
function ofits physiochemical propertiéddosege?* timing of administratiorf>?® and
magnetic field strengtf. Paulsoret al found that MRI simulatiorscanning resolutions
for stereotactic planning to be 1x01.0 x 2.0mm?® amongst seven clinical institutions in

the EI ekta 6 At?YINa gendrat ddbnsensus ferahe tuse ofrmmobilization



systems during MRI was found by Paulsen al?’; scanning without thermoplastic
immobilization systems improves the signal to noise ratiche brain?® however, this
could lead to uncertaintiesh&n registering t€T imaging?®*° Geometric distortins can
occur in MRimage as a result of: nonlineariof the magnetic field produced by the
gradient coild' (which implement the imaging protocol via a pulse sequence),
inhomogeneity of thenainmagnetic field®? patientinduce magnetic field perturbatiofss,

as well as pulse sequentigices>

1.3 INDICATIONS FOR RADIOSURGERY

A variety of different functionabenign,and malignant indications are treatable by
SRS.Meningiomas areslowly growing benigrf® or malignat*® neoplasmsoriginating
from arachnoidal cap cells within the dural siansl can cause impaired vision, personality
changes, headaches, and seiztfr@®sescription doses of 14 Gy have been reported with
local tumour cotrol rates of up to 93% at 10 yedPsAcoustic neuroma (vestibular
schwannomasare sow-forming benign indications that develapthe vestibular portion
of the inner ear and cause hearing loss, vertigo, tinnitus, and disequil®riline
International Stereotactic Radiosurgery Soc{E&RS)recommends dose ofll to 14 Gy
in a single fractioff® andcontrol rates of 99%ave beemeported for Syear longitudinal
studies’™® An arteriovenousnalformation AVM ) is a shunt between cerebral veins and
arteries which can disrupt oxygen circulation through the Bfaéiraximal 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 caéedlternative dosing regimens



for large AVMs have incorporated staged deliveries where geometrically distinoéstsg
of the lesion are treated oveseparate SRS sessidfisObliteration rates with staged
deliveries hae been shown to reach 420to 7196 with low rates of adverse reactions
(6% to 13%).Pituitary adenomaare growths on the pituitary gland and represent 10 to
20% of all intracranial lesion$’ doses vary between centres and cases but typically fall
within the region of10 to 18 Gy*! Trigeminal neuralgiais functional indication
stemming from a disruption in the function of the trigeminal nerve. Its therapy is ablative
in nature with doses rangjrfrom 60 to 97 Gy as determined from a systematic review of
the literature by the ISRS.

Gliomas are the most commordgcurring type of primary malignant lesion of the
brain which encompasses-85% of all primary brain tumos8>*Brain metastaseccur
as secondary malignancies in 20 to 40% of all cancer patfenith 30 to 60% obrain
metastaseeing owed to primary lung lesioPSThe Radiation Therapy Oncology Group
(RTOG) defined the maximum tolerated dosesd sizes by singlaction SRS with
primary brain tumors suchsaliomas, and recurrent lesions likeain metastases a
retrospective analysis of 156 patierfihey found that the maximum treatable tumor sizes
(in di amet er ) i3Wram, ad 30402 withra, max@mum tolerated dose
of 24 Gy, 18 Gy, and 15 Gy, respectivelyposee s cal ati on is viable f
but is to be implemented at the discretion of the almié®>°® Modifications to the RTOG
90-05 guidelines have been suggested for dose reduction in cases where there are five or

more lesion§°



1.4 SRS THERAPYTREATMENT UNITS

Over the past several decades #tereotactic techque at its core remains
unchanged, but the meamgwhich itis implementechasseen many changesthe hands
of different commercial vendor§ollowing the developmerdf the GK system, several
commercial entities mad@novationsto reproduce its radiosurgical capabilities with a
medicallinear acceleratginac). Medical linacs are often gantry mountwgtensthat in
ideal conditionsrotatearound a single poinhispaceaeferred to as isoceamt In reality,
the coincidence of the rotational axes of the lifgantry, collimator, treatment table)
referred to as the mechanical isocerfvansa spherical volume due excursions of ideal
motionsalong eachaxi®The Ameri can Associati ®AMPM)f Phys
Task Group(TG) 142 report recommends that the coincidence between mechanical and
radiation isocentre should not exceed + 1.0 Hhihile QA tests are not explicitly defined
within the TG142 document, various different investigations have devised techniques to
assesghe coinadence betweemechanical and radiation isocentiiéne Winston Lutz
(WL) test, formulated by Lutz and Maleki in 1988yolves the irradiation of a sheet of
radiographic film at four cardinal gantry angle$, (8¢, 18, 27C) which have been
mounted on anechanism that is fixed to the head of the gaf#tBroximal tothe filmis a
metal ball bearing that is mounted to the end of thernresat table (the WL phantom)
which has been aligned to mechanisatentreé’? The difference between the radiographic
shadow created by thHmll bearing and the center of the field indicates the magnitude of

coincidenceé? Extensions of this technique with additional irradiatiangles$?® 3D



mathematical localization algorithriSand electronic portal imaging (EPhave been
developed

Radiationtherapy with a linads delivered either from a series of fixed gantry
positions, or while rotating around the patient as demonstratédlgimre 1. The first
attempts at radiosurgewith aC-armlinacwas in 1982 byBetti et al%® A C-arm linac is
one inwhich the x-ray generation and delivery system rotates in one single plane around
isocentre These first systems used 6 MV to 10 M\fay beams with externally mounted
circular collimation systems referred to as stereotactic cdi8tsme centres still make use

of stereotactic conaghich have sizes ranging from 4 to 45 ffn



Figure 1. A conventional Garm linac and its rotational axes that would ideally
intersect a single pint in space.In reality, the isocentre is defined by an ellipsoidal
volume as depicted by thesllipse in the diagram.

An alternative linac design was conceived in 1994 with the manufacturing of a
Roboticarmmounted linac knowas the CyberKnif® (CK) system by Accuray (Accuray
Inc. Sunnyvale, CA, USA). The CK system was invented by a neurosurgeon, John Adler
along with seeral engineering colleagues at Stard University®® It differs from
conventionalC-arm linacs in that it utilizes maX-band waveguide 0.3 GHz) for
production of thdts treatment beajand it has access stightly more than half o

space for treatment angleBhe collimation system of the CK was initially based on



tungsten cones ranging from 5 to®@. An updated version useddynamic condased
collimation system with twelve tungsten pieces (two stacks of six)madeand can
producean effective circulariéld with amaximumdiameter of 60 mm &n80 cm source
to-axis-distance (SAD)this system is referred to as s Today, modern CK systems
utilize a highdefinition mult-leaf collimator(MLC) which contains 41 pairs of 0.9 mm
thick (along beamlineingsten leaeswhich have a projected width of 2.5 mm at 80 cm
SAD.”%"* A demonstration of the threeommercially available SRS units is shown in

Figure2.

-\ il |I I‘L

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



C-arm linacs have lso featured similar improvements the internal, tertiary
collimation system (MLCleyond externally mounted stereotactic coridge Clinac®
systenmmanufactured byarian (Varian Medical Systems Inc., Palo Alto, G#gsthe first
to introduceaninternalMLC systemwhich used 26 leaf pairsvith a 1.0 cm projecteldaf
width at 100 cm SADThe nextiterationof MLCs by Varian, known as thdillenium™
MLC, increased the number of leaf pairs toad@lincreagdthe resolution of the central
28 leaves to 5 mni! Brainlab (Brainlab AG, Munich, Germanglgveloped the m3 micro
MLC, an externally mounted MLC tturther increasehe resolutionof the leaves t@
projected3.0 mm at 100 cm SA[: The neweslinacs designedybVarian utilize ahigh-
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 @aics5 mm for the outer

leaves’

1.5 DELIVERY TECHNIQUES

Beyond the mechanical limitatns of the collimation hardware utilized by a
therapeutic unit, a variety of delivery techniques can also be employed to achieve
dosimetric conformity. Thasimplestof these isa conformal fitting procedureavhere the
collimation system is positioned to toh theprojection of a delineated target for each
beamseyeview (BEV) as demonstrated figure 3B; this technique is referred to as 3D
conformal radation therapy (3BCRT). This methodologygan be used to deliver static
ports orduring arebased therapies where radiation is delivexaatinuouslyas the gantry

rotates This is called dynamic conformal arc therapy (DOApere the MLC(and
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sometimes the jawsredynamically positioned to maintain the changing projection of the
TV for each BEV.

Increaseccomputational capacityas allowed for more complex approasito
treatment planning with the use of optimization procedfés wher e foipt i mi z a
the context of treatment planning for radiation theraggfers to shapingthe dose
distribution as dictated by choices dhe clinician Clinically, forwardplanning
optimization involvesperturbing thenumerous degrees-freedomfor treatment €.g,
gantry angle, beam weighting, fluence patteadditional fields with fieldn-field’®) to
achieve a desired dose distribution, whereby the perturbatiomgpézally derived from
anecdotal experiences of thenatian. Conversely, inverseptimization definegdosmetric
goalsor constraintge.g,criteria fordose tassome percentage of t@getanddoselimits
for normal tissuesalong with their relative importance (determined by the planner). The
optimizer poposes a series of fluence intensity patterns (or aperture shapes depending on
the optimization techniqyeand a dose distribution is calculated. The deviation of each
dosimetric goalfrom the idealvalue is converted into aost andsummed across all
dosimetric goalgo represent the cost functiomhereeach cost is weighted g relative
importance. This process is repeated numerous times with each itesatigmperturbation
to thefluence patterngo minimize the cost function (or commontgferred to as the
objective function)”’® In the seminal paper by Brahna al,’”® the use of intensity
modulated radiation beamsrfa series of fields in rotational delivery wdsveloped to
produce homogenous dose distributions in complex target sAdpesechnique was later

paired with inverse optimization to achieve conformal avoidance of normal assuis

11



known as intensitynodulated radiation therapy (IMR?.To create treatments with this
method, each intensity pattern (shaped by the Mio€)each BEVis subdividedinto
hundreds of individual beamlet¥he weighting of the individual beamleatsiteratively
perturbeduntil plan qualityimprovesno furthereither using the steand-shoot®! or sliding
window techniqué? A subsequent optimitian step follows the optimization of the
distribution whee a leafsequencing algorithm translates the intensity distribution into a
set of MLC aperture®. Alternative algorithns exist which synchronously optimize leaf
sequencig and aperture intensities known as direct aperture optimization (BA@),
Direct Machine Parameter Optimization NIPO}* by the Pinnacle planning system
(Philips Radiation Oncology Systems, Milpitas, JC&nd is based upon the principle of
DAO.

Another embodiment of alMRT-style delivery is one where thie an arebased
delivery where the gantry rotates, and the MLC moves while radiation is being delivered.
The first commercial implementation of this technique is intersitglulated arc therapy
(IMAT), now commonly refered to as volumetric arc therapy (VMA%)%The advantage
of VMAT delivery is increased therapeutic efficiency while maintaining or improving
dosimetric outcome¥:%2

The CKandGK systemscannot produce atlbased deliveries, thus, theynploy a
slightly different version ofthis treatment methodology by adding the dosimetric
contributions from individual Ashotso (fix
individual source positions with GK§:**When compared with GK, conformity with the

MLC (C-arm linac or CK MLC)has been shown to be norferior.5>%
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Figure 3: Example of fitting achieved with intensity modulated therapy with complex
aperture pattern shaped by the multileaf collimatorto shield surrounding tissue in
(A). Example of conformally fitting with a multileaf collimator to two lesionsin (B).

For many centregreatments of secondary malignancies in the hiizeswhole-
brain radiation therapy (WBRT) in conjunction with SRS and/or surgical reséefitn.
The efficacyand safetyof adjuvant therapy of SRS with WBRT was retrospectively
evaluated bymultiple clinical trials by theRTOG.1% Someinvestigations have explored
the feasibility of treating multiple metastes with SR&lone Yamamotoet al found that
the treatment of five to ten metastases with SRS was noninferior to the treatment of two to
four metastasesnd ongoing trials are exploring the treatment of five to fifteen
metastase¥® The use of SRS in place of WBRT for treating multiple metastissas

treatment paradigm which is continually evolviag WBRT has been shown to cause

13



neurocognitive declin®”1%®An ongoingclinical trial is exploring possible improvements
with WBRT by adopting ahippocampl avoidancestrategy when comparirtg treatments
with SRS alone for patients with five to 20 cranial lesitfis.

Thesuperiority ofintensitymodulated therapies conformal arc therapidsr the
treatment of multiple lesiongmainsas a point of contention within the field of radiation
therapy.In general, the necessanonitor units(MUs) are higher for VMAT plans due to
aperture modulation during deliveryo create DCA plans for multiple lesions different
methodologies have beatevelopedsuch aghe Elements™ Multiple Brain Mets SRS
(MBSRS)by Brainlab Brainlab AG, Munich, Germanywhich treas subsets of the total
number of lesionausing specific arc&®# With respect to plan quality, conflicting
evidence has been shown in the literature. Vatext found that VMAT producedbeter
homogeneity idex (0.16versus0.24 + 0.07 for DCAvith MBSRS and conformity index
(0.8 £ 0.08 versus 0.71 £ 0.08 for D@Ah MBSRS whereas the Mgeywas higher (13.5
+ 6.64 cc versus 9.26 + 4.57 cc for DGAth MBSRS, where Mogy is the volume
receiving 10 Gy or me.®® Hofmaieret al found that conformity was similgmedian of
0.75for DCA MBSRSversus 0.73VMAT) with better healthy brain sparing for DCA
(V10ey median of 3.Zc versus 4.9 cc for VMAT) and lowdiUs (median 4569 versus
5840 for VMAT)CLiu 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 receivig 12 Gy or more\(12cy andvolumes receiving 8 Gy or mor&/ 4cy)
(median: Magy, vmat = 19.2 ccC, \Mocy, mBsrs= 23.7 cc; P = 0.0001;8¢y, VMAT = 44.1 cc,

Vsey, MBsrs= 53.6 cC; P = 0.02&)1.5
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For the average cranial lesion, treatmevith linacsusually takeapproximatelyl5
i 20 minutes per isocentré® Thus, treating cases with multiple lesipmsich with a
separate isocentecpuld leadto long treatment times he use of a single isocentre for
treating multiple lesions simultaneoustyan attractive optiodue to the inherent gaim
treatment efficiencyClarkeet al evaluated the feasibility of treating thig®in metastases
simultaneously with three nesoplanar arcs and found that treatment plans were
comparable with multiplesocentre plans with smalleri)&y for lesions that were close
togethert!’ Clarkeet al also investigated plan quality winéreating up to five lesions with
single isocentr&/ MAT and found that2 to 4 arcs \as sufficient to produce clinically
acceptable plans with aedianPaddickconformity index of0.86 and a mean Paddick
gradient indexXGI) of 3.34 + 0.42° Huanget al explored plan quality metrics between
single isocentre DCA (SIDCA), multiple isocentre DCA (MIDCA) and VMAThey
found theRTOG conformityindex (ClrTog) to be best with VMAT when treating with a
single isocentre (1.15 + 0.09 versus 1.38 + 0.12 for SID@greas th&sl was worse
(4.34 + 0.46 versus 3.97 + 0.51 for SIDCA, p < 0;ahbey also founda substantial
reduction in delivery time when treating with a single isocentre (52% for SIDCA&#¥td
with VMAT when compared to MIDCAJ?

When treating small indicationfless than 0.5 cc) stereotactic cones have
historically bea the standardio create small, conformal dose distributions. But, with the
refinement of theMLC as mentioned irsectionl.4, treating without the need for the
externally mounted cone systems bhacome feasibleRoppleet al. introduced a virtual

cone techniqua which two pairs of opposed MLC leaves with a sngalb between the
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leaves are used to shape the treatment field. In addition, the techelyess a given arc
twice withorthogonal collimator angles to create a dose distribution comparable to that of
a stereotactic coné® The virtual cone technique has been demonstrated with thalatomy of
the nucleus ventralis intermedi@gIM) ,'° dorsal nerve root ganglion ablatiéf,and
trigeminal nerve ablatiott! The treatment of small targets suchtlastrigeminal nerve

have alsobeen demonstrated with P& static onformal fields shaped by ti¢DMLC.1%2

1.6 MOTION MANAGEMENT AND IMMOBILIZATION FOR SRS

For intrafractionaleither interarc or intraarc)image guidangekilovoltage kV)
andmegavoltageNIV) imaging optionscan beused ora C-arm linac.Positioningwith
individual kV or MV imagesis referred to as monoscopic imagingiere images are
compared with digitally reconstructed radiographs (DRRs) from the p@&ti€iit data set
to derive necessary corrections in-sptpositioning On a conventionainac, the kV
imaging systenfx-ray generator and detectas)mounted orthagnaly to the central axis
of the treatment beam abown inFigure4. The ability to perform image guidance with
respect to the treatment beam is inherently limited by the coincidence of the kV imaging
isocentreand radiationsocentre Guidance documents suggest this shoultinbiged to a
maximum oft 1.0 mm*4TheMV imagingsygem uses a target within the head of the linac
at the same location as the treatment beagetand its detector, known as the electronic
portal imaging device (EPIDis mounted along the central axis of the begafe(red to as
BEV imaging) also showrin Figure4. Use of MV imaging for registration with DRRs

usually necessitates image yp@cessinglue toa dissonance with DRRs later addressed
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in Section2.4.123124The inherent limitation of MV imaging when compared with kV
imaging is inferior contrast, spatial resolutiGhand larger imaging dosé®'2’Borsavage

et al investigated the use of a sintered diamond target for the 2.5MV imaging beam in a
Varian TrueBeam LinacMarian Medical Systems Inc., Palo Alto, CA) areborted
enhanced contrasb-noiseratios (CNR) of approximately 16% to 19% in cortical bone
when compaed with the commercial 2.5 MV beaf® Similar results were seen by Parsons

et al with the modeling of a 2.35 MV carbon beam using Monte QAfi0).12°
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Figure 4: Monoscopic and stereoscopic imaging available on -&m linac.
Stereoscopic imaging shown with the Exactrac® system (Brainlab AG, Munich,
Germany). Blue arrows indicate the rayline direction of stereoscopic imaging, red
arrows for kV imaging and yellow for MV imaging.

In a clinical setting monoscopic imaging is rarely used alohgstead pairs of
orthogonal images (kV/kV or MV/MV or kV/MVdr kV cone beam computed tomography
(CBCT)is usedo perform image guidanciter-arc CBCT is usually not utiled as it is
slower and may not be necessagiyven the rigid relation between a brain tumor and the

skull. Most commonly,a pair of orthogonalimagesis used,with one being from the
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anteriorposterior(AP) view andanother being from theght-left (RL) or left-right (LR)
view. In this format, 2B8D registration isimplemented byiteratively applying
transformations to one image set and calculaisgnilarity metric (to assess registration)
in both imagesUsing ®mordinate system transformatioas demonstrated by Fu and
Kuduvalli,**® 2D-3D registration is achievable for any combinatimismaging view
points One such implementatiaf this technique is withx@ernally mountedtereoscopic
systemssuch as thoseised by the CK pléarm!! as well as the ExacTr&csystem
(Brainlab AG, Munich, Germanygsshown inFigure4.1*2 The limitation of thedeploying
2D-3D registration to derive positional corrections for all degreesof-freedom for
motion (translations and rotations about each principle axis) is thaif-pléne rotations
can not be directly quantified; e.g, for two orthogonal images iAh@ndRL view, a roll
correction would be impossible to directly assess. éaak investigated the couiplg of
perceived rotations and translation witth@mgonal AP and LR MV/MV images and found
that with clinical seup errors less than 0.7 mm (translation), registration errors could be
no better than + Q%233

Thereexistcommercially available systems which do not utilize ionizirdjaton
for positional tracking, namelyptical surfaceimaging with speckledight patternsand
infrared(IR) markertracking Opticalsurfacamagingworks by projecting a known pattern
onto the skin of the patient and extracts features from said pattern to derive 3D information
such asthe AlignRT system (Vision RT, London, UK¥ystem While this method
possesses the ability to capture near continnoasitoring information(up to 60 frames

per second)it suffers from ghosting®*as well as false positives and false negativelsan t
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case of skin monitoring®® IR markertracking monitors the position of a reflective marker
for the GK system, a marker is placea the tip of the nose durintgerapy and is imaged
at 20 Hz its position is monitoredelative toits initial positionthat isestablishedn the
pre-treatment CBCTE3® The limitation of this technique is that the tip of the nose is
susceptible to deformans and rotations of the craniynand thus does netecessarily
represent positional deviations at the tagjet®>"*8 The IR marker tracking method is
also available on @rm linacs such as with théarian Realime Position Management
sydem (Varian Medical Systems Inc., Palo Alto, CAhich monitors IR markers on a
bl ock which sits on the patientédés chest du
that it assumes a correlation between the markers and the tumors motion during
respration 13°

During delivery ofradiosurgery, substantial effort is taken to ensure fidelity with
planned positioning. To that end, minimizing motishile radiation is being delivered is
of paramounimportance Historically, framebased systentsave been used to immobilize
the patientby rigidly fixating to the patients skuf**'*'. e s k e | | ds$ereatactic g i n a |
frame was improved uparough the introduction of the BrowRobertsWells (BRW)
and CosmofRobertsWells (CRW) frameswhich could be used in modermiinical
workflows with CT and image guidancé % Rigid framebased systems suffer from
several drawbacks including slippittrisk of bleeding and infection at the screw $ite,
as well as added stress and anxiety for the pateablogist, planner,ral neurosurgery
staff for treatment delivery coordination as treatment must be completed within the day.

Framebased systems haesolved into various manifestations such as the Gibmas
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Cosmon(GTC) frame which and utilizes a b#mould system for immobzation and can

be utilized for fractionated radiosurgéfy.This system however does obstruct the beam

path for some trements making it unsuitabfé® Newer frames such as the PinRdiame

(Aktina Medical, Congers, NY, USA) have incorporated sophisticateehtmmgd systems

with integrated vacuum suction that improves contact and loses pressure when the patient
moves*® A modern trends towards the use @fframeless immobilization systewith a
thermoplasticmask vni ch conform t o t he®B3p4¥2%anist 6s f a
system allow for fractionated therapyis norrinvasive,demonstrates improved patient
comfort!®* andeasily usable in radiosurgical weflows.

As mentioned above in Sectidnl the stereotactic coordinate system is one that
allows for the localization of anatonaicsites (typically theTV) by utilizing affine
transformations taelate coordinate spaces during stereotaxis, namely: the anatomical
coordinate systerand the coordirta system of the fram&? The informationdescribed
below is unique tonedical linacs as it pertains to the device used for delivery in this thesis.
To define a stereotactioordinate systenCT or MR simulationcan bamplemented with
a localizer box over the stereotactic frame (which is intrinsically linked to the coordinate
system of the framé® or framelessdased immobilization system through medhah
fastening)or with other commercially available systems like the BrainLab frareir{lab,

Inc, Westchester, IL}* The localizer boxghouse variousonfigurations ofadio-opaque
bars that relate anatomical locations to the coordinate system of the'¥famim the case
of the Brainlab system, relates the positions offhmarkerson the frameo theisocentre

of the planning data sét!
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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 haveditentre
location defined in the treatme planning systen{TPS) mapped to the faces of the
localizer)**When thermoplastic mask systems are used, such as the BrainLab ERacTrac
system Brainlab, Inc, Westchester, ILpatients arenitially aligned to isocen¢ by IR-
guidancewhich is then followed by some subsequent form of imageng, étereoscopic
imaging)®®* To verify the coincidence of th&xacTrac® system with the radiation
isocentreof the auxiliary system, a cat#tion is conducteldefore every treatmerh series
of alignment tests are conducted with anplRantom and Wiphantom using the IR
alignment system in conjunction with either stereoscopic imagfiy imaging!™>* or

MV imaging™®’

1.7 CURRENT LIMITATIONS OF SRS

Despite thecombined effortof image guidancend immobilization systemsto
minimize positional errors during treatment delivemgrafractional motion can still occur
The magnitude, and frequency of motions observed during cranial radiosurgery has been
explored in the literature for athanner of commercially available immobilization systems.
Babicet al explored translational and rotational intrafractional motionsdmgparing pre
treatmentCBCT to one taken posteatmentfor a variety of framebased systemshey
found that thepatients usingCRW framehad a mean 3D error of 0.30 + 0.2In while
the patients using the nénvasive GTC frame had 0.54 + 0.76 mMtAThe noninvasive

PinPoint frame reduce8D 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 flafdewrsinic
observedthat theBRW frameallowed for an average motion of 0.93 + 0.22 mm as
determined with optical imaging tracking a fiducial plate wikhgnRT (Vision RT,
London, UK)°

Frameless systems avecoming increasingly mo@mmonfor radiosurgery and
SRT due to ease of use, and improved patient experience. Quality, and tigifitiiess!
impact the performance of immobilization, which is largely dictated by patient
tolerancet®®1%1Using the BrainLab (Elekta AB. Stockholm Sweden) thermoplastic mask,
Gaevertet al. quantified intafractional motion witha posttreatment kV Xray images
(occurring 14.6 = 3.9 minutes on average aftetupeimaging) for 40 patients receiving
SRSand founda mean 3D error of 0.58 + 0.42m with motions reaching up to 1.8 mm
and 1.58.1%2 performing a similar assessment with 104 patients receradigsurgery,
Lewis et al. quantified translation motion with kV images t&to time points during
therapyas shown ifrigure5; they found the maximal average motidmhe first time point
(0.79 £ 0.45 mmjand saw maximal 3lisplacement of 3.64 mi3Comparisons between
frameless thermoplastic immobilization systems fache basedsystems by Carminucci
et al found a significantly higher variance of intrafractional motion with the frameless
system (p < 0.05)°* Ramakrishnzet al similarly compared these twimmobilization
systems anfbund a larger proportion of patients exhibiting motions greater than or equal
to 1.0 mm with the frameless makksed system (22% compared to 3% for the frame
based systentf* The magnitude, and frequency intrafractional motion during within

thermoplastic masks has been shown to increase with increasing treatméat e
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Figure 5: Translational intrafractional motion within a thermoplastic mask derived
from kV images at two time points during therapyin the left-right (LR), anterior -
posterior (AP) and supeior-inferior (Sl) direction. (a-c) were derived at the first
imagi£13g time point, (d-f) were derived from the second time point. Images from Lewis
etall

Motion during treatmentas the potential to negatively impact normal tissue dose
constraints, as well as compromise therapeutic covetgekenbergeet al calculated
dose distributions in 72 patients wibrain metastasewhile simulating intrafractional
motion (translationsand rotationsderived from postreatment CBCT; they found that
each simulatednillimetre (3D-vector) of motion resulted in a 10% and 6% reduction of

the Paddick conformity index and coverage index respectif®Wanget al investigated

24



the dosimetric impact of simulated intrafractional motion on 20 patients receiving
stereotactic body radiation therapy (SBRT) for spinal metastases; they fouhd dioaof

20 patients exhibited a max dose increase greater than 25% to argakgOAR with a

2.0 millimetre shift along theAP axis, andup to an approximately 10.0% decrease in the
targetvolume receiving 95.0% of the prescription doses(V° The treatment of multiple
lesions simultaneously with a single isocentre is hlgbly sensitive to translational and
rotational errors. Ropest al. performed a retrospective doeetric analysis ofotational
errors on 50 SRS cases with multiple metastases and fbah@, and distance from
isocentrenere predictors for compmises to target coverage as demonstratétiguares,
where the probability of coverage (determined ky) ¥ shown to decrease in a complex
manner as a function of distance of target fisotentreand TV sizel’ Similar resilts

were determined by Minnigt al. when simulatingntrafractionalmotion asdetermined
from posttreatment ExacTr&cimages on patients receiving SIDC#here 90.0% of
targets with a s less than 95.0% had a volume less than 0.4 cc, and were located 3.9 mm

or more from isocentr&?
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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 05rotation would not impact any target size range for
distances up to 8.0 cm from isocentre. Image from Ropet al'’

26



1.8 RESEARCHOBJECTIVES

As motion during therapy is unavoidable and has been shown to increase for long
treatment times, the efficiency of treatment delivesy of significant importange
particularly in SFS. Manufacturers have recognized the importance of treatment efficiency
and have made great strides to maxintiesefficiency of treatment deliverypy means of
hardwareimprovements such as the flattenirigter-free (FFF) beams which increase
doserate, and softwarelgorithms improvements such asElement$™ Multiple Brain
Mets SRS by Brainlab (Brainlab AG, Munich, Germany)

This thesisinvestigateswo novel strategies for improving the fidelity between
planned and delivered radiosurgégymeansof improved treatment efficienggas well as
a motion correctiorstrategyfor cranial SRS workflows. The improvements in treatment
efficiency would comérom the manipulation othe movable aasof a Garm linacduring
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 treatnmt couch and gantry angldefined as a control pointphortening
the distance ofhe radiation source to isocentre woulddeo increases in the effective
doserate at the target, which in turn would necessitate the delivery of fielusrto
produce thsame dosimetrioutcome The improvements in treatment efficiency by means
of delivery at a shortenedocentre must be achievable without dosimetric compromises
for the intendedV as well as the surrounding tissuBstecting and correcting for motion
that could occur during thergpwvould be achieved witltontrol pointspecific couch

motions derived from MMmaging
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The work in this thesiexplores questions pertaining to motion during cranial
radiosurgery: 1) What are the dosimetric consequences fom&g8itude motions and
for what target sizes do they compromise plan quality virtual cone treatment settihg
2) Can we detect SR®agnitude motion with MV control poirgpecific imagng and
correct for these positional errors with couch motions? 3) Wanmplement couch
trajectories to improve treatment efficiency and arerehgosimetric consequences
associated with these motiédhsThese questions are explored in a serieshoée
manuscripts as follows:

Manuscript 1 is presented inChapter 4. This manuscript addresses the first
research question by exploring the dosimetric consequences of simulatedagRiBude
intrafractional motion whilereating small spherical targets (less than or equal to 1.0 cm in
diameter) with a virtual cone. Dose metrics for TAé as well aghe surroundingnormal
tissue are explored for vawus target sizes, aperture sizes and types of motion.
Relationships betweethese variablefor clinical decision making is discussed within.

Manuscript 2 is presented in Chapter5. This manuscript addresses thecond
research question by exploring thessibility of detecting SR&agnitude motions with
control point-specific MV regiorof-interest (ROI) imaging using a 3D printed skull
phantom. The investigation establislaemethodology for creating ROI imaging plans for
cranial SRS which minimize registration errors without the need for user intervention. The
characteristics of the aperturggoducedfrom this algorithm are explored//hile

simulating intrafractional motion on a Varian TrueBe@ix Linac, positional accuracy is
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evaluated when using the ROl imaging plans to detect and correct for motion whamgimagi
the 3D printed skull.

Manuscript 3 is presented in Chapter6. This manuscript addresses ttherd
research question by exploritige potential gains in treatment efficienapdplan quality
when delivering at a shortened, virtual isocentre with cougjedtories.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 isocentris shortened with an tent to deliver at distance of closest
approach while avoiding collisierof the linac with the patient and/or treatment couch.
Plan metrics for th&V (s), as well as OARs are explordddelivery efficiency analysis is
calculated for each of the plans bdsupon the velocity limits of the axes of the linAc.
subset of the SRS plaasemapped to a cranial SRS phantom with an insertable holder for
radiochromic film and ion chaneln The plans are delivered at a standard isocentre, and a
virtual isocentre ilDeveloper 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 desaribige theoretical and algorithmic
considerations pertaining to te&perimental and modelling methodolagged to conduct
the investigations presentedhe third chapter addresses the explicit methodologies
utilized to conduct the work in Chapter$4vhich areotherwise not addressed within each
respective chapter. The seventh chapter summarizes the main findingrom 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 generatesdmgigy x-rays by
directingrelativistic electrongto atarget (often composit€opper (Cupr Tungsten (W))
For the work in this thesis, the MV FFF beam is exclusively used for aleatment
deliveries.Commonly, flattened beams are referred to by their energy, e.g, 6MV beam;
andFFFbeams are similarly identified byMV FFF.This photon beam has a maximum
dose(Dmay) at 1.5 cm depth in water, with a relative dose of 64.2% at 1@egth for a 10
x 10 cntfield at 100 cm sourcto-surface distance (SSD). The behasa maximum dose
rate of 140MUs per minute where 1.0 MU is equivalent to 1.0 cGy at 95 cm SSD, 5 cm
depth in watet”® Other beam energies are available such ag\t015MV, and 10MV
FFF but these are not considered in this wAidcelerators are able to change energies by
changing the power transferred to the electrons within the accelerating wavEgtice.
Sometimes this can be coupled with the change of tafgetthe imaging performed in
this thesis, the 2.5 MV imaging beam was us#ith does use a different target than the

clinical treatment beam.

2.1.1.Beam Generation

The information from this sectiontiaken from Karzmark and Mortdff as well as

Mayleset all’’ To produce xrays,several different systems can be uséatian utilizes a
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dispenser cathode which dispenses barium to the surface of the cdthatiere a
kilovoltage potential difference across the cathode heats up the filament causing electrons
to fAboil 0 oa0iddmission. &hesetelectrons are injected int@@relerating
waveguidewith a speed approximately equal@o of the speed of light. Radiofrequency

(RF) pulses with a power in the range d ® 5 MW generated by either a magnetron or
klystron aredirected towardthe wave guide with a frequency of 2.856 GHz fdvehd

linacs or 8 to 12 GHz for %and linacsThe waveguide is a structure tlzaicelerates and
bunches electrons through interaction with the oscilladétggtromagnetic waveroduced

from the RF power source. Two structures have been used, a traveling waveguide and a
standing waveguidd he electrons leave the waveguide with speeds close to the speed of
light and are steeredy bending magnets. Different manufacturéve implemened
different configurations of bending/steering to direct the electron beam towards the target;
Varianuses a gradient magnetic field system to bend the bearfi, dftereasElekta has

used a 112%5slalom bending systenThe redirectedelectronsare incidenton @t ar get 0
where bremsstrahlunghptons are produced’he combination of electron energy and
target material ensure that the photons are preferenf@ilyard directed towards the

patient.

After photons are produced, the beam pass through a flattening filtathich has
a few effects: 1) it flattens the beam protidebewithin 3% across the region definbg
the inner 80% of the apertua¢ 90 cm SSD, 10 cm depthwater, this isaccomplished by
using a conical flatteninglter 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 dueto the preferential attenuation of low energy photons resulting from passing
through the thickest region of the filtéf.3) Change the relative dose at a reference depth
compared with wilattened beamd.he presence of the filter significantigduces the dose
rate compared to unfiltered beamscillary componentgdual ion chamers) downstream

of the flattening filter stage are organizeda feedback loop configuratiomith the beam
steering components above the target. The ion caesmibnitor thebeam output as well

as theradial and transverdeeam profilewhich is actively used to update the radiation
beam during treatment deliver$everal components after the tetrgre utilized to shape

the radiation beam leaving the linac hepdriary collimator,Jaws, MLQ. A schematic
representationhe main beargenerating components ofraedical linear accelerator is
shown in Figure 7 where other notable components have begduded for clarity

includingcooling,the pulse modulator cabinetnd voltage delivery.
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Figure 7: Schematicrepresentation of the beamgenerating components of a €rm

linac.

2.2.

2.2.1.Photoninteractions

When amonoenergetipencilbeam of photons iscident on a material, tHeeam

is attenuated, and the incident number of photdonis reducedy:

0Q
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where‘ is the attenuation coefficient of the materidhe attenuation coefficient is
dependent upon thelemental composition of thmaterial and the density, There are
tabulated values of the attenuation coefficient divided by the deh3ity,and these are
referred to as the mass attenuation coeffits. The coefficient; I’ , is composed of the

sum of all mass attenuation coefficients for the probabilistic interactions that a photon can
undergo ina materialln human tissuehtre arefour common interactions thaanoccur

within diagnostic 251 150 keV) and therapeutic (® keVi 20 MeV) energy range
namely: Rayleigh scattering, thghotoelectriceffect Compton scatteringand paif
production Descriptions of thee interactionsan be found elsewhet®’ The predominant
interaction (in tissue) within the diagnostic energy range is the photoelectric effect, and the
predominant interaction in the therapeutic range (for the BxFFatment beam utilized in

this work) is Compton Scattering.

The mass attenuation coefficierdf the Compton interactionis effectively
independent of atomic numbas it reduces tp © —x 1@ for most atomsThus, the

probability of a Compton interaction occurring in matenaith different atomic numbers

is effectively the sameGiven that the electron density of atoms contained within tissue
does not vary significantly (as tissues arealngtlarge not ionically chayed) 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 contrasivhen using kV imaging (diagnostic energy rangeg

dependence of the photoelectric effeghibits a much larger relative differencetire
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interaction crossection between materialgiving a much larger contrast. The mass
attenuation coefficients of tissue and bone as defined by ICRA&#! is shown inFigure

8.
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Figure 8: Mass attenuation coefficients as a function of energy for tissue (ICR@4)
and cortical bone (ICRU-44). Subscript PE denotes the photoelectric cross section
and subscript C denotes th&€€ompton cross section.
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2.2.2.Electron Interactions

In this section, the information presented will focus on rtiwion of electrons
through a materialas they are the primary sourcedafsefrom an incident photon beam.
When electroapass through material, they go through several different interactions that

cause them to lose enerdgnergy loss per unit distance for these interactions is quantified

by stopping power, commonly represendsdhe mass stopping power—  , whichis

the sum otwo contributionsthe mass collisional stopping power,— , and themass

radiative stopping power—

Themass collisional stopping powisrthe result othe large number of collisional
events in which a moving electron loses energy via Coulombic interactions with every
charged particle in a mediunthis interaction is separated into two types of events,
namely, softor hard collisions andare distinguished by the proximity of the trajectory of

the electron in relation to the atamdius,&y shown inFigure9,
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Figure 9: Electron interaction where a moving electron (green) passes by an atom
with an atomic radius,=|=, with a proximity, -H— referred to as the impact parameter.

where,Q) is referred to as the impaptrameterA softcollision is one where an electron
passes byhe atom at a large distancel ¢ whereby the interaction of the Coulombic

force field of the electron transfers momentum, and thus, energy to thé®tarhard

collision is one where the electron passes by at a distance on the order of the atomic radius,
@ & which results in the ejection ah orbital electron, referrdd asa delta( ray %2

To describe the energy lost by the electron undergoing these interadieths®
combined the contributions fromoftandhardc ol | i si ons based upon

section for electron¥*
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The massradiative stopping powetlescribes the energy loss of an electron that
passes closes to the nuclets, ¢ and is described bittix .8 This interaction resustin
the production ofbremsstrahlung hptons from the deceleration of the elaon via
Coulombic interactionwith the electric field of the nucleus. Up to 100% of the energy of
the electron can beransferred from thenergy stored in the electric field of the electron

to thebremsstrahlung photdf.

As statel earliey dose deposition in a materialtlse result of energyransfered
from movingelectronghat wereset in motion by incident photonBhe dose deposited at
some depthgy can be calculated witthe differential chargegarticle fluence spectrum,
5 (calculation of this spectrum @iscussed ithe context of treatment planning systems

in 3D laterwithin Section2.2.4.1with symbol,u ), and used to determine dose with:

0 Qw "Qw

, Ow QY

O
This calculation makes two assumptions about dose depositi®inoigns produced by
electroninteractions with the nuclear field will not deposit dose locdihstead,via
subsequent interactions which set in mobtmer secondary electrons). 2) Charged patrticle

equilibrium (CPE) exist&allowing for the exclusionf dose owed tp -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 elecfrons an
incident photon beaneads tocomplex integrepartial differential equatioa'®® These
equatiors arecomputationallyintractableto solve, even wit approximations. Tis, the
MC dose calculation framework sibeen developed to model the transport of photons and
electrons in a material. The algorithmic premise behind the technique involves sampling
probability distributions of stochastic processeshwé 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 tigeometrie, as well as egrgetic afterproducts of that interaction
are The are twoinherent limitatiols of MC methodsto accurately simulate radiation
transport 1) The data utilized to determine the outcome of individual interactiens (
crosssection data for each interacticas well as approximatierthat go into sampling
probability distributions) are derived from an amalgamation of theoretical and
experimental measure3he limitations of these variousteraction typs have been
discussed at length in the EGStifand EGS#® manuals2) TheMC method simulates
a finite number of usedefined histories) , which isintimately relatedo the convergence
of the system to analytical solutions of the Boltzmann equagwimsh describsradigion
transpor)t. Thenumber of histories is representative of a partial sampling of the stochastic
nature of radiation transpoihus quantities that are derived from MC simulations are

subject to statistical uncertainty which are proportional to” .27
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In the following, the MC approador simulating radiation transport amployed
by Kawrakowet al. will be introducedollowing a generalized history of a photon as it
progresses through a MC simulati$® The first required action is to determine the
distance to the next interactiai, by sampling the cumulative probability distribution

function which describes the probability of an interaction occurring with:

o I Ip i 3

WhereH is the linear attenuation of the material, aid 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 Secfdhl, given that the
attenuation coefficient is the sum of the possible interaction coefficients (Rayleigh
scattering, Compton, photoelectric, paroduction) a stepwise function can be constructed

for randomsampling with,»; to determine interaction type with:
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Once an interaction is determined, the kinematics of the probkstine resulting angle(s)

and energies dhe particle(s)following the interaction is determined lbgcomposing the
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differential crosssections of the respective interactioto a probability density function

which can be sampled witrandom number

Following a photon interactionwhich produces aecondarycharged particle
(electronswill be consideredor simplicity), the history of the charged particle will be
followed until it loses all of its energys shown by Podgorsadk>1%°a 10 MeV electron
can undergo up to #dhteractions in oxygen before sling down. To fully simulate every
interaction an electron would participate in would be too computationally expensisge; th
an approximationreferred to as the condensed history technigas developedyy
Berger!®' The concept of the technique is to combine thalkeffect electron interactions
which result in small angular deflections and energy losses into largetstepske the
process more computationally feasitimergy loss between electron pateps (between
Acatastr ophi civ approrimated layc thd comtgyous slowing down
approximation (CSDA) which is governed by stopping pow&dhe smallangular
deflectionsalong an elecbns path within the condensed history technigreemodelled
by several smadingle theorie$®The electrods history will be simulated with fevatger-
stepsby 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 electrenr anspor t i s -ldeincgttameerdmatnid a st
this parameter has been shown to create artifacts at bowststigeen different medig3
At each interaction site.€t h e A c adeses)f an iotgrdtiorctype is selected based
upon thestepwise function describing theross sectios of possible eves (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; lmmdc ol | i si ons t he Msl |

sampled, for bremsstrahlung interactions the Bétbitler cros sections are sampléY.

2.2.4.Treatment Planning System

Calculating the absorbeddose from radiation produced by anedical linear
acceleratord a complicated process that requires transmpé radiation beam through
two different stagedn the first stage, the radiation beanmresporédthrough the beam
shaping componentd thelinac whichcontainhigh atomic numbeamnaterials for shielding
In the second stage, the collimatediation beam is incident oa patient geometrwhere
a dose deposition calculation is performed. This final isteffected by various intricacies
such as tissue heterogeneities and obliquities through the curehtdifeerent material
interfacesTo simplify this processa clinicaltreatment planning software (in which there
are several different versions produced by different vendousiized to approximateahe
various radiation transport scenarios mentioned above with algorithms and experimentally
verified data repositorie$.or Chapter 6the Eclipse integrated treatment planning system
(TPS; Varian Medical Systems, Inc., Palo Alto, Upb#as used and will bantroduced
below.

Monte Carlo simulations of radiation transport through thetopam components
of the linac before the collimation systeed,target, primary collimator, flattening filter,
etc.) are conducted to generate a photon beam model foraoataton in the TPSThe

configuration of the input modés based upon feedback from measured clinical. ddta
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components of theammodelinclude: the photonenergy spectrum, the mean radial
energy with respect to the central axis, and the beamsityerofilewhichis unit-specific.

The phase space simulates the treatment beam with four separate models: 1) The primary
photon sourceesulting frombremsstrahlung photons produced in the target. 2) The extra
focal sourceesulting fromphotons thatt@ produced from interactions in the components

of the accelerator head. 3) Electron contamination source which would represent dose
deposited within the buitdp region that does not come from source 1 or 2. 4) Photons
scattered from the wedg@evhen a welge is being used. Eclipse currently comes equipped
with two dose calculation engines, namely: the Analytical Anisotropic Algorithm
(AAA) 195197 and the Acuros XB advanced dose calculation (AXBY°. Both algorithms

will be briefly described below.

2.24.1. Analytical Anisotropic Algorithm (AAA)

Prior to dose calcation the TPS divides the material data of the dteggosition
volume (clinically the patientsd CT scan)
divergent, aligning with divergence of the treatment beam; the voxels are then assigned
with the mean eleatn density of the local mediurh, ciuftx . The treatment beam is
subdivided into finite beamlefs, which are incident on the deseposition volume to

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

superposibn:
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where @RI is the calculation point relative to the beamlet coordinate sysi#ito
andi is the fluence of the beamlet. The photon scatter kdrnéfyddi’ |, defines the
absorbed energy at locatioghghx with respect to the beamlet derived from Meéncil
beam scatter kernels. The energy deposition funci@if? , models photon beam

attenuation throughout the material. This function is polyenergetic and is created from a
superposition of M@&nodeled monoenergetic beafnshus, the relative contrution of

eachO aif 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 calculatiopoint, D , by scalingOandll with the concept of radiological

path-scaling:

a Qo0 (6)

o4l 0§ P (7)

To adequately handle the impact of heterogeneities on the scatter kerthel kernel is
first collapsed to the depth dimensidrand is preemptively deconvolved with the energy

deposition function before calculating equat{®nhwith:
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Dd 0§ QED & (8)

Where§ denotes the convolution operator dind & 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 densgim 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 wiitther radiation sources/interactiors.utilizes the same
machine model as the AAA algorithm (comprising of the same four source components).
Differing from the AAA algorithm, AXBdirectly models different radiation interactions
in matter; to do this, theoxelized dose calculation volunieeconvertednto amassdensity
grid (derived fromthe imaging data set with the CT calibration cyraad thechemical

composition of each materiel used to calculate thEhotoncross section:

o T om 9

where” is the masdensity,l is the mass of the atom in the voxel, ané the cross
section for eacphoton interactior(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. AnalytiballAXB
algorithm is solving the timéndependent coupled Boltzmann equations which take the
form:

-t- i r ’
mt ey W n n (10)

mtRy o, wo o —0woA RN

wheremis the directionality functiomn spherical coordinates. The parametgr, is the
angular fluence whemdenotes the photon ) fluence or the electrort) fluence. The
parametemy , is the scattémg source wheran adenotesthe photonphoton ([ [

scattering sourcef photonsresulting from photon interactisnthe electrorelectron Q 'Q
scattering source of electrons resulting from electron interactions, or the jhettion
(¢ 'Qscattering source of electrons resulting from photorracteons.The parametet |,

is the extraneous source from a point source P, whdemotes the photoh (or electron
(Q source.The parameter , is the cross section whesedenotes the photori (or
electron Q cross sections and denotes the total cross section. The paranig@enotes

the restricted collision and radiative stopping power.

Steps 13 in the AXB algorithm numerically dems the final angular electron
fluence y , through various discretizatisof geometries,jinitations of scattering models
as well as cutoffs for energy deposition conditions. Once the angular electron fluence ,

is derived, the dose every voxel withinthe medium is calculated with:
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where, is the macroscropic electron energy deposition cross sectioi@ ands 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.a clinical setting, published protocoks.§ TG-511"% can be
used to accurately quantify the dose output of a linac under a prescribedefetarice
conditions (more on this below). With knowledge of the dose delivered by the linac, it is
then possible to cross calibrate other dosimetry systemgdilm, other ion chambers) to
permit the translation of a measured signal (optical deositytegrated chargento dose
in conditions other than reference conditions. This chain of cross calibration is critically
important in the setting of small field dosime{seeSection2.3.1) where some detectors
used for clinical reference dosimetry are simply not appropriate for small field dosimetry

measurements.

The modernprotocol for reference dosimetry was establisinedG-51 where the

dose tdiquid water,O , for a given treatment beam qualiby, is calculated with:

o 570 (12

¢
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wherel , is thecorrectedmeasurement of then chamberQ is the chamberspecific
quality conversion factor thatas calculatedby Muir and Roger8! using egs+4°2 and
U ; is the absorbedose calibration factor that is obtained under reference condition

with a %°Co radiation beam determined by an accredited stasdatbratory. When
establishing reference dosimetry in clinical practice, the measurémengecessitates

several correction factors:

(13

whered is a correction factor to adjust farcomplete ion collectiomwed toions of
opposite charges recombig before reaching the collecting electrgd&d  exhibits
nonlinear behaviour for pulsed bearii$,has adose per pulse dependertéyand is

defined as:

; Y (14)
0 o
0 o

wherew is the high operating voltage (typicaH$00V),0 is the raw measurement at
W , w is the low operating voltage (typicallyl50V) and the corresponding raw
measurement i§ . The temperatur@ressure correctio , corrects fochanges imas
density within the active volume of the ion chamber from reference condfion22.0

C, and P = 76@mHg) definedas:

Ca

CXPUL Y xXom (15)
cwpuv 0
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where"Yis the temperature in Celsius, abd is the pressure in mmHghe polarity
correction factor) , adjusts for several variabl@luding: 1)Current induced within
the collecting electrode from incident radiation interacting within the electfodd
Extracameral current arising from ionizations outside of the collecting veith®)

Distortions in the electric field between the guard electrode and the collecting elééfrode.

2.3.1.Smallfield Dosimetry

In Chapter 6smallfield dose measurements agaantifiedand require special
considerationSmall fieldscreate complex dosimetric conditions where the penumbrae
(defined approximately by thmeasured distandeetween 80% to 20% dose level for
lateral beam profilepf opposing components in the coiltion systemg.g, opposing
MLC leaf pair) overlapcausing a drop in measured output, amlease iradiation field
size as determined by thal width at haltfmaximum (FWHM: defined by the difference
in physical extent between the 50% dose levelsaaftateral beam profile)To delineate
what constitutes a smafleld, the definition described in TR&3 will be used®®
Dosimetrically, a smatfield is one where at least one of three physical conditions are met:
1) There is a loss of lateral charged particle equilibrium (LCPR)s condition occurs
when the halwidth of the beam is smaller thahe maximum rangef the electrons that
areset in motiorfrom interactions of photons within the bed2h There isanocclusion of
the spotsize of the bremsstrahlunmnotonfluence distributiorwithin target indicated in

Figure10by the collimation systenAn investigation by 6pezSanchezet al found that
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the mean focal spedize projected asocentrg100 cm SAD) was 1.56 + 0.02 mm for three
separate Varian TrueBeam linacs installed over three Y¥&)sThe detector size excezd
the dimensions of the beathis condition being intimately related to the volume agerg

effectand perturbationf 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 TR$183208
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2.3.2.GafChromi& Film Dosimetry

In this work, EBT3 GathromicE film (Ashland Advanced Materials,
Bridgewater, NJ, USA) was used to measure dose distributions dupateitsialfor high
spatial resolutionAn additional benefit of GafChromic film is its near tisseguivalence
as well as little to no energy dependeA@&EBT3 film consistof two symmetric layers
of 120 aof a polyester sandwiching a ~28aof a proprietary substratehich contains
di-acetylenes (active monoménat upon irradiatiod'?initiates a polymerizatioreaction
that darkensthe film .212213Film dosimetry is particularly sensitive to scanner response

and film orientatiorf}*as well apostirradiaion darkening timeé®®

The dosimetric response of GafChromic fikas historically beedetermined from
the change of its optical densityhen compared to a measuremehtits 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
affectedby: 1) The absorption spectra of the film which is functad 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 s€drter.
Modern practices have adopted the determination of dose by directly measuring the pixel
value with aflat-bed scanner and comparing this to a calibration protocol under reference

conditions (discussed further in Secti®g).
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2.4. IMAGING ON A MEDICAL LINEAR ACCELERATOR

As discussed in Sectidn6, the importance of imaging radiotherapy is to verify
patient position both before and during treatm@tile 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 thearian TrueBea® STx linac. The impetus for imaging with
the 2.5 MV beam is that it provides positional information with respect tBEW and it
produces images with higher contrast tibaes acquired with th@ MV treatment beam
Higher contrast withihe 2.5 MV beanis theresult of a softer energy spectruRarsos et
al. reportsthat approximately 22% of the photons in the 2.5 MV beam fall within the
diagnostic energy range, compared wlgiss than1% with the 6 MV beam?® The
normalized energy speetfor the 2.5 MV and 6 MV beam are shownRigure11. As
mentioned in SectioR.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 beanorelies
anincidentelectronbeam with a nomidanergy of2.5 MeV as well as a target change to
2 mm of a copper allo$*’ Due to proprietary reasons, exact infation on the operational
parameters of the waveguide during the production of the 2.5 MV are not avaiable
describethe production of the 2.5 MeV electron bedmother works by Parsoret al, a
tuning of the gunhigh voltage, and grievoltage was regjred toadjustbeam currento
practical levels withan inhouse lowZ target which produced &9 MV or 2.35 MV
beanm?'® 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 beartf® and the
6 MV treatment bean?'®that have been normalized by their respective ingrated
energy spectea.

The EPIDfor the Varian TrueBeam® STx linac utilizdstaS1000MV imaging
panelandwasusedextensively inChapter 5 The aS1000 has physical dimensions of 40
x 30 cnt with a pixel area of 1024 x 768 pixgl8.392 x 0.392 miphysical pixel sizp
and can be moved alowgntral axisrom 95 to 18@m sourceo-detector distancéSDD).
The imaging panetonsists of a stacked design where the first layer is a 1 mm sheet of
copperwhich creates a cascade of secondary electrons (from the incident photons). The

electrons travel into scintillating sheet of 134 gicn? gadolinium oxysulphide phosphor
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materid creating visible light photong his isfollowed bya layeramorphous silicoon a

grid (each pixel)consisting of a light sensitive photodiode and a thin film transistor
connected to the data readbtines??° Grafeet al foundthat the 6MV and 2.5MV imaging
beam exhibited a strong correlatior £ 0.99) in detected positional shifts with a WL
phanton?!’ Using the Leeds phantom, the discernible resolution of the-dugtrast
portion of the phantom was found to be 1.4 Ip/mm {pa& per mm) with the 2.5MV beam
and 2 Ip/mm with a 80 kV, 8.mAs beam; none of the lirgirs were discernible with the

6 MV beam?!”221

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 degrpesitionalsimilarity. 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 Siddor??2 wherethe radiological pathis calculatecthrough a 3D volumef linear
attenuatiortoefficientsas depicted in the illustration showrFHigurel2. In the text below,
the algorithmic formalism for calculating tinadiological path for a given rdine will be

introduced.
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Figure 12 A pictori al d e mo n st FPaforicalcalating fthe Si ddor
radiological pathlength through a 3D array where the voxels describe the linear
attenuation coefficient of the material. (Left) Shows raytracing through the 3D

volume to the pixels of the detector plane. (Right) Shows rayacing in one 2D plane.

A parametric equation can be useddescribe the raline from the source) ,toa

detector elemenj  with:

(16)

C2
Ca
¢
N
C
=xi
Ca
¢

wheref describes the x, y, or z dimension of painand is parameter that has value of
zero at) and a value of one at . Within the 3D volume, the planes aloreach

dimension can be described with:

p - p 7 I pB (17

C
¢
|
C
¢
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where—is the'Q , Q, orhQ index in the 3D volumg is the distance in tHe
dimension, and is the number of pixels in the dimension.The parametric values,
| and| shown inin Figure 12, represent the intersection, and exit of the ray

passing through the 3D volumespectivelyandare determined with:

~

| F i ET ph ©

| g I A@ ph O (18)
I i

- O0p Of

From equatior(17), only certain planes will have parametric values in the range of

and| ; these planes with have indices and-  in the 3D volume and are given
by:
, 0 Y | 2 0 0k 0 f
(19
0 R z 0 R 0 R 0 R
~ h & 1

The set of all parametric values for each-pdgne intersection is defindy merging the

sets ofparametric values for each dimension which am@sirending order
aQi Q- Qi Q- Qi NQ- (20)

where—  across all dimensions is given by
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(21)

Sequential terms in the sget represent the intersection of the vaiyh consecutiveroxels

along its patland the distance travelldy the rayacross said voxel is given by:

(22)

C

Q 4 A AZ | 4 Oda p
The total radiological patfor a given ray linas then calculated with:
(23

Where0 is the number of elements in the get, and— & for a given dimensioh is

defined as:

z0f U0y 0r P (29

An example of a DRR calculated with the procedescribed abovis depicted inFigure

13.
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Figure 13: A digitally reconstructed radiograph produced usi ng Si d®&#onods

from the computed tomography data set othe 3D printed skull used inChapter 5.

2.4.2.lmageRegistration

Registratiorin the context of this workefers to the spatial alignment of anatomical
features between image data from the same, or different imaging modaliigchieve a

co-registration between to image setd RO , there exists a transformatian,
that mapsO toO via:
" DBeoiag Rdrlme Beo] Rdrlae (25)

This notation implies that is a spatial transformatioRor the explicit utilization of image
registration in this work) represents a rigid transformation which composed of

translational and/or rotationaiotions that majD to'O . Other transformatios)
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such as affine (which includes shearing/scaling), as well as deformable registragion exi
but, do notservemuch utility in this work as registration is confinedte alignment of a

rigid body (the skull).The spatial mapping) is determined byraiterative 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 quantifteto inform and guide theptimization process. There are numerous
similarity metrics that are available such as the sum of squared intensity diffeieties,
correlation coefficient?* or muual information by the joint entropy between images
(discussed later in Secti@¥).??® An inherent limitation of registration in medical imagin

(for the purposes of patient positioning}lst geometric distortions of the imaging data
can be presenthich will impact the validity of derived transformations. These distortions
are dependent on thmderlyingphysics ofspecificthe imagng modalty.??® For example,

with CT acquisitions, scaling or skew distortions can arise from a tilt in the gantry during
the proceduré?’ or pincushion distortions can arise from the curvature of the input

phosphor of the imaging paréf

2.5. RELEVANCE TO THESIS RESEARCH

Theconcepts addressed in this chaptere presented due to their relevancthe
various measurements, calculations, and simulations performed in this Auebisssing
radiation transport in matter is necessaryrnagh d this work relies of the fundamental

physics behind the interactions of radiation with matteChapter 4andChapter 6dose
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calculations are performed with MBJATLAB, and the Eclipse TPS (AAA and AXB).
The MC method, and the AXB dose calculation engine explicitly model radiation
interactons with various approximationsvhile the AAA algorithm and the irhouse
MATLAB dose calculation algorithremploymodetbased dose deposition behaviours in
tissuego approximate the deposition of dose in a material from MC detderstanding

the undening physics of radiation transport is helpful to contextualize how each dose
calculation method diverges from explicit modelling of all radiation interactions in tissue.
Addressinghe probability ofindividual photon interactionspecifically the photelectric
effectand Compton scatterings it pertains to imagings necessary to understand the

utility of MV imaging conducted inChapter 5

In the final manuscript presented in this the€isapter 6 dosimetry is quantified
with two different dosimeters, namely, an ion chamber and GafChr&miitm for the
purposes of doseerification. The fundamentals of iothamber dosimetryand the
nuances of how to conduct dosimetrythve presence of small field were addressed
properly quantifytreatment dosénac. GafChromi& film dosimetry was addressdadr
the determination of an experimental dose distribution with planar SRS dose
measurements. Comparing experimental planar-dssebutions tocalculated B dose

distributions wasddressed with thineoreticabackgroundf the gammanalysis.
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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
STx platform. In this mode, motion along any axis (couch, gardgofiimator) 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 T¢tbHiments
designed in the XML schema serve as instructions for the linac during delivery. The
information in a SetBeam XML script is discretized into control pepcific instructions
where all ars-of-motion (including collimation by Jaws and MLC), asll 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 interpolatedhel speed at which linac
motion (and MU deliveryproceeds 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 shovabiel.
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Table 1: Velocity limits for XML delivery in the Varian Developer Mode.??°

Axis Maximum Velociy
MLC Leaf 2.5 cm/s
Gantry Rotation 6.0 Degrees/s
Couch Rotation 3.0 Degrees/s
Couch \ettical 2.0 cm/s
Couch Lagral 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, USAnhd all
information contained within thd®igital Imaging and Communications in Medicine
(DICOM) data &t was exportedlhe RT Plan DICOM was imported in MATLABThe
MathWorks, Inc., Natick, Massachusetts, U.Sany all plan information was converted
into control pointspecific instructions in the XML schema with a custorm@use script.

The coordinateystem 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 couckgartry angle combination, the geometry of each movable axis (couch
rotation, translation, and gantry rotation) was transformed using the relationships depicted

in Figurel4.
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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 asurrogate for defining
couch translations. The 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 Hreatomy 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 delivaxy shown irFigure 15. To implement couch
trajectories at a variable SAD in this work for dose calculation in the Eclipse TPS,
translations to isocentre are calcathin the DICOM coordinate frame. The calculation
first converts the couch and gantry angle from DICOM coordinateDieteloper Mode
coordinates. The required shift to translate isocentre to a virtual poSWENQ , for
gant r y aadwogdhanglelids,calculated with:
OE+AT %
O 6 0 Y570 O ER OET- (26
Al ©
Wherev “Y0i®a vrtual SAD. The new virtual isocentrey , would then be calculated
with the originalisocentre position) , defined in the RT plan DICOM using:
w 0 B0 0ls0) (27)
To implement couch trajectories on the linac with a virtual isocentre, the isocentre shift

calculated in equatioii26) is applied to initial couch positions using the coordinate

transforms depicted iRigure14.
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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 deliveryA virtual
isocentreis a point within the anatomy (depicted bythe 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 BEAMnr&*®and DOSXYZnré*' user codes and theipecificuses are described in
Sections4.4.1and5.4.5 To conduct a simulation, phase space files from-gelain data
were used that had beenored directly above the ja®®. A phase space file contains
information of all particles crossing a plafer a given particle this information includes
particle type, particle weight, direction cosinpssition, and energyrhe phase space files
used in this work were generateygVirtuaLinac (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 simulatioAsmodel of the \Arian
TrueBeamE STx system was designed in the BI
HD120MLC. A custom irhouse script was used to convert RT plan DICOM files into
6. egsi np6 andwhith desripe then lac dnodeligéometry, beam data,
collimation geometries, gantry and couch angles via transformations described st Zhan
al?®*To calculate dose in medium for a conti
delivery) SQRCE-21 was used in DOSXYZnrc and is described by Lebaal?3
SOURCE21 makes usenckotheléssefhhi ch descri be
and MLC leaves on a control poigpecific basis. In addition to a description of the

geometry, the 0. sequ-eeghtendforkdcH centrad posmtowhereo nt a i
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the weighting is analogps t @umulatieeMétersetWeight par amet er wi t hi

pl an DI COM structur e; al beit, the sum of

unity across all arcs.

3.2.2.MATLAB

In Chapter 4dose calculations of simulated treatment deliveries are achieved by
superposing a M@erived dose kernel in MATLAB. A dose kern€l,, was created in
MC by delivering a MLGshaped beamlet to a water sphere with a baaghe orientation
of mBttt] for the gantry, collimator, and couch angle respectively in Eclipse

coordinates. In MATLAB rotational operators were used to rotate tha b&mng a given

axis:
P T T
Y — Al & OE+ m
OEF+ AT & =
Al & nm OEH
Y — Tt P Tt (28)
OEL 11 Al &
Al & OE+ m
Y — OEF+ Al & n
T TT p

where—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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O m—h— h— Y — Y —Y — zOj (29)

Wherem —h— h— s the orientation of delivery for gantry angte, collimator angle
— , and couch angles- . The imwarp function utilizes 3D cubgplines to mterpolate
the input 3D matrix after rotatiof¥®> For a given ar@rrangement, the total dose is then

calculated bysumming the doskernel from all bearangle orientations.

3.3. DOSE MEASUREMENTS

3.3.1.lon Chamber

For measurements conducteddhapter 6 a PTW Semiflex lonization Chamber
31010 (PTW, Freidburg, Germany) was utilized due to clinical availability, and correction
factors derived from Table 26 in TREB3% were applied to all raw measurements (a
description of how correction factors were derived can be found in Séctidh). To
convertmeasurements with the PTW 31010 into a doseutiput factor QF) calibration
curve was crossalibrated at a field size of 5 x 5 émvith an OF calibration curve (up to
reference field size conditions with a 10 x 102dield size) for an Exradin A12 ion
chamber (Standard | maging, Mi ddl et on, Wil
c h ai nWhergtlde) "Qor a given field size of interest)Y, is defined by:

600y  ~— (30
V)
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Each measurement wegrrected 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:
0 "O0"Y Y "OYY "O°Y (31)

where"Y is the collimabr scatter factor owed to photon scatter within components inside
the head of the linac. The phantom scatter fadtas the ratio of dose rate for a given
field size,"O"Yat reference depth conditions to the dose rate at the same depth with eeferenc
field size conditions. Thus, the dose to an ion chamber for an arbitrary'@¥|csize at

reference depth is calculated with:
0O Oy 000Yz0 0 0 O oY (32)

Measurements during treatment delivery were acquired with the PTW 31010
inserted into the MAXHD SRS anthropomorphic phantom (Integrated Medical
Technologies, Troy, NY, USA) as shownRigurel6and were converted into a dose using
equation(32) whered and0 had fieldsize and doseate dependent correction

described ir6.4.6.1
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Figure 16: Irradiation set up for ion chamber measurements with theMAX -HD
anthropomorphic phantom (Standard Imaging, Middleton, WI, USA) used in
Chapter 6. The electrometer is out of frame in the treatment consolarea.

3.3.2.GafChromi€& Film

When utilizing film for absorbed dosed dose measurement€hapter 6 a
consistent irradiation and readit process was implemented wheeasuring dose and
calibrating the films. Prior to irradiation, all films were cut with straight edge and marked
for orientation (updown, and rotational orientation). Films were kept in a darkened
envelope in transport to the linac for dose delivery. dbseresponse of the box of film
was initially calibrated by delivering incrementally higher doses from 0 to 2000 cGy to a
2 x 2 cntfilm in reference conditions. The films were stored in a dark envelope, in a sealed
box for 12 hours to cure prior to sgang. For scanning, &8PSON EXPRESSION 10,000

XL scanner (Epson, Suwa, Japargs used with a 4Bit colour depth and resolution of 72
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dpi. The scanner bulb was warmed up by implementing five-betdlprescans prior to
scanning the film. A template gie 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 blwhannels for films with increased absorbed dose; the mean pixel
value in a 1 x 1 charea was extracted for each colour channel and was fit with the

function:

5 Qastibe 6 B0 (33
w O

Where D is the dose deliverad 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 &films were cut and one was irradiated with 200 cGy; these
films were used to scatke calibration curve derived (83). To scale the calibration curye
a newfit was recalculatetly: 1) forcingthe zeredose calibration film tanatch the film
sheetspecific zero dose calibration filr2) scaling the notzero dose pixel values of each
colour channel based uptime percent difference between the original raw measutemen
and the filmsheetspecific 200 cGy calibration film.A visual representation of this

procedure is shown iRigurel17.
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Figure 17: Film calibration procedure, where the individual red (R), green (G), and
blue (B) colour channels have been fit independentlyl.o scale thefit of the original

raw calibration data, the zero-dose calibration film of the raw datawas forced to
match the film-sheetspecific zero dose calibratin film via =+ 7 where= is the (R,

G, or B channel). For all nonzero doses, the values were scaled by the percent
difference between the original raw measurement, and the filisheetspecific 200 cGy
calibration film with, b # ZAll film sheet cdibration doses (indicated bystars) were
exaggeratedior illustrative purposes.

To convert films scans into doses in this work, the trghlannel film dosimetry
algorithm by Mayeet al?*®*was used as it has been shown to have improved gamma pass
rates over singkehannel film dosimetry and to reduce the lateral scanner adifabhe
triple-channel algorithm by Mayet al?*®calculates a dos®, for the pixel of the scanned

film with indices i and j by:
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whereO  "@iQthe average dose across all colour channels given by:

P

0 "6Q p 0 3Q O "?6Q 0O "AQ (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 Se8ti®) is given by:

. p B ';i)ﬁ_wﬁg
YYAQ - . (36)
og 19 o
T VW
where — is the derivative of the doszlibration curve for thelkcolour channel with

respect to the pixel value (PV) of th& éolour channel.
For absorbed doseneasurements with film irfChapter 6 films were cut and
prepared with an Hmouse film punch for insertion in the MAMD phantomn the coronal

planewith the included film holder as shovingure18.
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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 inChapter 6.

Post irradiation, films were scanned using the procedaseribed above. Scanned film
images were then imported into MATLAB and converted into a dose usingc¢hplenel
film dosimetry using the algorithf# describedabove in Sectio®.3.2

To compare measutdilm doses to calculated doses in Eclipse, a3ZDgamma
analysis was performed using the methodology described byetabf*® 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 rotatiahe) Ezlipse

dose (at the film plane) using mutual information (Ml) described later in S&:dodsing
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a distancehreshold] ) of 1.0 mm, and a dose thresth¢l ‘QPof 5.0%, for each measured
dose pixel at locationQhQ in the film-plane, thegyamma valuef ( was calculated in a

5.0 x 5.0 x 5.0 mrhsearch regions( using:

. (@) ahhQ O QhQ i ich 1 "QRQAn (37
1 0 7

where "CRCHQ are the pixels being tested in the Eclipse dose matrix, witfiQthe
dimension being normal to the filplane. The Eclipse dose'® "ChChQ |, and the
position of the calculated dosems + » GNCHQ . The final gamma value from the search
regiona was determined with:

s QR0 GQb, ! | (38)

where! represents all test points in the Eclipse dose distribufian. p indicates a
passing value whilea  pindicates a failing value. A pictorial demonstration of the

calculation process is shown irFigure19.
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) DEclipse (icrjc: kc)

Dfilm(imijr 0)

Figure 19: (Left) A pictorial representation of the setup for a 2D3D gamma analysis
between a measured dose with EBT3 GafChromie film and a calculated dose with
the Eclipse treatment planning system\{arian 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, .. 4 . I0g dose difference between the
film, g e@nd r-ia:iSvgven by . The vector distance from the measured

Tl »@nd the calculatedr .44 [S gjyen by »

3.4. IMAGE PROCESSING AND REGISTRATION

Using the formalism described above in sect?of.l, DRRs were calculated in
MATLAB and compared with images acquired with the 2.5 MV beam. Direct comparison

between DRRs and images with thelERre inherentlhydifficult duea fewfactors: 1)
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DRRs are generated with a calculation of the radiological path through the imaging
volume; equatior§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 monoener &adoes oot nppodebphaioms .  2)
interactions within the imaging volume, thus ignoring the impact of patient scatter on the

DRR appearanceThe choice of 60 keV for DRR generation wagended 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 ppgocessing was conducted in two stepsgitiie methodology

outlined in Janst al33

1) Unsharp maskg 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 filteith a kernel width that was half of the
size of the image width and a Gaussian width of-sineeenth 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 iat@umulative
distribution function (CDF). Subsequently CIDF for a gaussian distribution
withawidthof, T8z OwE& O AV'HDG W& created. The pixel information

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

in the same range ofto 0 .

1

. T ’/v__,..‘-
—Gaussian

0 | —Image

0.6
LQL Pixel intensity in
O original image

0.4

0.2

Remapped pixel
4 _____ " intensity
— —_ L

0
3000 3500 4000 4500
Pixel Intensity Range

Figure 20: Histogram equalization procedure by mapping pixel values from the
cumulative distribution function of an image to a preset gaussn distribution.

To derive the translational corrections to align the two images, MATLABs ipuilt
imregtform function was used. The configuration of the registration algorithm (where all
pixels are used in the calculated) reduces the similarity nietrimage comparison to Mi
as introduced formalism introduced by ShanffdriTo determine the MI between two
images,0 "000 "G@Y 'Y, a probability distribution function is constructed from the
histogram of each imagea)( andry ), as well as a joint probability distribution

function between the two images ( ; the Ml is then calculated with:
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where0 is the number of possible pixel values in each imdgeguide the registration
process, the one plus one evolutionary optimizer was 3iatiefly, the algorithm
perturbs the MI calculated in equati(80) by translating the EPID image; through each
iteration, the perturbation space is adapted by updating a gaussian probability distribution

functiondescribing 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 chafteas 4
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 progtemm
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 wad outhine

document.

79



CHAPTER 4MANUSCRIPT 1: INVESTIGATING THE
IMPACTS OF INTRAFRACTION MOTION ON
DOSIMETRICOUTCOMES 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 mibtion
is an application of the methodologies presented in Sec8dh2 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 investigatiassess if SRS
magnitude maobns have clinically significant dosimetric impactBus, motivating the
investigations inChapter 5and 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 @&s published in the Journal of Applied Clinical Medical Physics:

fiChurch C, Parsons D, Syme Wvestigating the impacts of intrafraction motion
on dosimetric outcomes when treating small targets with virtual carfgspl Clin

Med Phys2021;22(8): 60i 7 120
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4.2 ABSTRACT

Purpose: Intrafraction patient motion is a wellocumented 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
kernds for treatment apertures ranging from 1 x 2.57ton10 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 {3try rotation, couch angl€)0and 2
oblique arcs (180gantry rotation, couch angte45°). 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 anglef + 45°, and ii) each treatment arc was delivered once, with
dynamic collimator rotation throughout the arc. Two different intrafraction motion patterns
were considered: i) constant linear motion and ii) sudden, persistent motion. The impact
of motion on dose disbutions 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 slpe and target size. When a 0.5 mm linear drift along each dimension
occurred during treatment, targets O 5 mm

the prescription dose. Smaller apertures accrued larger penalties with respect to dosimetric
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hotspos 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 Bin the concentric shells that extend 1, 2, aman3 from thesurface

of the target was 39%, 24%, and 14% smaller respectively when comparing the delivery of
a larger aperture (6 x 10 nmijrto a smaller aperture (2 x 5 MmUsing a static collimator

for shaping a virtual cone during treatment minimized the dosimatgact 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 presmmipgbise is larger when treating

with a rotating collimator, but the clinical significance of this finding is unknown.
Conclusions:In this work, the dosimetric tradaffs between aperture size and target size
when irradiating with virtual cones has beeentwnstrated. 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 treatmentsf small cranial lesions utilize a technique known as
SRS which aims to achieve suim target localization in all three spatial dimensidns.
Compared with conventionaHlfyactionated treatments, singfiaction SRS and few
fraction SRT are characterized by large dosgdnaction, high dose conformity, and strict
patient positioning tolerancé$:Several approaches have been developed to deliver these

treatments, including VMAT and stereotactic cones. In comparison to VMAT, cones have
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demorstrated better conformity for smalldfVs (4 mm in diameter) when treating
spherical lesion&??*3For certain indications such as There targets sizes become
sufficiently small ad dose limitations on surrounding tissues are strinémircular

stereotactic cones are most commonly used for treatment detfvery.

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. Pefppleaimed 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 afbased delivery with
a 2.1 x 5 mrhaperture using two arcs with orthogonal collimatorlasgproduced a dose
distribution comparable to a 4 mm stereotactic cone defined at the 50% isodds@ line.
Additional preliminary workwith virtual cones investigated the treatment of functional
disorders (e.g. thalamotomy of the VIM), which coupled kiggolution fMRI and SRS to
delineate and ablate the VIN® They found that a delivery with a fixddLC position and
series of norcoplanar arcs can deliver a spherical dose distribution comparable to a 4 mm
SRS shot with a coneAnother staly 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 wittvirtual 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 giteecal 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, framedbased systems were used for immobilization during SRS
treatmentshut many centers have moved away from invasive immobilization techniques
in favor of nonrinvasive, thermoplastic madiased method$%141:167.244owever, mask
based systems have been shown to allow larger intrafractional positioning teers
increase in magnitude with increasing treatment fit#é&°>24’"There have been several
studies that have investigated the magnitude of detected motion within different
thermoplastic mask systems and imaging modalities. Using IBbdiameless masks and
imaging with the Brainlab ¥acTrac stereoscopic-Ky system, Ge\eat et al reported the
3D displacement from intrafraction motion to be 0.66 to 3.16iBimilarly, Bichayet
al. found 3D displacements of 0.4 to 3.23 mm using a Civco mask, and aligning orthogonal
images to DRR%® Tryggestackt al. showed that setp errorscould range from 2.1 2.7
mm with four different thermoplastic maskdJsing GK-specific thermoplastic asks,
and imaging atR motion marker on the nose, MacDonaldl found 3Derrors owed to
intrafraction motion up to 2.5 mAi’ While the literature reports that the majority of
patients experience subm motions, it is important to remember that -pesatment
imaging modalities for SRS typically have 1 mm tolerances; which, in conjunction with
patient motion, could lead to largemors (> 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 motibvi ooverage when
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treating vertebral columns with SBRT. When treating with IMRT, Ktal found that
there was a £ 1% median change in dose received to 95wl 90% (Igv) of theTV,
the Dhnax, and mean dose (f2a) for 8/9 subjects; whereas the doseaived to 0.1% (&),
0.5%(Dy.s), 1%(D1.o), and Dhaxfor the surrounding organs at risk (OAR) differed-b$%
to 38%>2*8Similar impacts of motion (simulated by shifts in one dimension at a time) were
shown by Wangt al with IMRT where a £ 2 mm shift in a given dimension resulted in a
reduction of p to 17.9 % to the volume receiving 95% of the prescription doss, (V
though the majority o0 fmxioausasdin@AR diftetediby g e s
approximately {15)7 (+50)%1’°Using VMAT Onget al found that a 2 mm shift for 30s
during therapy could result in a 13% increase of the maximum doesg (D the spinal
cord?*For cranial indications, and for TN in particular, fHanning target volum@PTV)
volumes can be an order of magnitude smaller with much more stringent tolerances on
positioning due to the TV abutting senadti structures. For example, the prescription
volume for TN can range 0.0010.05 cc. (effective spherical radius: 0.2.3 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 usingnaOPTV margin on cranial lesions
could result in a 40% reduction in the conformity index when irdgcdfon motion
occurst®®

There have been sevetaldies of work to investigate dosimetric impact of motion
when treating larger targets (> 0.52 cc) with Mb&sed VMATY'%172pyt there remains a

gap in the literature for investigating the dosimetric iotpa 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 largations. None of the previously published studies
have investigated the dosimetric consequences of motion in a virtuabased treatment
delivery and previous studies related to virtual cones have restricted their analysis to a
limited number of treatme 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 lad treatment aperture size. Such information will be of value to clinicians

seeking to understand the regward balance of highly conformal treatment apertures.

4.4 MATERIALS AND METHODS

4.4.1 Monte Carlo Simulation

Dose kernels were created with the EGSMIC system'®’ To simulate a dose
kernel, a phasspace from the treatment head of the TrueBeam STx platform for a 6
MVFFF beam was provided by VanaMedical Systems through 54 phase space files (~69
Gb) that was validated down to a field size of 1x2.&MThe phase space wasosed
above the jaws at 73.3 cm froieocentre and was used an input for SOURCE
containing a linac model with the jaws, HDMLC, and Mylar exit window within
BEAMnNrc.2°The MLC-defined aperture was incident on an 8.2 cm diameter water sphere

phantom in DOSXYZnré3! 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 uncertaif® within the
size aperture defined at the nomiisaicentrg(100 cm SAD), 1®histories were used. Prior
to applying the simulated dose kernels to ddskvery calculations, a Gaussian filter with
a sigma of 1.2 was applied to smooth out the dose kekrietal of 19 dose kernels were
created from different apertures and are meetiom Section4.4.3 andTable2.

MC simulations of a full treatment delivery with simulated intrafraction motion
(Section4.4.2and4.4.4 were conducted with two apertures sizes (2 x 5, and 4 x ) 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 offaxis. These simulations were then compared with the superposition
methodology described in Sectiof4.2 to quantify the impact of neoentral target

locations.

4.4.2 Simulating treatment delivery

Treatments modeled in this study coteisof a set of 3 arcs: a 36éxial arc
(couch angle =9 and 2 partial arcs (180otations) with the couch at + 45Dose
distributions were calculated via superposition of M@-derived dose kernels described
previously. To simulate the delivery,daarc 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 dilizing tricubic interpolation.
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4.4.3 ApertureSize andOrientation

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 cfeveral entimetres(e.g. BrainLAB offers stereotactic cones ranging
from 41 30 mm)?°! this study focuses on creating dose distributions that would be
comparable to plans creatég stereotactic cones < 10 mm in diameter. The geometric
properties of the apertures studied in this work are list&hbie2. A virtual cone was
created by implementing two different arc deliveries: 1) Static Collimator: For each arc
geometry in the treatment listed 8ection4.4.2 the arc was delivered twice; once each
with the collimator at + 4% 2) Dynamic Collimator: For each arc geometry, the arc was
delivered once with the collimator rotating 28¥oughout deVery. For the axial arc, the

collimator was rotated 0 18 for half of the arc, and 1800° for the rest of the arc.
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Table 2: MLC -shaped treatment apertures.

# of MLC leaves use( Gap between leaves (mn Effective Area (m?)

1 1 0.025
0.050
0.075
0.050
0.100
0.150
0.200
0.250
0.150
0.225
0.300
0.375
0.450
0.525
0.200
0.400
0.600
0.800
1.0000

o oo A NN N O O~ WODN O B WODNPFP WODN

=
o
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4.4.4 SimulatinglntrafractionMotion

To approximate positioning errors owed to intrafraction motion, six different
motion traces were simulated as shownrFigure 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 3idfset of 0.87, 1.73, and 2.60 mmspectively(defined
asLosmmL1.0mmL1.5mm respectively). The other three traces emulated a sudden large shift
of 2 mm along each dimension (3ifset of 3.46 mm) at different time points during
treatment, and persisted throughout treatment. Tin@gepoints were chosen to occur at:

Ya, Y%, and ¥ of the way throughout treatment and were defin&g4aS 12, and S 3/4,

respectively.
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Figure 21. Movement traces for different intrafraction motion patterns. Lo.s mmL1.0
mm, L1.5 mm represent linear motion up to 0.5, 1.0, and 1.5 mm in each dimension
respectively.Sus, Si2, Ssis, represents a linear motion of 2 mm in each dimension at ¥4,
% and ¥.0f the way through treatment respectively. The shaded regions represent the
first co-planar arc and the two noncoplanar arcs in order from left to right.

The spherical nature of the simulated phantom and the central location of the target
meant that thelose 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 fona give
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 DosimetricAnalysis

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% adivtiveas
coveerd by the prescription dose (which will be defined ag.0For 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. thalequof
delivering the same number of MU for both themotion 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 shellsyatdth 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 Aétion

Y0 (40
y (R
Q)

Where T\ refers to the volume within the target covered by the prescription dose for the
case ofmotion, PIMy 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.
TVnorefers to the volume within the target covered by the prescription dose faadbe c

of no motion, PIVWo 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 gratbedifferent plans, the Gl was
calculated by conventional mea?fs

w
00 ¥ (41
W
Where \4o is the volume receiving 50% of the prescription dose, afdi¥ 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%.

45 RESULTS

4.5.1 Effect ofApertureSize onTargetCoverage

The impact of different sized apertures on target coverage is demonstrated by the
black lines inFigure22 for the static collimator case. Figure22.A, a single target size
(5 mm) is considered while changing the size of the aperture. For all other target sizes not
shown inFigure 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 Figure22.B, where a fixed field size of 6 x 10 Ms used
to treat various target sizes. For illustrative purposes, the doses received by the third

concentric shell around ¢htarget have been included in the figures. The Gl as a function
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of target size and aperture size is showRigure22.C. where all target size and aperture

size pairings that result inmaximum doselma) O 200 % hav e-odt@séhay bl ac k
were considered unlikely choices for clinical application. For gingn aperture size,

delivering to a larger target size results in a reduction of the GI. In general, there is a trend

of increasing Gl as a function of effective aperture area. When implementing the dynamic
collimator, the Gl is up to 6.3% smaller wheongpared with the static collimator.
However, only meaningf ul differences (0O 2%
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'8shell 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 thsill. (C) Gl calculated

for all field sizes and target sizes, black tike represent a case where the maximum dose within the target wag0



In Table3 the minimum dose received by 100% of a volumg)(land the dose
received by 5% of &olume (D) 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 lowerDthe expense of delivering a highey ©

the surounding concentric shells.
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Table 3: Dose metricsdescribed as a percentage of the prescription dosar the treatment of a 5 mm target with the static
collimator case. Plans wer@ormalized such that Dyowas 100% of the prescription dose. Ris the minimum dose received

by 100% of the volume for the respective volume indicatedDs is the dose received by 5% of the volume for the respective
volume indicated.

Metric

Aperture Size

1x25

1x5

3x5 | 5x5 | 3x75 | 5x75 | 7x75 | 2x10 | 6x10
na na mn? mn? mn? mne mne mne mne
Ds PTV | 397 257 201 145 157 121 109 175 110
Dm, 1St
o 54 59 59 69 71 82 01 72 90
D5, 1St
o 176 144 131 113 114 106 103 119 103
d
Dsmﬁezﬂ 39 40 39 48 54 65 79 60 80
o
DSSHS;I 142 118 109 97 100 97 08 105 08
Drm, 3¢ 2 2
o 9 8 26 31 39 48 65 50 67
o
DS‘T] jl 118 08 90 82 86 87 92 03 92




4.5.2 Effect onCollimator Orientation

The impact of collimator rotation throughout gantry motion is depictdelgare
23 for various circumstances. Figure 23.A. a collimator size of 4 x 5 mfris 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 aperture, a
smaller 3 is observed for the® 2'9, and & shells. The ‘¥ for the dynamic collimator
case is 96.7, 74.2, and 56.4%, while Yhg for the static collimator case is 103.9, 81.1,
and 62.6% for the] 2'9, and ¥ shell respectively. The dynamic collimator creates a lower
Ds for 82.4% of the aperture/target size combinations where gliifflered by more than
+ 2 % between the dynamrollimator and the static collimator; one of these cases is
represented ifrigure 23.C when treating a 7 mm target. The arbitrary choice of a 2%
thresold 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 5 mm sphere
and aperture size is 4 x 5 mrh 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 mm. (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 definedad/N for the
dynamic collimator compared to the statwllienator. Blacked out tiles represent cases
deemed to be clinically infeasible as they possessaI200%. Volumes < 0 cc indicate
a smaller volume for the rotating collimator case. The magnitude of volumetric differences
for V7o is -4.31 x 107 to 598 x 10? cc, and-3.26 x 10 to 7.72 x 1 for Vso (data not
shown). The majority of cases fosdyand Mohave 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 far Vso, V3o, and Mo,

respectively.
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Figure 24: The absolute volumetricdifferences ketween the volumes receiving 30 and
10 % or more of the prescription isodose defined as3dand Vio respectively for the
different collimator deliveries. Volumes < 0 cc indicate a smaller relative volume for
the dynamic collimator case. Blacked out tilesepresent plans that delivered a Rax >
200%.
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4.5.3 Impact of motion on dosimetry

A visualization of the dosimetric impact of a linear motibnomn) during treatment
when irradiating a 3 mm sized targéth a 2 x 5 mriaperture is shown iRigure25. 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
L1.0 mmmotion is present, the dose wash area is reduced to 86.6, 84.5, and 84.3% in the
axial, sagittal, and coronal planes alosgcentrerespectively when compared thvia
delivery without motion. An alternative visualization is showFigure26, where profiles
are taken along the three orthogonal planes dbocgrire when treating with a 2 x 5 mim
aperture with_1.0 mmmotion. 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. Dosemap for a delivery with a 2 x 5 mm? aperture with the static collimator case The black-dashedcontour
line represent delivery without motion and red lines representswith the samedelivery characteristics but the phantom
has beerinearly moved 1.0mm along each dimensiorby the end oftreatment.
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Figure 26: Dose profiles extracted along the three orthogonal axes intersecting
isocentrefor dose distributions when treating 3 mm spherical target with a 2 x 5 mi
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 DVHSs for two representative cases with the static collimator case;
the dosimetric tradeffs for different aperture sizes when intrafraction motion is present
can be evaluated. Figure27.A. andFigure27.B. these tradeffs become apparent for an
irradiation of a 4 mm target irradiatedtiva 2 x 5 mm, and 6 x 10 mrhsized 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, whemtiafraction motion is present, small field sizes result in larger
relative increases to the hotspots in the surrounding shells of tissue. In the example of

Figure27, the increase in thesfor the smaller aperture (2 x 5 rinin the £, 29 and ¥
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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 finWhile treating with darger aperture
minimizes the relative penalties of intrafraction motion, this comes at the expense of

delivering a larger integral dose to the surrounding tissues.

Target =4 mm Target =4 mm
100 - - 100 3
, , , A
L 4 L \ ‘
80 A - 80 B ‘.—p
s : , K
> )
e 60 60 1
= |
= \
€ 40 —Target 40 - Wi
> st |t
- 1% Shell 1
20 2" ghell 20 - |
3" Shell u
0 N \ S 0 . LY
0 50 100 150 O 50 100 150
Dose (%) Dose (%)

Figure 27: Dose volume histogram depicting impacts of motion favhen 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 mfrfield size. (B)
Represents an irradiation of a 4 mm sized target with a 6 x 10 mitield size. Eah
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 resideaxf are visualized in
Figure 28 where isodose lines for a fulllC treatment delivery with siulated motion
(shown in white) are shown with isodose lines for the same treatment delivery using the
proposed superposition methodology outlined in Secigh2 (shown in black). The

isodose lines for the differeMC deliveries appear virtually on top of each other for the
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treatment of a central target, a target 2 craaaif, and a target 3 cm edikis. The isodose
lines have been shifted for comzan with the dose distribution of the central target. In
comparison to a delivery performed with the superposition methodolagyg,-0.07 %,
2.72 %, and 5.16 % different for tMC delivery with the target centered, 2 cm, and 3 cm
off-axis respectively. Similarly, the differences imdare less than 8 x H&c for the three

target locations when simulating a delivery wMiC.
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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 throughoutreatment (Su4). The isodose lines are overlayed on top of a dose wash
produced using the MATLAB superposition methodology outlined inSection4.4.2 There are three white lines in the plot
indicating the isodose lines for a central target (dotted), a target 2 cm e#ixis (dashed), and a target 3 cm offixis (dashed
dotted). The lines all occupy effectively the same spaces, indicating that the-oéfntral location of targets is not playing a
significant role in altering the dose distribution in these target locations.



In Figure29 the R: 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 occurringtaset time points in Figure D, E, and F, there is a trend of
worsening conformity with increasing effective aperture area. The averafw ke

different cases of motion are summarized able4.
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Figure 29: The ratio of the Paddick conformity index for deliveries with varying
intrafraction motion. (A), (B), and (C) are plots for Los 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 Sz, S12,and Su/s, which represents a linear motion of 2
mm in each dimension at %, Y2, and ¥ of the way through treatment respectively.
Openface symbols represent the static collimator case and clos@&te 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.



Table 4. The average ratio of Paddick conformity index for the various case of
motion. The magnitudes and standard deviations are determined from averages
across all apertures shown irFigure 29.

Target Size (mm)

Type of Motion 3 5 7
Losmm 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
L15mm 0.23 £ 0.07 0.61+£0.12 0.79+£0.10

g4 0.38 £ 0.45 0.83+0.26 0.92 £ 0.09
Si2 0.03 £0.08 0.30£0.25 0.59+0.20
Su/a 0.00 £ 0.00 0.09 £0.09 0.38 £0.20

For any givenTV, the choice of an aperture, and collimator orientation technique
will vary dose hotspots as well as the lowintermediate dose wash which influence the
dosimetric conformity delivered to the target. This is visualizedrigure 30 where
dosimetric profiles along three orthogonal axes thrasgbentrehave been extracted for
the treatment of a 5 mm target. The profiles are normalized to ensure thaff 8884V
is covered by the prescription dose. In this figure, it is shown that while sbkere
apertures (4 x 5 mfproduce a steeper degeadient outside of th€V when compared
with rectangulaidike aperture (3 x 7.5 mfjy 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 decrem¥ntonerage when
motion is present. The use obllimator rotation can be implemented to reduce the
dosimetric hotspot (~ 8.4% as is depicted in the case of the 2 x #@penure) reducing

the dosimetric risk to surrounding tissues when motion is present. While this also leads to
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a larger distributia of lowT intermediate dose to surrounding tissues, this could minimize
the decrements to conformity when motion is present for specific cases. For example, as is
shown inFigure29.A-C when treating a 3 mm sized target witha 1 x 2.5, 2 x 2.5, or 3 X
2.5 mnf field when linear motion is present, using a dynamic collimator produces a 12 +
3% higher R. Seen across Figure 3@is the trend of a higher.Rith more rectangular
apertures, as well as some values ofjfeater than unity. This effect is due to the relative
shrinking of theTV coverage in the case of motion when compared to the shrinking of
prescription isodose volume in the case of motion.&@mple, when treating a 3 mm
sized target with as 1 x 2.5 miiield, the P\ is 63.4% of the PIM, whereas the TVis

73.2% of the TW,, making the denominator (in the numerator of the equati@ation

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



4.6 DISCUSSION

For the majority of the analysis considered in this work, many of the pairings of
aperture size for a givehVv would be dinically 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 dosayradients. In the past decadeadiation of lesions < 1 cc. using VMAT, BICA
therapy have appeared forain metastas&s1’2andTN.1?? Poppleet al were the first to
implement the use of a virtuabne with an arbased delivery for treating small targets
such ag'N with arcbased and static port deliveries respectivElirhat wok determined
that theTV coverage by the 50% isodose line was 0108487 cc for a virtual cone shaped
by the two central leaves of the MLC and ail&d6 mm gap. The data in this investigation
agrees well a3V coverage by the 50% isodose line is 0.031093 cc for a virtuacone
shaped by the two central leaves of the MLC andia3inm gap. For the range of all
apertures tested in this investigation]\ coverage by the 50% isodose line is 0.022
1.359cc.

It should be noted that when using an odd number of leaf pagrgenter 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 previousi° Implications of mechanical imperfections in motion are not
considered but haveeen considered in a previous investigafithn.

A shortcoming 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 resoltmon.
test if this approximation had any impact on the dosimetric contribution of scatter, a single
simulation with a 2 x 5 mAmperture was conducted with a cropped section of water sphere
that measured 4 x 4 x 20 émvith the longest dimension along bedine, 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 ammost, 0.45 mm larger along suf, 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 ofads that could be made
when simulating motion traces during delivery. The varying degree of motions presented
in this work: Losmmto L1s mmas well asSyato S should provide clinicians with a
meani ngf ul way to consider the i mpact of
immobilization approaches.The motion traces used in this work were restricted to
approaches utilized by other investigators to model ithpact of motion on dose
metricsi®9171.248.24%9nd furthermore, to utilized average trends of motion that have been
observed in the literature for cranial SRS37:162.163.165.166,171,247

Neither of the collimation methsd(static or dynamic) demonstrated a consistent
dosimetric benefit; albeit, the 10% isodose line appeared to be most impacted by the
dynamic collimator. The ranges ford/ Vso, Vao, and Mo are-0.043 to 0.060;0.033 to
0.077,-0.078 to 0.156 and0.789to 0.579 cc respectively. The dynamic collimator

delivery led to a reduction in the high dosed)yand low dose (M) 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 dimnsion 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, targetasites,
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 nonotion ranged from 53.55 to 98.23 % of themotion pescription dose.

Wit hout motion, the dose covering 95 % of
LargerTVs O 5 mm exhi bi togbdtwean 14.56f 100% acrosseall o f \%
movement traces and smaller targets sometimes had 0% of their vobwered by the
prescription dose due to debkirring from motion. The magnitude of these differences

are largely in agreement with Ropatral which saw [@s < 60%, and ¥s < 40% when
considering 2rotations during the treatment of lesions far figotentrevhen irradiating

multiple metastases with a singé®centre as rotations to points far eéixis would result

in large perceived 383hifts with respect tasocentre(similar to some movementaites

simulated in this workj’?

As is shown irFigure30, 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 coversiigleads to some values (shaded
symbols) being igher in Figure 29 when compared with the static collimator (open

symbols). While not all data is shown, the static collimator produces a highre686,
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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 aloger to unity is unknown.
Different applications of the dynamic collimator could be used dsedparing in specific
scenarios where sensitive structures abuTt#and maximum dose tolerances have been

reached.

4.7 CONCLUSIONS

In this work, we have demonstrated the dosimetric tadtiebetween aperture size
and target size wheirradiating with virtual cones. Larger apertures (effective area)
produce smaller hotspots {Dat the expense of delivering larger absolute doses to
surrounding tissues. We have also shown the dosimetric impact of intrafraction motion
consistent with praeusly 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 s fioe ®larger aperture (6
x 10 mn?) in the B 29 and & concentric shell was 39%, 24%, and 14% smaller
respectively when compared with the delivery using the smaller aperture (2 X5 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 whenamaosi
present. The data from this work illustrates the growing urgency and necessity-fonsub

positioning when treating smaller targets.
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CHAPTER 5.MANUSCRIPT 2: REGIONOFINTEREST
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 @neration algorithnwas 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-snim repositioning in the presence
of SRS magnitude motionAdditionally, 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 apertureand 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

andhas been accepted

AChurch C, P a Regmnrofkinteest intBagrenV inkaging to
facilitate submm 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 onlinepositional corrections during cranial SRS.

Materials and Methods: Digitally reconstructed radiographs were created for a 3D
printed skull phantom at fivdegreegantry angle increments for a thrae beam
arrangement. At each angle, 3000 random rectangular apertures were generated and 100
shifts on a grid were applied to the anatomy within the fraéfoe.all shifts, the mutual
information (MI) between the shifte and unshifted DRR was calculated to derive an
average MI gradienfThe top ten percent of apertures that minimized registration errors
were overlayd, normalizedand discretely thresholded the 50%, 60%, 70%, 80%, and

90% isoline levelto generate imging plans. Imaging was acquired with the skull while
implementing simulated patient motion on a linac. Control pgpeicific couch motions

were derived to align the skull to its planned positioning.

Results: Apertures with a range of repositioning err@ss than 0.1 mm possessed a 42%
larger average MI gradient when compared with apertures with a range greater than 1 mm.
Dose calculations witMC exhibited an 84% reduction in the dose received by 50% of the
skull with the 50% thresholded plan when conggito a constant 22 x 22 éimaging

plan. For all different imaging plans (with and without motion) the calculated median 3D
errors with respect to the tracking of a medal fiducial positioned asocentran the skull

were submm except for the 80% tésholded plan.
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Conclusions: Submm positional errors are achievable with couch motions derived from
control pointspecific ROl imaging. Smaller apertures that conform to an anatomical ROI

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

5.3. INTRODUCTION

Cranial SRS has been shown to achieve high tumour control rates (greater than
95%) in pituitary adenomé&s high obliteration rates (78%) #fvVMs,**and lemthen the
median survival of patients with-3 brain metastasewhile subsequently reducing
neurocognitive declin&® 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 98" Gnd bearontimes can be as long as
19.4 + 0.6 mins with an average delivered MU of 19444 + 611 at 1000 M3#iirends
in SRS treatment have moved away from invasive head frames towadidivagive
thermoplastic masbased immobilization. Studies have shown that the combination of
long treatment times and mabksed immobilization can lead to patient motions on the
order of 23 mm?*®"14* The dosimetric consequences of intrafraction motion on small
targets and the surrounding tissues have been previously reffSred, 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
margns (49.1% of centerg¥’ While techniques for patierlignment vary across centers,

the majority utilizeMRI fusion with CT simulationfor planning,and utilize CBCT or
registrationof DRRswith volumetric CTs on the day for verification isbcentreposition
with respect to t he %PBepndthigldprecisionosetpi nat e
intrafractional motion management strategies have made their way into various treatment
modalities such as GammakKanife (Elekta AB, Crawley, United Kingddfmhich utilizes
IR-based monitoring or optical surface monitoring, @K (Accuray Inc., Sunnyvale,
CA),2%0.261which monitors motion with periodic orthogonk¥ imaging every 5 150
seconds (user definedeveral intrafraction motion monitoring systems feai@ linear
acceerators (linacs) are currently clinically available, some of which are: 1) the ExacTrac
system (BrainLab AG, Munich, Germany) which can utilizelBncamera monitoring
device for fiducialtracking in conjunction with two floemounted kV xray systems to
3D-localize the patient by comparing images to pj@nerated digitally reconstructed
radiographs®3This system requires hardware external to the accelerataraanacquire

one image per secortf 2) Optical imaging with lasers or speckled ligiatterns such as

the AlignRT system (Vision RT, London, UK) which relies on skinntoring and has
several limitations: it can lead to falpesitives 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 gaitrsP>For Garm linacs that are not

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

The imaging dose accrued with MV imagfftjor CBCT?%® has been a concern
with imageguided radiation therapy, in particular with pediatric cases. Several works have
explored the use regienf-interest (ROI) CBC#%¢26’and MV-CT?%8 and found possible
dose reductions of 180% and 15/5% with ROl based CBCT and MACT respectively
when compared with fullield imaging. While cupping artifacts were present, using
smaller imaging apertures with the MWaging beam presented minimal losses to CNR
when delineating bony anatorf{? We propose that BEV optimal imaging apertures can
be used to achieve subm intraarctarget localization by deriving necessary cosbifts
on a control poinspecific basis with image registration. The frequency of imaging could
be userdefined 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 ROl 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
motiors as a result ofmechanical 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 NovaaSketalth was
contoured (with the exclusion of the mandible) with 3D Slicer (https://www.slicer.org/) as
shown inFigure 31. The skull was 3D printed at 90% scale with a cojmgred PLA
filament (3D Printing Canada, Hamilton, Canada) using a 0.3 mm layer height and at a
print speed of 40 mm/sThe infill factor for the skull was chosen to be 100% as it
maximized the Hounsfield units (HU) when scanned with as€anner (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 varidusne types (cancellous, cortical) which produce HU
within the range of 400 to 15000 emulate brain tissue the skull was filled with gelatin.
A 2 mm metalBB was placed at the center of the skull after filling the skull halfway and
letting the gelatin cwe 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 sinuscavities with gelatin. The back of the skull was planed and leveled to ensure a
consistent placement (pitéhdependent) between the €duch 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 skul(C) A sagittal view of the skull
with the contoured regions highlighted in green.

5.4.2. Treatment Workflow

A method for control poinspecific patient position correction is shownFigure
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 purpos#fghis evaluation, imaging points were evaluated at all points
throughout a series of naoplanar arc geometries as described below (to withidegbee

gantry angle resolution).

To begin, a highresolution CT scan (0.625 mm slice thickness) was aedjwof

the phantom and imported into the EcliggesS (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 locatisnadntre 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 +4td
degrees. For the imagiragc with the couch angle at O deggsethe 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 ce&EHD collisions. The gantry

couch angle combinations in this work allowed foraging at every contrgboint.
However, there are gantgouch 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 degreestdegrees iB-degreencrements, 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. Thelfspecifications of the arcs are shownTiable

5. Control points, which are defined as any unique gantry and couch angle combination,
were defined evy 5 degrees of gantry rotation. Isocentre was located at the center of the
metalBB. 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 45 179.91 5, CCW

Three 315 1807 360, 0i 5, CW

From this volumetric CT, MATLABgenerated DRRwere created for each control
point using 2%2PrbdoDRR gendvation, the wbxels within the volumetric
CT in a 60 x 60 x 40 pixel neighbourhood around the eemitithe 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, imag 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 describedable5 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 auaxis 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 amsbkghtrs,
which are typically found to be Isghan onemillimetre. 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, theorkflow would be altered to permit image

registration, and repositiorg 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 PointSpecific 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 alongsthfe 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 wetleregdor use in
control pointspecific repositioning with image registration. To choose the location and
size of the contrepoint-specific ROIs, an analysis of the repositioning capabilities of
various apertures was assessed as follows. For each BEWV,r80@ngular apertures
shaped by the MLCs were generated with a randomly sampled central position and size
ranging from 0.375 to 37.5 éxriThe size and position of each aperture was used to create
two cropped images; one of the images was shifted Iateaatl/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 atsocentrg. For each shift, the shiftachage (shifted anatomy) was registered

to the unshifted imaged (unshifted anatymmth 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 massf 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 thbestperforming apertures; an example of one map is shown in
Figure33A 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 previdomsig)ng

plans comprised of control poispecific apertures were created based on discrete
threshold levels from the topographical maps showfigure 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 angwgeshown inFigure
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33C. The impact of thresholi@vel on the mean registration error was assessed for known

shifts applied during an imaging arc.

127



8¢T

G_aln(Sry Angle = 0.0

<— 90%
<— 70%
<— 50%

6 4 -2 0 2
Position [cm]

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 thieresholdedmaging 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 wiskull volumes ranging from 2.5 x 1@ 3.5 x 18cc. 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 theiBf2d skull for which
the ROI apertures were derived; this factor was used to scaleigaaistbn of the aperture
(X/Y extent) as well as the vector position of the aperture with respect to isocentre (location
of the metalbb) for each BEV. For each case, the ginifting analysis described above
for deriving the apertures was applied forle®8EV to assess the mean registration error

with a £2.5 mm range.

In an effort to quantitatively characterize image information that yieldsrsub
registration results, two characteristics of the anatomy seen within the ROIs (delineated by
the aperturesreated in the analysis above and restricting the analysis to apertures greater
or equal to 4 cr) were investigated. For the purposes of this analysis, we have separated
apertures into two groups: ARnGoodo apertur
registation errors (defined by difference between th& pbrcentile and 'S percentile
errors) less than 0.1 mm, and a mean error less than +0.1 mm across the entire shift grid.

ABado apertures were defined as oadmm t hat

First, the 2Ddirectional 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 -@eiee directionalpan. 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 dlceoapertures 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 abgsdd shifting pattern as
described earlier). Tit produced a 2D array of 121 Ml values with the central element
having the highest value.€. unshifted images have the highest possible Ml score) and
values decrease for all shifted positions. This information was condensed by calculating

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

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

was predictive of aperture quality.

5.4.4.Motion Correction and Targeting Accuracy

Two forms of positonal 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) Simulatedrafractional motion. In the following

subsections, themethodology for detecting, and correcting for motions with the tracking
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of a highZ 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

repositioningstrategies is described.

5.4.4.1. Repositioning by Tracking High Fiducial
Following the method described in Parsensil?®® a small aperture was created
with the jaws (2.5 x 2.5 cfpfor imaging The center of the met&®B was identified using
a maximum convolution approach which maximized values withirBBi@ndzeroed all
objects that appeared larger than the physical size of the BB. The center of the BB was then
compared with the center ofdlEPID as depicted iRigure 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:
w 0 @y, Gél of Ot r 06 O0DOE T
WO ERQ | "QE Q& { om 66 00 (42)
WwiRo Tt T p 66 OO0 Q&7

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

angle, respectively.

131



, _Gantry Angle = 90.0 deg
-
=
S 05
8 H
2 i SUE © Ty a—.
£ 0 _—
2 1.41 mm
£-05 '
O
©
0

-1 -0.5 0 0.5 1
Detector Dimension [cm]

Figure 34: Example of thedetection 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 eachinear couch axis with the gantry at 90 degrees and
the couch at O degrees.

5.4.4.2. Repositiming with Anatomical Image Registration

To perform anatomypased registration, images were -precessed with
normalization and histogram equalizatidh.Following preprocessing, images were
registered usinghe imregister function in MATLAB with Mattes MI using all pixels for
registration, and an initial radius of 6.25 x“10’he deviation of the EPID image from the
DRR (shown with the bb present for illustrative purposesjlepicted inFigure 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 sectidh4.4.1above.Two different forms of anatomical imaging were
acquired: 1) Utilizing opeffield anatomical imaging (shown ifrigure 35A) with a 22 x

22 cnt field which will hereinbe referred to as ANéyen 2) Utilizing control pointspecific
apertures as depicted kigure35B, which will herein be referred to as AN£or ANAgo

for the 60% an@®0% thresholded apertures, respectively. With the ROl 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 rBBalThe tracking of the
metalBB 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 blck lines depict the same example edges in the DRR)
Registration with an open field (22 x 22 crf). (B) Registration with an 80%
thresholded aperture described irFigure 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 O degrees.

5.4.4.3. Simulated Intrafractional Motion

In this study, intrafractional ntimn 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 #éhfull treatment durationi.g., 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 throgh 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 meBB 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 desigraelcatated
using EGSnrc. The treatment head of the TrueBeam STx platform was simulated using a
previouslyvalidated 2.5 MV photon beam generated in VirtuaLinac (Varian Medical
Systems, Inc., Palo Alto, CAY° The phase space was located 73 cm above isocentre and
was validated as accurate to better than 2% compared to measured depth dosaxéd off
profiles. This served as the input for a BEAMnrc model containing the32wHMLC
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.2%! The phantom was created withxel sizes of 9.62 m#rfrom 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 ar@&n equal number of monitor units weslivered for each imaging
control point using the definition of monitor units defined for Sotktewithin

DOSXYZnrc.
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5.5. RESULTS

5.5.1.Characterization dfligh-Quality Imaging Apertures

A few examples of the outcomes from the apersgarching algorithm desced
in section5.4.3are shown irFigure 36. Here, a topographical map, as depicte&igure
33A-B, is shown as a colorwash over a DRR for agiB&V, 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 coloursiwaThe 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 regitmst 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 intuitivelysome regions of bony anatomy do not feature
prominently in the highlighted apertures. This meant that those regions did not meet the
criteria for fgoodo apertures described
estimate registraticderived shiftghat 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 hidight 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 thew below the BEV.



An example of a good and bad aperture for repositioning is demonstré&igdiia
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
somedirections and weaker in others); also the magnitude of the central pixel is lower with
the bad aperture which implies a smaller quantity of f@gtiopy content. As described in
section5.4.3 the behaviour of these data across multiple apertures and BEVs was
condensed and is depictedHigure 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 ing 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 andbad 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. Th variance metric in conjunction with the average Ml difference could be
used to identify apertures that have strong repositioning capabilities but only in a few

directions.
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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 weightedradient 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 beamsyeview.
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Figure 38 Variance of compass plot depicted irFigure 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 greatethan 1 mm. The
size of the markers are indicative of the size of the aperture. The smallest markers
represent at 4 cnf field size, and the largest markers represent a 36 dfield size.

5.5.2.Dose Reduction with ROI Apertures

Reducing of the size of the igiag aperture leads to a reduction in the imaging
dose. There was an 83% reduction in the dose received by 50% of the volsgne (D
throughout the skull for an axial imaging arc with the 50% thresholded plan when
compared to imaging plan with an open apexrt(22 x 22 cm?2). From the 50% to 90%
thresholded imaging plan, thesDthroughout the skull was reduced by 87%. The
normalized integral dose with decreasing field sizes (notated by threshold levels from the

surface plot inFigure 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 Figure39, where this a notable reduction in the magnitiude, and size of the imaging dose
distribution. The imaging arc simulations with a 22 x 22 cm2 field had a less than 4%, and
3% voxel uncertaintyor doses greater than or equal to 50% and 90% of the maximum

dose, respectively.

Figure 39: Dosewashes for the central axial, coronal, and sagittal planes calculated
with Monte Carlo for ANA open (22 x 22 cn field size), ANAwo (70% thresholded
aperture design), and ANAo (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 ANApen plan.
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