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ABSTRACT

Targeted dose delivery is achieved in radiotherapy treatments using image guidance
accurate patient positioningand specialized collimatots shape the radiation field to

0 KS 0-&évied af the treatment volume while shieldinigealthy tissue. Image
guidance plays an important role in this workflow to inform patisatup before and/or
during treatment. In the stereotactic treatment scheme, which involves high dose
delivery in one or a few treatments, dose conformity to the treatment volume is of
heightened concern necessitating sharp dose falff immediately beyond the
prescription isodose surface.

The purpose of this thesis is twold; to investigate the potential improved image quality
Ay 0 @yeVawadMV image guidancandthe dose faMoff in stereotactic treatments
using a novel 2.5 MV lo& target beam on a modern linear accelerator. Due to the
decreased photoelectric absorption of lesmergy photons withinthe target, lowZ
beams contain higher proportions of legnergy photons compared to a hightarget
beam. In this work, a commercial 2.5 MV beam was modified to replace the conventional
copper target with sintered diamond. It was hypothesized that this modification would
produce a beam with a higher yield of lemergy photonsthat would contribute
improved contrast characteristics for imaging and sharper dosefiafbr stereotactic
treatments.

This thesis is composed of three manuscrigleat examine the image quality
characteristics of the novel beamand the dosimetric characteristics in stereotactic
treatments.¢ KS F A N& (0 Invéstigatitza ddplahariinage diality for a novel ¥

diamond target beam from a radiotherapy linear acceler@evaluatethe planar image

quality of the 2.5 MMow-Z target beam compared to the commercial 2atd 6 MV

beams This work demonstrateimproved planar image quality compared to the
commercial beard ® ¢ KS a S 02 ymRroving ighaga ddaNily add Eedusing dose

with 2.5 MV diamond target volumef-interest cone beam GTZ A y @thaiimaga | (0 S
guality and dose characteristics of the 2.5 MW-Z targetbeam in both full fieldf view

and volume of interest cone beam CT. This stiahorts onimproved image quality in

both acquisition modesnd the resultant dosesparing from collimation in volume of
AYUGSNBadG I Oljdza & A 0 A 2IgvéstigationkoS a noveIA2NIMV Yinteyedzd O N |
diamond taget beam for intracranial linag I & SR & G S NB 2 {, ev@liatste G NS I § Y
2.5 MVlow-Ztarget beam in stereotactic treatments of trigeminal neuralgia and ocular
melanoma. This studgescribesa dosimetric advantage in terms of dose {affi and

sparing of normal tissue compared to a conventional 6 MV beam.

The manuscripts contained in this thesis highlight the design and installation of the
sintered diamond target, the methods of evaluating the novel beam in both imaging and
stereotactic treatment applications, and theombined image quality and dosimetric
advantages which could be realized through clinical implementation.

Xi
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Chapter 1 Introduction

1.1 The global burden of cancer
Cancer is a growing global burden, ranking as one of the leading causes of death

worldwide and accounting for nearly 1 in 6 deaths in 20Zthe global occurrence is
estimated to increase by 47% in 2040, amounting to 28.4 million new annual cases
compared to 19.3 million in 2020These increased trends in incidence and mortality
mirror the global change in population in terms of aging and growth and are further
contributed by sociodemographic factérsn Canada, cancer is the leading cause of
death,surpassing cardiovascular disease; national statistics estimate that 2 in 5 Canadians
will receive a cancer diagnosis in their lifetime and 1 in 4 Canadians will die from%ancer
The prevalence is similar in the United States, where it is estimated that 41/100 men and
39/100 women will develop a cancer in their lifetifn@ased on 2021 statistics, cancer

wears the heaviest burden on people 55+ in the US, comprising 80% of afl cases

While there areuncontrollablefactors contributing to the global incidence of cancer (i.e.
aging), the apparent sociodemographic influences are a societal responsibility to address.
The World Health Organization projects that nearly 30% of cancer cases anlbVvower
middle-income ountries originate due to cancerausing infections such as human
papilloma virus and hepatitis and one third of cancer deaths are due to lifestyle including
alcohol/tobacco use, obesity and diet, and a lack of physicalitgétilt is important for

clinicians and researchers to acknowledge the systemic social and political influences
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disparities of cancer in pursuit of tackling the disease. Creating equity in healthcare
requires parity in health education, livable wages and fair working conditiomigersal
access to vaccines, screening, and access to quality treatment to mitigate these social

inequalities.

With a continuously expanding understanding of the disease and the advancing
technologies with whicltancer carbe detected and treaked, clinicians and researchers
areurgedto improveglobalcancer outlooks. Considering the global aging population and
the existing disparities in cancer prevention and treatment, increased accessibility to
affordable care is imperative to lessen the burden of cancer on the healthcare system and
society combinedIn addition to creating more accessibility and equity in carcaee,
continuous research and development efforts geared toward improving treatment

techniques and modalities are prerogative to improving patient outcomes.

1.2 The role of adiation therapy in cancer treatment

Cancer describes a set of diseases characterized by the uncontrolled reproduction of
abnormal cells that have the potential to spread to other parts of the body. Cancer is a
genetic disease which may occur in all cell types and tissues, arising from shanige

genes which control cellular growth and division. These genetic changes can result from
environmental and hereditary influences as well as intrinsic genetic errors which occur in

the cell division proces$s The hallmarks of cancer can be ddsed by eight phenotypes,



classified by Hanahan, including 1) sustained proliferative signaling, 2) evasion of growth
suppressors, 3) resisting cell death, 4) enabling replicative immortality, 5) angiogenesis
(i.e. growth of vasculature to supply tumor), 6) activating invasion raethstasis, 7)
reprogramming cellular metabolism, and 8) avoiding immune destruttigvhile all
cancers possess common traits, the genotype of the disease is highly heterogenous,
complicating the development of a single curative treatment. Instead, gpitesd
treatment regimens are tailored to the type, stage, and genetic profile of the disease.
Common therapies employed in the treatment of cancer include surgery, chemotherapy,
radiation therapy and immunotherapy. Surgery is the gold standard treatnvemth is
commonly combined with adjuvant radiation therapy, where adjuvant describes the
combination of treatments to improve the total efficacy. In this scheme, radiation therapy
can be administered before surgery to shrink the tumor (i.e. neoadjuvatffer surgery

(i.e. adjuvant) to eliminate the microscopic disease left behind from surgery. Radiation
therapy may also be prescribed as the primary treatment, for both curative and palliative
indications, where palliative treatment is administered toetlieve the symptoms of
cancer for latestage cases It is estimated that nearly 50% of all cancer patients receive
radiation therapy at some point during their treatment reginféhand approximately

60% of those receiving radiation therapy are ergbing curative treatment Radiation
therapy can be delivered using an external beam of radiation or internal radioactive
sources, as used in brachytherapy. External beam radiation therapy (EBRT), as is the focus

of this thesis, is the most common radiation therapy treatment mayal



1.3 Biological mechanisms of ionizing radiation in cancer therapy
lonizing radiation describes particles and electromagnetic waves -{iag/sxor photons)

that possess enough energy to remove one or more orbital electrons from the atoms and
molecules composing the matter through which it passes. Radiobiasothe study of

the biological response of tissues to ionizing radiafipforming the basis for the use of
radiation therapy in cancer treatment. In the simplest context, ionizing radiation interacts
with the cells in a tumor, causing irreparable damage thatsea cell death. This cellular
damage results from the ionization of critical cellular structures (i.e. DNA). DNA damage
can occur by direct or indirect action. Direct action results from the ionization of atoms
or molecules contained within the DNA thrglu interactions with ionizing radiation.
Indirect action occurs when ionizing radiation interacts with other atoms or molecules
within the cell to form free radicals which impart biological damage to DNA. Due to the
unpaired orbital electron, free radicakre chemically unstable and highly chemically
reactive. Free radicals interact with the surrounding matter by stripping orbital electrons
from the constituent atoms/molecules to reach a more stable staté/hen in proximity,

these free radicals can interact with DNA. The damage that occurs from direct or indirect
ionization of DNA results in the breakage of chemical bonds which can sever the strands
of DNA. A single strand break (SSB) occurs when oneotidelés damaged, cleaving one
strand of the doble-helix into two pieces. Due to the complimentary base pairing of DNA
strands, the intact sister strand serves as a template for repairing the damaged
nucleotide, and thus SSBs are of insignificant consequence. Double strand breaks (DSBSs)

result from the breakage of both DNA strands at nucleotides which are adjacent or



separated by only a few base pairs. Unlike SSB repair, DSBs do not have a reliable template
to facilitate repair of complimentary base pairs and is therefore error prone. DSBs are of
heightened importance, as their occurrence can lead to cell death, cayeimesis or

genetic mutationt®.

The biological response to ionizing radiation can be quantified using the linear quadratic
model, which characterizes the surviving fraction of an in vitro cell culture as a function
of radiation dose. The formulation of this model is as folloWws, Q , Wwhere S
represents the surviving fraction of cells, D is the radiation dose, aarahd b are
constants which represent the different components of cell killing. The linear component,
as described bg, represents the cell death@O dzNNA Y 3 FNRY | Waiay3f S
damage inflicted by a single particle track. The quadratic component, characteribed by
represents the cell death that occurs due to the interaction of biological damage incurred
from multiple particle tracks. The ratio of the two componerash, represents the dose

at which both cell kiling components are equal, and characterizes the relative
radiosensitivity of a given cell line. Typically, malignant cells demonstrate atightio

(~10 Gy), whereas nomal tissues have a loa/b ratio (~3 Gy

Due to the risks posed to surrounding healthy tissues, the prescribed dose in radiation
therapy is typically delivered in daily treatments of small doses {313}, known as
fractions, over a period of several weeks. Fractionation schemes are based on the

different radiosensitivities and repair capacities of healthy and malignant cells.



Fractionation exploits these differences by providing timetf@ normal tissue to repair
radiation induced damage while maintaining the cumulative damage to the tumor cells.
In addition to the allotted repair period for healthy tissues, fractionation also benefits the
radiosensitivity of tumor cells. These observeflects are based on the underlying
NI RA20A2f23A0Ff LINARYOALIX Sal gsioowsy | & GKS

1. Repair¢ Between fractions, cells have the ability to repair dethal damage
caused by radiation.

2. Reassortment Cells redistribute through the cell cycle following irradiation. This
reassortment increases the likelihood of larger tumor cell populations in a more
radiosensitive phase of the cycle during subsequent fractions.

3. Repopulatiorg Cells can repopulate through cellular division between fractions.

4. Reoxygenation¢ As tumor cells die following irradiation, hypoxic cells may
reoxygenate due to increased blood supply, increasing the radiosensitivity in

subsequent fractions.

1.4 External beam radiation therapy

Radiation therapynvolvesthe delivery of ionizing radiation to treat malignant tumors or
otherwise benign conditions using either an internal source (i.e. brachytherapy) or an
external beam of radiation, as in external beam radiation therapy (EBRT). The type of
ionizing radiatiorused in EBRT can be either electrons, photons, protons, or heavy ions;
selected based on the treatment site and/or accessibility. In general, photons are most

common and will be the focus of discussion herein. There are sevatfdrms on which
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EBRT can be delivered, including teletherapy, linear accelerators, tomothéiragsy,
accelerators on robotic armetc., each differing in the engineering design, available
treatment energies and image guidance systems. One common feature among EBRT
platforms is a collimation systemmat serves to shape the photon beam, transmitting
particles through the open aperture (i.e. field) and blocking those outside. The collimation
system enabletargeteddose delivery, focusing the dose to the treatment volumela/h
obstructing the particle fluence directed towards the surrounding healthy tissues.
Specification of the radiation field is informed by the anatomy being treated,

necessitating a prreament imaging set for planning purposes in the EBRT workflow.

1.4.1 EBRT treatment workflow

Following diagnosis and treatment prescription, the typical EBRT workflow can be broken

down into six major steps as follows:

(

) Acquire pretreatmentimage dataset(s)

(i)  Contour treatment volume and surrounding organs at risk (OARS)
(i)  Treatment planning

(iv)  Treatment plan quality assuran¢®A)

(v) Patient Setup

(vi)  Treatment delivery

These steps are illustrated iRigurel, below.



iv)

Measured

Figurel. lllustration of the EBRT workflancluding: i) acquisition of preeatment image datasets, ii) contouring of
treatment volume and organs at risk, iii) treatment planning, iv) treatment plan quality assurance, v) patient setup, and
vi) treatment delivery.

The pretreatment planning CT serves two main functions in EBRT, providing the
geometric information about the anatomy and the material composition data. The
geometric data is used for contouring structures of interest emydracingfor calculation

of particle fluence, whereas the material composition is needed for converting particle
fluence to absorbed dose in each media through which the particles are transported.
Once the anatomy has been contoured on the planning CT, the plaptgnizes the
beam pl&ement and relative dose contributions of each field to achieve the best balance
between dose coverage to the treatment volume and dose sparing of OARs. Before
treatment can be delivered to the patienQAchecks are performed to ensure that the
plan is satisfactory in terms of its dosimetric characteristics and machine deliverability.

This may involve delivery of the plan to a detector to compare the measured distribution



to that calculated in the TPS, as illustrated in flgare. On the day of treatment, the
patient is set up on the machine to align the treatment anatomy with respect to the
central axis of the treatment beam, according to the treatment plan. Verification of
patient setup is performed by acquiring planar or volunetmages to confirm proper
alignment. If necessary, the radiation therapist will shift the treatment couch to adjust
the alignment according to the comparison between setup and planning CT smiige
utilization of imaging in this scheme describes image guidance, or image guided radiation
therapy (IGRT)in which the anatomical informatioguides planning, setup, and/or
treatment decisions. Once the patient is properly aligned to the machine, according to

the treatment plan, treatment is delivered.

1.4.2 Significance of IGRT
Image guidance plays an important role in delivering precise radiotherapy treatment by

providing means for accurate patient setup and monitoring of patient positionmthe
delivery of EBRT image guidance refers to any imaging modality which aids in the
localization of the treatment anatomy before or during treatment. All modern
radiotherapy treatments employ CT image guidance for planning purposes, but additional
modalities may be used depding on the treatment site and system availability. Of the
numerous image guidance systems available, the most common are the MV and kV on
board imaging systems equipped on most modern linear accelerators. Although kV
imaging is advantageous in terms of image quality and dose, there are instances in which

MV imaging may prove usef(.g., imaging of the chest wall during treatmentoéast



cancej. The current TrueBeam (Varian Medical Systems, Palo Altofr&xnent
platform is equipped with a 2.5 MV imaghegclusive beam, providing increased contrast
compared to the higheguality treatment beams (i.e. 4 MV or 6 NW. The improved
contrast is due to the larger proportion of diagnostic energwys in the beam, which
can be further optimized by replacing the current target material with sintered

diamond“.

1.5 LowZ targets
Typical MV radiotherapy beamlines contain a thick high atomic number (Z) target used in

photon production.Photon production occurs when electrons are accelerated into the
target, in which they interacthrough a radiative process calldatemsstrahlung. In this
process, the electronsindergo coulombicinteractions with the nuclei of the target
material causing them to slow dowlosing some or all their energy. The energy lost by
the electron is emitted as a photoiVhile this explanation is brief, the memhisms of
photon production in linear accelerators and the bremsstrahlung process are discussed
in detail in section 2.1The bw energybremsstrahlungphotons produced in the
superficial layers of the target will be preferentially attenuateéh photoelectric
absorption within a higiZ target compared to a low alternative This is illustrated in
Figure2 which demonstrates example spectra generated from a 6 lgedMm incident on

a low-Z and higkz target In this figure, the 6 MV photons emerging from the respective
targets represent sample energy spectagpicting the relative proportioof high energy

photons (higher frequencies) and low energy photons (lower frequenciesflastedin
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the correspondingplotted spectra The preferential attenuation of low energy photons is
due to the 2 dependency of the photoelectric mass attenuation coefficievitich
governs the probability of interactigras is discussed in section 2.4riplementing a
low-Z targetfor photon productionallows for recovery of more of these photgnghich

are advantageous for creating contrast inay imaging.

6 MeV electrons 6 MeV electrons

low-Z target high-Z target

6 MV photons 6 MV photons

Relative intensity
Relative intensity

"

Energy (keV) Energy (keV)

Figure2. lllustration of preferential photoelectric absorption of low energy photons inAigigets with corresponding
spectra.

15.1 LowZ target hstory
The application of lowZ targets in MV beam production was first theorized by Galbraith

in 1989 as means of improving the achievable contrast in portal im&ging D | £ 6 NI A ( K

work indicated a need for an imagHogptimized beamexplainingthat treatment beams

11



were purposely designed to prioritize high energy photons. While all unfiltered
bremsstrahlung beams possess a continuous spectrum of energies (i.e. ranging from 0
MeV to the accelerating potential of the incident electrons), a typical treatment beam
contains a minimal fraction of lovenergy photons (e.d).3%for 6 MV}8. Though this is
advantageous for producing the desired dose characteristics for treatment, diagnostic
energy photons (i.e. 2§ 150 keV?’ create contrast in an image and should thenef be
abundant in a beam used for imaging. Galbraith suggested the implementation of a low
Z target to maximize the yield of diagnostic energy photons, creating a beam more
suitable for MV imaging. To test his hypothesis, Galbraith installed berylliugraptite
targetson an AECL Ther26for 4 and 6 MV beam production, demonstrating an increase
in the fractional yield of diagnostic energy photons and a resultant improvement in
contrast by factors up to two times compared to the 6 MV treatment b&arBince

DI f 6 NI A (i KIowaZ takgg studizFoeNthrée decades ago, lémargets have been
investigated on various treatment platforms, using a variety of-Ibwnaterials and

incident electron energies

LowZ targets have been experimentally implemented on many major commercial linear
accelerators including SiemeMgevatron MXE’, Oncof8, Primug®, KD2°, and Artisté®
systems, Elekta Prec®eand SL2?1?2units, as well as Varian 21001£3&25 platforms.

The optimal target material has been extensively investigated with a concentration on
carbon, beryllium and aluminum as thieequent candidates While most studies

identified the largest contrast benefit would be obtained by usingltwest Z material,

12



Flampouri et. al. observed similar contrast characteristics amongst beams produced with
aluminum, carbon and beryllium targets. Due to these similaritids, groupprioritized

the modest5-10%increase in bremsstrahlung efficiency achieved using the aluminum
targef?2 Ostapiak et. al. observed the greatest fluentéow energy photons (i.e.ri<

300 keVTYor a beryllium targethowever,these authors recommended carbon due to the
material cost as well as the associated toxicity with machining nenfl. Within the last

15 years,recent studieshave converged on carbon as the ideal materi#ghile most
authors utilized graphite, Sawkey et. al. demonstragschilar image quality amongst
sintered diamondnd graphite target beams noting the benefits of the increased sintered

diamond densit§.

In addition to target material, target thickness has been investigated for effects on
contrastand spatial resolution. Early studies which utilized thin targets (i.e. thickness less
than the continuous slowing down approximation (CSDA) range of incident electrons)
required use of aplastic filter downstream from the targeto absorb transmission
electrons.Flampouri et. aldemonstratedminimalvariation in spectral characteristics and
consequent contrast with target thickneédsmotivating the use of flikhickness targets

in later studies. In terms of spatial resolutidbonnell and Robatemonstrated a slightly
improved spatial resolution for a full thickness 4.5 MeV/beryllium target beam compared
to the clinical 6 MV beam. While this trend was not consistent across all th& kanget
beams they investigated, they noted that Akam parametercombinationsproduced

beams with sufficient spatial resoluti@mompared to 6 MVIn addition to target thickness,

13



Connell and Robar examined the effect of target placement on spatial resallligato
electron scatter in air, this studgoncluced that placing the target closest to the exit
window of the accelerating structure from which the electron beam emerges made the

greatest impact on the achievable spatial resolufian

Most early studies utilized nominal treatmesmergiedor generating lowZ target beams,
primarily 4 and 6 MVWhile this was practical for initial proof of concept, early data
demonstrated benefit from the combination of low eneftpyw-Z target bean®. Parsons
and Robagenerated beams with energy less thad0 MeVusing beam tuning tallow
selection of mean electron energy between 1.90 and 2.35 #e\ these enerigs, the
authors observed CNR improvements by factors ranging froA7.@.2nd 3.74.3times in

thin and thick phanton?, respectively compared topreviousimprovements of 2.73.8
times for a3.5 MeV beam‘. Parsons and Robar concluded insignificant differences
between image quality achieved with the 2.35 MV beam compared toNI\@®utnoted
anear 2X increase itihe electron beam currentAs a result, the authors suggested the

use of 2.35 MV carbon target beam for further l@target investigatiofs.

IN2013+ I NA Yy LINRPLIR A-SQ AYHDPYAxYHFREGT2NI GKS
as a commercial solution to improve MV image quality. Before the release of the new
platform, Parsons et al. evaluated the proposed{§wnaging beam against two 2.35 MV

carbon taget beams on the TrueBeam and Clinac platform using Monte Carlo simulations

in VirtuaLinac and BEAMnrc. Compared to the 2.35 MV carbon target beam on the Clinac

14
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platform, Parsons et al. observed a decrease in the relative fraction of diagnostic energy
photons by 10% and 28% for the 2.35 MV carbon target and 2.5 M\X|beams,
respectively, on the TrueBeaplatform. The harder photon energy spectra decreased
contrast by factors of 1.1 and 1.4 (thin phantom) and 1.03 and 1.4 (thick phantom), for
the 2.35 MV carbon target and leX beams, respectively, compared to the 2.35 MV
carbon target Clinac bearh Despite the advances made to the portal imaging system,
the findings by Parsons and Rolsaiggest that the current MV image contrast could be
further improved, motivating our experimental implementation of lov targetsin the

2.5 MV beamline othe TrueBeam platfornirhese studiesalong with other lowZ target

studies described in section Zhave been summarized by RobaiTiablel.
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Tablel. Summary of lovZ target parameters used in previous studies and corresponding effects on iAfaging

Author

Galbraith (1989)
Tsechanski
et al. (1998)
Ostapiak et al.
(1998)
Flampouri et al.
(2005)

Faddegon et al.

(2008)

Roberts et al.
(2008)
Orton et al.
(2009)
Robar et al.
(2009a)
Sawkey et al.
(2010)
Roberts et al.
(2011)
Fast et al.
(2012)
Robar et al.
(2012)
Parsons and
Robar (2012a)

Target thickness and
material

14.2 mm graphite
5 mm aluminum

16.5 mm beryllium,
15.7 mm carbon

6 mm aluminum

13.2 mm graphite

20 mm carbon (28%), nickel
exit window (71%)

10 mm aluminum

6.7 mm and 10.0 mm
aluminum

13.2 mm graphite, 13.2 mm
sintered diamond

20 mm carbon (28%), nickel
exit window (71%)

13.2 mm graphite

7.6 mm graphite

7.6 mm carbon, 6.7 mm
aluminum

Electron
energy

6 MeV
4.0 MeV

6.0 MeV

4 MeV

4.2 MeV

5.6 MeV (mean)

6.0 MeV

3.5 MeV and
7.0 MeV

4.6 MeV and
6.4 MeV

5.6 MeV (mean)

4.2 MeV

2.35 MeV

1.85t0 2.35
MeV

Effect on imaging?

Contrast increase by up to a factor of 2
Qualitative improvement of contrast in
head-and-neck imaging

Contrast increase by up to a factor of 4

Contrast increase by up to a factor of
9.5 (thin objects)

Contrast-to-Noise Ratio (CNR) increase
by a factor of 3, improvement of
spatial resolution by a factor of 2

Contrast increase by factor of 1.3 for
thick objects and 4.6 for thin objects

Contrast increase by a factor between
1.6and 2.8

CNR increase by up to a factor of 2.4
(7.0 MeV) and 4.3 (3.5 MeV)

Similar CNR/dose with diamond
compared to graphite

Factor of 5 to 7 less dose required for
comparable CNR

CNR increase by a factor of 2.6

Greater reduction of dose with field
collimation compared to 6 MV

CNR increase by factor ranging from 2.2
to 9.7

@ All studies compared to 6 MV, with the exception of Tsechanski et al. who compared to 10 MV.

1.6 Stereotactiadadiotherapy and radiosurgery

Stereotactic radiosurgery (SRS) and radiotherapy (SRT) are piglcige radiation

therapy techniques involving the conformal delivery of a high dose of radiation to a small,

well-defined target volume SRS refers to the delivery of a single fraction of high dose

radiation, whereas SRT is delivered in sevgrlless tharfive) fractions. The indications

for SRS and SRinhclude intracranial
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malformations, and functional disordefs Compared to conventionally fractionated
external beam treatmentshat deliver less dose per fractipinealthy tissue sparing is
highly emphasized for patients undergoing stereotactic treatments in order to avoid
induction of secondary cancers and/or loss of function. Due to the risks associated with
the geometric miss of ablative SRS doses, speciaistaken to ensure precise delivery
including the use of dedicated machines tuned within strict mechanicaraoées,

dedicatedimmobilization devices, angigh-resolutionimage guidance systems

Healthy tissue sparing in SRS is accomplished by using many small beams, incident from
various angles, all converging on the target voléim€histechnique provides adequate

dose homogeneity and conformality at the target, while minimizing the dose to the
proximal normal structures and healthy tissuda treatment planning, stereotactic
beams are selectively placed to avoid entry and exit dbseugh delicate structures

while meeting the required dose coverage, as informed by the anatomy and planning
objectives.These beams are shaped using precisely machined conical collimators (4 mm
¢ 25 mmin diameter)or multi-leaf collimatorswhich act to transmit dose through the

open aperture while shielding the anatomy outside of the aperture.

1.6.2 Brief History
Sereotacticprinciples were introduced to the field of radiation therapy in the 1960s
with[ F NBE [ S1aSftfQa Ay JSymearsyf tréaling craaisl digeasysy |

that were inoperable with classic surgerStereotactic techniques utilize a three

17

Yy



dimensional coordinate system to localize and target anatomical structigieg medical
imaging to identify the treatment volumeThese coordinatesvere registered to an
SEGSNY It FTNIYS 6KAOK skull and boledtdzNeSratnierd tableK S
to ensure accurate patient positioning ampaohibit motion throughout treatment.The
Gamma Knife consists of ~200 @0 sources arranged in a hemispherical array,
transmitting radiation towards thgatient through narrow collimators. This technology
allowed precise specification of ablative radiation doses to small treatment volumes while

shielding the surrounding healthy tissue.

SRS wadevelopedon linear accelerators with the invention tifaccompatibleframes

and collimationin the 198020, allowing widespread accessibility to treatmelmt addition

to increased accessibility, the integration of SRS on linear accelerators led to expansive
research and development of less invasive immobilization devices to improve patient
comfort. The invention of high definition multileaf collimatas (HDMLCsbffered an
alternative collimation method to stereotactic cones which allowed @aiie shaping of
radiotherapy fields and thus more customized dose specificafitve development of
specialized machines with high mechanical precisod high dose rate capabilities
dedicated image guidance systems, and advanced treatment planning techniques
bolsteredthe growth of modern linadased stereotactic treatmenisielivered with a
frameless immobilization system, using image guidance to monitor and correct for
intrafractional motion Parallel to the development of technologies to supdoracbased

SRS, the indications of this treatment modality expanded to include extracranial sites with

stereotactic body radiation therapy (SBRT)
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While the adoption of linabased SRS has vastly expanded the field in many ways, it also
represents a paradoxical shift from implementing tewergy gamma radiation with €o

60 (i.e. with an average energy of 1.25 MeV) to prioritizing higher energy beanss,
commonly 6 MVDespite 6 MV being long regarded as the ideal radiotherapy treatment
energy, previous studies have shown that lower MV energy photons are advantageous
in stereotactic treatments due to the decreased lateral scatter of secondariretes® 32

This is illustrated in the comparative dose distributions from Ding and Homann in below,
where the 2.5 MV beam demonstrates sharper dose-dtlicompared to the higher

energy treatment beams.

V411500070
v 12000.0
(V4500010
v 2000.0

(V4100070

v 500.0
v 200.0

Figure3. Comparative dose distributions for thalatomy plan from Ding and Homann
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The recently commercialized Za{(Zap Surgical San Carlos, CA) radiosurgiadibrm
exploits this advantage utilizing a 3 MV beam for intracranial SRS treatm@&nts
Motivated by the same theory, recent stud#s® have investigated the 2.5 MV beam on
the TrueBeam platform for potential treatment applications in standard and stereotactic
treatments.Despite this beam being intended for imaging, both studies demonstrated a
dosimetric advantage compared to the 6 MV beam in termmpfoved dose falbff, due

to the decreased lateral scatter of secondary electrons.

1.6.3 Common treatment sites

The indications for SRS and SRT are intracranial including both malignant and benign
disease as well as vascular malformations and functional disord@@es most common
malignancy treated with this modality is brain metasta$ggsancerous tuma which
present in the brairwith primary origins in different tissue.Other common indications
include trigeminal neuralgia, meningiomas, schwannomas and arterial venous
malformations®. While benign tumors do not possess the metastatic potential seen with
malignancies, these abnormal growths impinge upon surrounding healthy tissue posing
risk of loss of functiorf-or example, the presence of an acoustic neuroma growing in the
inner ear may interfere with hearing and balanée addition to cancerous growths, SRS
and SRT are commonly employed in the treatment of functional disorders, such as

trigeminal neuralgia to alleviate pain.

High radiation doses are delivered to these disease sites with the goal of ablating the

pathology withanon-invasivantervention. While stereotactic collimation and volumetric
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modulation techniques allowpatial specification of dose to minimize the dose to healthy
tissue,dose delivery outside of the treatment volungeunavoidable due to the entry and
exit paths of the beam as well as scatter. To avoid causadyertentinjury to normal

brain tissuepbeam placement is determined using an optimization approach to manage
the trade-offs between delivering adequate dose to the treatment volume and abiding by
dose limits for surrounding organs at risk based on user input prisrieenerally, the
same structures are of concern for all intracramiehtments,mainlythe brainstempptic
pathway, cochleapituitary gland, lacrimagland,and hippocampu®. The amount of
dose these structures can tolerate varies based on different organ sensitivities. Dose
limits are specified either in terms of a maximum point dose or dose volume constraints
(i.e. a certain sulyolume of the organ can receive a maximum dose), depending on the

2NBFyQa Of FaaAFTAOIGAZ2Y A4 aSNRFE 2N LJ NI f €

1.7 OcularMelanoma

1.7.1 Prevalence obcularmelanoma

Ocular melanoma, also known as uveal melanoma, is a rare form of cancer occurring in
the eye, mainly the uvedhe incidence rate afcularmelanoma is estimated &-7 cases

per milliorf%42, Although rare,ocular melanoma is the most common namtaneous
melanom#?, whose diagnosis presents poor visual and overall progHosiiose
diagnosed withocular melanoma face a 50% risk of developing distant metastdses
commonly manifesting in the liver (95%), lung (24%), bones (16%), and skifi( 1)

ultimate goal of treatingocular melanoma is maintaining visual acuity and preventing
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metastasi$®. As such, modern treatments are mainly gy@serving rather than

enucleation, commonly involving radiation therdpy?

1.7.2 Ocularmelanoma treatment

There are several radiation therapy modalities employed in theprgserving treatment

of ocular melanoma; including plaque brachytherap$RS/SRTand proton beam
therapy*’. The selection of one of these modalities is based on the site of origin, tumor
size and location, age of the patient, the presence of extraocular exterasongll as
socioeconomic variables (i.e. accessibility to treatment and cost). Currently, plaque
brachytherapy is the most widely used egeeserving radiation therapy treatmerior

ocularmelanoma$’.

While plaque brachytherapy is most commdinacbased stereotactic treatments offer
certain advantages over both plaque brachytherapy and proton beam therapy in treating
ocular melanomas. Compared to plaque brachytherapy, kbased stereotactic
treatments are less invasive aade shown to produce similar tumor contr@l Compared

to protons, stereotactiecapable linear accelerators are more widely available than proton
therapy machines, making treatment more accessible and-effsttive. Previous stlies
demonstrated comparable dose conformatityand local control rate€ for ocular
melanomas treated with photons compared to protonBue to the proximity of
structures in the ocular pathway, sharp dose -tdfl is emphasized in stereotactic

treatment of ocular melanoma to maintain visual acuity and quality of life.
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1.8 Trigeminal Neuralgia

1.8.1 Prevalence of trigeminal neuralgia

Trigeminal neuralgia is a benign condition characterizedpigodic unilaterafacial pain
which presents as a shocking or stabbing sensation and can be triggered by ligif.touch
The onset and termination dfigeminal neuralgigepisodes are abrupt, typically lasting
one second up to two minutésand may be onset by hair combing, shaving or a cold gust
of wind*8, Whiletrigeminal neuralgias rare, with a lifetime prevalence of 0.18%3% and

an annual incidence of-29 cases per 100,000 peopleit is the most common type of
neuralgid®. Trigeminal neuralgias more prevalent among womé#*’with an incidence

ratio of 3:2 (female:maléy.

Trigeminal neuralgiads commonly experienced in one or both of the lower maxillary and
mandibular branches of the trigeminal nerve, which feed into the lower part of theé§ace

As such, the neuralgic sensations are often concentrated near thé.jaive debilitating

pain interferes with fundamental activities of daily living such as eating/drinking and oral
hygiene?  yR OFy 3ANBlFGfte | FFSOG 2y S Qrgeminazl t A G &
neuralgiahave an increased prevalence of anxiety and depion?® and a higher risk of

suicidg6:47

1.8.2 Trigeminal neuralgia treatment
The primary treatment fortrigeminal neuralgiainvolves a low dose of anfdeptic

drugs'®4’, however, surgical intervention may be needed for those who are ineligible or
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unresponsive to drug therapi#s® ¢ KS GKNBS GeLlSa 2F Wadz2NHA O

be categorized as 1) invasive and rabiative, 2) invasive and ablative, and 3) non
invasive and ablativié. While the first two treatment options involvelassic surgeryon-
invasive and ablative techniques describe SRS treatrMintovascular decompression,
an invasive and noeablative treatment, serves as the standard of carerfast patients
experiencingtrigeminal neuralgi&. SRS is employed for those avlare ineligible for
microvascular decompression due to the use of anestlisilihile SRSreatment for
trigeminal neuralgiais generally secondary tenicrovascular decompressiorthis
treatment provides theleast invasive procedure performed in an outpatient setting.
Though noAnvasive, SRS management of trigeminal neuralgia poses radiotoxicity risks
to the surrounding healthy tissuparticularly the brainstemvhich isfrequentlyabutting
the treatment volume To avoid damage to the brainstem, highseédaltoff is essential
to reduce imposed complicationgnotivating our investigation of a novel beam to

improve penumbra.

1.9 Research objectives

The primary goal of radiation therapy treatment is to deliver a lethal dose to the target
volume while minimizing the dose to surrounding healthy tissues. In pursuit of this goal,
modern radiation therapy utilizes advanced delivery techniques combined imidiye
guidance to achieve safe and effective treatmehihe work contained in this thesis is
motivated by the postulatesliscussed in section 1.With the goal of improving the

radiation therapy treatment workflow using a novel 2.5 MV sintered diamondetia
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beam The aim of this research is twold: 1) to improve the current 2.5 MV image
contrast on the TrueBeam platform using a {dwsintered diamond target and 2) to

investigate the use of the novel 2.5 MV beam for stereotactic treatment applications.

The purpose of this thesis was to investigate a novel 2.5 MVZI@wtered diamond
target beamline on the TrueBeam platform. The implementation of the sintered diamond
target was carried out in two distinct phases using: (i) a preliminary experimentg) set
utilizing a target placed in the carousel of the linac and (ii) a clinical MV beamline setup
with the target placed in the target arm. Due to the increased population ofdoergy
photons in our beam, we hypothesized that our novel beam would affeal image
quality and dosimetric SY STAGa Ay GSNXa 2 FeyaweldNBg$ R / b w
and sharper dose fatiff in stereotactic treatments compared to commercially available
beams. Contained in this thesis is an anthology of three manuscripts exarthaiimgage
qguality and dosimetric benefitsof the novel beam; specifically quantifying the
improvement in image quality compared to commercially available beams as well as the
dosimetric advantages of the experimental l@nergy beam in stereotacticgatments.

These broad objectives were addressed as follows in the enclosed manuscripts.

The first manuscript is provided in Chapter 3, addressing the preliminary carousel
mounted target beam setup, the design and installation of the-bvarget placed in the
target arm of the linac, and thplanarimage quality characteristics of the novel beam.

While lowZ targets have been extensively studied on previous platforms, this study marks
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the first implementation of a lowZ target on a TrueBeam unit. The corresponding citation

to this manuscript is:

Borsavage, J.M., Cherpak, A., Robar, J.L., Investigation of planar image quality for a novel
2.5 MV diamond target beam from a radiotherapy linear acceler&bysics and Imaging

in Radiation Oncologyol. 16, pp. 10308, 2020.

The second manuscript is included in Chapter 4. Manuscript 2 presents an organic
continuation of the previous, addressing tkelumetric image quality characteristics of

the 2.5 MV lowZ beam. In addition to conventional volumetric imaging which captures
the full field of view, this article examines the improved image quality and dose sparing
capabilities of volum®f-interest imaging which collimates the beam to only the relevant

anatomy for the image guidance task. The corresponding citation for this seaptis:

Borsavage, J.M., Cherpak, A. J., Robar, J. L., Improving image quality and reducing dose
with 2.5 MV diamond target volumef-interest cone beam CT imagindedical Physics

vol 49., no. 12, pp. 7661671. 2022.

The third manuscript is presented in Chapter 5, addressing the therapeutic potential of
the novel 2.5 MV lowZ target beam. This manuscript investigates the dosimetric
characteristics of the 2.5 MV lei@ beam in small stereotactic fields and the dgparing
advantages of 2.5 MV lo SRS/SRdompared to standard treatment beams. Using a 4
mm stereotactic cone and comparable MLC field for collimation, this article examines the

clinical implications of reducing the radiological and/or geometric components of
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penumbra via Monte Carlo methods to simulate treatmentsootilar melanoma and
trigeminal neuralgiat K A & Y I y dza iOvedtidalibl of & koirdl SRRMVUsintered
diamond target beam for intracranial lindimsed stereotactic treatmen® Kl & 06SSy

accepted for publication in the journBiomedicaPhysics &ngineering Express.
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Chapter 2 Theory

2.1 Megavoltage photon beam production and shapingamne linear
accelerator

A linear acceleratoflinac)is a radiation producing device used in radiation therapy to

deliver an external beam of ionizing radiation to treat cancers as well as benign
conditions.Beams are generated by accelerating electrons to high megaelectron volt
(MeV) energies using high power microwaves through a linear accelerating waveguide.
The linac can be used to treat superficial lesions using an electron beam, or for treatment
at depthusing a photon beam. Photon beams are generated through a process lasown

bremsstrahlung, by bombarding a high atomic number target with high energy electrons,

which will be discussed in greater detail in the following subsection.

The beardorming components of a linac include a power supply, a microwave source, an

electron gun, an accelerating structure, a beam transport system, and beam collimating

system&°. A block diagram illustrating these components is provideeidnre4 below.
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Bending magnet

Treatment head

Figure4. Block diagram of linear accelerator bedonming components

The power supply provides DC power to the modulator, which contains the-fariseng
network that manages the timing schedule of microwave and radiation injection into the
accelerating structure. This network produces simultaneous short,-Vogthge, DC
pulses supplied to both the magnetron/klystron and electron gun. The pulsed voltage to
the magnetron or klystron produces pulsed microwaves which are transmitted to the
accelerating structure via the waveguide. The electron gun produces a stream of egectro
through thermionic emission, whereby electrons are boiled off a heated filament. These
electrons are pulse injected into the accelerating waveguide, synced with the pulse
injection of microwaves, as timed by the modulator. In the accelerating wavegiiele,
electrons are accelerated by the sinusoidal electric field of the high frequency
microwaves. The beam of electrons emerging from the accelerating waveguide is
deflected using a bending magnet to direct the beam towards the beam shaping

structures conained in the treatment head. In the case of photon radiotherapy and MV
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imaging, as is the focus of this thesis, the bent beam is focused onto a target for photon

production beforepropagatingthrough the collimation systems in the treatment head.

A linac is composed of five major components, including the gantry, gantry stand,
modulator cabinet, treatment couch and control cons8lérhe gantry stand performs
two major functions, serving as a physical anchor for the rotating gantry as well as housing
the microwave power generator used in particle acceleration. The gantry rotates around
a horizontal axis which coincides with the posiiitg of the treatment couch. The
collimators which shape the beam rotate in a vertical axis as the gantry rofdtegoint

at which these two rotational axes intersect describes the isocenter. The treatment
couch, upon which the patient is setup, translates in 3 dimensions and rotates around the
central axis of the treatment beam. The modulator cabinet containspthver supply
circuity which powers the linac. Located outside of the treatment room is the control
console, the area which is occupied by the radiation therapists to enable treatment
delivery’l. An image of a linac including the gantry, gantry standteeatment couch is

provided inFigure5.
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—— Collimator

Treatment couch

Figure5. Image of a typical linear acceleratitlustrating the gantry, gantry stand, collimator and treatment couch
(image adapted from IAEA

2.1.1 Bremsstrahlung-xay production
Megavoltage photon beams are produced in the treatment head of a linear accelerator

o0& | LINROSaa (1y2sy |a oNBYaadNrKfdzy3ads HKA
NI RAFGA2YyEéd . NBYaadNrKfdzy3d3 A& |+ NIRAFGADS

between incident higkenergy electrons and the nuclear field of atomic nuélei

The conditions under which bremsstrahlung becomes relevant requires that the impact
parameter, which describes the proximity of the incident electron to the target nucleus,
must be less than the atomic radius. Under these circumstances, bremsstrahlung is
possible but rarely occurs (i.e=3% occurrence). Roughly 98% of the time the electron

will undergo an elastic scattering evéht The kinetic energy lost by the electron is
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emitted as a photof?, as demonstrated b¥igure6. In a linac, a beam of electrons is
accelerated to a desired MeV energy before being bombarded into a bremsstrahlung
target. Due to the coulombic interactions between the incident electrons and the nuclei

of the target material, a beam of photons emergesm the downstream side of the

target.
photon
E=hv
e €lectron
KE =T'= T-hv
electron e
KE=T

Figure6. lllustration of bremsstrahlung process

The composition of these bremsstrahlung photons forms a beam containing a continuous
spectrum of photon energies ranging from 0 to the energy of the incident electrons. The
amount of energy transferred from the electron undergoing a bremsstrahlung event is

related to the size of the impact parameter. The smaller the impact parameter, the more

energy transferred in a bremsstrahlung event, producing a higher energy pRofdme

energy spectrum and angular distribution of bremsstrahlung photons exitintatiget is
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characteristic of the energy of the incident electron beam and the target material. In
general, the bremsstrahlung production cross section is proportion@EaZeaning that
the xray yield increases for higher atomic number materiatsd greater incident
energy3. While this Zdependence is observed for the overall bremsstrahlung production
(i.e. across all solid angles), the bremsstrahlung efficiency in the forwakd @nge is

roughly independent oitomic numbep?,

2.1.2 Treatment head components and photon beam shaping

The treatment head of the linac refers to the beamline components downstream of the
accelerating waveguide. The treatment head components are illustrated in the diagram
in Figure7. As discussed in the previous section, a photon beam is produced in a linac via
bremsstrahlung by bombarding high energy electrons into a target. The photon target is
positioned at the top of the treatment head, immediately downstream from the
waveguide,from which the high energy electrons emerge. The components of the
treatment head situated below the target are mainly involved in dose monitoring and

beam shaping.

The dimensions of the photon beam exiting the target depend on the focal spot size of
the electron beam incident on the target and the target thickness. In general, MV beams
are forward peaked, possessing a larger abundance of photons along the cerdraf axi
the beam compared to the periphe®® Upon exiting the target, the photon beam is

transmitted through the conically shaped primary collimator whdefines the maximum
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dispersion angle of the bear®ue to the forwaretlirected distribution of bremsstrahlung
photons, the photon beam exiting the target has differential energy fluence across its
profile. To create a more uniform beam, the treatment beamline may contain a conical
flattening filter, whid acts to preferentially absorb more photons in the center of the
beam than at the edges. Situated downstream from the flattening filter, the monitor unit
(MU) chamber serves as a dose monitoring sySteffihe MU chamber morits the
delivered dose, relative to the machine calibration, in +i@e while also serving to
monitor the flatness and symmetry of the beam. The MU chamber provides feedback to
stop the beam when the desired dose is met or if it detects deviations fralrated
values®. Before exiting the treatment head, the photon beam is shaped by a series of
collimators, including the jaws and/or multileaf collimators (MLCs). These collimators are
made of highz material, designed to attenuate the portion of thedm they obstruct.

The treatment head contains two sets of parallel jaws, which shape the beam in the x
(crossline) and y (inline) directions creating a rectangular shaped field. The MLCs are
positioned downstream in the beamline, as the tertiary collimgtsystem. The MLCs
consist of two opposing rows of tungsten leaves which move independently to allow
complex beam shaping befoexiting the treatment head. In addition to the collimation
systems housed within the treatment head of the linac, stereotamtices may also be
employed for generating small circular fields in stereotactic treatments. Stereotactic
cones are externally mounted to the treatment head placing the collimator close to the
surface of the patiert. The collimation systems in a linac provide means of shaping the

radiation field incident on the patient to specify the delivery of dose to the treatment
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volume. At any given gantry angle, the shape of the field formed by the collimators is
o0l AaSR 2y -ay&viw geSpedtie df the treatment anatomy with respect to the
surrounding healthy tissues. The aperture formed by the collimators is designiedhsuc

the collimators block the healthy tissue while transmitting the radiation toward the

treatment volume.

Electron beam

!
— Photon target

-

=ﬂ—|—r— Multileaf collimator
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Figure?. lllustration ofthe treatment head components an MV photon beamline dd linac
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2.2 TrueBeam imaging systems
TrueBeam(Varian Medical Systemsg)nits are equipped with two imaging systems

including MV and kV-pay imaging. The MV system utilizes the treatment head as an x
ray source with a corresponding digital detectwrented parallel to the treatment head

from which the beam emerge¥he auxiliary kV source and detector are mounted on the
sides of the gantry positioning the kV beam perpendicular to the treatment Beam
Modern TrueBeam units feature a designated 2.5 MV imaging beam. With lower energy
than theavailable treatment beams, this beam provides improved conttastoise ratio
compared to 6 M58 Both xray imaging systems are capable of plainaaging, the kV
system is also used for volumetrimaging (i.e. cone beam computed tomography
(CBCTY}. While MV CBCT tiseoreticallypossible, the low detector quantum efficiency
(DQE) of the MV imaging panel necessitates a higher dose per projection compared to kV
imaging, to achieve useful image contrasid is therefore not used clinicallyVith the
ultimate goal ofmaximizing image quality anainimizingimaging dosekV imaging is

more commonly used in the clinical workflow of image guided radiotherapy. Despite the
advantageous image quality versus dose characteristics of the kV system, the ancillary
system introduces increased cost and mainten&Acand prohibits imaging from the

0 NB I (Y S yeyevievb et RS 40-8yke-We@ provides a valuable viewpoint in image
guidance as it allows visualization of the treatment anatomy with respect to the

collimation of the treatment beanf.
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2.3 Image formation and detection in digital projection imaging
The basic components of a modermay imaging system consist of a bremsstrahlung x

ray source and a digital detector:rXys are emitted from the source and cast on the
patient directed toward the anatomy of interest. As theays pass through the patign

they interact with tissues resulting in the partial attenuation of the beam. The beam is
attenuated more or less by different tissues (i.e. more so in dense materials like bone
than air) creating a differential photon fluence exiting the patient whechharacteristic

of the tissues through which the beam traver8&drhe underlying physical mechanisms
by which the photons are attenuated are governed by the interaction cross sections of a
given materialThese cross sectiomepend on the energy of the particles as well as the
atomic number of the material, as explained in the following section. The photon fluence
exiting the patient is detected, forming an image represegthe tissues through which

the beam was transmitted.

The image receptothat detects the exiting fluence can be a direct or indirect detector,
utilizing either the primary or secondary fluence, respectively, to generate the resultant
image. Direct detectors form an image using the primary fluence exiting the patient (i.e.
photons) Indirect detectors utilize an intermediate step to produce charged particles
using a scintillator which are then detected for image formation. In digital detectors, this
incident fluence is converted into an electrical current bg €lectronics contained within
individual detector elements (dexels). The amount of signal produced in each dexel is

proportional to the dose deposited. This signal is read out and represented as

37



corresponding gragcale intensity values in the pixels of the im&gé crosssectional
schematic ofthe detector elements in theaS1000 (Varian Medical Systems) flat panel
imaging detector used in the MV image acquisitions of this work is includeidjume8.

The aS1000 is an indirect detectmmposed of a&opper conversion plate, a scintillator,
and an array(1024x768)of photodiodes with corresponding thifilm transistor (TFT)
attached to a glass substratPhotons incident on the metal conversion plate undergo
Compton interactionsprodudng Compton recoil electror¥8. The electrons interact with

the scintillator to produce visible light which is detected by the photodiode creating
current. Thecharge is collected and readout when the TFT switch igedetl. The amount

of collected charge is representative of the dose deposited within each dexel, represented

by a grayscale value. The composition of éneay of grayscalealuesforms the image®.

Photon

Metal buildup plate

Scintillator

Photodiode

Glass substrate

Figure8. Crosssectional view of individual detector elements in aS1000 (VMiedticalSystems) detector.
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2.4 Photon interactions
As a photon beam traverses a medium, it interacts with the constituent atoms and

electrons of the material resulting in the partial attenuation of the beam and the
subsequent generation of charged particles. The fraction of photons which are
attenuated bya given thickness of material is characterized by the linear attenuation
coefficient,m expressed in units ofiverse centimetersofit?) 3. Since the number of
interactions is relative to the number of atoms or electrons present in a given material
thickness, the linear attenuation coefficient depends on the density of the matérial
more useful representation of attenuation is the mass attenuation coefficient, which is
calculated by normalizing the linear attenuation coefficient by the density of the material,
mr and is expressed in units of éf. The mass attenuation coefficient presents a more
convenient metric, as it is constant for a particular element or compound regardless of
density (e.g. ice, water and water vapor have different linear attenuation coefficients but
the same mass attenuatn coefficient). This metric describes the interaction probability
within a certain mass thickness of a given material. With units éfpgngram, the mass
attenuation coefficient is often interpreted and referred to asrass sectio??, reflecting
GKS STFSOGAGDS | NBI ge&n by tkeSincdmyhg ghdtdnOThere2aye Wi | N
several mechanisms by which photons can interact with their surroundings, and thus the
mass attenuation coefficient reflects the sum of the partial cross sections contributed by

each interaction type.
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The main photon interactions that occur in the megavoltage energy range are
photoelectric effect, Compton scatter, and pair production. The occurrence of any of
these eventds stochastic in nature and are thus governed by wiellined probability
functions (i.e. cross sectioffd) The probability of interaction depends on the incident
photon energy and the atomic number of the attenuating medifimFigure 9
demonstrates the relative importance of each interaction type as a function of photon
energy and atomic number in the ranges of 0.d@D MeV and 4100, respectively. The
plotted lines in this figure represent the conditions under which the probabilities
interaction types are equivalent, specifically=s indicates equal probability of
photoelectric and Compton events, asék indicates equal probability of Compton and
pair production events. The regions enclosed by these equal probability lines define the
ranges of photon energy and atomic number for which each interaction type pre
dominates. Generally, the photoelectric effeis dominant for low energy photons,
Compton dominates at medium energies, and pair production at higher enétgi#hile
crosssections describe the probability of occurrence, each interaction can also be
described kinematically, to relate the energiand angles of the participating particles
which undergo the interactiod. The kinematic descriptions of these interactions are

contained in the subsections below.
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Figure 9. Relative importance of photon interaction types as a function of photon energy and atomic number,
demonstrating photoelectric, Compton, and pair production dominant regions. Plotted curves correspond to
combinations ohrand Z with equivalerprobabilities for photoelectric and Compton interactigng) and Compton

and pair productiong=x).

2.4.1 Photoelectric effect
In the photoelectric effect, a photon interacts with a bound atomic electron causing the

photon to be absorbed and the electron ejected from the atom with kinetic energy equal

to the incident photon energy minus the electron binding energy (i.e. Kik-+&f). The

ejected electron, called a photoelectron, travels away from the interaction site at an angle

gz NBfl GAGS (2 GKS SAThéknentcs arelilistraied figdradl0 RA NB O
below. The photoelectron creates a vacancy in the shell from which it was ejestadh

isfilled by an electron from a higher energy level. The excess energy, resulting from the

difference in binding energies between the two sheitsemitted via fluorescence or
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transferred to an outer shell electron. In the case of fluorescence, the atom emits a
photon, known as a characteristieray, with quantum energy equal to the difference
between the binding energies of the outer and inner shells. If the energy is traedfer

an outer shell electron, known as an Auger electron, it is ejected from the atom with
energy equal to thenergy lost by the electron which transitioned to fill the vacancy (i.e.
difference in binding energies between the two shells), minus theibghdnergy of the

ejected electron.

photon
E=hv

® photoelectron
KE = hV = Eb

FigurelO. lllustration of the photoelectric effect

The probability of photoelectric interaction depends strongly on both the incident photon
energy and the atomic number of the absorbing material. The photoelectric cross section,
denoted t/r, is proportional to (Z/h)%; 53 therefore the probability of photoelectric
interaction is higher for high atomic number materials and low energy photons. These

dependencies are exploited irray imaging which operates in the kilovoltage (kV) energy
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range. Due to the Zependence, tissues with a higher atomic number will attenuate
more photons by photelectric interaction than those with lower atomic number,

producing contrast between bone and soft tissue.

2.4.2 Compton scatter

Compton scatter describes the process by which an incident photon interacts with a
stationary unbound electron, whereby the photon energy is partially transferred to the
electron and the rest is scattered. The electronjectedfrom the interaction site at an
angle,q, and the photon scattered at an angfe,The kinetic energy, T, of the electron is
equal to the difference between the incident and scattered photon ener@ies T=Im-
hn(P® The kinematics of Compton scatter are demonstrateéigurell below. Due to

the laws of conservation of energy and momentum, the scattering angles and energy
transferred from Compton scatter events are confined within theoretical limits. The range
of scattering angles for Compton scattered photons and electrons gread Gp/2,
respectively®. The minimum energy transferred to the electron occurs in a grazing hit, in
which the photon continues traveling in the forward direction and the electron is
scattered at 90. For high energincidentphotons,the energy of ®0 Compton scattered
photon approache®11 keV. The maximum energy transferred in a Compton interaction
is observed in a direct hit. In a direct hit, the electron is set in motion in the forward
direction (i.e.g = 0) and the photon is backscattered (ife= 180). For high energy
incidentphotons,the energy of the scattereghoton approache255ke\P3. The solution

to the Compton kinematics can be described by three equations which relate the energies
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and scattering angles of the particles, as demonstrateHgmations 13 bdow, where

moc? is the rest mass of the electron.

Q 7 1)
Y QOO0 (2)
WEO—p QT8 O O DOE (3)

scattered photon
E=hv

photon
E= h‘v W
T N —

6

@
scattered electron
KE=T=hv-hV

Figurell. lllustrationof Compton scatter

The Compton mass attenuation coefficiesty , is independent of 2% as demonstrated

in Figurel2, which comparemass attenuation coefficients of water and bone. Unlike the
photoelectric effect, the probability of Compton interaction increases with increasing
incident photon energy. While Compton scatter is the dominant process in soft tissue in

the range of 20 keX80 Me\?3 (i.e. encompassing the diagnostic energy range), the
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Compton mass attenuation coefficient is independent of Z; therefore, tissues of different

atomic composition with equal density thickness will attenuate the beam in a nearly

identical fashion. Consequently, Compton interactions do not contribut@ntrast in x

ray imaging.
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Figure1l2. Mass attenuation cross section of water and bone for photoelectric absorption (PE) and Compton scatter

across the energy range of 10 kel0 MeV.

2.4.3 Pair production

In pair production, an incident photon interacts with ti@ulomb field of an atomic
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of an electron positron pair. The charged particles are ejected from the interaction site

creating excitations and ionizations in the medithmough which they traverse until they
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lose all their kinetic energy and come to rest. Due to the high affinity of these matter and
antimatter particles, the positron will combine with an electron and annihilate forming
two photons. These two photons are ejected 180 degrees apart from one anetach

with energy equal to the rest mass of an electronchr 511 keV. Due to the conservation

of energy, it can be seen that the minimum threshold for pair production iscZm
meaning pair production is not possible for photon energies less tha22 IMEe\#2. The

kinematics of pair production is demonstratedrigurel3.

hv =511 keV
photon

E=hv
annihilation
O/\/Z)/
e+
hv =511 keV

Figurel3. lllustration of pair production kinematics

Though less probable than pair production, this absorption process can also take place in
the Goulomb field of an atomic electron, known as triplet production. In triplet
production, the target electron is ejected from the atom along with an electron positron

pair. The threshold for triplet production is 404 or 2.044 MeV-.
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The mass attenuation coefficiefdr pair productionk/r, is approximately proportional
to Z. The probability of interaction for a given material increases as the logarithm of the
incident photon energy above the threshold. The mass attenuation coefficient for pair

production represents the total attenuation efficient for nuclear and electronic

interactions (|e K/ r )pair = Q(/ r )nuclear+ Q(/r )electron) 53.

2.5 Image quality characteristics

The quality of aadiographidmage can be characterized in terms of contrast, noise, and
spatial resolution. These metrics quantify the visibility of different anatomical structures
based on their intensity (i.e. grdgvel value) relative to the background and their size. In

a diagrostic setting, image quality is an important consideration, as the conspicuity of
anatomical features directly impacts the staging of disease and treatment course
decisions. While there are many modalities which are used infitld of diagnostic
imaging and IGRT, this section is focused on image quality characteristics in radiographic

imaging, as is relevant to this thesis.

2.5.1 Contrast

Contrast describes the ability to distinguish anatomical featurektive to the
surrounding background medilth The contrast in an-say image arises from the
different attenuation properties of tissues with different atomic compositiares atomic
number and density). Adjacent tissues which are more different in composition will

display more contrast for example, bone versus lung compared to adjacent abdominal
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organs. This contrast arises from the difference in photoelectric absorption between
materials of differing composition, as explained in the previous section. As such, the
average energy of the photon beam is most influential factor which affects cofftrast
Scattered radiation degrades contrétin digital radiography, the display contrast can
be altered by specifying window level and width to scale pixel intensities for visualizing
specific anatomied. The contrast between two regions can beco#ted as the
difference in the average pixel intensities, as demonstrate@iduation 4, where 1 is the
average intensity in the pixels corresponding to the background (bg) and refgiterest
(ROI).

0€€0i WOO O (4)

2.5.2 Noise
In radiography, noise refers to the information contained in an image which obscure

visualization of anatomy or patholofjy It appears as random distribution$ lighter and
darker pixels within an area of uniform material, presenting as a grainy texture in the
imagef?. Noise can be quantified as the standard deviation of neighboring pixel intensities
within a uniform regiof®6%.62 Image noise is contributed by numerous factors which can
be summarized as four major components: structure noise, radiation noise, receptor
noise and quantum mottle. Quantum mottle is random, owing to the random variations
of photons incident on the detgor across the fielebview?!l. These random variations
arise from the underlying stochastic nature ofray production, interactions, and

detectiorf?, and ultimately results from the finite number ofrays used to capture an
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image®. As such, guantum mottle can be reduced by increasing the numberagsxused

to capture an imag®s%3. However, this comes at the cost of increased dose to the patient
and should be implemented with caution considering thegle-off. Structure noise arises
from the interference of different tissues such as overlapping objects, obstructing the
visualization of anatomical features. Structure noise can be reduced by strategic patient
setup in 2D radiography or by implementing tomograpinodaliies. Radiation noise is
caused by the detection of unintentional variations in fluence other than quantum mottle,
which do not contribute to the usefulness of the image. Where quantum mottle is due to
the finite number of photons used to acquire an imagg]iation noise results from the
detection of scatter. Receptor noise is produced by nonuniformities in the sensitivity of
the image receptor across the active detector surfac@vhile there are ways to reduce
the contributions of noise in radiographyoise will always be present due to the

stochastic nature of the underlying particle physfcs

2.5.3 Contrastto-noise ratio (CNR)

To best describe the visibility of a given feature, it is helpful to quantify contrast with
respect to the noise present in the image using the conttagtoise ratid? This
commonly usednetric considers the difference in pixel intensities between two regions
relative to the noise contained within each, as describedapyation 5 whereROlis a
region of interest in the imagdg represents a region of uniform background material,

is the average pixel intensity amd represents the variance in the corresponding regions.
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Since quantum mottle decreases with increased photon fluence, the achievable CNR
increases with dose. While it is be possible to improve CNR with increased dogeathe

is to avoid unnecessary radiation dose to the patient following the concept of ALARA (as
low as reasonably achievable) to prevent radiotoxicity in radiographic procedures.
Radiographic techniques are selected to provide the best balance between grdage

to the patient while maintaining sufficient penetrability and image quality required for
diagnosis. In MV imaging, CNR can be improved by implementing-Z tavget to
increase the proportion of diagnostic energy photons, thereby exploiting the Z

dependence of the photoelectric effect cross section.

2.5.4 Spatial resolution

Spatial resolution describes the ability of an imaging system to reliably reproduce two
discrete adjacent objects. Resolutioan bemeasured by imaging a bar phantom which
contains a series of alternating higind lowdensity line pairs capturing a rangespiatial
frequencie&?. The highest frequency pattern that is faithfully reproduced in the image
defines the spatial resolution of the system expressed in line pairs per mm (Ip/mm), thus
representing the smallest object which can be detected by thetesn. The spatial
resolution of an imaging systemay bedegraded or blurred by several factors including
geometric contributions, detector blurring, and motion. The geometric contributions to

blurring arise from the finite size of the focal spot and the configuration of the system
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with respect to the patient as well as the detectbiThe focal spot of a radiographic beam
describes the area of the anode struck by electP8nsThe effective focal spot
characterizes the size of the projected beam which possesses a region of penumbra at the
edges® This penumbra arises due taays arriving from slightly different locations in the
focal spot as a result of divergertéeFocal spot blur increases with increasing focal spot
size. Detector blurring describes the contribution bétfinite dimensions of a radiation
detector on the ability to resolve small objects. Motion blur is caused by movement
during image acquisition which distorts the appearance of the object being imaged.
Motion blur can be caused by internal motion suchaaseartbeat or from gross patient
movement, which can be reduced using immobilization technigfuéghe modulation
transfer function (MTF) is a comprehensive measure of the spatial resolution of a
radiographic imaging systethat defines the response dhe system as a function of
input frequency. The MTF is calculated as the ratio of output to input signal modulation,
whereby the output signal is degraded due to focal spot blur, motion, and detecté*blur
Lower spatiaffrequencieswill have higher MTF than higher frequencies. The frequency at

which the MTF drops to 50% of that for the lowest frequency is denbyeeb.

2.6 Image guided radiotherapy

Image guided radiation therapy (IGRT) involves the use of one or more imaging modalities
to aid in the localization of the target volunend alignment of the patienbefore or
during radiotherapy treatmentn the planning stages of radiotherapy treatmeinbtaging

is employed for delineating treatment volumes and corresponding OARs, to inform
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planning decisions and calculate dését the time of treatment, prereatment images

are acquired to help align the patient according ttee treatment plan.These pre
treatment images are registered to the planning dataset to identify daily variations in
patient setup and/or anatomy and to compensate as necessafne most commonly
prescribed modern IGRT procedure is the acquisition of planar and/or volumetric images
prior to daily treatmentto verify accurate patient positioninglGRT is also used
intrafractionally (i.e. during treatment) to track motion and automate dose delivery when
the treatment volume is in the desired position (e.g. in free breathing treatments for lung
cancer). While there are numerous image guidance systems availablepltbwifhg
section will focus specifically on the comparison between MV and kV imaging systems and

their applications in IGRT, as applicable to the motivation of this thesis.

2.6.2 MV versus kV imaging systems for IGRT
The earliest form of image guidance for patient setup utilized the MV treatment beam to

acquire portal films of the patieft Once developed, the portal films were manually
compared to kV radiographs using rulers or templates to determine the necessary shifts
in patient positioning. This process was expensive, time consuming, and error prone,
driving the development and commeadization of the electronic portal imaging device
(EPID) for digital MV imaging in the 1980s and 1¥9Despite the advanceemt to digital
acquisition technology, early EPIDs suffered from extremely low detector quantum
efficiency (DQE) (<<1 %\here DQE describes the fraction of incidegtianta

contributing to the output signal. The low DQE of early EPIDs prodoaeges with high
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noise and low signal to noise ratio (SRRa measure of the average pixel intensity
relative to the noise.This issue regarding DQE wasproved 10 years later, by the
commercial adoption of amorphous silicon (aSi) detectors, currently used & deye

DQE of modern aSi EPIDs is rough®39@®. The kilovoltage imaging system was
incorporated onto linacs in the early 2000s, offering improved contrast characteristics,
lower imaging dose and the ability to acquire cone beam CT (CBCT) volumetric image

data.

Within the past three decades, many other efforts were made to improve the achievable
image quality of the o#board imaging system, including the use of {éwargets in MV
imaging beamlines, and the addition of the auxiliary kV imaging syatérhile the new

kV system improved image quality, it also introduced increased cost and maintenance, as
well as additional uncertainties due to the difficulty in aligning imaging and treatment
isocenter§’. Another drawback to the kV system is the inability © la dzA NB-eye- S| Y Q&
view images, which prevents visualization of the target volume and surrounding
structures relative to the collimation of the treatment beam, as the patient is trefted

In addition to the geometric advantage, MV imaging demonstrates less susceptibility to
high-Z artifact§8* due to the Compton cross section independence on Z. MV imaging could
also provide benefit in the adaptive radiotherapy workflow, which involves the online (i.e.
while the patient is on the treatment couch) genemat of a treatment plan. Due to the
direct correlation between the HU numbers contained in MV images and electron

density’!, MV imaging could present an efficient and accurate means of calculating
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treatment dose in an adaptive therapy setting. While the kV system offers improved
contrast characteristics, theariousadvantages of the MV system motivate the continued

development of MV image guidance.

2.7 Improved MV image quality using la@xargets

LowZ targets have beemplementedexperimentally in MV beamlines to improve the
contrast in MV imaging. The achievable contrast in MV imaging is significantly lower than
kV imaging due to the higher photon energy spectrum. In radiography, the contrast
between tissues of different atomic ogoosition is due to the differential attenuation of
the photon beam, resulting in heterogeneous fluence exiting the patleas described

in section 2.5.1. The two main interactions by which the beam is attenuage@ampton
scatter and the photoelectric effect, with Compton scatter being the dominant interaction
in soft tissue across the applicable energy range (i.e. 25&®1&V). Since the Compton
mass attenuation coefficient is independent of Z, tissues of r@iffeatomic compositions

but equal density thickness have nearly identical Compton scatter attenyatsn
demonstrated by the masattenuation coefficients of water and bone gurel2. The
photoelectric mass attenuation coefficient, however, depends oh therefore
contributing the majority of the contrast between different tissues iray images. Due

to the inverse cubic dependence on photon energy, the relative amount of photoelectric
interactions that occur in tissue for photons in the MV range ishmess than those at

kV energie? (seeFigurel?).
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Although MV treatment beams utilize a hightarget, lowZ targets are advantageous in
MV imaging beamlines due to the increased contrast in planar and volumetric imaging
compared to a higiz alternativé*?4. This improvement in contrast is explained by the
increased proportion of diagnostic energy (@350 keVy’ photonsin the beam due to
decreased photoelectric absorption within the targ&ince the photoelectric mass
attenuation coefficient depends orf,Zhe diagnostic energy photons producedtie top

of a lowZ target are more likely to exit the target before being attenuated, resulting in a

greater yield of kV photons than a beam exiting a Figiarget®.

Due to the forwarddirected angular distribution of bremsstrahlung in MV photon beams,
conventional MV treatment beamlines contain a conical flattening filter to preferentially
attenuate more low energy photons at the center of the beam than at the perighe
producing a uniform intensi®)*% For the purpose of MV imaging, uniform intensity is
not of concern;in fact, the heavy filtration of the low energy photons is detrimental to
the overall image quality for three key reasons:

1. Diagnostic energy photons have a larger photoelectric interaction €estson
than MV photons; thus, filtering them from the beam results in decreased
contrast.

2. Diagnostic energy photons are detected with higher efficiency than MV ph&tons
therefore, the signato-noise ratio (SNR) and contrastnoise ratio (CNR) will be
greater for an unflattened beam than a flattened beam given the same patient

dose.
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3. The flattening filter is a major source of scattered radiation contributing to the
overall image noise and degrading spatial resolffion
As such, the ideal low target imaging beamline should be flattening filter free to

maximize image quality while minimizing patient dose and exposure tines

Prior to the adoption of ofboard imaging systems, verification of patient setup was
achieved by acquiring portal films using the MV treatment belaoe to the low detection
efficiency of MV photons, and the intrinsically low MV contrast, many efforts were made
to enhance portal setup image quafityln 1989 Galbraith introduced a lei&/target into

an MV beamline as one of the earliest attempts to improve portal imaging gtraBince
1989 a variety of lowZ targes have been extensively investigdtéor improved image
quality in MV imagingln 1998, Ostapiak et. al. modified a 6 MV beamline on a Siemens
MXE Mevatron unit to implement thin Be and C experimental targets positioned at the
top of the XHI primary collimator. Compared to the conventional 6 MV beam, Ostapiak
et. al. demonstrated improvements in contrast by factors of up to 2 times for phantoms
less than 15 cm thick, concluding that the {@wmaging technique is most advantageous
in thin imaging geometries such as head and neck. In addiithis groups experimental
work, this study investigated the spectral characteristics of-Ifowarget beams for
different target materials including Be, C and Al compared to the target in the commercial
beamline. Compared to the low& targets, Ostapiakt al. observed a decrease in the
energy fluence below 100 keV by two orders of magnitude forabemercialtarget.

Among the lowZ targets, calculated spectra demonstrated the greatest fluence of
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photons with energy less than 300 keV for the Be target. However, the effects of this
increased fluence diminished with increasing phantom thicknesses; beyond 6 cm
thickness Be and C targets produced images with similar contrast. Based on these
findings,Ostapiak et al. concluded that carbon would be preferrable to beryllium due to
material cost as well as toxicity consideratibh#\ few years later, Flampouri et. al. used
Monte Carlo to identify the optimum target for maximizing image quality on akt&le
SL25 unit utilizing a 4 MV beam. This computational study investigated a variety-of low
and highZ target materials including beryllium, graphite, aluminum, titanium, silver and
tungsten with CSDA thicknesses, as well as varying thicknesses of alutnidaetermine

the effect of target thickness on image contrast. Flampouri et. al. observed a decrease in
the average energy with decreasing Z, noting that these spectral changes resulted in
increased contrast for a phantom thickness of 10 cm. This efleninished with
increasing phantom thickness due to beam hardening. Due to the higher Z, the authors
found the aluminum target to be more efficient than lower Z alternatives of the same
radiological thickness. Flampouri et. al. concluded that the targektiess had less of an
impact on contrast than on bremsstrahlung efficiency. Since contrast improvements for
the Be and C targets compared to aluminum were minimal, Flampouri et al. prioritized
the gain in efficiency and selected a thin (6 mm) aluminungeatifor experimental
installation. Compared to the conventional 6 MV beam, Flampouri et al. demonstrated an
improvement in contrast for the 4 MV aluminum target beam by a factor of 5 times for 1

cm bone in 5 cm water and 3 times for 1 cm bone in 15 cm maté
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In 2009,0rton and Robar investigated 6 MeV electrons incident on a 1 cm aluminum
target in the carousel of a Varian 2100 EX platform. The configuration of their
experimental beamline on this platform placed the target 9 mm from the Be exit window
of the primary cdlimator. Unlike earlier studies which utilized film/screen imaging
detectors, this study investigated e image quality using an3i electronic portal
imaging device (EPID) for image formation. This work demonstrated an improvement in
contrastof up factors ranging from 1.6 -).1 to 2.8+£ 0.2 across various materials, for
the 6 MV lowZ target beam compared to the therapy beam. They additionally calculated
contrast as a function of thickness at air/bone interface, noting that though thdivela
improvement decreases with increasing thickness, at 16 cm depth theZlaarget
outperformed the therapy beam, producing images with improved contrast by a factor of
1.7 +~ 0.1. Using Monte Carlo, they calculated spectra for 4 and 6 MeV beamsnncide
on Al and Be targets for comparison with the commercial 6 MV beam. The vyield of
diagnostic energy (i.e. 28560 keV) photons calculated from these spectra were 29% for
the 6MV/Al beam and 40% for the 4 MV/Be, compared to only 0.3% for the 6 MV therapy
beam. Based on Monte Carlo findings, the authors note that theZogontrast can be
further improved by an additional factor a 1.3-9.2 by decreasing the incident energy

to 4 MeV and removing the Cu conversion layer in the PID

Robar et. al. continued the investigation on the 2100EX implementing an additional lower
energy 3.5 MV beam generated using a 0.67 cm Al tarfleis 3.5 MV beam was

evaluated against a 6 MV led& beam and a conventional 6 MV beamdetermine
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advantages in volumetric imaginghe 3.5 MV lowZ beam was created by tuning the
nominal 4 MV beam to produce the desired energy for photon production. This study
demonstrated increases in the contrasi-noise ratio by factors up to 2.4 and 4.3 for 7
MV and 3.5 MV beams compared to 6 MV in CBCT, with similar improvements in planar
imaging. In accordance with other previous studies, the authors reported a significant loss
in the lowZ contrast advantage witincreasing phantom diameter due to beam
hardenirg. This effect was most significant for the 3.5 MV bewiith the explanation

that this was due to the 3.5 MV le& beam containing the highest proportion of
diagnostic energy photons compared to the other beams, and therefore undergoing the
most significant beam hardening. Despite the decreased improvement factor, the authors
noted that an advantage remained for the 3.5 MV beam at 25 cm phantom diameter,
which displayed contrast improvements by factors of 1.5 and 3.4 for bone and lung inhale
regions, respetively, compared to 6 MV. The authors explain that the contrast advantage
diminishes with increasing thickness due to beam hardening, owing to the 3.5 MV beam
containing the highest proportion of diagnostic energy photons and therefore, the most
significant beam hardening. In addition to CNR, this study reported a slight increase in the
spatial resolution for lowZ beams which was measured to be 0.5 Ip/mm compared to 0.4
Ip/mm for 6 MV. The study concludehat the low-Z target approach is expected to be
most beneficial for anatomical regions of smaller separation to reduce beam hardening
effects. Based on their findings, the authgueoposedinvestigation of lower energy
beams to determineachievefurther CNR improvements, noting that the design of the

waveguide may impede the generation of such a b&anComplimentary to the

59



investigation of contrast characteristics of l&target beams on the 2100EX, Connell and
Robar investigated the effect of target atomic number, thickness and incident electron
energy on the spatial resolution compared to the 6 MV beam. This study imvihee
experimental implementation of beryllium, aluminum and tungsten targets with
thicknesses corresponding to 20, 60 and 100% CSDA range in each material for both 4.5
and 7.0 MeV incident electron energies. Using Monte Carlo, this group simulated
additional thicknesses (1000%) to determine the effect of target thickness on the
achievable spatial resolution. They reported a decrease of the 4.5 MeV/W by 10.4%
compared to 6 MV. They expanded their study to include an investigation of a more
clinically realistic target placed in the target arm, to decrease focal spot blurring which
occurs due to the electron beam traveling through agfdye impinging on the target.
Doing so resulted in increases # by 14.5% and 21.5% for the 7 and 4.5 MeV beams
with the target placed in the target arm compared to the external target setup. Of all the
parameters investigated, the authors found that the positioning of the target within the
vacuum system produced the largest improvement in spatial resolution compared
target parameters and incident energy. Connell and Robar suggested that target material
should be chosen based on contrast advantages, which favor lower Z materials, rather
than spatial resolution considerations, because all target parameter combirsatio

produced comparable spatial resolution to 6 RV

Unlike previous studies which utilized a graphite target, Sawkey et. al. investigated the

use of a higher density, sintered diamond target for its dual use with 4 and 6 MV beams.
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Their rationale was that the higher density of the sintered diamond would introduce the
possibility of using the same target for both beams while maintaining éteetron
transmission This study compared the image quality of 4 and 6 MV beams generated
using the sintered diamond target to a 4 MV graphite target beam. For low contrast
materials, such as trabecular bone and soft tissues, the acquired images demonstrated
similar CNR amongll three beams. In comparing the two beams generated with the
sintereddiamond target, Sawkey et al found that the lower energy 4 MV beam produced
better CNR than 6 MV. Specifically, Sawkey et al. reported a 25% increase in the CNR of
dense bone and lung for the 4 MV beam compared to 6 MV at doses less than 10 cGy. The
CNR oflense bone and lung favored the 4 MV graphite target beam over the diamond
target beam across the range of doses. However, the three beams produced similar CNR
for soft tissue and trabecular bone. Despite the slight differences in the population of
diagrostic energy photons among the 4 MV diamond and graphite target beams, the

authors conclude that the diamond target provides similar image quality to graghite

Expanding on previous work on the 2100EX, Parsons and Robar examined 2.35 and 1.9
MeV electrons incident on thick aluminum and carbon targets; concluding that the
experimental photon spectra contained approximately 50% of diagnostic energy photons,
compared to only 0.3%4° for the clinical 6 MV beam. Percent depth dose measurements

for 2.35 MV lowZ beams demonstrated a shift ihe depth of maximum doseimax by

0.2 cm towards the surface for the carbon target beam compared to aluminum, indicating

the creation of a softer photon spectrum. This increase in low energy photons resulted in
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an increased CNR ranging from factors of 6.2 to 7.4 for cortical bone and from 3.7 to 4.3
for a thin and a thick phantom, respectively, compared to the 6 MV therapy beam for
both experimental target beam® While this group anticipated the greatest CNR
improvements for the lowest energy and atomic number target combination, they
observed no measurable difference with reducing the energy from 2.35 MV to 1.90 MV
or between target materials. Based on theirdings, Parsons and Robar suggest the use

of a 235 MV carbon target beam for further leié target investigatiof?.

LY HAmMOoIZ #I| NRFY LEINE WG SR YA WER Sa F 2W0 2K S
as a commercial solution to improve MV image quality. Before the release of the new
platform, Parsons et al. evaluated the proposed{§wnaging beam against two 2.35 MV
carbon target beams on the TrueBeam and Clinac plaousing Monte Carlo
simulations in VirtuaLin& (Varian Medical Systemanhd BEAMnr¢National Research
Council of Canad#) Compared to the 2.35 MV carbon target beam on the Clinac
platform, Paisons et al. observed a decrease in the relative fraction of diagnostic energy
photons by 10% and 28% for the 2.35 MV carbon target and 2.5 M\X|b&ams,
respectively, on the TrueBeam. The harder photon energy spectra decreased contrast by
factors of 1.1and 1.4 (thin phantom) and 1.03 and 1.4 (thick phantom), for the 2.35 MV
carbon target and lowK beams, respectively, compared to the 2.35 MV carbon target
Clinac bearf. Despite the advances made to the portal imaging systbese recent
findings suggst that the current MV image contrast could be further improved;

motivating experimental implementation of lo& targets for the TrueBeam platform.
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Reviewof these lowZ target studies points to low energyectron beamsand lowZ
materials being preferable in the production of optimal besfior MV imaging. While an
imaging specific beam has been commercialized to improve the achievable image quality
compared to available treatment beams, Parsons and Robar demonstrated that this beam
could be further improved by replacing the copper targethwa lowZ (i.e. Z<13)
alternative’®. While carbon has been extensively studied and proposed as the ideal
material, Sawkey et al. demonstratesimilar contrast characteristics between beams
generated with carbon or denser sintered diamond targets. Due to the higher density,
sintered diamond offers the advantage of a more compact target which may provide

decreased focal spot blur over a thicker carbobstitute!®.

2.8 Radiation dosimetry
Radiation dosimetry involves the quantification of ionizing radiation at a point in terms of

absolute dose or related quantities using a radiatgemsitive device known as a
dosimeter. Dosimetry is applicable in both imaging and radiotherapy settingsatying,

dose is managed to provide the necessary image quality for identifying pathology while
following the principle of ALARA (i.e. as low as reasonably achievable) to reduce
radiotoxicity. In radiotherapy treatment, dosimetry is used for acquiring deged in
commissioning treatment planning systems and maintaining machine calibrafans,

exampleas well as a variety of clinical scenarios to verify dose delivery.
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In acquiring dosimetric measurements, the dosimeter is placed at the point of interest,
causing a displacement of the surrounding medium in which dose is being measured. Due
to the finite size of the detector and the resultant displacement from its ingerét the

point of measurement, the dosimeter serves as a surrogate for the medium in which the
desired dose is being measured; necessitating means for relating dose in the dosimeter
to that in the medium of interesf. The fundamental quantities of raation dosimetry,

the basic properties of dosimeters, and the theoretical basis for calculating dose using

dosimeters are discussed in detail in the following sections.

2.8.1 Fundamental dosimetric principles
lonizing radiation interacts with the medium through which it passes, transferring energy

to the constituent atoms or molecules. The energy transferred to the medium can be
transported away from the interaction site via secondary particles or absorbethyfSca

The local absorption of energy represents the deposition of radiation dose, where dose is
the mean energy imparted within a volume, V, with mass, m, and is expressed in units of
Gray (Gy) where 1 Gy = 1 JRglonizing radiation can be eithelirectly or indirectly
ionizing, classified based on the mechanisms by which it deposits energy to its
surroundings. Indirectly ionizing radiation refers to uncharged particles such as photons
and neutrons, whereas directly ionizing radiation refers to rged particles (i.e.
electrons, protons, heavy iorf3) This lack or presence of charge influences the behavior
and frequency of interactions the particle will experience as it traverses through matter.

Electrons, possessing a negative charge, havehadiimpity to the Coulomb fields in the
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surrounding medium, and therefore undergo many small electrostatic interactions as
they traverse matter. Electrically neutral photons are less susceptible to the Coulomb
forces of atoms in the surrounding medium and interact less frequently with sizeable
distances between interaction sit€s Photons interact via photoelectric absorption,
Comptonscatter or pair production, as described in detail in section 2.4. Each of these
interactions results in the partial or total transfer of the photons kinetic rgyeto a
secondary electron generated in the interaction. This secondary electron is responsible
for the majority of the energy transferred to the medium, via numerous soft and hard
collisions until it loses all its kinetic energryd comes to a stdd. The amount of energy
transferred to charged particles and subsequently absorbed by a medium is proportional
to the number of photons which traverse the medium, as characterized by the fluence,
F. Likewise, the energy of the incident particles is also influential to the amount of energy
transferred and absorbed. The energy fluen€e describes the amount of energy which

passes through an aréfa

Charged particles interact via a series of colliaglanteractions, where the type of

interaction is characterized by the size of the impact parameter, b, relative to the atomic

radius, a, of the constituent atoms of the medium. The impact parameter describes the
distance between the elet? y Q&4 GNJ 2SOG2NE YR GKS [ {i2YAO
parameter is much larger than the atomic radius (i.e. b>>a), the electron undergoes a
Wa2F0Q O2fftAarzyd | a2¥FiG O2f f AchakgBdpartick 'y S

and the atom as a whole, causing excitations and sometimes ionizations. In this process,
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the charged patrticle transfers a small amount of energy on the order of a few eV to the
atom. Soft collisions are the most probable charged particle interaction; while the net
energy transferred in a single interaction is small, soft collisions account for
approximately half of the energy transferred to the medium. Hard collisions occur when
the impact parameter is comparable to the atomic radius. (b~a). In this case, the
incident charged particle interacts with a single atomic electron, resulting e th
production of a delta ray (i.e. the electron is ejected from the atom). Though hard
collisions occur less frequently than soft collisions, charged particles transfer an
appreciable amount of energy per interaction, contributing the same amount of dose to

the medium as soft collisiohs

Photons impart energy to their surroundings in two distinct steps (i.e. indirectly), where
energy is first transferred to secondary charged particles as kinetic energy via
photoelectric,Compton or pair production, and the charged particles impart energy to
the medium via soft and hard collisidsThis energy transferred to charged particles via
photon interactions is termed KERMA (kinetic energy released per unit mass). The
transferred KERMA can be expended by charged particles in two ways, viarallbsid
radiative interactions. KERMA can therefore be expressed in terms of radiative and
collisional contributions depending on how the energy is expeftle€ollisional
interactions produce ionizations and excitations in the surrounding medium, resulting in
the local absorption of energy, whereas radiative interactions result in the production of

secondary uncharged particles which aransported out ofthe volume. The energy
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imparted to a volume represents the net energy entering said volume minus the energy
which leaves the volume, considering m&sgrgy conversions. In the case of charged
particle equilibrium, which exists when an equal number of charged particles arerenter

a volume as are leaving, absorbed dose is equal to the collision KERMA

While the mass attenuation coefficient describes the probability of interaction for a given
photon energy in a particular medium, the mass energy transfer coefficrarit,,

describes the fraction of energy transferred to secondary charged patrticles resulting from

a given interactioPt. KERMA is equal to the product of the energy fluence and the mass
energy transfer coefficient, as demonstratedeguation 6. While this equation is specific

to a monoenergetic beam, the principle is the same for a polyenergetic beam, whereby

the differential distributon of energiesy Q090 A& AYUGS3INFIGSR 2 FSNJ

contained in the spectrum.

L wo— (6)

h

Secondary charged particles are responsible for the majority of the dose delivered by
photons; however, they do not messarily impart all of their energy locally, due to
radiative losses such as bremsstrahlung eflight annihilation. The fraction of energy
transferred to secondary charged particles which is locally absorbed is characterized by
the mass energy absorpti coefficientm/r .5 The collision KERMA can be calculated as
the product of the energy fluence and the mass energy absorption coefficient, as shown
in Equation 7. The collision KERMA for a polyenergetic beam can be calculated as

previously describetbr the total KERMA, by integratiéh
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Stopping power describes the expenditure of energy by charged particles per unit
pathlength, expressed in MeV/cm. The related quantity, mass stopping powehecan
calculated by dividing the stopping power by the density of the medium, producing units
of MeV cnd/g. Stopping power can be subdivided to specifyriechanism oénergy los

by the particle, into collision stopping power and radiative stopping power compotients
The mass collision stopping power is an important dosimetric quantity, as it describes the
amount of energy spent by charged particles in collision interactions which are

responsible for the majority of the dose deposited by photons.

2.8.2 Basic cavity theory
As mentioned in the previous section, the displacement of the medium resulting from the

insertion of a dosimeter necessitates the means of relating the dose measured within the
RSGSOG2NRa | OGA@S @2ftdzyS G2 GKIFG Ayg GKS
measura@®®. This issue is addressed via cavity theory, which is employed to determine
dose at the point of interest in the absence of the dosimeterTypically, dose
measurements are made using an ion chamber which contains a cavity of air @F tissu
equivalent material. Within the cavity is a central electrode which collects the charges

liberated by ionizations within the cavity medium. This current is transmitted from the

central electrode to an electrometer for readout.
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Several cavity theories have been developed to address dose measurement for different
cavity sizes, where the size is defined relative to the ranges of secondary charged particles
compared to the dimensions of the cavityBraggGray cavity theory was the first theory
developed, which applies specifically to small cavities (i.e. the range of secondary
electrons is large compared to the size of the chamber). The two conditions under which
BraggGray cavity theory appliesar

1. The cavity must be small compared to the range of incident charged particles to

avoid perturbation of the fluence of charged particles in the medium.
2. The absorbed dose in the cavity is contributed exclusively by the charged particles

which are crossing it.

The first condition can only be true under CPE or transient charged particle equilibrium
(TCPE), and the second assumes that all electrons which contribute to the ionization of
the gas originate outside the cavity and completely cross the GdviBiven these two
conditions are satisfied, dose to the medium can be calculated using the ratio of
unrestricted stopping powers to relate dose to the cavity to that in the medium. This

relationship is demonstrated iEquation 8 below, where Rqis the dose totie medium,

Dcavis the dose measged in the cavity and—r _is the ratio of stopping power in
A

the corresponding med?&.

0 o - (8)

h

Where BraggGsray cavity theory does not account for secondary chargetigtes created

within the cavity, Spencehttix cavity theory was developed to address these
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contributions. SpenceAttix requires the same conditions as Bragray, which under
SpenceyAttix cavity theory both apply to the secondary particle fluence as well as the
primary fluence. To account for the secondary particle fluence, Spékitertheory
makes use of the restricted stopping power instead of the unrestricted stopping power
used in Brag@sray. The restricted stopping power is smaller than the unrestricted
stopping power due to the consideration of an energy cutoff which accounts for @gita

which escape the cavity (i.e. do not deposit their energy locally)

2.8.3 Properties of dosimeters
While there are many types of commercial dosimeters available for use, the physical

characteristics of these devices vary widely and must be carefully considered in
determining suitability for any given measurement. The six major properties of a
dosimeterto consider in selecting a measurement device #te:

1. accuracy and precision

2. linearity

w

dose rate dependence

4. energy response

o

directional dependence

(o2}

. spatial resolution

The accuracy and precision of a dosimeter refer to the uncertainty attached to a
measurement obtained with the device. A device with high precision produces small

deviations between measurements and high accuracy ensures measured values are close
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approximations of the true val3& Linearity describes the proportionality of the
measurement quantity to the dosimetric quantity of interest. An ideal detector would

provide a linear response across a continuum; however typical dosimeters only display
linearity over a defined range of de. The dose rate dependence of a radiation detector
describes the response of an integrating system as a function of the rate of the quantity
0SAYy3 YSI&AdzZNER® LG A& RS&aANI of $peddentsiichil KS R
that the ratio of the measured value, M, to the true quantity, Q, is constant. Energy
RSLISYRSYyOS RSTAySa (GKS GFNRFGA2Y 2F (GKS RS
energies. The energy dependence is especially important for absotidse
measurements since detectors are calibrated to a standard beam quality and used
clinically to calculate dose for different qualittésWhile there are numerous different
dosimeters utilized in radiotherapy, the following section focuses on theatjwer of the

dosimeters used in this thesis, including film, ion chambers, and scintillation detectors.

Film contains photosensitive emulsion which darkens as a result of ionizations produced
by radiation interactions. This darkening changes the optical density of the film, which is
a measure of the light transmission through the film. The optical dens#yusction of

the dose deposited in the photosensitive emulsion. Typically, film demonstrates linearity
over a range of doses which can be determined by creating a sensitometric curve,
capturing the change in optical density across a range of known dbisesatitude of film

describes the range of dose for which the sensitometric curve demonstrates a linear

relationship with dose. The latitude should be considered for the given exposure

71



conditions to provide contrast across all optical densifielistorically, radiographic film

was used for dosimetry purposes, requiring processing to develop and fix the latent
image. Radiochromic film is a newer alternative to radiographic film which is self
developing, eliminating the need for darkroom procegsinThis film contains a
photosensitive dye which polymerizes as a result of radiation exposure. Like radiographic
film, the polymerization which occurs in radiochromic film changes the omteradity of

the film as a function of dose. Both radiographic and radiochromic film can be analyzed
using a densitometer to measure the spatial distribution of optical densities. This density
map can be converted to dose using the sensitometric curve aigaptical density to
dose. With proper calibration, radiochromic film provides better than 3% uncertainty in

dose calculatiors.

Scintillation detectors are made of photosensitive material which produce visible light as
a result of photoelectric interactions within the material. The scintillator is coupled to an
optical fiber which transmits the light to the readout electronics. ©p#cal fiber outputs

to a photmultiplier tube which converts the visible light signal to electrical output.
Contained in the photomultiplier tube is a series of dynodes which act to amplify the
signal. The amplified signal is collected by the anode ergimitted to the electrode for
scoring®. The electron fluence emerging from the photosensitive layer is proportional to
the amount of energy absorbed by the scintillator, and thus the size of the electrical signal
collected by the electrode is proportional to the energy of the photon which was

absorbed by the scintillator. As such, scintillation detectors are capable of distinguishing
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between photons of different ener§$ Commonly, the scintillator used in such detectors
are made of plastic which match the radiological characteristics of water within 2% for
clinical beam energies. Plastic scintillator detectors are roughly energy independent and
can be made small (i.e. digeter in the mm range) to provide high special resolutfon

lon chambers come in a variety of shapes and sizes, but regardless of design, ion chambers
commonly possess a gas or liquid filled cavity surroundedrbguter conductive wall.
Within the cavity is a central electrode which acts to collect and transmit the measured
signat’. Secondary electrons entering the cavity produce ionizations within the material
occupying the cavity, liberating chargemat are collected by the central electrode. The
amount of charge collected is proportional to the amount of energy absorbed. The
current produced within the central electrode is proportional to the dose deposited,

which is readout by an electromef@r

2.9 Stereotactic radiosurgery/radiotherapy and radiological penumbra

Although minimizedthrough collimation dose deposition outside of the treatment
volume is unavoidable, due to thentry and exit paths of the beam and tipenumbra.

The beam penumbraan bedefined as the distance between the 80% and 20% or 90%
and 10% isodose in a lateral beam profile at a specified depth in Wa®ne factor
contributing to the overall beam penumbra is the radiological penumbra, caused by the
lateral scatter of primary and secondary parti€¢fe®ue to the loss of lateral charged
particle equilibrium at the field edges, more electrons are scattered outside the field than

are scattered insideas demonstrated ifrigurel4.
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Figurel4. lllustration of the loss of lateral charged particle equilibrium in small fields resulting in increased dose outside
of the geometric field and decreased dose at the field boundary.

The lack of CPE results in decreased dose deposited within the field at the boundary, and
consequently increased dose deposited outside the geometric’fiel&for standard
radiotherapy field sizes, it has been shown that increasing the photon energy from
orthovoltage to megavoltage reduces the radiological penumbra due to increased
forward scattef®. However, for small fields used in stereotactic treatments, the main
contribution to the dose deposited is due to the secondary electrons generated by the
primary beam. Therefore, by reducing the energy of the primary photons, the range of
the secondary electrons is also reduced, resulting in less lateral scatter and sharper
radiological penumbr&-3272 This concept has been experimentally validated usirly

MV treatment beam, in which Keller et al. reported a fourfold reduction in radiological

penumbra of a single 5 x 5 mrfield, when compared to the clinical 6 MV beam. Keller
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et al. expanded their work to examine a complex 18 beam treatment, concluding that the
reduced radiological penumbra resulted in superior dose distributions compared to 6 MV

in terms of dose falbff, homogeneity, and conformality.

The introduction of the 2.5 MV beam on the TrueBeam platform sparked the interest of
several groups on the application of this beam in radiotherapy treatment. While this
beam was commercialized with the intention of imaging, the dosimetric characteistics

the 2.5 MV beam motivated the investigation of its use in stereotactic treatment. Using
Monte Carlo, Ding and Homa#trcompared dose distributions for identical stereotactic
plans delivered with different beam qualities, including 2.5 MV, 6 MV, 6 M O MV

and 10 MV FFF. Due to the reduced range of secondary electrons generated by the 2.5
MV beam, this group demonstrated sharper dose-d¢éfllin a thalatomy case, noting a
reduction in the dose to the brainstem by 37% compared to the clinical 6 MV $eam
Khaledi et al. investigated the use of the 2.5 MV beam in both standard and stereotactic
treatments. Compared to the clinical 6 MV beam, this group observed reduced OAR dose
while providing adequate PTV coverage with the 2.5 MV F&aRollowingthe same
motive, the recently commercialized Z>pplatform utilizes a 3 MV beam for intracranial
SRSThis noveltreatment platform is sefshielded and gyroscopic, enabling isocentric
intracranialtreatment acrossa 2p steradiansolid anglé*. The ZapX platform utilizes a
rotating collimator system equipped with circular collimators forming field sizeks 6f

7.5, 10.0, 12.5, 15, 20, and 25 mm diametZapX operatesat 1500 MU/min,

corresponding to 1500 cGy/miat dmax for the largest (i.e. 25 minfield sizé>. The
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reduced energy@mbined with the shortened source to axis distance of 4tthe Zap

X platformprovides improved dose fatlff compared to a conventional 6 MV beam. With
similar beam quality to G606, the 3 MV beam demonstrates reduced radiological
penumbra compared to 6 MV without the recurring cost of replacing &@source.
Contrary to the convention that 6 MV is the ideal radiotherapy treatment erérégywer
energy photons may be advantageous in SRS applications due tedineed penumbra

and therefore improved sparing of adjacent healthy tissues.

2.10 Monte Carlo methods

2.10.1 Definition
The Monte Carlo method describes a computational process for modeling probabilistic

outcomes of stochastic events using random number sampling of probability distribution
functions”e’°. In the context of radiation therapy, Monte Carlo is used to simulate
radiation transport through media, enabling the calculation of macroscopic dosimetric
guantities resulting from millions of microscopic interactiGhsThe Monte Carlo
framework provides a probabilistic approach to solving numerical integrals whiclkdwou
be impossible to solve with analytical means. The stochastic nature of particle interactions
complicates the analytical calculation of particle transport outcomes for three main
reasons:

1. The interaction type and outcome of each interaction event is stochastic.

2. Interactions can generate secondary particles, creating more particles to

model/track.
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3. Each particle can interact numerous times while traversing a medium.

While the underlying particle physics is well understood, the immensity of the problem
makesanalytical solution€omputationally expensiveor outcomes of particle transport

in radiation therapy applicatioi$ Instead, the Monte Carlo method uses random
numbers to sample the probability density functions which characterize the likelihood of
particle interactions in a given material. This powerful tool allows the simulation of
random particle trajectories, oristories, to determine macroscopic outcomé&sm a
cumulation of many particles such as: average distance traveled before interacting in a
given medium, the relative occurrence of a given interaction type, dose to a medium for

a given beam of particles, éfc

The framework for simulating radiation transport using the MC method incfides

1. A random number generator

2. Accurate geometric definition of transport medium

3. Physics input (interaction crosctions as function of energy and medium)

4. Means of tracking/accumulating results
A random number generator is used to produce the sampling points at which the
probability density functions are queried, representing the stochastic nature of particle
interactions. The transport medium must be defined spatially and in terms of material
composition, specifically the atomic composition of the material as well as it's physical
density. The geometric information is required for sampling distance to interaction points,

whereas the material composition is used to determine the outcome of amnguarticle
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interaction as dictated by the cross section. Since patrticle trajectories through the
geometry are calculated individually, data logging throughout the simulation is essential
to produce cumulative results at the end of the simulafion
With these tools, the generic process for MC modelling of radiation transport can be
summarized in four stefk
1. Sample random distance to the next interaction site in the current medium from
the probability distribution function
2. Transport particle to interaction site (considering geometric boundaries)
3. Sample interaction cross sections to determine interaction type corresponding to
most probable event
4. Sample energies and angles of scattered particles to determine next step (if
particle is absorbed, repeat-4 with next history, if not, repeat-4 to simulate
trajectories of scattered particles)
This process is repeated for as many histories as defined by the user. Due to the
probabilistic nature, results from Monte Carlo calculations represent an approximation of
the true value, averaged over the number of histories)udingthe associated variance.
According to the central limit theorem, as the sample size increases (i.e. the number of
particles), the distribution of the sample mean approaches a normal distrib{3tfn
Applying this theorem in Monte Carlo methods indicates that increagieghumber of
simulated particles (i.e. the sample size) decreases the variance, and thus the calculated
outcome more accurately represents the true valti&. While it is possible to improve

accuracy by increasing the number of histories, the statistical uncertainty decreases with
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the square root of the sample sf2€3. Since calculation time increases proportionally
with the number of simulated histori€%®3, increasing the number of histories to achieve
the desired uncertainty may not be realistic. To avoid impractically long simulation times,
variance reduction techniques (VRTs) may be employed to improve statistical
uncertainties without introducing systematic error or increasing the calculation tii#fe
VRTs improve the efficiency of a simulation, as describegtjbstion 9 below, wheres?
represents the variance and T represents the time.

P ©9)
Examples of common VRTs include Russian roulette, bremsstrahlung splitting, and range
rejection. In Russian roulette, a survival probability defines a threshold which determines
the fate of a given particle type (i.e. photon or chedgparticle§'-82 When such a particle
is created, it is assigned a random number between 0 &dfthe assigned number lies
above the threshold probability, the history is terminated without scoring; otherwise, it
adzNDAGSa FyYyR GKS LI NIAOfSQa adldAadaolft
introducing biag&®® Ly oO6NBYA&a(OGNI Kfdzy3d aLX AddAy3ax
into several independent photons, as defined by the user input splitting numbgi, N
The statis®©F £ ¢SAIKG 2F SFOK &L AG LK2G2y Aa
divided by Nyitto preserve the total weigl§e. Range rejection is a VRT that only applies
to charged particles due to their definitive range in any given media (i.e. CSDA range).
When implementing range rejection, the maximum range of a giparticle in the

materialbeing traverseds compared to the shortest distance to the region bounda#
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history is terminated and scored in the current region. While Russian roulette and
bremsstrahlung splitting are true VRTS, range rejection introduces approximations
because it does not account for possible bremsstrahlung photons which could have been

genemted along the electrons pathd4

2.10.2 VirtuaLinac

Several standalone Monte Carlo packages are available for modeling radiation transport,
including VirtuaLind€ (Varian Medical Systemaphd EGSnr(National Research Council

of Canada)used in this work. VirtuaLinac is a clebased software available (with
permissions from Varian Medical Systems) aigecure sheltonnection to a private
Amazon Machine Image launched through Amazon Web Services. VirtuaLinac contains a
verified geometric model of the fielshdependent portion of two commercially availab
models of Varian linear accelerators, including the Clinac and TrueBeam units. The field
independent portion of the beamline describes the components upstream from the
beamshaping collimators (hence, field independent), from the bremsstrahlung tacget t

a plane above the rectangular jaws. This ckdaded setup allows the maintenance of
proprietary design specifications while allowing accurate simulation of beam production
2y 2 NAIFYQad O2YYSNDOAFE LI FOGF2NXYae ¢KS dzasS
incident particle, energy, spot size, custom target specification, etc. The output from
VirtuaLinac is an IAEA phase space positioned above the jaws, 73.3 cm from isocenter.
While the fieldindependent geometry is exclusive, the geometry of the fadgendent

components of the beamline are available through MyVd&iaiPhase space data
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obtained through VirtuaLinac simulations can then be propagated through a subsequent
model of the remaining treatmerhead components and dosimetry media using other
Monte Carlo software, such as EGSiNational Research Council of Canaia3pecify

unique transport geometriesThis workflow is demonstrated Figurelb.

Virtualinac via secure shell
Target to top of jaws
(phsp scored @ 26.7 cm)

L BEAMNrcC

Remaining treatment head
components

25

Z(cm)

Figurelb. lllustration of Monte Carlo modeling workflow using Virtuatinad BEAMnrc
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2.10.3 EGSnrc
EGSnrc is an opesource software for Monte Carlo modeling of radiation transport

developedat the Stanford Linear Accelerator Centand maintained by the National
Research Council Canada. This software is composed of source files and utilities for
constructing geometries, modeling particle transport, scoring outcomes, and analyzing
results. In these applications, EGSnrc is capablenuilating particles with energies
ranging from al keVto 100 Ge\?®. The subroutines contained in the EGSnrc package
define the methods for sampling probability distribution functions which determine
probabilistictrajectories and outcomes resulting from radiation interactions which occur

as a result of radiation transport through the corresponding geometi#€sS stands for
electron gamma shower, alluding to the transport of radiation. The implementation of
EGSnrc requires user construction of user code, whij befacilitated by graphical user
interfaces. The user code consists of a main program, a scoring routiner¢cefe as
AUSGAB in EGSnrc), and two subroutines defining the geometrical information (HOWFAR
and HOWNEAPR) Due to the large number of interactions by which electrons interact
with media, EGSnrc implements a condensed history techfiguédrich groups several
interactions into a single step to improve efficiency. Energy cutoff variables, ECUT and
PCUT, define the finite electron and photon energies in which the simulation stops
tracking particles. In addition to ECUT and PCUT variakdeicl@ trarsport is also
managed by the PEGS4 material data set which contains the cross section information for

particle interaction&.
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The EGSnrc user codbat apply to this work include BEAMnrc and DOSXYZnrc. BEAMnrc
is an environment which allowsimulation of treatment head configurations using a
variety of independent component modul@sThe results from a BEAMnrc simulation are
compiled into a file called a phase space. Phase space data is recorded for each particle
which crosses the scoring plane, as defined by the user. The particle energy, position,
direction, weight, and site of lagtteraction is recorded for each partidie the resultant

phase spac®. Phase space data can be used as input to subsequent simulations for dose
calculation using the user code, DOSXYZnrc. The dose is calculated in a user defined
voxelized phantom, which allows specification of the density and material in eac%oxel
Phantoms can be constructed to mimic dosimetric setups, such as a water tank or
detector, or to replicate anatomy using the user code ctcreate to transform CT data into

a voxelized anatomical phantonA diagram illustrating theworkflow in EGSnrc is

provided inFigurel6.
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Figure16. Diagram of EGSnrc Monte Carlo workfldwstrating the simulation of particle transport through the
treatment head in BEAMnrc and subsequent dose calculation in a voxelized phantom in DO@XaZiect from
BEAMnrc manuéf).
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Chapter 3:Investigation of planar image quality for a novelN\bdiamond
target beam from a radiotherapy linear accelerator

3.1 Prologue
This manuscript describes the modification of a commercial 2.5 MV radiotherapy

beamline to implement a novel sintered diamond target for improved image quality. Two
beamlines were constructed including a preliminary external target setup following from
previous work by Parsons et. al., and a clinically realistic setup with the target placed in
the target arm. Image quality was assessed in comparison to the commercial 2.5 and 6
MV beams in terms of the spatial resolution and contitashoise ratio. This wdr
highlights the need for improved MV image guidance with respect to the auxiliary kV

system, and presents a cost effective, simple solution.

This manuscript was published in the ESTRO highlights special issue of Physics and Imaging
in Radiation Oncology:

Borsavage, J.M., Cherpak, A., Robar, J.L., Investigation of planar image quality for a novel
2.5 MV diamond target beam from a radiotherapy linear acceler&bysics and Imaging

in Radiation Oncologyol. 16, pp. 10308, 2020.

Minor additions were made to the methodology sectiohthe approved version of this
manuscriptto provide moredetails regarding mode up and operation of the {@warget
and to clarify the composition of materials used in CNR versus dose evalusgiction

3.8 was added to the manuscript text to provide supplemental figures.
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3.2 Abstract
Purpose A commercial 28+ 0SIY KIFa 0SSy Of A yeyeQibvi f & | &

imaging in radiotherapy, offering improved contrastnoise ratio (CNR) compared to
therapeutic beams, due to the softer spectrum. Previous research suggested that imaging
performance could be improved using a letvdiamond target to reduce the self
absorption of diagnostic energy photons. The aim of this study was to 1) investigate the
feasibility of two 2.9MV diamond target beamline configurations and 2) characterize the

dosimetry and planar image quality of these noveld{6Wweams.

Material and methods The commercial 2.8V beam was modified by replacing the

copper target with sintered diamond. Two beamlines were investigated: a carousel
Y2dzy SR RAFY2YyR GIFNBSG o6SIFYEAYS yR | w02,
target in the target arm. Planar imaggality was assessed in terms of spatial resolution

and CNR.

Results Due to image artifacts, image quality could not be assessed for the carousel
mountedlow¥s F NBASG 0SSt Yo oW OHWReaM @bty wadsAiiedby Q H Py
2.7% compared to the commercial imaging beam, resulting in improved CNR by factors of

up to 13 and 1.7 in thin and thick phantoms, respectively. In regard to spatial resolution,

0KS w02y g3y fon2 gehni glightly duiperformed the commercial imaging

beam.
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ConclusionWith a simple modification to the 218V commercial beamline, we produced
an improved energy spectrum for imaging. ThisM¥ diamond target beam proved to
be an advantageous alternative to the commercial target configuration, offering both

superior resaltion and CNR.

3.3 Introduction

High atomic number (Z) targets have proven unfavorable in megavoltage (MV) imaging
beamlines due to selibsorption of diagnostic energy photons (i.e. in the range 25
150keV}’. Consequently, MV imaging is associated with poor image contrast
characteristics due to the Compton dominant interactions of photons in the MV
spectrum. Image quality has been further compromised by the low efficiency of typical
MV detectors, which is otihe order of X2%65. Kilovoltage (kV) choard imaging systems
offer substantially better image quality than MV; however, these auxiliary systems
introduce increased cost and maintenance, additional uncertaiftieand prevent
visualization of the treatment volume relative to the collimation of the beam during

treatment?’.

While the kV system has provided superior image quality, the drawbacks of the system,

Fa ¢Sttt a (GKS LR G Seyewiaw (BEV)Firgalyd ghidanddlBngliGaked 6 S| Y
the continued development of MV beams, such as the introduction of a commercial
2.5MV FFF beam. With a lower nominal energy, thisNAbbeam contains a greater

proportion of diagnostic energy photons compared to 68 therapy beam, for example,
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comprised 22% of photons in the diagnostic ratgeersus less than 1% foéV1e. This
increased proportion of diagnostic energy photons resulted in increased contrast by
factors of 2.5 to 3.6 times compared tdwWV/. Previous studies have suggested that this
2.5MV low-X beam could be improved by replacing the current ¥dgtopper targt with

low-Z sintered diamond to further soften the spectrii#® The softer spectrum of the
2.5MV lowZ beam should increase the absolute contrast between ¢issand the
achievable contrasto-noise ratio (CNR), due to theK % dependence of the
photoelectric mass attenuation coefficiéht Additionally, the CNR per unit dose should
increase due to the increased detection quantum efficiency (DQE) of the diagnostic
energy photons in the MV spectrum. Parsetsl. previoudy evaluated the commercial
2.5MV low-X beam against a lo& 2.35MV carbon target beam using Monte Carlo
simulations in VirtuaLindtand EGSnf? Compared to the 2.8V low-X beam, this
group observed an increase in the relative fraction of diagnostic energy photons by 10%,
resulting in increased contrast by factors of 1.28 and 1.35 for thin and thick phantoms,

respectively?.

A variety of lowZ targets have been previously implemented on several treatment
platforms!6.17:19.23.25 byt this study marks the first installation on a modern linac. The aim
of this study was twofold: 1) to investigate the feasibility of two ¥ sintered diamond
target beamline configurations; and 2) to characterize the dosimetric and image quality
characteristics of the novel 2.8V lowZ target beams in comparison to the commercial

2.5MV low-X beam. Due to the photoelectric absorption dependerme 2, we
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hypothesized that replacing the 2MV low-X copper target with lowZ sintered diamond
would reduce the selfbsorption of diagnostic energy photons, producing a softer beam

with improved planar CNR.

3.4 Material and Methods

The lowZ target material used in this work was thermally stable polycrystalline (TSP)
sintered diamond, a synthetic diamond selected for its low atomic numbé&rjzand

high melting point. Two lovZ target beamlines were investigated in this work, idoig:

an external target setup with the diamond target mounted in the carousel of the linac,
FYR F Y2NB W02y @Sy i A the/diain@hd tar§et nvathingtdSntoahs G dzLJz
target arm. Both targets were installed on a TrueBeam STx (Varian Medical Systems, Palo

Alto, CA) @rm linac

3.4.1. Carouselmounted target beamline

The preliminary beamline involved an external target mounted in the carousel of the
linac, modeled after targets previously investigated on the Clinac platfoi#?® The
target assembly was manufactured to mimic the shape of a flattening filter, allowing for
placement of the target as close to the exit window as possible. The cylindrical sintered
diamond target was 3.tnm thick (77% of the continuous slowing down appnaation
(CSDA) range of incident eV electrons) and l1ldim in diameter, which was
maximized given the physical constraints of the beamline geometry. The design for the

target assembly was determined by first optimizing the shape of a nylon mockup in an
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empty port, ensuring adequate clearance during manual rotation of the carousel. Once
machined, the target was installed and a procedure was established for operating the
2.5MV beam with the target arm retracted and the caroussbunted target in the
beamine. Implementation of this beamline required manual mode up in service mode
prior to operation of the custom beam, as outlined in the standard operating procedure
outlined in Appendix B. To ensure the integrity of clinical beams following operation of
the 2.5 MV carousel mounted target beam, necessary dosimetric and mechanical quality

assurance was carried out before returning to clinical operation.

Unlike experiences with analogous beamlines on previous platforms, image quality could
not be assessed for our |e& carousemounted target beam due to the presence of a
circular artifact in all images acquired with the MV detecteig( 41). The source of the
artifact was investigated by examining the integrity of the sintered diamond target,
possible detector saturation, resultant dark current in the EPID from successive
acquisition, and the incident electron beam spot size. The beamsipptwas meased

at various locations in the beamline including: the base of the carousel, the front face of

the target, and at 78m SSD using stMU exposures on radiochromic film.

342¥/ 2 Y @Sy U-Z tArget bednling 2 &
3.4.2A Target arm machining and installation
The TrueBeam target arm was modified to replace the commercial copper target with a

disk of TSP sintered diamond (13.44 mm in diameter, 5 mm thick). The thickness of the
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diamond disk was selected to be 1.1 times the CSDA famfe2.8 MeV electrons;
optimized to account for uncertainties in the incident electron energy, eliminate
transmission electrons and filter out photons with energy lower than 25 keV that would
contribute increased dose to the patiént Prior to machining, the distance between
cooling lines in the arm (~ 1.7 cm) was measured based on an MV image of the target arm
to ensure suitability of the target diameter. The copper target was milled out aad th
diamond disk secured in place by a lip on the underside oftéinget andusing a
mechanical press from the top face to ensure permanent installatagu¢el?). Prior to
installation, the target arm was externally connected to the TrueBeam cooling system to
confirm integrity of the cooling lines. All necessary quality assurance measures were
carried out before and after installation to verify consistency oficdl beams. For safety
reasons, the 2.5 MV beam was removed from clinical service and assigned solely for

research.
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a) top view

Figurel?. a) Top view and b) bottom view of experimental TrueBeam target arm showing the sintered diamond target
secured into the fourth target position, replacing the {¥vcopper target.

3.4.2B Planar image quality characterization

Planar image quality was characterized in terms of spatial resolution and CNR. Spatial
resolution was evaluated using the relative modulation transfer function (RMTF),
following the methodology proposed by Rajapakshal *3. This method utilized the QC3
phantom Eigure18a), which contains alternating pairs of high and idensity bars,
forming line pair regions of the following spatial frequencies: 0.1, 0.2, 0.25, 0.4 and 0.75
line pairs per mm (Ip/mm). For each input square wave frequency in the phantom, the
calculated RMF describes the degree of output signal modulation relative to the lowest
spatial frequency. The QC3 phantom was setup to 99 cm SSD, held avahfespect

to the axial plane using an acrylic jig to avoid aliaskigufe18b). The phantom was
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imaged at a gantry angle of 9@ith a 14x14 crafield using a SID of 150 cm. Multiple

images were acquired for each beam to estimate uncertainty in RMTF calculations.

Figurel8. a) The QC3 phantom containing regions of various frequency bar patterns and b) the QC3 phantom setup at
99 cm SSD, at #5vith respect to the axial plane, for RMTF calculations

RMTF was calculated usiBguation 10, whereM(f) is the modulation of a given spat

frequencyf, andM(f1) is the modulation of the lowest spatial frequency (i.e. 0.1 Ip/mm).

YO 'YQ — (10)

As suggested by Droege and Méfjrsignal modulation was calculated usknyation11,
where si(f) is the total variance in a given line pair region astff) is the variance due

to random noise within the same region.

b Q@ , Q , 0 (11)
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The contributions due to random noise were removed from the signal modulation by
subtracting sequential images. Since the variances of the two subtracted images are
assumed equal, the variance due to random noise was calculated bEgiragion 12, as

outlined by Rajapakshet al.

y Q @ — (12)

CNR was eWaated using an wihouse phantom containing lowto highcontrast tissue
equivalent inserts (Gammex, Middleton, WI), including brain, breast-30B2 and
cortical bone for thin (4 cm) and thick (20 cm) phantofig)re19ay3. The CBB0%
material represents a formulation of CB2 resin mixed with 30% calcium carbonate by
weight to replicate bone with a physical density of 1.33 gifand electron density
(relative to water) of 1.262° The inserts were arranged in a 14 diameter circle
centered on an inscribed crosshair on the top face of the solid water phantom (30x30x2
crtd F2NJ FEAIAYYSYyld sAGK GKS o0SFYyQa OSyuGaNI
constructed by wedging the contrast phantom between equivalent thicknesses of solid
water to constitute the total phantom thickness (i.e. 4 and 20 cm). The phantoms were
setup isocatrically and imaged at a gantry angle o ®0 avoidcontributions of couch

scatter to acquired image&igurelob).
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Figurel9. a) Inhouse contrast phantom containing 1) CB®o 2) breast 3) cortical bone 4) brain tissue equivalent
inserts and two voids for additional materials and b) thin contrast phantom imaging setup at 98 cm SSD.

3.4.2C Imaging dose calculation
The 2.5 MV lowZ and 2.5 MV lowX beams were calibrated using the American

' 3a20A10A2y 2F tKeaAOAalha AY PRDSAHrked wefeS Q a
acquired for 10x10 chfields at 100 cm SSD to determine beam quality. In a previous
study investigating 2.5 MV lo% imaging dose, Ding and MuAfaalibrated the 2.5 MV
low-X output using & = 1.00. Assuming negligible differences between the chamber
perturbation factors of the 2.5 MV beam and-60, they calculated kas the ratio of
SpencefAttix waterto-air stoppingpower ratios (SPR) for the two beam energies. The
study reported less than 0.1% difference between the SPR of the 2.5 MX bmam and
Co60 at the recommended calibration depth of 10%¥mhus concludingde 1.00. Based

2y 5AY 3 |y R 5 zaddyfHeRac shat aul ceRsurements found similar beam
qualities for the 2.5 MV lowX and 2.5 MV low beams (i.e. 52.85% and 50.15%,

respectively), k= 1.00 was assumed for both beams.
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Dose per MU was calculated for the 2.5 MV {gwand 2.5 MV low beams under
reference conditions using an isocentric setup (i.e. 10x1®f@td, 90 cm SSD, 10 cm
depth). Point dose measurements were performed in water using a calibrated Exradin
Al2 (Standard Imaging, Middleton WI) ion chamber. Output factors and corresponding
TPR measurements were made for a 20x28 foehd for both 2.5 MV lowX and 2.5 MV
low-Z beams to calculate imaging dose for thin and thick phantom setups. Imaging doses
for the 6 MVbeam were calculated by modeling the thin and thick solid water phantoms

in the treatment planning system (Eclipse version 13.6, Varian, Palo Alto, CA).

3.5 Results

3.5.1 Carouseimounted target beamline
Removal of the carousehounted target confirmed that the target was intadtigure

20a). Film irradiated at 75 cm SSD verified that the circular artifact was due to the incident
electron beam and unrelated to the EPHEgure20c). The film irradiated at the base of
the carousel revealed thahe full-width-half-maximum (FWHM) of the spot size was 23.5
mm; more than twice the diameter of the diamond targ€igure20b). The dose on the
periphery of the film irradiated at the level of the targeas 58% of that on the central
axis; confirming that the electron beam spot size was larger than the target. This was
deemed an insurmountable limitation of this approach to intuethg a diamond target,
given that the physical constraints of the installation limit further increase of the target

diameter. Furthermore, it would be physically impossible to move the target closer to
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the exit of the electron beam from the vacuum, where the electron beam might be

sufficiently narrow to create a useful focal spot for imaging.

b) Electron focal spot at base of carousel
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Figure 20. Pictorial representation of circular artifact investigation a) Intact carousel mounted target assembly b)
Electron focal spot measured with radiochromic film below the target plane showing the diameter of the exposed
sintered diamond target (11 mm) antie corresponding FWHM c) Radiochromic film image acquired with 2.5 MV
diamond target beam at 75 cm SSD d) EPID acquired test image with 2.5 MV diamond target beam at 150 cm SID.

352W/ 2 y ¢Sy (-Z target beamling 2 ¢
3.5.2A Planar image quality characterization
The calculated RMTF, derived from images of the QC3 phantom, shows that our

experimental 2.5 MV lowZ beam outperforms the commercial 2.5 MV lofvand 6 MV
beams in terms of spatial resolution (segure21). We observed increases igoFthe

frequency at which the RMTF decreases to 50%, by 22.7% and 12.5% for the 2.5MV low
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Z and 2.5 MV lowX beams, compared to 6 MV. This translated to an increase of
approximately 0.5 Ip/mm, and 1 Ip/mm for the 2.5 MV l&wbeam compared to the 2.5

MV low-X and 6 MV beams, respectively. The improved spatial resolution was likely due
to reducel extrafocal radiation resulting from the absence of a flattening filter in the 2.5

MV beamlines.
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Figure21. Relative modulation transfer function of 2.5 MV {&@w2.5 MV lowX and 6 MV beams

The CNR versus dose results presenteHigure22 demonstrate a clear advantage for
the 2.5 MV lowZ beam at imaging doses above 1 mGy in the thin phantom and above 3

mGy in the thick phantom, compared to the 2.5 MV {¥vbeam. At doses above 3 mGy,
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the CNR of each material in the thick phantom was greater for theddye@am than the

low-X beam, by factors of 1-4.7 for breast, and 1:1.3 for cortical bone. The same trend

was observed for materials in the thin phantom above 1 mGy, excluding cdrtinal
Increases in CNR were observed in breast and3DBRin the thin phantom by factors of
1.2-1.3 and 1.21.4, respectively. Unlike the other materials in the thin phantom, the
difference in the CNR of cortical bone between the16wnd lowX beams isegligible

across all doses. At doses less than 1 mGy, the difference in CNR between images acquired
with low-Z and lowX beams were negligible for breast and cortical bone in the thick

phantom.

a) Thin phantom (4 cm)
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b) Thick phantom (20 cm)
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Figure22. CNR versus dose for breast, brain, cortical bone, anedB@B2issue equivalent inserts in a) thin (4 cm) and
b) thick (20 cm) phantoms
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3.6 Discussion
This work marks the first implementation of a l&vdiamond target beam for 2.5 MV

imaging on a modern linac platform. In our investigation, we implemented two beamline
geometries including () acarousél2 dzy 6§ SR G F NHSG RS&AIyup I YR

with the target in the target arm.

Based on our thorough investigation of the carouselunted target beamline, we have
concluded that the large electron spot size impinges on the copper housing of the target
assembly, causing a namiform photon fluence below and the appearance of a dacu
artifact in images acquired by either film or the EPID. This is caused by the geometry of
the carousel relative to the exit window, such that the electron scatter in air produces a
large focal spot incident on the upstream surface of the target. \ihiée carousel
mounted target design has been used successfully on a previous platfrth the
redesign of the beamline in the current platform precludes this careos®inted target

design.

On the other hand, a viable approach is installation of a diamond target in the target arm
02dzNJ WO2y @Sy A2yl tQ aSaGdzZlz FyR F2NJ 0KAA
guality compared to the commercial 2.5 MV ledbeam Ashypothesized, replacing the

high-Z copper target with lowZ sintered diamond in the 2.5 MV beamline produced a
softer beam, as demonstrated by the 2.7% reduction in PDD(10 cm) for the 2.5 N&/ low

beam compared to 2.5 MV IoX. We found similar beam quiglito the 2.35 MV carbo
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target beam modelled by Parsoms al., although our 2.5 MV lovZ PDD(10 cm) was
greater by 1.6%. This is likely due to the small difference in nominal energy as well as the
presence of higlZ sintering materials in our target. Compared to the commercial 2.5 MV
low-X beam, the softer lowZ spe&trum resulted in improved CNR by factors of up to 1.7,

at clinically relevant MV imaging doses. This permits either improved CNR for the same
dose, or conversely, decreased imaging dose for the same WHRbservegdvantages

of the low-Z beam over the commercial 2.5 MV ldwbeam for both thin and thick
phantoms, except for cortical bone in the thin phantom and in cases where CNR itself is
very low (< 1) for all beams, i.e., where the objects were essentiallyimglisshable from

background.

While this study has focused solely on planar imaging with theddweam, in concept

the same beam could be used for capeam CT acquisition, and even voluofeinterest

CBCT using the MLC for collimation according to the relevant anatomy for thergags i
guidance task. Although kV imaging provides superior image quality to MV per unit
imaging dose, image guidance from the BEV is valuable in the delivery of precision
radiation therapy. With a simple modification to the 2.5 MV {&vibeamline, we mduced

a softer energy spectrum for imaging, which improves BEV imaging with better spatial
resolution and CNR. We anticipate that additional modifications to theddveamline
could further improve the CNR versus dose characteristics of 2.5 MV BEVgnfaga

such alteration, to be examined in forthcoming work, is the removal of the 0.81 mm brass

%

coverLJt F GS FNRY GKS O NRPdza St -Z fargel tiedmling,Qe y gSy
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further reduce the selhbsorption of diagnostic energy photons within the treatment
head. Another feasible approach involves modifying the EPID to increase the DQE, such

as the integration of a thick Csl flpanel detectof?.

This study concludes our initial characterization of this novel 2.5 MV diamond target beam
for BEV imaging. We demonstrated the ease of installation of e&Zlemtered diamond
target beam on a modern linac, and the consequent improvements in CNR adiarfunc

of dose compared to the current loW mode. We suggest sintered diamond as a

favorable alternative to the current copper target in the 2.5 MV J§weamline.

3.7 Additional Material

2.5 MV low-Z 2.5 MV low-X

Il

Figure23. Qualitative demonstration of planar CNR phantom images acquired with 2.5 M¥, 128 MV lowX and 6
MV beams using 1 cGy imaging dose. Digital contrast settings (i.e. window width and window level) maintained between
images acquired with each beam foeamingful comparison.
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Figure24 Representative Monte Carlo derived spectra for 2.5 MV diamond and copper target beams demonstrating
increased yield of lownergy photons recovered by diamond target beam compared to copper target beam.
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Chapter 4: Improving image quality and reducing dose with 2.5 MV diamond
target volumeof-interest cone beam CT

4.1 Prologue

Expanding on the work detailed in Chapter 3, this manuscript examines the image quality
in volumetricimage acquisitionfor the 2.5 MV sintered diamond target beam compared

to the commercial 2.5 MV beam. In addition to full fieddl view CBCT, this work
investigates the use of volur@-interest CBCT for potential dose sparing and improved
image quality. This manuscript highlights the process of VOI CBCT acquisition and image
processing, as well as the improved image quality of theeh@.5 MV in both fllfield

and VOI volumetric imaging.

This manuscript was published in Medical Physics:
Borsavage, J.M., Cherpak, A. J., Robar, J. L., Improving image quality and reducing dose
with 2.5 MV diamond target volumef-interest cone beam CT imagindedical Physics

vol 49., no. 12, pp. 7661671. 2022.

Minor additions were made to the approved version of this manuscript to refeze

Figure31lin the text. Thetabulated values ifTable4 were updated for significant digits.
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4.2 Abstract
Purpose Over the past decades, continuous efforts have been made to improve

megavoltage (MV) image quality versus dose characteristics, including the
implementation of low atomic numbe#) targets in MV beamlines and the development

of more efficient detectors. Recently, a diamond target beam within a commercial
radiotherapy treatment platform demonstrated improved planar contrstnoiseratio

(CNR) per unit dose using a novel 2.5 Mesad diamond target beam, which enabled
image acquisition on therder of mGy. The present work assesses cone beam CT (CBCT)
image quality characteristics for the novel 2.5 MV diamond target beam and the effects
of volumeof-interest (VOI) collimation on the image quality and imaging dose

distribution.

Methods: A sintered diamond target was incorporated into the target arm of the linear
accelerator, replacing the 2.5 MV commercial copper imaging target. CBCT image quality
was evaluated against the commercial imaging beam with regard to spatial resolution and
CNRversus dose. In addition to ffield acquisitions, we investigated VOI techniques that
collimate the imaging beam to preselected anatomy, to determine potential image
guality improvements and dose sparing capacity. Using an anthropomorphic grhant

VOI regions were defined to encompass the maxillary and ethmoid sinuses and ranged in
dimension from 3 cm to 4.85 cm equivalent radius. The MLC was fit to each VOI structure

throughout a full CBCT arc and the corresponding MLC sequences were produdéd a
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scripts for acquisition. Calibrated radiochromic film was used in phantom to measure

cumulative axial dose distributions during each CBCT acquisition.

Results In fulkield CBCT, the 2.5 MV diamond target beam demonstrated improved CNR
versus dose compared to the commercial imaging beam, by factors of up to 1.7. The
calculated modulation transfer function (MTF) displayed an increase of nearly 30%
in fso for the 2.5 MV diamond target beam compared to the commercial beam. Using VOI
techniques, CNR increased monotonically as a function of equivalent radius at the bone
tissue interface. At the borgsinus interface, the CNR for the fii#ld case was slightl

decreased compared to the largest VOI case. Imaging dose in the anteroposterior

direction increased with increasing VOI equivalent radius.

Conclusion The novel 2.5 MV sintered diamond target beam presents a simple
modification to the commercial imaging beam which provides improved image quality in
full-field CBCT and the potential for simultaneous dose sparing and CNR improvement at

high-contrast interfices using VOI acquisition techniques.

4.3 Introduction

Although megavoltage (MV) imaging was widely available well before the integration of
kilovoltage (kV) systems to allow image guidance on modern linear accelerators, the use
of MV image guidance is limited due to inferior image quality and higher imagsesd

Kilovoltage xay image guidance offers favorable image quality and dose characteristics,
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but kV onboard imaging incurs increased cost, maintenance, and introduces its own
uncertaintie§’; while for planar imaging, lacks the advantageous perspective of the
treatment beamseyeview?’. Numerous efforts have focused on improvement of MV
imaging systems with regard to both detectors and beam production, including the
ongoing development of efficient multilayer detectétd°and the recent installation of

the 2.5 MV imaging beam on the modern TrueBeam (Varian Medical Systems, Palo Alto,

CA) teatment unit.

Recently, and for the TrueBeam platform, it has been demonstrated that the 2.5 MV
imaging beam could be improved significantly by implementing adtavget for photon
production, specifically one made of sintered diamdftSince sintered diamond has a
lower atomic number than the commercial copper target (z&:, ¢ @5 20F a@A5

MV diamond target beam contains a higher percentage of diagnostic energy photons (i.e.,
25¢150 keVd’than the commercial beam, arising from a decreased photoelectrie self
absorption of low energy photons within the target. Gequently, this 2.5 MV diamond
target beam demonstrates improved contrast-noise ratio (CNR) versus dose
characteristics compared to the commercial 2.5 MV copper target beam, by factors of up

to 1.7 times in planar imagift}.

This study examines the feasibility of MV cdream CT (CBCT) with this novel 2.5 MV
diamond target beam. Although lodose MV CBCT with standard MV therapy beams has

been explored in experimental benchtop settifi¥0102103the 19%€2% detective



guantum efficienc§f of commercial detectors in combination with these beams has
limited translation to the clinic. Due to its unique energy spectrum, the sintered diamond
target beam permits 2.5 MV image acquisition with doses on the order of mGy per
frame'®*and therefore may be comparatively advantageous for CBCT acquisition. In
addition, MV imaging allows one to leverage the presence of the multileaf collimator
(MLC) in the beamline through voluroé-interest (VOI) CBE€Tacquisition. A VOI
approah localizes the imaging dose on anatomy relevant for image guidance. Relative to
full-field imaging, we expect the VOI technique to lower the imaging dose both within
(due to scatter reduction) and outside of the imaging volume (due to shielding). In
addtion, we hypothesize that reducing VOI dimension may improve image quality per

unit dose due to improving the primatp-scatter characteristics of the bead.

This work demonstrates the use of leftarget MV CBCT on a modern TrueBeam
platform with realistic CBCT acquisition enabled by Developer mode, that is, not using an
experimental benchtop rotational stage. Compared to previous studies on the Clinac
platform®”19 our methodology is more realistic in two respects. First, the sintered
diamond target is located in the standard location within target arm of the linac, instead
of being installed in the flattening filter carousel as in previous stddi€%'%’. Second,

the TrueBeam unit is equipped with Developer mode, a dedicated research platform
which enables MV CBCT acquisition throughout a defined gantry arc, thus allowing
realistic acquisition, rather than employing previous methods using a rotational stage

simulate gantry motion. This work presents the ldase MV CBCT acquisition
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methodologies and VOI techniques, characterizes 2.5 MV diamond CBCT image quality
for full-field and VOI acquired datasets, and reports on the dose sparing potential of VOI

CBCT techniques for this novel beam.

4.4 Material and Methods

4.4.1 Diamond target beam production

The sintered diamond target used in this study was composed of 99% diamond and 1%
cobalt. The target, shown iRigure25, was machined into the target arm replacing the
copper target for the commercial 2.5 MV imaging beam. The modified arm was installed
on a TrueBean®Tx unit as described previousht. This simple hardware modification
enabled the operation of the 2.5 MV diamond target beam, without the need for tuning

a customized beam as was done for the KIXZ low-Zimaging beam on Siemens lin&ts

The diamond target is 5 mm thick, corresponding to 1.2 times the CSDA range of 2.5 MeV
electrons; a conservative choice to eliminate transmission electrons and filter out any
undesirably lowenergy photons (i.e., less than 10 keV). With an increased piqulaf
low-energy photons, the resultant beam, herein referred to as 2.5 MV diamond, is lower
in quality with a depth of maximum dose of 4.8 mm compared to 5.8 mm for the
commercial 2.5 MV beam, and percent depth dose at depth 10 cm of 50.15%, compared

to 52.85%°L



a) top view

Figure25. a) Top view and b) bottom view of experimental TrueBeam target arm showing the sintered diamond target
secured into the fourth target position, replacing the commercial copper target.

4.4.2 Diamond target cone beam CT acquisition and reconstruction

All MV CBCTs in this study were acquired on a TrueBgamnit using Developer mode.
Developer mode is a research platform available for the TrueBeam, which enables user
defined control of machine axes, imaging and beam parameters using XML scripting. Each
CBCT was acquired using the higlality MV imaging mae with continuous acquisition
modified to acquire images at 6 frames/s. Since these customized settings differed from
the calibrated higkguality mode defined on the machine, automatic correctionseweot
available. Instead, dark and flood calibration fields were acquired for each imaging session

at a static gantry angle of 0°, using an acquisition rate of 6 frames/s, averaged over 100
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frames. Each CBCT projection was fpecessed in Matlab (Mathworks, Natick, MA) to
apply offset, uniformity, and gain corrections using the averaged flood and dark field
images. VOI projections were additionally processed to mitigate truncation artifairtg

an extrapolation filling technique as describedsattion4.4.4. All projections, both full

field of view (FOV) and extrapolated VOI, were reconstructed with 2 mm slice thickness
in iTools 2.0 (Varian Medical Systems, Palo Alto, CA) using FelikangKress (FDK)
filtered backprojection. Reconstructed images were further processed in iTools to apply
ring artifact suppression and to map pixel values to Hounsfield units (HU). To provide
relevant clinical comparisons, additional kV CBCTs were adqusieg predefined CBCT
protocols on the TrueBeam (i.e., head, thorax, and pelvis large) as defined in the machine
settings (seeTable 2). All kv CBCTS were acquired in the treatment mode on the

TrueBeam using default acquisition and reconstruction parameters.

Table2 Kilovoltage (kV) cone beam CT (CBCT) acquisition settings

CBCT protocol Beam energy mAs Trajectory Fan type
Head 100 150 Half (200)  Full
Thorax 125 270 Full (360) Half
Pelvis large 140 1687.50 Full (360) Half
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4.4.3 Cone beam image quality
The 2.5 MV diamond CBCT image quality was characterized in terms of CNR and spatial

resolution compared to the 2.5 MV commercial imaging beam and kV CBCT protocols set

on the TrueBeam (i.e., head, thorax, pelvis large). CNR was evaluated using the MIRS 062
electron density phantom (CIRS Inc., Norfolk, VA) which consists of two concentric solid
water volumes, with cylindrical inner dimensions of 18 cm x 5 cm (diameter x height) and

outer elliptic cylindrical dimensions of 8 x 27 cm x 5 cm (major diamete minor

diameter x height). Each cylindrical volume contains eight different tissue equivalent
materials allowing imaging of thin and thick phantoms, for example, the inner cylinder or

the ensemble, respectively. The phantom was imaged with both thin #mck
configurations across a wide range of doses (e.g.,@@d8Gy) to determine CNR versus

dose for each 2.5 MV beam. For realistic kV comparisons, the thin phantom was imaged
GAGK GKS 1+ WKSIRQ LINR(Gi202fF FIYRIIREKENX ELX
FYR WLISt @Aa tFNAHSQ LINRPG202ftad LYIFIIAYyI R2aS
using an Exradin A12 chamber for all MV and kV acquisitions. Imaging dose was calculated
using previously established calibrations for 2.5 MV acquisitionse Wkilimaging dose

was determined using an interpolated chamber correction factor from a previous
calibration report in the T&1 formalism. CNR was calculated for the various tissue
equivalent inserts, including lung (inhale), lung (exhale), liver, bode 8y/cn?¥), and

bone (200 mg/cr¥), using Equation3, whereP YR ~ | NS (GKS | @SN 3S

deviation of pixel intensity in the region of interest (ROI) and background (bg). The
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radiological properties of each insert are providedTable3. CNR was calculated and

averaged for each iest in the central seven slices of the reconstructed volumes.

O0Y ——m— (13)

Table3 Radiological properteof CIRS 062M tissue equivalent material inserts

Tissueequivalent Physical density Electron density RED (relative to
material (g/cm?) (x1@3 electrons/cny) H.0)
Lung (inhale) 0.205 0.668 0.200
Lung (exhale) 0.507 1.658 0.496
Liver 1.07 3.516 1.052
Bone (800 mg/cr) 1.53 4.862 1.456
Bone (200 mg/cr) 1.16 3.730 1.117

*Values obtained from CIRS 062M manual.

Spatial resolution was characterized in terms of the modulation transfer function (MTF),

derived from reconstructed images of the CTP528 line pair module of the Catphan 504
phantom. This module contains line pair regions with spatial frequencies rangmglfr

to 21 line pairs (Ip)/cm. Using the central slice of the reconstructed volume, profiles were

captured through each line pair region to quantify the variation of signal modulation as a

function of spatial frequenéy. Modulation was calculated for ea profile as the ratio of
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the difference between the maximum and minimum pixel intensity to the sum of the two
values, as described by Equatibfy wherelmaxand Imin are the maximum and minimum
pixel intensities through a line profile for a given frequency, f. MTF was calculated for
each spatial frequency using Equatib® wherefo is the lowest frequency line pair region

(i.e., 1 Ip/cm).

DEQOOOWRRQUESE— (14)

DY (15)

4.4.4 Volumeof-interest definition and acquisition
The anthropomorphic ATOM phantom (CIRS Inc., Norfolk, VA) was imaged to investigate

the effects of VOI imaging parameters on CNR versus dose. The VOI for this case was
defined as the region containing the maxillary and ethmoid sinuses. The process of
defining the VOI regions and subsequently acquiring VOI images was analogous to the
treatment planning and delivery workflow. It began with acquiring a CT scan of ATOM's
head and neck which was used to delineate VOIs in the treatment planning system (TPS).
We cefined four VOIs encompassing the sinuses, of which the smallest conformed tightly
to the sinus cavity and the additional volumes were defined by adding margins of 0.5, 1,
and 1.5 cm, referred to herein as 44, VO3.65cm VOA .3 cm and VQlss cm The subscripts
correspond to the equivalent sphere radius of each VOI, as calculated by the TPS. MLC

sequences were determined by fitting the leaves to the be&ysview of each VOI

114



throughout a full 360° gantry rotation (sé¢ggure26). The DICOM plan files, containing

the leaf positions at each control point for the four plans, were then used to construct
XML scripts to drive image acquisition on the treatment unit. For each VOI, two image
sets were acquired using a higand a lowdose per frame setting of 1 and 0.1 MU,
respectively. During the higthose acquisitions, a sheet of calibrated radiochromic EBT3
film (Ashland Advanced Materials, Bridgewater, NJ) was placed between slices of the
phantom to enable measurement of axial dosstdbutions throughout the VOIs and the
peripheral anatomy. The higlhose per frame setting was selected to ensure the
composite dose was within the dynamic range of the film. Full FOV image sets of the
phantom's head were also acquired for both hignd low-dose settings, for our
evaluation of image quality and dose sparing with the VOI technique. An additional kV
/.1 ¢ gF+a | OljdANBR dzaAy3a (GKS ¢NHzS. SI'Y WKSI

realistic clinically acquired images.

Figure26 a) VOI contours in axial plane and b) beaysview VOI aperture defined by MLC at start of 360 degree arc
acquisition.
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4.4.5 Volumeof-interest extrapolation filling
The purpose of the VOI acquisition was to selectively image a volume of the head as

defined by the set of MLC apertures, however a known consequence of this technique is
the occurrence of truncation artifacts which appear in the reconstructed volume aska d
ring around the truncated anatom$. To reduce the presence of these artifacts,
truncated projections were processed prior to reconstruction using an extrapolation
filling technique. Using the methodology describedRubar et. al’, image datawere
extrapolated from the left and right boundaries of each truncated projection out to the

edges of the image in a rewise manner.

4.4.6 Diamond target beam VOI image analysis

Extrapolated VOI projections were reconstructed as described in section 2.2. CNR was
calculated for usedefined regions of interest at bortissue and bonesinus interfaces.

ROIs were sampled from the central three slices of the reconstructed volum€EiRd

was calculated using Equatid3. CNR values were averaged across the three slices and
reported as a function of the equivalent sphere radius of the VOI imaging field, as

calculated from the TPS.

For 2.5 MV dose measurements, EBT3 films were digitized using an Epson 1000XL scanner
at 72 dpi resolution after the recommended 24 hours pesposure. The digitized films
were analyzed in FilmQAPro software (Ashland Advanced Materials, Bridgewater, NJ) t

convert optical densities to absorbed dose using trghannel dosimetrdf®. Dose
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profiles were captured along the anteroposterior (AP) direction of the head phantom
along the center of each film image. To demonstrate the dose sparing abilities of the VOI
technique, each MV VOI dose profile was normalized to the maximum dose for khe ful
FOV image volume. Imaging dose for kV acquisitions was measured using optically
stimulated luminescence detectors (OSLD) nanoDots to capture the same profile along
the AP direction. To eliminate air gaps between adjacent phantom slices, small slits were
machined in the phantom for insertion of the nanoDots, as demonstratdéignre27.

The measured dose was read out using a microSTAR (Landauer Inc. Glendwood, IL) reader
and dose was calculated using a previously established calib¥tm responding to a

100 kV beam on a Somatom Definition AS+ CT scanner (Siemens Healthcare, Erlangen,
Germany). While this estimation may introduce error in dose calculations due to the
difference in beam qualities (i.e. HVL of 7.6 mm versus 4.08 mm fdtGfbeV CT and

100 kV CBCT beams, respectively), this error has been minimized by normalization;
whereby the effects of the multiplicative energgpendent correction factor calculated

by AlSenan and Hatab! are eliminated.



Figure27. OSLD placement for kV acquisitions in VOI evaluation

4.5 Results
4.5.1 Diamond target beam CBCT image quality

For visual comparison of 2.5 MV diamond versus copper CBCT images, reconstructed
slices of the CIRS 062M phantom are provideBigure28. CNR versus dose results for
various tissue equivalent materials in thin and thick phantoms are providédyire29

below. In these results, we consider a wide range of CBCT imaging dose, i.e., beyond that
of interest clinically, to examine trends of the curves. Corresponding CNR values for kV
acquisitions are provided ihable4 for clinically realistic comparisons. In both phantoms,

the lung (inhale) insert was the highest contrast material and liver displayed the least

contrast across all imaging doses in MV acquisitions. CNR values for bone 200 mg/cc and
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liver did not exceed unity in either phantom across the investigated MV dose range and
therefore cannot be used to draw meaningful conclusions. The inconsistent behavior of
the CNR curves for bone 200 mg/cc and liver in the thick phantom case likelyfresult
combined effects of photon starvation and slightly different detector sensitivities
between the two TrueBeam units used to acquire the 2.5 MV diamond target and 2.5 MV
commercial target images. In the thin phantom, the 2.5 MV diamond beam demondtrate
improvements in CNR for lung (inhale), lung (exhale) and bone 800 mg/cc inserts
compared to the commercial imaging beam, across the entire dose range examined.
Observed CNR improvements were greater at imaging doses less than 5 cGy in the thin
phantom fa MV acquisitions. The opposite trend was observed for the thick phantom,
where the 2.5 MV diamond and commercial beam CNR curves for lung (inhale) and lung
(exhale) inserts were nearly indistinguishable at doses below 5 cGy, however at greater
dose valueshe 2.5 MV diamond beam produced improvements in CNR by factors up to
1.25. In the thin phantom, the 2.5 MV diamond CNR was greater than the commercial
imaging beam by factors of up to 1.3 and 1.7 times for the lung and bone 800 mg/cc
inserts, respectivel, at doses of approximately 2 cGy, for example. At doses beyond 5
cGy, this CNR improvement factor reduced to between 1.15 and 1.25 for the lung and
bone 800 mg/cc materials. While the 2.5 MV diamond target beam displays superior CNR
compared to the commeial copper target beam, all of the kV acquired CBCTs
demonstrated CNR values much higher than what was acquired with the MV beams for a
small fraction of the dose (i.e. mGy versus cGy). Compared to the 4.2 MV graphite target

beam investigated by Faddegenal.'®, the CNR of the 2.5 MV diamond target beam was



inferior across all investigated tissue equivalent materials and imaging doses. Despite our
comparatively favorable energy spectrum, these discrepancies likely arise from a

difference in backscatter conditions, imaging detectors, and/or CNR calculation.

A) 2.5 MV diamond

3 cGy

B) 2.5 MV copper
) i 3 cGy 8 cGy

Figure28. Reconstructed slices of thin CIRS 062M phantom acquired with the A) 2.5 MV diamond target and B) 2.5 MV
copper target beams. Tissue equivalent inserts in top right image labeled as: 1) liver, 2) lung (exhale), 3) bone (800
mg/cc), 4) lung (inhale), 5phe (200mg/cc)
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—F—Lung (inhale) A) Thin phantom B) Thick phantom
—F—Bone 200 mg/cc
—I—Liver

Lung (exhale)
—I—Bone 800 mg/cc

Dose (cGy) Dose (cGy)

Figure29. CNR versus dose for a) thin and b) thick phantoms imaged with the 2.5 MV diamond (solid lines) and
commercial (dashed lines) imaging beams.

Table4 CNR results and imaging dose from kV CBCT acquisitions

Imaging CNR Imaging

protocol | Lung (inhale) Bone Liver Lung (exhale) Bone dose (MGy)

200 mgl/cc 800 mg/cc

Head 288° 0.3 11.3° 0.2 24° 01 199° 06 282°0.2 22°01

(THIN)

Thorax |7.70° 0.03 |2.70° 0.05 | 0.10°0.01 |7.7° 0.2 7.4° 0.2 25°01

(THICK)

Pelvis 7.60°0.05 |250°0.03 |0.04°0.02 |9.8°0.1 6.8° 0.2 22°1
large

(THICK)
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Findings from the spatial resolution analysis are displayé&dguare30where panels in A)
demonstrate the spatial variation in pixel intensity across the line pair regions for 2.5 MV
diamond and commercial reconstructions and B) provide a plot of MTF as a function of
spatial frequency. Qualitative comparisons of the plotganel A) demonstrate a visually
larger difference between maximum and minimum pixel intensities for the 2.5 MV
diamond profiles compared to the commercial imaging beam across all spatial
frequencies. This improvement in modulation is reflected in theutated MTF curves of
panel B), where the 2.5 MV diamond MTF is greater than the commercial beam across all
of the investigated spatial frequencies. The frequency at which the MTF drops to 50% of
that for the lowest frequency (i.eo), fso, was calculatetb be 0.45 Ip/mm and 0.35 Ip/mm

for the 2.5 MV diamond and commercial imaging beams, compared to 0.51 Ip/mm for the

head protocol, and 0.33 Ip/mm for both the thorax and pelvis large protocols.
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Figure30. a) Line profiles through line pair regionsg1p/cm) of the reconstructed Catphan CTP528 module acquired
with the 2.5 MV diamond and commercial imaging beams and b) calculated MTF for CBCT with 2.5 MV diamond and
commercial imagig beams.
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4.5.2 Diamond target VOI image quality
Figure32a) shows the measured CNR, at bdissue and bonesinus interfaces, as a

function of the VOI equivalent radius. The bemssue CNR increased as a function of VOI
radius, from the smallest V&into the full FOV case. A similar trend was observed at the
higher contrast bonesinus interface, excluding the full FOV case which demonstrated
decreased CNR compared to ¥€km VOI 3cmand VOI ss cm. The difference in the CNR
trends at both interfaces can be explained by the behavior of contrast and noise in panels
b) and c) offFigure32. While noise decreases monotonically at both boundaries, the
contrast at each interface shows different trends. At the baoissue interface, contrast
increases as a function of VOI radius and decreases slightly for the full FOV case to 92% of
that for VQ4.85 cm Whereas, at the bonsinus interface, contrast reaches a maximum at
VObk3cm then decreases as a function of VOI radius to 72% for the full FOV case compared
to VOkscm This significant drop in contrast accounts for the decrease in CNR at the bone
sinus interface for the full FOV case. The corresponding CNR for the kV acquisition was
calculated to be 57.2 0.7 and 2..0° 0.7 at the bonesinus and bongissue interfaces,
respectively Figure31 contains reconstructed axial slices at phantom isocenter for each

VOI acquisition for qualitative demonstration.

4.5.3 Diamond target VOI dose analysis
Normalized relative dose profiles taken in the AP direction across each VOI are displayed

in Figure33. While MV imaging doses were normalized to the maximum dose in the full

FOV MV acquisition, kV doses have been normalized to the kV dose at the location of the
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maximum MV dose in the phantom (i.e. 2 cm from the tip of the nose) to allow both MV
VOI profiles and kV measurements to be compared using the same scale. Each 2.5 MV
profile was captured through the center of the anthropomorphic phantom in the digitized

film images and normalized to the maximum dose in the full FOV profile. Compared to
the full FOV profile, a decrease in imaging dose was observed for each of the four VOI
cases in the anteroposterior direction. Imaging dose decreased as a function of VOI
dimension, with dose reductions within the Vi@hging from 7% to 20%, compared to

the full FOV case. Outside of the VOI, imaging doses decreased to 23%, 20%, 15% and 12%
of the maximum dose in the full FOV profile. Unlike the MV profiles, kV imaging dose
increases with depth in the AP direction, due to the Hedjectory acquisition. For

reference, the maximum dose in the kV acquisition was 0.28 cGy.

VoI VoI

4.3 cm 4.85 cm Full FOV

Figure31. Reconstructed axial slices at phantom isocenter for each VOI acquisition.
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in the anthropomorphic phantom.

AP VOI dose profiles

15[ ' ' :
Full FOV o
VO|3
cm
VOI3.65 cm
_VOI4.3 cm ¢
VOI4.85 cm
$ ‘'head' protocol ¢
1 -
)
®
@]
T
)
=
©
[}
0e
0.5 .

0+ | 1 I | 1 1 L4
0 3 6 9 12 15 18 21

Distance in AP direction (cm)

Figure33. Normalizedanteroposterior dose profiles measured from EBT3 film for each VOI, full FOV acquisition, and
OSLD doses from kV head protocol acquisition. Distance in AP direction extends from the tip of the nose to the posterior
aspect of the cranium. Phtom setup and delineated VOI demonstrated in inset photo in bottom left corner of plot.

12t



4.6 Discussion

In this work we have examined potential advantages of 2.5 MV imaging beam produced
with a novel sintered diamond target located in the target arm of a TrueBeam treatment
unit. We hypothesized that this beam would provide advantages in terms of CNR fper uni
imaging dose when used for ffield CBCT imaging, and that further advantages may be
realized through a VOI approach. The diamond target beam enables improved image
quality in full FOV CBCT imaging, both in terms of CNR and spatial resolution
characterstics compared to the commercial imaging beam. The 2.5 MV diamond beam
demonstrated increased CNR per unit dose, particularly for the high contrast materials in
the thin phantom. Larger improvements in CNR were observed at doses below 10 cGy in
the thin phantom. Beyond this threshold CNR begins to saturate as improvements in
contrast and noise become more gradual. Conversely, the contrast and noise
characteristics in the thick phantom were such that CNR remains comparatively low at
doses less than 10 cGnd further improvements were seen with increasing dose. Due
to the difference in CNR improvements with increasing phantom thickness, the 2.5 MV
diamond target beam might be best suited for imaging smaller anatomy, such as the head
or extremities. Investigtion of MTF revealed an increase of nearly 30%qifof the 2.5

MV diamond beam compared to the commercial beam. These improved 2.5 MV diamond

CBCT image quality results are consistent with those observed in planar iffaging

As hypothesized, VOI collimation provided peripheral dose sparing in MV CBCT

acquisition. Imaging dose at the posterior edge of thes\and VQI 3 cm profiles was
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reduced by nearly 80% and 65%, respectively, compared to the full FOV dose. Within the
VOlI itself, imaging dose reductions of up to 20% were observed for the smallest VOI,
presumably due to reductions of collimator and patient scatter. In addition to theed
sparing benefits, reconstructed VOI images demonstrated improved CNR at the high
contrast bonesinus interface compared to that acquired with a full FOV. These results
contradict those previously reported byRobar et al who found no significant
improvement in CNR with reduced VOI dimension, however that work was conducted
with a different target material, target geometry and detect®r Further exploration of

the 2.5 MV diamond VOI technique could be carried out to determine consistency of
these trends in other imaging applications, such as thicker anthropomorphic phantoms

and more realistic anatomy, e.g., animal model or cadaver.

The VOI acquisition technique presented in this work could be easily incorporated into
the treatment workflow to enable anatomgpecific image guidance, allowing imaging of
only the anatomy relevant to the guidance task, while offering both improved image
quality and reduced imaging dose. Using the tumor volume as a basis structure,
generation of the VOI and corresponding MLC sequence could be automated as part of
the setup procedure at the treatment unit. In this work, the VOI technique demonstrated
an adwantage in CNR at the higlontrast bonesinus boundary, where the CNR of ¥4I
cmWas 1.14 times greater than that of the full field case. As such, this technique could be

valuable in clinical scenarios involving a clearly defined (i.e-dugtrast) VOI in the



anatomy surrounding the treatment site, e.g. peripheral lung lesions, lumpectomy cavity,

or brain tumors where proximal anatomy allows accurate registration.

While this work demonstrates improved image quality per unit dose in MV imaging, our
2.5 MV diamond target beam is still inferior to kV clinical protocols in terms of CNR per
unit dose. Due to the underlying physics of bremsstrahlungyxproduction and eergy
dependent photon interactions, this disparity is inevitable. Despite this physical
limitation, this 2.5 MV diamond target imaging may present as a-effsttive solution

for CBCT image guidance in emerging markets with limited access teo&thart
equipment with onrboard imaging. In the modern image guidance workflow, the 2.5 MV
diamond target beam could offer the potential for integrated kV and MV CBCT acquisition
to reduce artifacts and/or directly measure attenuation maps for online doserilzlons,

or possibly pave the way for inttaeatment MV imaging using a fastvitching target'?,
though this would involve significant engineering challenges. These possibilities motivate

the continued development of this MV imaging technology.

Despite the low DQE of the standard as1000anel detector in the 2.5 MV beamline,
current and previous results combined demonstrate improved CNR versus dose
characteristics in planar, CBCT and VOI CBCT imaging compared to the commercial beam.
It is articipated that the CNR versus dose relationship could be further improved in all of
these acquisition modes through the integration of a héejficiency multilayer detector

in the 2.5 MV sintered diamond target beamiffé°2
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4.7 Conclusions
This study demonstrated improvements in the CNR versus dose relationships in both full

FOV and VOI acquisitions with the 2.5 MV diamond beam compared to the commercial
beam. At CBCT doses as low as 2 cGy, CNR improvements of up to 1.7 times were observed
in the 2.5 MV diamond images compared to those acquired with the commercial 2.5 MV
imaging beam. In addition to the improved contrast characteristics in 2.5 MV CBCT, the
sintered diamond beam displayed superior spatial resolution, quantified by the nearly
30% increase ins§ compared to the commercial 2.5 MV beam. Voluofanterest

imaging approaches demonstrated some further CNR improvement as well as imaging
dose reduction both within and outside of the VOI. In summary, the novel 2.5 MV
diamond target beam presents a siraphodification to the commercial 2.5 MV imaging
beamline which improves image quality and supports the further clinical development of

MV CBCT acquisition.



Chapter 5: Investigation of a novel 2.5 MV sintered diamond target beam for
intracranial linadased stereotactic treatments

5.1 Prologue
This manuscript investigates the novel 2.5 MV sintered diamond target beam developed

in this thesis for potential applications in stereotactic treatment. Treatments of trigeminal
neuralgia and ocular melanoma were simulated using Monte Carlo to deterimengase
sparing effects compared to identical plans generated for a clinical 6 MV beam. This work
highlights the benefit of the softer 2.5 MV ledvtarget energy spectrum, demonstrating
reduced penumbra and the effects on dose coverage and sparing in thestenent

cases.

This manuscript wasublishedin Biomedical Physid& Engineering Express.
Borsavage J.M., Cherpak, A.J., Robar, J.L., Investigation of a novel 2.5 MV sintered
diamond target beam for imacranial linadbased stereddctic treatments. Biomedical

Physics & Engireing Express, vol. 12024.
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5.2 Abstract
Purpose This work investigates the smdiktld dosimetric characteristics of a 2.5 MV

sintered diamond target beam and its feasibility for use in lbased intracranial
stereotactic treatments. Due to the increased proportion of low energy photons in the
low-Z beam, it was hypothesized that this novel beam would provide sharper dos#ffall
compared to the 6 MV beam owing to the reduced energy, and therefore range, of

secondary electrons.

Material and methods Stereotactic treatments of ocular melanoma and trigeminal
neuralgia were simulated for 2.5 MV leflvand 6 MV beams using Monte Carlo to
calculate dose in a voxelized anatomical phantom. Two collimation methods were
investigated, including a 5x3 nitADMLC field and a 4 mm cone to demonstrate isolated
and combined effects of geometric and radiological contributions to the penumbral

width.

Results The measured 2.5 MV le& dosimetric profiles demonstrated reduced
penumbra by 0.5 mm in both the inline and crossline directions across all depths for both
collimation methods, compared to 6 MV. In both treatment cases, the 2.5 M\ZIbeam
collimated wth the 4 mm cone produced the sharpest dose-&dflin profiles captured
through isocenter. This improved falff resulted in a 59% decrease to the maximum
brainstem dose in the trigeminal neuralgia case for the 2.5 MV(AoMILC collimated

beamcompared to 6 MV. Reductions to the maximum and mean doses to ipsilateral and
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contralateral OARs in the ocular melanoma case were observed for the 2.5 MX/ low

beam compared to 6 MV with both collimation methods.

Gonclusions While the low dose rate of this novel beam prohibits immediate clinical
translation, the results of this study support the further development of this prototype

beam to decrease toxicity in intracranial SRS treatments.

5.3 Introduction
A primary challenge in many modern stereotactic treatments is the doseoffall

immediately beyond the surface of the target volume. While this issue has always existed,
high dose falbff has become a limiting factor in improving the accuracy of high dose
delivery in stereotactic radiosurgery (SRS), stereotactic radiotherapy (SRT), and
stereotactic body radiotherapy (SBRT) due to the reduction of clinical treatment margins
with improved image guidance. Dose faff immediately beyond the prescription
isodose surface is dictated by two factors: i) geometric penumbra and ii) radiological
penumbra!®. The first contributor can be minimized using conical collimation which
matches beam divergence or multileaf collimator (MLC) leaf ddb@nreduces partial
attenuation of the beam through the leaf ends well as minimizing the distance from the
collimator to the targetl. The second factor is determined by the range of electrons set
into motion, which broadens beam penumbpfdeFor small fields used ineseotactic
treatments, the radiological penumbra widens as photon energy increases due to the loss

of lateral charged particle equilibrium (CPE) at the field edge. This lack of CPE results in
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more secondary electrons being scattered outside of the field edge than those scattered
inwards, resulting in decreased dose deposited inside the field edge and increased dose
deposited outside of the geometric fi€ll Despite 6 MV being widely accepted as the
ideal radiotherapy treatment energy, previous studie®-32 have shown that for small
fields, lower megavoltage energy beams have sharper radiological penumbra, which may
be advantageous in the delivery of conformal stereotactic treatment® fdctently
commercialized Zai radiosurgical platform (Zap Surgical San Carlos, CA) exploits these
advantages, utilizing a 3 MV treatment beam. Combined with the shortened stoice
axis distance (SAD) of 45 cm, the 3 MV beam offers reduced penumbra rezhipa 6

MV conically collimated field. At 5 cm depth, the 90%0% penumbral width for the Zap

X beam collimated to a 4 mm diameter field is 1.78 theompared to 1.94 mm for a 4

mm conically collimated 6 MV beam on a TrueB&4m

Following the same rationale motivating the Zgpplatform, recent studig*3¢ have
examined the use of the 2.5 MV beam on the TrueBeam platform for potential treatment
applications in both standard and stereotactic treatment planning. Though this beam is
dedicated exclusively for imaging, both studies concluded a dosimetric advaimage
terms of sparing of organs at risk (OARS) for the 2.5 MV beam compared to identical plans
generated for the 6 MV treatment beam, due to the decreased scatter of secpndar
electrons. Motivated by the results from these studies, our current work aims to
investigate the use of a novel 2.5 MV laasintered diamond target beam in lirhased

intracranial stereotactic treatments. Owing to the decreased-ab#orption of diagastic
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energy photons (i.e. 2850 keV) within the lowZ target, the sintered diamond target
beam yields a larger proportion of legnergy photons compared to the conventional 2.5
MV bean?3. Previous work with this 2.5 MV sintered diamond target beam demonstrated
improved contrasto-noise ratio (CNR) versus dose compared to the commercial imaging
beam, resulting from the softer low spectrurt®12 We hypothesize that this novel 2.5
MV sintered diamond target beam would be advantageous in intracranial atesctc
treatments compared to the conventional 6 MV beam due to the decreased lateral scatter
of lower energy secondary electrons, producing sharper penumbra and therefore
improved dose falbff. Due to the softer lowZ spectrum, it was reasoned that this novel
beam would benefit peripheral dose falff compared to the conventional 2.5 MV beam
andtherefore, the conventional 2.5 MV beam was excluded in this stuidgddition to

the effects of beam energy, this study examines two different collimatiothods (i.e.
stereotactic cone and MLC) to demonstrate the isolated and combined effects of reducing
radiological and geometric penumbra contributions using Monte Carlo methods to

simulate treatment of trigeminal neuralgia and ocular melanoma.

5.4 Material and Methods

5.4.1 LowZ sintered diamond target

The lowZ target was assembled-iouse and installed on a TrueBeam STx unit, as
previously described@’. The target is made of a disk of sintered diamond, 13.44 mm in

diameter and 5 mm thick, with a density of 3.35 gfcrpon installation, the 2.5 MV
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imaging beam was removed from clinical service and reserved exclusively for research

purposes.

5.4.2 Stereotactic beams and collimation

Four stereotactic beams were investigated in this work including a novel 2.5 MV sintered
diamond target beam (denoted as 2.5 MV I&yherein) and 6 MV, each with either
conical or HDMLC collimation. This experimental design exemplifies the individual and
combined effects of reducing the radiological and/or geometric contributions to
penumbra. The smallest clinical stereotactic cone (i.e. 4 mm in diameter) was chosen to
demonstrate the most significant case of lateral charged particle disequilibrium. To
engure fair comparisons between HDMLC and cone collimated fields, the HDMLC aperture
was chosen to approximate the equivalent square field of the 4 mm circular field. This
field was shaped by two opposing HDMLC leaf (2.5 mm wide) pairs forming a 5x3 mm
field, corresponding to an equivalent square field side of 3.75 mm versus 3.54 mm for the

cone.

5.4.3 Relative Dosimetry
Each beam was characterized in terms of percent depth dose (PDD) at 90 and 100 cm SSD

and offaxis profiles at various depths including: 0.2 cm, 0.5 cm, 1.5 cm, 5 cm, 10 cm, and
20 cm for 2.5 MV lovZ and 0.8 cm, 1.5 cm, 5 cm, 10 cm, and 20 cm for 6 Mptofiles
were measured with a PTW 61009 microdiamond detector (PTW Freiburg, Germany) with

the detector face oriented parallel to the central axis. -@ffs profiles were also
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measured with calibrated EBT3 filfAshland Advanced Materials, Bridgewater, &)
spotchecked at 5 cm depth using anhinuse scintillatot'® to ensure consistency. The
cylindrical scintillator had dimensions of 1 mm in diameter and 2.5 mm in height to
minimize volume averaging. Scintillator measurements captured five points along a given
profile corresponding to the central axis (CAX) and syunmetric points about the CAX.

For 6 MV, these points correspond to 2 mm and 5 mm on either side of thec@pt{ring

the umbra, penumbra, and ifield regions of the profile. Due to the low dose rate of the
2.5 MV beam and collection time limitations in the spectrometer software, 2.5 M\Zlow
measurements were captured at 0.5 mm and 1.5 mm from the CAX. deathlator
measurement was corrected for fluorescence and Cherenkov using the method described

by Lynch et alib.

5.4.4 Monte Carlo models
The Monte Carlo framework consisted of three sequential simulations beginning in

+ | NRX |y Qa 85 syaténditalzhofeh tifel pprietary field independent portion of the
TrueBeam treatment head. VirtuaLinac phase spaces were scored at a plane located
above the jaws, 733 mm from isocenter, and used as input to EGSnrc BEAMnrc to model
particle transport throud the remaining treatment head geometry. The resultant
BEAMnNrc phase spaces were propagated through a tertiary geometry in dosxyznrc to
calculate dosen a voxelized phantom. The dimensions and material properties of the
Odzai2Y Hdp ax+x AAYUGSNBR RAIFY2YR GFNABSO 6SNB

in VirtuaLinac. Phase spaces for the 6 MV beam were generated in VirtuaLinac using
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directional bremsstrahlung splitting to improve statistics in downstream dose
calculations. The 6 MV phase space was created using identical parameters as those used

to generate the opersource phase space fifsAs such, the 6 MV beam model was used
gAUGK2dz0 QOFfARFGAZ2Y dzy RSNJ 0KS LINBadzYLIWiAZ2Y

RFEFGFIQ 6APSd NBLINBaSyial diAgS 2F GeLAOLE Of Ay

Two BEAMnNrc input files were generated for each beam energy to model conical or
HDMLC collimation.HE 4 mm cone was modeled to manufacturer specifications and the
TrueBeam HDMLC was defined based on engineering drawings sourced from the
TrueBeam Monte Carlo Data Pack&g§e-or simplicity, the HDMLC model contained only
the central 32 leaves, encompassing the 5x5 €ieid collimated by the jaws. Prior to
treatment simulation, the 2.5 MV low models were validated against measured beam
data using a gammevaluation with 1.5%/1 mm dose and distafioeagreement criteria,

respectively.

5.4.5 Treatment planning framework

Treatment plans were generated in Eclipse using egaurce anonymized patient
data'®. Mock targets were created to realistically imitate treatment volumes for ocular
melanoma (OM) and trigeminal neuralgia (TN) according to anatomical placement and
volume. These sites were chosen due to their proximity to delicate structures, and to
capture a range of treatment depths. The OM treatment volume was contoured to

represent a tumor at the posterior aspect of the choroid with an equivalent sphere



diameter of 3 mm, replicating a small sized tumor as defined by the Collaborative Ocular
Melanoma Study (COMS). The TN target was localized to the nerve root and contoured to
be 30 mni.

Optimal beam placement was determined using a forwpl@hning approach to arrange
static norcoplanar fields in a commercial treatment planning system (Eclipse v15.6,
Varian Medical Systems). Both TN and OM plans were created using the 6 MV HDMLC
field inthe treatment planning system (TPS). The OM plan was generated to deliver 50 Gy
in 5 fractions with planning target volume (PTV) coverage of 45 Gy or more to 98% of the
volume (i.e. %2 45 Gy). The TN plan was designed with the following objectives: 1)
deliver a maximum point dose of 90 Gy to the PTV 423# 100% (i.e. PTV encompassed

by 50% isodose) and 3) maintain maximum brainstem point dose below 16 Gy. The

resultant plans contained 16 and 13 static fields for the TN and OM cases, respectively.

Treatment deliveries were simulated for all four beam models (i.e. 2.5 MVZlawd 6

MV collimated with HDMLC or cone collimation), as planned in the TPS with the 6 MV
HDMLC field, amounting to eight total simulated treatments. Dose was scored in a
voxel SR Iyl id2YAOlIt LKIyidi2Y ONBIGSR dzAaAy3 9D
geometric bounds and convert CT number to corresponding material properties using a

ramp based on HU values observed in the TPS. The computational phantom was
constructed with miform 0.5 mm voxel dimensions to provide adequate resolution to
demonstrate differences in dose distributions particularly in the-géilregions. The

number of histories was increased to provide < 1% uncertainty in the calculated dose at
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isocenter. Due to the finite size of the phase spaces used in these simulations, particles
were recycled as needed to produce the desired statistics. Each particle was recycled a
maximum of 20 times in both BEAMnrc and dosxyz simulations. The resultast dos
distributions for 6 MV yielded 0.5% statistical uncertainty, whereas 2.5 M\Zlow
distributions had a statistical uncertainty of 0.7%. The calculated 3ddose files were
analyzed in 3D slickf'?1to compare dose distributions and calculate correspogdi

dose volume histogram (DVH) metrics for the PTV and surrounding OARs. Prior to analysis,
dose distributions were scaled in the software to produce the same PTV dose coverage,

enabling meaningful comparisons.

5.5 Results

5.5.1 Relative dosimetry
All profiles measured with the microdiamond, gafchromic film and plastic scintillator were

in good agreement. The beam qualities, as characterized by the PDD at 100 cm SSD and
10 cm depth, were 35.9%, 34.6%, 54.3%, and 54.8% for the 2.5 MX/ dowe, 2.3MV

low-Z HDMLC, 6 MV cone and 6 MV HDMLC collimated beams, respectively. The
corresponding depth of maximum dose was 0.38 cm, 0.38 cm, 0.89 cm, and 1.0 cm for
the respective beams. The penumbral width and full width at half maximum (FWHM) of
measured crodse and inline profiles for each beam are summarizeBable5 andTable

6 below.



Table5 Measured penumbra ¢R10) and full width at half maximum (FWHM) for conically collimated beams

Beams 6 MV 2.5 MV lowZ
Poor10 FWHM | Poo/io | FWHM|  Poorio FWHM | Pso/10 | FWHM
Crosslineg Crossline Inline | Inline | Crossling Crossling Inline | Inline

Depth (cm) (cm) (cm) | (cm) (cm) (cm) (cm) | (cm)
0.2cm - - - - 0.12 0.31 0.13 0.29
0.5cm 0.13 0.31 0.13 0.28

0.8cm 0.20 0.34 0.20 0.32 - - - -
1.5cm ‘ 0.21 0.35 0.20 0.32 0.13 0.32 0.14 0.29
5cm 0.23 0.36 0.23 0.33 0.14 0.33 0.15 0.31
10cm 0.25 0.38 0.24 0.35 0.14 0.36 0.16 0.33
20cm 0.27 0.41 0.28 0.38 0.18 0.39 0.20 0.36

* Pgor10is distance between 90% and 10% dose points on normalized profile
*FWHM is defined as the distance between 50% dose points on either side of the central axis

Table6 Measured penumbra ¢R10) and full width at half maximum (FWHM) for HDMLC collimated beams

Beams 6 MV 2.5 MV lowZ
Poorro FWHM | Pooio | FWHM|  Poono FWHM | Psosi0 | FWHM
Crosslineg Crossline Inline | Inline | Crossling Crossling Inline | Inline

Depth (cm) (cm) (cm) | (cm) (cm) (cm) (cm) | (cm)
0.2cm - - - - 0.17 0.26 0.21 041
0.5cm 0.19 0.27 0.21 042

0.8cm 0.32 0.36 0.28 0.43 - - - -
1.5cm ‘ 0.36 0.37 0.29 0.44 0.19 0.28 0.22 042
5cm 0.39 0.39 0.32 0.46 0.19 0.29 0.24 044
10cm 0.42 0.42 0.33 0.49 0.22 0.31 0.27 0.46
20cm 0.46 0.46 039 054 0.27 0.35 0.33 0.52

* Pgo10is distance between 90% and 10% dose points on normalized profile
*FWHM is defined as the distance between 50% dose points on either side of the central axis

The penumbra for the 2.5 MV le& cone collimated beam was 0.5 mm narrower
compared to the 6 MV beam with the same collimation, across all common depths in the
inline and crossline directions. The FWHM of crossline and inline profiles was reduced for

the 25 MV lowZ cone collimated beam compared to the 6 MV cone collimated beam.

14C



Similar differences in penumbral width and FWHM were observed for the HDMLC

collimated beams.

5.5.2 2.5 MV low beam model validation

The validation of the 2.5 MV le& models was an iterative process involving beam
parameter specification in VirtuaLinac and quantification of agreement between
measured and resultant calculated profiles. Changes to beam parameters between
iterations wasnformed by the observed agreement in both PDD anebaf$ profiles. The

2.5 MV lowZ beam models were validated using a gamma evaluation with criteria of 1.5%
and 1 mm with a required pass rate exceeding 90%. This was met in both 2.5 NV low
models acros all depths, except the HDMLC model crossline profile at 20 cm depth, as
shown inTable7, below. Upon reevaluation, excluding the umbra region of the curve,
the 20 cm crossline profile had a pass rate of 94.1%. The validated 2.5 NM&/nmaels
utilized an incident electron energy of 2.3 MeV with a 0.1 MeV energy sigma and focal

spot size 00.8999 mm in the xlirection and 0.956 mm in the-girection.

Table7 2.5 MV lowZ gamma pass rates for profiles with conical and HDMLC collimation

Depth Inline (cone) | Crossline (cone) Inline HDMLC) Crossline IDMLC)
0.2cm 91.3% 93.2% 96.0% 96.1%
0.5cm 91.9% 94.8% 97.0% 96.0%
1.5cm 93.9% 92.2% 91.3% 94.8%
5cm 92.9% 93.2% 97.0% 96.0%
10 cm 96.1% 94.9% 98.0% 96.0%
20 cm 93.2% 96.0% 92.9% 49.5%*

*94.1% for points D>10%
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5.5.3 Treatment simulation and dose analysis

5.5.3A Trigeminal Neuralgia plan
Figure34illustrates twodimensional dose distributions at isocenter in the axial, coronal,

and sagittal planes, along with corresponding relative dose profiles captured through
isocenter for each of the four beams in the TN case. As hypothesized, the 2.5 MV low
cone provided the sharpest dose faff in all three planes compared to 6 MV with both
HDMLC and conical collimation, as well as the 2.5 MVZI®WDMLC beam. Deselume
histograms (DVHSs) for the TN treatment volume and brainstem are provided below in
Figure35. The DVHs were calculated for distributions that were normalized to satisfy the
PTV coverage requirement ofs¢y= 100%. The resultant distributions contained hotspots
in the PTV of 121% and 186% for the 6 MV cone and 2.5 M¥ tmwe collimated beams,

respectively.
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Figure34. Calculated dose profiles in the a) axial b) coronal and c) sagittal planes for the trigeminal neuralgia plan
captured along red line segment in cregxtional images.
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Figure35. Dosevolume histogram (DVH) comparisonAfPTV and) brainstem structures for trigeminal neuralgia

plan with 4 mm cone and 5x3 mm2 HDMLC collimation to achieve the same PTV coveiage?oiDGy.

Maximum doses to the PTV and brainstem for all four beams providing the same PTV

coverage in the TN case are providedTiable 8 below. Based on the significant

inhomogeneity in the 2.5 MV low cone collimated DVH, it is evident that the 30 fnm

target is too large for treatment with the 2.5 MV |ledvbeam collimated with the 4 mm

cone. While this target was better suited for treatment with a larger cone to maintain

reasonable maximum point dose to the PTV, the significantly reduced brainstenindose

the 2.5 MV lowZ cone distribution suggests that a larger cone may still be advantageous

compared to the 6 MV 5x3 mhiHDMLC collimated beam, given adequate PTV coverage.

Table8 Maximum brainstem and PTV doses in Gy for the TN plan with the same PTV coverage

PTV Brainstem
6 MVHDMLC | 90.0 16.0
6 MV cone 109.2 114
LowZHDMLC | 90.0 6.6
LowZ cone 168.0 5.6
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5.5.3B Ocular melanoma plan
Figure36 displays sample dose distributions in axial, coronal and sagittal planes with

resultant relative dose profiles captured along the red line segment in each image for the
OM case. Before analyzing results, the dose distributions for each beam were set to
provide the same dose coverage to the PTV as achieved in the 6 MV HDMLC plan to

produce comparative distributions.

14¢



Figure36. Calculated dose profiles in the a) axial, b) coronal and c) sagittal planes for the ocular melanoma treatment
plan delivered with 2.5 MV lo& and 6 MV beams to achieve the prescribed PTV dose coverage in each distribution.
Profiles captured along rethé segment in crossectional images.
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