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Abstract

The aim of this thesis is to determine if the gewimeuncertainties that are
introduced into the image guided radiotherapy (IGRfocess by Cone Beam CT
(CBCT) based IGRT equipment are sufficiently sniadit they do not pose a significant
risk of geometrical error in treatment deliveryhi§ was performed by quantifying and
investigating the geometric uncertainties introdudsy; (1) calibration of the image
geometry, (2) correction of patient position pemfed by automatic treatment couch
systems and (3) automatic image registration ofldbalisation image with a reference
image. In addition, the feasibility of providingser feedback on the likelihood of
accurate image registration was investigated. Athote was developed using
supervised machine learning based on the shapeeoirtage registration algorithm's

similarity metric surface.

The geometric uncertainties introduced by imagdion and couch positioning
were both shown to be less than 1 mm and therefoneot contribute significantly to
the overall uncertainties in the IGRT process. gengegistration performance for image
guidance based on the bony anatomy of the skullsivag/n to be reproducible, accurate
and robust with errors typically less than 1 mm. or&bver, image registration
performance did not deteriorate significantly aggng dose was reduced. For image
guidance based on the soft tissues of the prostasge registration performance was
satisfactory for some CBCT images resulting in isrtess than 2 mm. However, with
the majority of CBCT images, image registration vaaghly irreproducible with high
frequencies of failure. The user feedback of imeggistration quality was able to
correctly classify 84% of image registrations im@ategories of good, acceptable and

unacceptable. No unacceptable classifications wlassed as good.

CBCT based IGRT equipment does not introduce sagmf risks into the IGRT
process however, appropriate quality assurance uresashould be implemented to
safeguard against equipment failure and drift siprevious system calibration.
Automatic image registration of the soft-tissueshaf prostate cannot be relied upon for

clinical use and therefore it should be used ifjumtion with manual methods.
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Glossary
ACC Accuracy of local minima found by an image s#igition algorithm
when compared to the global minimum
AMMI Asymmetric gradient— based mutual information
BayesNet Algorithm of the WEKA software for perfang unsupervised
machine learning using a Bayesian networks.
BB Ball Bearing
Catphan CT image quality phantom (The phantom Latboy, Salem, NY,
USA)
CBCT Cone Beam Computed Tomography
clipbox A user definable rectangular region of iat# used to restrict the
region of CT data used in image registration inSkeergy XVI
software.
CT Computed Tomography
CTVv Clinical target volume (as defined by ICRU 5@ldCRU 62)
DICOM Digital Imaging and Communication in Medicin® standard for
communicating and storing medical images and #espciated
data
DO Distinctiveness of optimum
dof Degrees of freedom.
DRR Digitally Reconstructed Radiograph

Elekta Chamfer

Image registration algorithm of 8ymergy XVI software used for
matching of bone anatomy.

Elekta Correlation

Image registration algorithm of the Synergy XVIteaire used for

Ratio matching bone and/or soft-tissue anatomy.
ESF Edge spread function
FBCT Fan beam computed tomography
flexmap Lookup table to correct for flex (misaligant of tube and imager
in a CBCT system
Fraction A fraction of the total delivery of rad@t treatment given in a

single session. Typically fractions are delivenredoses of two
Gray on week days over a course of four to severksie




21

GTV

Gross tumour volume (as defined by ICRU 50 EZ2RIU 62)

IR

Image Registration

Hexapod™ evo

The name given to the six dof autanfedbotic) couch
positioning system manufactured by Elekta AB.

IGRT Image Guided RadioTherapy
Isocentre The point in space relative to the treatrmachine about which

various components of the linac rotate. The gamwmiigtion defines
a horizontal axis which intersects a vertical alefined by the
rotation of the treatment couch. The treatmeniroaliors also
rotate about an axis pointing through the isocentre

ITK Insight Toolkit (software toolkit for image regjration and
segmentation).

kV Kilovoltage (X-ray)

LAl Local name for Synergy system at SJIO

LA2 Local name for Synergy system at SJIO

Linac Linear accelerator or radiotherapy treatnmeathine

Localisation scan

The scan acquired during imaggeguradiotherapy to localise th
position of the tumour relative to the positiortte references
scan.

Ip/cm Line pairs per centimetre
MLC Multi-leaf collimator
MRD Mean residual distance. The mean distance legtwerresponding
points in 3D space having accounted for a knowmsfamation
between the two sets of points.
MRI Magnetic Resonance Imaging
MTF Modulation Transfer Function
MTFso Line pairs per mm at which the MTF drops to 50%
MV Megavoltage (X-ray)
NaiveBayes Algorithm of the WEKA software for perfong unsupervised
machine learning using a simple Bayesian approach.
OBI On-Board Imager. The name given to the Var@RT system

(Varian Medical Systems, Inc. Palo Alto, CA, USA)

Offline correction

Offline correction is the ternvgn when the patient position is
corrected on one or more fractions having beerriah@ted from

imaging on a previous fraction or series of fratsio

e
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Online correction

Online correction is the termagiwhen a correction of patient
position is performed based on imaging immedigpeigr to
treatment.

PET Positron Emission Tomography
PSF Point spread function
PTV Planning target volume (as defined by ICRU 80 ECRU 62). Is
the volume that ensures the clinical target vol(@igV) is
covered by the treatment dose (normally 95%).
QA Quiality Assurance
QUASAR™ Phantom designed to check geometric calibraticm©BCT
Penta-Guide | system. (Modus Medical Devices Inc, London, ON, &tmn)
R Rotation
RANDO A sectional anthropomorphic phantom (Alderseadiology

Support Device, Inc., Long Beach, CA, USA)

Reference scan

The scan on which a treatment plarepared and used as a
reference when performing IGRT

Rigid body A transformation of the image data that leads tib lactranslation
transform and rotation in 3-dimensional space.
RON Risk of non-convergence.
RT Radiotherapy (Radiation Therapy)
SAD Source to Axis Distance
SID Source to Imager Distance
SJIO St James's Institute for Oncology
SM Similarity Metric
SMO Algorithm of the WEKA software for performingnsupervised
machine learning using support vector machines
SSD Source to surface distance
Structure Series of contours which delineate thgetaand organs at risk an
which form the basis for planning the patient'stimeent.
Synergy® The CBCT based IGRT system manufacturdgldikta AB
(Stockholm Sweden)
Syntegra Image registration software module withaPinnacle treatment

planning system, (Philips Healthcare, Best, Ne#mel$)

Translation

d
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TR Translation and Rotation
TRE Target registration error. The error between tarresponding
points having performed an image registration.

TREso The target registration error as defined in chapteased on the
mean distance between points on the surface dierspf radius
50mm.

VHMP Virtually Human Male Pelvis Phantom

WEKA Waikato Environment for Knowledge Analysisfiseare (The
University of Waikato, Hamilton, New Zealand)

XIO Treatment planning system (Elekta AB, Stockh&@meden)

XVI Xray volumetric imaging (Elekta's term given both CBCT and
the name of there CBCT acquisition and review apiilbn)

XVI Xray Volumetric Imaging. The name of the imagequisition and

image guidance software of the Synergy system.
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Chapter 1

Introduction

1.1 Brief Introduction to Image Guided Radiotherapy

Radiotherapy (or radiation therapy) is the ternmegito the medical use of ionising
radiation in the treatment of cancer. Image guidmtiotherapy (IGRT) is the use of
images acquired of the patient, in the treatmesttiom, either immediately before, or
during the radiotherapy treatment delivery, to @ffer guide the patients treatment so
that the radiation is delivered to the correct tmoa This thesis aims to test the
hypothesis that the geometric uncertainties in@®T process, introduced by the IGRT
equipment, are sufficiently small that they do pose a risk of significant geometrical

error in treatment delivery.

There are several different imaging modalities @& used for IGRT but none
more popular than kilovoltage cone beam computetbgpaphy (CBCT). An X-ray
tube and imager was first integrated into a stathdadiotherapy treatment machine in
1999 and the subsequent acquisition of CBCT imagesdemonstrated [1]. Since then
there has been a rapid expansion in both the nuofbgrstems installed by the major
linear accelerator manufacturers and research ulke®e systems. In 2001 the first of
four prototype CBCT systems was installed in theisie Hospital (Manchester, UK)
by Elekta AB (Stockholm, Sweden). The author wesponsible for commissioning

this system for clinical use and led much of thehigcal investigations into the systems
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performance and its clinical implementation [2-4h 2004, the first commercial (non-

research) CBCT system in the UK was installed atkfidge Hospital in Leeds (UK),

by Elekta, and again the author was responsiblehi®rcommissioning of this system

and led the introduction of this system into thaicl In 2008 the radiotherapy centre at

Cookridge hospital moved to the new St James'sutestof Oncology (SJIO) built on

the St James's Hospital (Leeds, UK) site. At gast the number of Elekta Synergy®

systems (Figure 1) was increased to four.

With the introduction of any new medical technoldlygre is a corresponding gap

in knowledge on the performance limitations, aggilmn and benefits of the technology

that requires research and development. In the o&sCBCT this research can be

categorised as follows:

System performance and methods of testing perfacenan

Enhancement of system performance e.g. improvententsage quality

and geometrical accuracy and reduction of imagosed

Development of new techniques associated with thepenent e.g. 4D-

CBCT, adaptive radiotherapy.

Clinical observations using IGRT equipment e.g. sne@ament of patient
set-up errors, changes to patient anatomy, possimsand shape of target

volumes and neighbouring organs.

Application of the equipment to new clinical sites.

Effect of the change in practice on patient sekog anatomical changes
e.g. new immobilisation devices and the use oftlaga and enemas to

control rectum fill state.

Strategies for incorporating observed anatomicahgbs into the treatment

plan.
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e Strategies for correcting patient positional errangl anatomical changes
either online, at the time of treatment or offlitg, correcting subsequent

fractions.

This thesis concentrates on the first of thesegeaies. In particular it addresses
the development of suitable methods for testindesysperformance and using these
methods to quantify the geometric uncertainties #ra introduced by the equipment
into the IGRT process. The overall aim is to ustherd these errors and to ensure they
do not pose a significant risk to the patient agsult of using the IGRT equipment.
The investigations focus on the geometric uncetitsrelating to the use of the CBCT
based Synergy® system (Elekta AB, Stockholm Swetlahsome of the methodology

can be generalised to other similar IGRT systems.

Figure 1. One of the Elekta Synergy® systems da8tes's Institute for Oncology.
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1.2 Motivation

The integration of a CBCT system onto the gantrg sfandard Linear Accelerator
(linac) allows the gantry rotation of the linackie used for CBCT image acquisition. It
also ensures that the CBCT system