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Abstract

A multimodality image fusion and localisation system for radiosurgety treannents of

arteriovenous malfonnations (AVM) has been developed and validated. Wathin this system,

three-dimensional magrtetic resonance angiography (MRA) and two-dimensional digital

subtraction angiography (OSA) vasculature infonnation is combined with three-dimensional

magnetic resonance (MR) and!or computed tomography (CI) analomical information in

order to benefit from the funaionality of ail modalities. MRAlMR/Cf datasets are fused, and

linked to the OSA images. The consistency of the linking procedure is veri6ed by correlation

of the OSA images with two-dimensional ray·traced projections of the MRA datasets. Organ

contours are drawn on the MRA images, simultaneously visualised on their MRlCf

counterparts, and projetted onto the OSA images for visual feedback. This procedure allows

users to incorporate both vascular and anatomical infonnation in the three.dimensional tatget

localisation and delineation process. Patient examples illustrating the utility of the system are

presented.
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Résumé

Un système de fusion d'images et de localisation pour traitements radio-chirurgicaux de

malformations artériovéneuses (MAV) a été développé. Avec ce système, ('information

vasculaire tri-dimensionnelle de la résonance magnétique angiographique (RMA) et bi

dimensionnelle de l'angiographie par soustraaion digitale (ASO) est combinée à l'information

anatomique tri-dimensionnelle de la résonance magnétique (RM) et/ou de la

tomodensitométrie (ID) pour ainsi bénéficier de la fonctionnalité de tous les modalités. Les

volumes RMAIRMfID sont fusionnés, et liés aux images ASO. La cohérence de la liaison est

vérifiée par corrélation des images ASD avec les images de projections bi-dimensionneUes à

travers le volume de RMA. Les contours d'organes sont exécutés sur les images de RMA,

visualisés simultanément sur leurs parties analogues des images de RM!ID, et projetés sur les

images ASO pour rétroaction visueUe. Cette procédure pennet aux usagers d'incorporer

l'information anatomique et vasculaire pour le processus de localisation et de traçage de

contours tri-dimensionnel. Des exemples de patients illustrent l'utilité du système.
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Chapter One

1 Introduction

Introduction

•

1. 1 Arteriovenous Malformations
In the nonnal hwnan circulation, the blood vessels originate from the heart and consist of a

branching arrangement of arteries of continually decreasing size which feed Înto a capillary bed

before exiting through small veins, which inaease in sÎZe prior to retuming to the hean. The

capillary bed serves an important purpose. Its vascu1ar resistance slows the flow of blood

eonsiderably to alIow perfusion of oxygen and nutrients to surrouRding tissue. One fonn of

cerebrovascular disease is the arteriovenous malfonnation (AVM). In some cases, the vessels

comprising the capillalY bed of the brain become malformed during embryonic development

and prohibit the opportunity for blood to properly perfuse into the surrounding tissue. Such

malformations are tenned~~ (AVMs).

There are three anatomie eomponents of AVMs that are signibcant in understanding the

anatomy and the treatment of the lesions: (1) the arterial feeders, (2) the nidus and (3) the

venous outlow (Figure 1). The nidus represents the tangled conglomerate of wealœned and

enlarged capillary vessels which serve as direa shunts for blood flow between the high

pressure feeding arterial system and the low pressure clraining venous system. The higb flow

shunting of blood within the AVM without an intervening capillary bed causes the fragile

dilared vessels in the nidus to become sauauralIy abnormal and fatigued, to enIarge funher,

and to possibly ruptUre. The size of an AVM, denoted as the maximum nidus diameter D,

i



Chapter 1 Introduction

ranges from 1 to 10 an. Clinical desaiptions of AVM size indude smaIl (D <3an), mediwn

• (3 < D < 6 an) and large (D > 6 an) [1]. Small AVMs have been shown to Npture more

frequendy than larger AVMs.

Figure 1. Schematic diagram of an AVM (with modifications from [lD. The nidus is
illustrated as the tangled conglomerate of vessels.

•

AVMs are present in approximately 0.14% of the population [1, 2]. SmaI1 A~Is account for

30% of the affliaed population, mediwn AVMs account for 60% and large AVMs account for

10% [1]. Since AVMs differ in sÏ2e, location and degree of sbunting, the symptoms vary

(Figure 2) and become clinically apparent at different ages (Figure 3, Figure 4). Spomaneous

bleeding, or hemorrbage, is the most common ~pom of AVMs (50%), after whicb are

seizures (25%) [3]. The annual risk of AVM hemorrhage is from 2 to 4% per year [4]. Once

2



Chapter 1 Introduction

Hcadaches secondary
to vascular dilatation

Spontancous
blceding

Scizuœs secondaI)'
to neuronal damagc

Alterial aneurysms
on feeding arteries

Ncwological
dcœrior.ation secondary
to enla-.emcnt and
reduced perfusion

Compression of
cr.anial nerves

Bnait widl durai
artery participation

Obstruetift
hydrocephalus

Canliomegaly and
high output failuœ

~,

Increased intracr.anial
press.. secondary to
increascd ftllOUS
press..

•

•
Figure 2. Principal mechanisms for neurologie symptoms of cerebral AVMs (with
modifications from [2D. The AVM, illustrated in the middle, cao induce a series of symptoms
as pointed to by the arrows.
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Figure 3. Percent incidence of symploms of cerebral AVMs rdated to age at which they
usua1ly appear [2]. It an be seen that approximately 80% of ail AVMs become sympomatic
by the fourth decade of life.

the AVM has bled, the annual risk of recurrent hemorrhage increases to 60/0 for the 6rst year

and increases 2% yearly for subsequent years [2]. Approximately 80% of ail AVMs become

symptomatic by the end of the fowth decade of Iife [2]. AVMs pose a signifiant risk and

represent a major Iife threat when left untreated [3]. A long-temt follow-up of persans

without interventions indieates a mortality rate of 17% to 19% and a severe disability rate of

20% to 29"0 over a 15 year to 20 year period [3].

The main objective in tteating AVMs is to remove the AVM completely and permanently [3,

5] in a waythat (1) the threat of intracranial hemorrhage is eliminated, (2) neurological function

is preserved and (3) complications from the treat111ent are avoided [6]. The three major

modaIities for the treatment of AVMs are surgety, endovacular embolisation and stereotaetÏe

radiosurgety (SR) [5].

In surgery, the~ $lep in the resection of the lesion is the identification of the major arterial

feeders [Il. Once the feeders are identified, the surgeon carefully dissects aroWld the

volumetrie boundary of the AVM, isolating the lesion from the DOnna! brain [1]. Surgety bas

the advantages of immediate proteaion from the risk of hemorrhage [6] and cure rates

4
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Figure 4. Estimated rate of first appearance of syrnptoms correlaœd with the age at which
they appear (with modifications from [2D. It an be seen chat spontaneous bleeding is the
most common syrnptom of AVMs peaking at approximately 25 years old.

generally exœeding 95% for small AVMs (7]. However, the disadvantages remain the

invasiveness of the procedw-e [8], the possibility of inunediate complications [8], the need of

general anesthesia and a lengthy recovety time [1]. The risk of treatment-related morbidity is

of the orcier of 5% and mortality of the order of 1% [7]. For reasons including inaccessibility,

size, and patient safety, some AVMs, partiadarly large AVMs, cannat be removed surgically

and must therefore he managed by embolisation or radiosurgety.

The role of embolisation in the treatment of AVMs is reserved for problematic AVMs not

~ accessible br surgery or that pose a bigh risk to patient safety [1]. In embolisation, a

5



chemical or mechanical agent (embolie agent) is delivered to the AVM via the anerial feeders

in an attempt to occlude the nidus and redirea blood flow to nonnal adjacent regions of the

brain. The embolie agents, such as silicon spheres, ba1loons, polyvinyl alcohol, microcoils and

acryIie glue [9] are seleaively injected via an arterial feeder and penneate a nidus volume

dependent on the agent volume, injeaion pressure and arterial Oow [1]. Embolisation

procedures have morbidity rates of approximately 11% and mortality rates of approximately

3.5% [3]. Some complications occur at the rime of embolisation and are the result of

occlusion of normal vessels br the embolie material, while ethers, such as hemorrhages, occur

after a delay of hours to days after embolisation [3]. Unfortwtately, total obliteration of the

nidus is seldom achieved [3, 5] since the nidus of most AVMs conuin portions that are fed by

arteries not amenable to embolisation [3]. Thus, this technique is mostly performed to reduce

the size or flow of the AVM in preparation for surgeryor radiosurgery [3, 5].

•
Coopter 1 Introduction

•

Stereotaetic radiosurgery, which is a non-interventional approach to AVM therapy [6], 5 a

brain irradiation technique in which narrow beams of ionising radiation are focused onto a

small, stereotaetically localised target [10]. Its goal is to deliver a single high radiation dose to

the target volume, WÏthout affecting the surrounding brain tissues [11, 12]. Successful

radiosurgery requires accurate target volwne detennination, accurate spatial dose delivery in

the target volume and a very sharp dose fall-off in regions outside the target [1, Il]. The

technique is particularly useful in the treatment of areas of the brain which are inaccessible by

conventional surgical means [10]. For AVMs which are situated in deep brain locations such

as close to the brain stem or near aitical organs such as the visual conex, radiosurgery is

especially useful due to its non-invasiveness [4]. The goal for radiosurgical treatment of AVMs

is to produce an inflammaory reaaion in the vessel waIls of the malfonnation [1]. This

reaaion is initialised by the delivered high radiation dose which must confonn to the nidus

volume and exdude the adjacent draining veins and feeding aneries, keeping the target volume

at a minimum [4]. Radiation injwy to the AVM vessels, produced by the localised deposit of

the large amount of energy into the lesion's tissue [1], causes endothelial cell damage and

proliferation which leads to obliter.uion of the AVM (1, 4]. <:omplete AVM obliteration is

obtained when blood flow through the AVM bas ceased [1]. Radiosurgery bas virtually no

morbidity or disruprion of the parient's life [13]. High aue rates of approximately 80% [7, 13]

as we11 as low neurological complications of the order of 2% have been reponed [13].

6
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However, mis treatment modality is progressive, indieating complete obliteration generally

• occurring over a latency interVal of two to three years [6, 13]. Causes for incomplete AVM

obliteration after radiosurgery indude poor visualisation at the rime of radiosurgery, which may

he due to incomplete angiography [4], improper assessment of the 3D AVM shape [14, 15] as

weil as insufficient radiation dose delivered to the target volume [4].

1.2 Stereotactic radiosurgery procedure for AVMs
There are three main $leps in the radiosurgery procedure. The first $lep of AVM ndiosurgery

is the target localisation. Conventional stereotaetie angiography, or digital subtraction

angiography (OSA), has been the routine method for AVM localisation [16], as weil as for the

detennination of the nidus diameter [17]. Recent studies of other techniques for cerebral

vasculardisease localisation indude the use of magnetie resonance angiography (MRA) [12, 18

22] and computed tomography angiography (CfA) [23-27] and indieate promising results.

Most studies indieate that bath modalities give insufficient results to be used alone [20,22, 24]

and give complementary infonnation [26] which, particularly for large lesions, should he

employed as a complement to OSA [12, 18, 25]. However, some centres, sueh as the

University of Wisconsin Hospital and C1ïnics, no longer routinely perfonn stereotaetie DSA

before AVM radiosurgery but instead employ MRA for target localisation [12]. During all

imaging and treatment procedures, a rigid frame is fixed to the panent's head establishing a

coordinate system employed for the detennination of the AVM position. A series of fiducial

marker plates, ta he attached ta the frame during imaging, exist for each modality in order to

determine the frame position within the datasets. Figwe Sa illustrates the OSA projection

geometrywith the frame and localiser box.

•

In addition to target localisation, aitical struaures are localised and delineated with magnetie

resonance (MR) and!or computed tomography <en. A common method to critical struaure

localisation and delineation is to anatomically fuse MR to cr [28-32] in order to combine the

data in a common image space. The Cf volume data, employed for dose distribution

calculations, is acquired with the localiser box and fused with the anatomy information

provided br the MR. data.

Alter the target and critical sauaures bave been properly localised, the treatment planning

}
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(c)

(b)

Introduction

•
Figure s. Three steps of radiosurgety procedure. OSA projeaion geometry for target
localisation (Step 1) is iIlustrated in (a) [33]. An MR image with isodose lines for treatment
planning (Step 2) is shawn in (h), along with the slice fiducial marlœrs obtained from the MR.
compatible localiser box. Treaunent de1ivety (Step 3) by LINAC is iIlUSb'ated in (c) [33].
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foRows. The planning is conventional1y accomplished with the use of MR and!orcr datasets

• also acquired witb the frame and modality compatible localisers. MR is panicularly meful in

reJating the AVM to the surfaces of the brain, the ventriœlar system and anatomie regions of

the brain such as critical organs [3]. The surfaces of the brain are employed for the

determination of the AVM depth within the brain in order to calculate dose distributions. The

isodose Iines of the radiation distribution are employed to evaluate the effect of the plan on

organs at risk near the target, which are visible on the MR and!orcr images (Figure Sb).

The final step of AVM radiosugety involves the delivety of the radiation dose. The major

devices include the linear acœlerator (LINAq and the gamma knife unit [34] which deliver x

rays and "'Co gamma rays re5pectively [3]. In the case of LINAC beam delivety, the patient is

inunobilised on the treatnlent couch with the use of the frame, with the target at the LINAC's

isocentre (Figure Sc). Each technique, which aurendy indude multiple non-coplanar

converging arcs, dynamic stereotaetic radiosurgery and conical rotation, is characterised by a

particular set of individual rotational motions of the LINAC gantry and the couch from given

stan to given stop angles [34]. In the case of gamma knife beam delivety, the frame is secured

ioto an appropriate collimator helmet and immobilising assembly. The cauch, which advances

the patient ioto the unit at the stan of the irradiation, is retraaed once the treatment rime bas

elapsed [34].

1.3 AVM Localisation
A crucial step of the radiosurgety procedure is the localisation of the AVM. As mentioned

previous1y, the modality most widely used for localisation is OSA. However, CfICfA and

MRIMRA have adjuna roles because they cao each offer their own unique features not

present in OSA.

1.3.1 DSA
The necessary information for localisation with OSA images is obtained by perfonning {Wo x-

r.ty projections. The procedure starts by taking a radiograph, for each projection, cal1ed the

non-contnst image (Figure 6). Seleaed contrS images demonstrating the arterial and venous

phases of the AVM [27], which are obtained by injecting a contrast media agent ioto the

• patient, are chosen for subtraetion from corresponding non-contnst images (Figure 6). The

9
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location and cliameter of the nidus are then detennined, with the use of the orthogonal

• subtraction images, by a multidisciplinary medical team.

(a) (b) (c)

(d) (e) (f)

Figure 6. Onhogonal projection OSA images. The non-eontrast images (a) and (d), the
contrast images (h) and (e) as weIl as the subtraaed images (c) and (t) are illustrated.

For smaII, spherically shaped AVMs, the modality is generally quite reliable for the delineation

of the nidus [27] with anterior-posterior (AP) and latend (lA1) projeaions. DSA aIso

provides useful infonnation regard.ing the distribution of arterial feeding vessels and the

venous drainage pattern [27]. However, sinœ this modality presents ID projections of 3D

shapes, there are œnain limitations with regard to the determination of the three-dimensional

shape of large, complexly shaped or obliquely oriented AVMs [4, 12, 16, 17, 27, 35, 36], as

shown in Figure 7. Another disadvantage is the invasiveness of the modality, wbich demands

more Medical personnel for the imaging. Signifiant changes in the target delineation cm aIso

occur since the images of the nidus on the different projeaions are not simultaneous [17]. It is

• also diffiadt to delineaœ the feeding arteries, the nidus and the dnining veins precisely, since

lU
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FtgUre 7. IrreguIarly shaped A\'Ms [17]. AVM projections, as they would he seen on DSA

images, conuin insuf6àent information about their aetual shapes•
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patient

they frequently 611 with the eontrast agent almost simultaneously and since they cao overlap on

• the projected angiographie images [17]. The incomplete information of the OSA images

would usually resuIt in a treatment plan that would irradiate tissue which should not he

irradiated, or vice-versa (Figure 7).

1.3.2 CT/CTA
Another AVM localisation modality is Cf. Contreuy to conventional x-ray projection systems,

cr provides cross-sectional tomographic images of an abject. These images, which are

reconstruaed from x-ray projections taken al several different angles through the desired

abject slice as illustrated in Figure 8, produce a volwnetrie representation of the object linear

attenuation coefficient [37].

",.------ ........,
",,'" ", ",

\
\
\
\
1,

\~ ,',.. ~
\\ ' ",."" 1 dctector
~",., " an2Y

x-ray tube '...... ,""

'-----'

Figure 8. Cf scanning geometry (with modifications from [38D. As the x-ray tube and
detector array rotate, samples are taken al different angles through the object and are employed
to reconstrua the images.

•

Hdical x-ray cr with rapid injection of contnst medium and angiographie reconstruction

(CfA) is a recently developed technique [26]. The technique involves a scout scanning wmch

is subtracted from the conttast scanning to produœ angiographic data. An advantage of this

modality over eonventional angiography {DSA) is the 3D information obtained wbich may he

useful for large complexly shaped AVMs. CfA also bas severa! advantages over MRA which

indude shotter scanniog rimes, lower oost, better depiaion of slower flow nidus and veins and

i2
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availability for patients for whom MR is contraindieated [26]. CfA, comr.uy ta DSA, lacks

• temporal infonnation, which is a major drawback [26]. It also involves longer post-proœssing

time and fails to detect certain feeding anerie5, presumably due to their smal1er diameter

compared to veins [26]. Another dr.twback to CfA is the invasiveness of the technique, which

demands more medical personnel for the imaging.

1.3.3 MR
MR uses exterior magnetic fields, bath staric and in the form of gradients, and excitation radio-

frequency (RF) pulses to image objects. As the magnetic field selects the slice to be imagecl,

RF pulses excite inclividual magnetised protons within the selected slice [37]. This excitation

causes transitions between the nuclear spin states of the protons of the excited system [37, 39].

The system returns to equi1ibrium al a negarive exponential rate by emitting electromagnetic

quanta, the number of which is proportionai to the amount of excited protons in the sample

[37]. These quanta, which are detected by RF antennas, are the sampling signais employed ta

reconstnltt MR images [37]. The reconstrutted images are a funetion of proton density and

tissue relaxation times [40] instead of linear attenuation coefficient as in x-ray modalities.

•

The major advantage of MR, when compared to cr, is its superior ability to differentiaœ and

charaaerise soft tissues [40]. MR. also bas the advantage of imaging in the axial, sagittal or

coronal slice orientation, unlike Cf which is limited to axial images. Since mere is no ionising

radiation involved, no radiation dose is given to the patient. The disadvantages indude longer

sampling times with respect to Cf as well as long post-processing rimes. MR is not involved

in the localisation of AVMs but is particularly useful in relating the AVM to the surfaces of the

brain, the ventricular ~stem and anatomic regions of the brain such as critical organs [3J.
However, MRI may yield inaccunue spatial infonnation which may result from (1) system

reIated distortions, such as magnetic field inhomogeneities or gradient field nonlinearities, and

(2) object-induced distortions, such as magnetic suscepaoility and chemical shift anefaets [40

42] which are unique for every session [43]. Distortion effects and geometric shifts of a few

millimeters have been reported [44-46]. Conœms about the geometric 6delity of MR have led

to the development of distortion correaion methods [42, 43, 47, 48] which have reduced

global shifts to approximately 0.5 to 1 mm [41]. These distortions must he taken ioto

consideration when imagiog with this modality.
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1.3.• MRA
• MRA is an MR application which provides volwnetrie vascular data sets aUowing 3D

visualisation and localisation. The time-of-flight (fOF) is non-invasive technique which is

based on the intlow/oudlow effea [49]. The MRA acquisition begins by applying many rapid

RF pulses [49] that, due to the negative exponential rate of the ~stem retuming to equi1ibriwn

[39], cause the rate at which nudei return to a steady state to decrease witb eacb RF pulse.

Wtth fewer quanta being emitted, saturation occurs in which sampling becomes minimal [12,

50]. The flowing blood, whicb is also saturated, moves out of the imaging plane and fresh

blood now flows into the slice [12, 50]. Another RF pulse is men triggered and a signal is

received originating mostly from the fresh blood whicb moved into the imaging plane since

the rest of the starie tissue of the slice has remained saturated [12, 50] (Figure 9). The signal

received, whicb inaeases witb the amount of fresh blood, therefore augments as blood f10w

ve10city inaeases [12, 49, 50].

Saturatcd slice
la imacc

<a> (b)

Figure 9. TOF imaging physics. The slice to he imaged becomes saturated due to the
application of many ntpid RF pulses, as shown in (a). The saturated blood flows out of the
slice as fresb bloods flows into it, as shawn in (h). Another RF pulse is applied ta whicb ooly
the fresh blood responds, since the starie tissue of the slice bas remained saturated.

There are two types of TOF imaging, the 6rst being 3D TOF and the second being ID TOF.

The 3D TOF technique, wlûcb corresponds ta volwnetrie acquisition, excites tbick slabs of

tissue ta produce thin slices and therefore smaIl voxels [SOl. Volumetrie sampling provides

• high resolution with good signal-to-noise ratio (SNR) ideal for looking at smaIl vessels [50] and

14
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fast flow [12], such as the nidus and the feeding aneries of the AVM [12, 16). The ID TOF

• technique, which involves multiple ID acquisitions, employs slices that are thin compare<! to

the 3D slab thickness but are relatively thick compare<! to the effective 3D slice thickness [50).

Despite the poor SNR due to the thin sequential ID slices, ID TOF produces maximal

flow/ stationary tissue con~ in each slice [50]. The method is suited for acquiring data over

a long segment of vessel without saturation effects and for the investigation of slow flow [50),

whieb is partiadarly useful for the definition of the large draining veins of the AVM [16].

An advantage of the TOF technique over conventional angiography (OSA) is the 3D

information obtainecl which may be useful for large complexJy shaped AVMs [26]. It also bas

severa! advantages over CTA such as the non-invasiveness of the teChnique and the ability to

image a volume in axial, sagitta1 and coronal orientation. Since no x-rays are involved, no dose

is delivered to the patient. However, MRA lacks temporal infonnation, which is

uncharacteristic of the DSA images [26]. Since the anatomical data of MR and the vascular

data of MRA provide important complementary information, MR techniques have assumed a

growing role in AVM treatment planning [12].

1.4 Thesis objectives and outline
The aim of this project was to develop a multimodality image fusion system for radiosurgery

localisation of large A\!Ms in order to benefit from the funetionality of ail imaging modalities.

The objectives were:

I. To design a tool for fusion of 3D datasets (MRA/CfA & MRlCI) in order to

combine vascular and anatomical infonnation. The fusion is to be based on fiducial

marlœrs due to the simplicity of this method. Head contours are needed for

radiosurgery planning and image fusion makes the data of ail these techniques available

for localisation and planning.

•
IT. To develop a taol to simula projections through the 3D datasets descnbed in 1above

employing the projeaion geomeay of the x-ray angiograms.. A comparison between

the numerically projeaed ID images and the x-ray angiograms, as well as the

projeaion of the contoW'S drawn on the MRA dataset ooto the angiograms, provide a
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visual check of potential errors that may he introduced during MRA localisation and

definition of the AVM.•
Cbapter 1 Introduction

m. T0 evaluate the utility of the system br pw-suing patient studies.

•

The thesis is organised as follows.

CJJapter one bas given an introduaion on AVMs and stereotaetic radiosurgery. Localisation

imaging modalities for AVMs were aIso discussed.

In the second chapter, the developed system tools are presented. The system consists of four

modules: (1) Volwne fusion, (2) OSA target localisation, (3) 30 target localisation and

delineation and (4) OSAIMRA correlation. The Volume fusion module fuses the MRA and

MRlCf volwnes. The OSA urget localisation module detennines the projection geometry

and target position from a pair of OSA images. The next module perfonns 30 target

localisation and delineation within the fused volwnes with feedback from the OSAIMRA

correlation module, which simultaneously projects the contours onto the OSA images. The

OSAIMRA correlation module is also resPOnsible for visual correlation of MRA and OSA

data by ray tracing through the MRA volwne.

C1lapter three validates the developed system tools and presents a phantom example to

validate the entire procedure for bath the image acquisition and the software. Clinical

examples of patients which have previous1y undergone radiosurgery and that have been

planned with the McGill dynamic arc radiosurgery technique employing OSA and MR images

are presented by comparing the conventional target localisation method to the 30 target

1cx:a1jsation and delinearion.

The fOuM chapter condudes the thesis by swnmarising as well as discussing future work.

Aspects of this work have been published in conference proceedings [51, 52].
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ChapterTwo

2 Multimodality Image Fusion for Localisation

•

2. 1 Introduction
This chapter presents the developed ~stem for multimodality image fusion for radiosurgery

localisation of large AVMs. The system is implemented with the AVS 5.4 software (Advanœ

Visual System Inc, Waltham, MA) running on a Pentiwn fi processor (Intel Corporaion,

Santa Clara, CA) 400 MHz with 256 Megs of RAM. The operational system employed is Red

Hat Linux 6.0 (Red Hat Software Inc., Nonh Carolina). The AVS software permits the

programming of modules for specifie tasks, which are then linked together in netWorks ta

complete application programs.

The system supports the Leksell stereotaetic coordinate system commonly used for

radiosurgery. This coordinate system, which is established by fixing a rigid frame to the

patient's head during ail imaging procedures and the radiosurgery treatInent (Figure 10),

identifies ail points within the frame coordinate space. The frame also provides a rigid base for

immobilisation of the patient during imaging and treannent proœdW'es. Fiducial marIœr plates

exist for each modality and are anached ta the frame during imaging in arder to detetUÙne the

frame position within the datasets.

The four main mcxiules of the system are illu.smted in Figure 11. The Volume fusion module

fuses the MRA and MRlCf volumes. The OSA target localisation module determines the

i J



•
Cbapter2 Multimodality image fusion for localisation

.------..-.. Superior

Infcrior

z

•

FigtU'C 10. The Lek.sell stereotaaic frame with posts and pins for head anachment. The
convention for the coordinate system is depieted with the centre of the frame located at 100
mm from the origin along ail thrt.'e axes (with modifications from [53D.

Figure Il. Four main modules of system.
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projeaion geometry and target position from a pair of OSA images. The next module

performs 3D target localisation and delineation within the fused volumes with feedback from

the OSAfMRA correlation module which simultaneously projects the contours omo the OSA

images. In addition, the OSA/MRA correlation module aIso allows correlation of MRA and

OSA data br ray traeing through the MRA volume and overlaying the DSA and ray-traœd

MRA projection images.

•
Cbapter 2 Multimodality image fusion for localisation

2.2 Volume fusion
In orcier to fuse the MRA and MRlCf data, the volume fusion module 6rst generates frame

transfonnation matrices (FlMs) and then refonnats the MRA and MRJcr volumes in the

common stereotaaic frame space defined br the stereotaaic frame.

2.2.1 FTM g.".ration
The cr and MR localisers contain a set of N-shaped bars (Figure 12a). The frame space

coordinates of the vertical rads are given in Figure 12b. The N-shaped bars, when imaged

axially, give three collinear image points. With three bars on each frame anachment, DÎne

points are obtained on each image (Figure 13). The nine markers are seleaed by the user and

are de6ned in image space coordinates as (Uj,v).

The 3D frame space coordinates (,,;,Yj,7;) of the middle fiducial marker of each N-shaped bar

cross-section are detennined using ratios with respect to the extremity marlœrs (Figure 14).

The frame space coordinates of the three middle fiducial markers (X1'Yl,ZJ,(xZ'Yz,zJ, ~),Y),z),

along with their corresponding image coordinates (uuvJ, (~,vJ, (u),v) are used to determine

the frame transfonnation matrix (FIM). The FIM, which is specifie to each slice, is obtained

by equation (1) [54]. FIMt a1Iows the determination of the frame space coordinates (x,y,z)

corresponding to the image space coordinares (u,v) of slice i by equation (2) [54].

• [x y z]=[u v IlFrM
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Lateral vicw
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superior

infcrior

(a)

POint x (mm) y (mm) z (nun)

1 5 160 -
2 5 40 --
3 195 160 --
.. 195 40 ---
S 40 215 --
6 160 215 ---
7 -- -- 40

8 -- -- 160

(h)

•
Figure u. Leksell MRlCf localiser. The N-sbaped bars on the localiser box are illumëlted in
(a). The frame space coordinates ofvertical rads are given in (h).
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•

Figure 13. Panel for fiduàal marker seleaion. The nine 6duàal markers cao he observed on
the image slice.

2.2.2 Volume reformatting
After the FIM detennination, the MRA and MRlcr vohunes are refonnatted and fused in

frame space. This is necessary because subde patient movemems or scanning imperfections

may lead to changes in the mutual orientation of image slices, as shown in Figure 15.

Fwthennore, reformaning is necessaIY to obtain the regular voxel amty required for r.ty

tracing in the MRAlDSA correlation module. The reformatting procedure is as follows.

1. Volume extent determination. A frame space volume extent is detennined for each

dataset.

2. Refonnatring extent determination. The volwne extents of the datasets are then compared

to detennine a common reformatting extent, in order to proceed with the interpolation.

3. Interpolation. The volumes are refonnatted within the reformatting extent.

For each dataset, the extent along the X and Y axes are deœnnined by taking the interval

interseaion of the (X,Y) extents of ail image slices within the dataset (Figure 16a). The (X,Y)
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tV = AB (Lcngth.,.)
AC

Scparatiollitar
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•A •B •C
.... .

U = AB(SeparatiOI1har)
AC

Figure 14. MRlCf fiducial marker geometry. The relative position of the middle fiducial
marker of the N-shaped bar cross-section between the vertical bars alIows the detennination
of the image slice orientation within the eoordinate system defined br the frame. P17 Pl ao:i PJ

are the points of intersection of the image plane with the rads. A, B and C are the position of
the points of intersection on the image. Length. and SeparatiOIltw are the bar length and bar
separation in &ante space. V denotes the distance along the Z axis between the middle 6ducial
marlœr and the rod extremîty. U denotes the distance along X or Y (depending on the
localiser box face) between the middle 6ducial marker and the rad extremity.

extent of an image slice is the interval between the maximum value of the two Xmm values,

which are the interval stan values along X, and the minimum value of the two~ values,

which are the interval end values along X, and similarly for the Y direction (Figure 16b). The

Z extent is obtained by the minimum and maximwn Z values of the dataset, as calculated from

all the slices (Figure 16a).

•

The frame space extent for which the volume is to he refonnaned is termed .,r/Jnn6rini, extI!nt.

This extent is determined by taking the union of the volwne extents of the datasets to he

reformatted, as illustrated in Figure 17a and b. For each volume, the region of the

reformatting extent which intersects the volume extent is to he interpolated (Figure 17c and d)

and the region of the reforrnarring extent which does not intersect the volume extent is to he

padded with zeros (Figure 17e andd).
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Figure 15. Sliœ orientation in frame space before and alter reformatting (mterpolation). The
image slices may he arbitrarily oriented in frame space due to subde patient movement or
scanning imperfections. After reformatting, a regular voxel array is obtained. For voxel (l,j,k),
the nearest [Wo slices wmch bracket the voxel are iIlustrated in datted fonnaL Points, which
are not hetween [WO slices, are padded with zeros.

Given the reformatting extent and the voxel sizes (vll,vy,vJ in millimetres as supplied br the

user, a regular voxel array is buili: by interpolation. The intensity of each voxd (a,j,k) within the

reformatting extent is interpolated employing the slices of each dataset and their

corresponding FIM. For each voxel (a,j,k) within the reformatting extent, which correspond

to (~Yi,zJ in frame space coordinares, the nearest [WO slices that bradœt the voxel, shawn in

doued fOnnal in Figure 15, are detennined. This is accomplished in [wo steps.

1. Employing the FfMs, the image coordinates (Us,vJ which intersect the line paraIlel to the

Z axis passing through (Xï,y) in frame space are determined for each sliœ s.

2. Using the FfMs, the Zs value corresponding to the image coordinares (Us.vJ obtainecl in

(1), is determined for each s1iœ•
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3. By comparing the Zs values of the (~vJ coordinates, the slices chat bradœt the voxe!

• (Xj,y~ to he interpolated are determined (Figure 18).

This interpolation method bas been chosen among otbers and bas been proven ta he robust in

cases whereby the image sliœs are approximately parallel to the XY plane in frame space and

that the image slice thiekness, as acquired at our centre, does not exœed 2 mm. Wtth the

z

•

(a)

(b)

Figure 16. Volwne extent determination. The extent along the X and Y axes are determined
by taking the interseaion of the (X,Y) extents of ail image slices witbin the dataset, iIlustrated
in (a). The (X,Y) extent of an image slice, as shawn by the shaded area in (h), is the interva1
between the maximum value of the two Xmn values and the minimum value of the (wo~
values, and similarIy for the Y direaion. The extent along the Z axis is obtained by the
minimwn and maximum z values of the dataset, as calaJ1ared from ail the slices (a). The
resulting volume extent is iIlustrated as the dashed rectangle in (a).
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Figure 17. Reformatting extent detennination. mustrated in (a) are the volume extents of 2
datasets. The volwne extents (dashed lines) as well as the reformatting extent (solid line),
obtained by taking the union of the (Wo, are shown in (b). For each volwne, interpolation is
perfonned inside the volume extent (white) as shown in c) and d). The region of the
refonnaning extent which does not Înterseet the volume extent (black) is padded with zeros (c
andd).

image coordinates of the two sliœs detennined in (3), the voxe! intensity is interpolated by

following (wo steps.

1. Sînœ the image coordinates do not direcdy correspond to a pixel position, or a node as

shown in Figure 18, the intensity al the image coordinates is obtained br perfonning a ID

bilinear interpolation [55] between the four surrounding pixels (Figure 18).

2. The voxel intensity is then determined br perfonning a linear interpolation [55] along Z

between the two image coordinate intensities, using the distances between the slices and

the voxe! (Figure 18).
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Fipre 18. Interpolation procedure. The voxe! intensity is obtained by interpolating between
the s1iœs that bracket the voxel. A bilinear interpolation is perfonned in order to get the
image coordinate intensity for each slice. The voxel intensity is then detennined by
performing a linear interpolation along Z between the two image coordinate intensities, using
the distances between the slices and the voxel.

Points which are not between two slices are padded with zeros. Since the reformatting extents

are the same for bath reforrnaned volumes, voxel [I,j,k) of the refonnatted MRA volume data

corresponds to vom (I,j,k) of the reformatted MR/CT volume data. The fusion between the

volumes is therefore complete.
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The frame space coordinates (Xj'Yi,z.) corresponding to voxel (l,jJt) of the refonnatted volwne

• are determined by the use of the volwne transformation matrix (VTM).

x i

Y =VTM
j

z k

1 1

(3)

The VTM, a 4x4 matrix, accounts for translation, rotation and scaling between frame space

and image space. Sinœ the refonnatted volume is aligned with the frame, the V1M is given br

v'( 0 0 Xmin

0 VII 0 Ymm (4)VTM=
0 0 v: ~

-mm

0 0 0 1

In the above expression, (Xmn,Ymn~ represents the minimwn of the (X,Y,Z) reformatting

extent in frame spaœ. The reformatting voxel sizes (vx'Vy'vJdetennine the scaling between

the (WO spaces.

Sînœ fusion is perfonned employing fiducial markers and that no anatomy information is

taken into account, the localisers must by fumly attached to the frame in order to assure

consistency.

2.3 DSA target localisation
This module aIlows target localisation with a pair of OSA images, as described in section 1.3.1.

As a first step, the projection geometry is detennined for each OSA projection image. These

projeaion geometries are needed for target localisation as well as for the OSAIMRA

correlation module.

2.3.1 Projection geometry determination
The DSA localiser centains a series of lead beads on each side of the frame attaehment (Figure

• 19a). The frame space coordinares of the beads are given in Figure 19b. The lead beads, when
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supcrior

infcrior

(a)

POint x (mm) y(nun) z(mm)

1 .. 135 ---
2 .. 65 ..-

3 196 135 ---
.. 196 65 ---
5 675 -16 ---
6 1325 -16 ---
7 675 216 ---
8 132.5 216 --
9 -- ..- 65

10 ..- -- 135

(h)

•
Figure 19. Leksell DSA localiser. The lead beads on the localiser box are iDmuated in (a). A
fiftb bead, illustrated in shaded fonn, is found on the anterior plate as weil as on the left plate
for box face identification on the projection images. The frame space coordinates of the beads
are given in (h).
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•

Figure 20. Panel for 6ducial marker seleaion. The eight fiducial markers an he observed on
the projeaion image.

projected onto the image plane, give eight image points (Figure 20). The eight markers are

seleaed by the user and are de6ned in image space coordinates as (Uï,VJ. These image

coordinates are employed to detennine a transfonnation matrix which defines the perspective

projection geometry by relating 3D frame coordinates to their projeaed positions in the image

plane [54] (Figure 21). The 4x3 matrix transfonns frame space coordinates into image

coordinates accounting for perspeaive magnification.

Mil MI! MIJ

[au a]=[x Il
M'lI Mu Mn

(5)av y z
M 31 M 32 Ml3

M" I M 42 M 43

In the above expression, the parameter a is a scaIing faaor between the (wo systems. The

image coordinates (u,v) are obtained by dividing througb by a, the homogeneous coordinate.
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Figure 21. Perspective projection geometry. Of the eight points, the four obtained from the
plate dosest to the x-ray tube are more magnified than the four obtained from the plate on the
opposite sicle.

Unlike the tomographie images, projeaion image coordÎnates cannet correspond to a single

position in frame spaee sinœ a single point in the image plane is the result of a many-to-one

mapping of ail points along the projeaed ray.

The matrix multiplication above resuIts in three separate equations. The a parameter is

substituted into the first two, generating a system of two equations.

(6)

(7)

•
For a landmarkwith known stereotaaie frame coordinates (x,y,z) and image coordinares (u,v),

(wo equations are available in tenns of the 12 Mq. Six such points providing twelve equations

are suf6àem to solve for the elements of the matrix, however, no more than four points may

he coplanar [56]. SÎnœ eight fiducial marker points are employed in every stereotaetie
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projection image, the resulting over-determined sy~em of equations is solved using a least-

• squares fit to ensure that the infonnation provided by the additional markers is incorporated

into the solution. The implementation of this approach employs a single value decomposition

(SVO) technique [55] to obtain the desired best fit for the ~i values. Dividing equations (6)

and (7) by MtJ yields a sy~ of equations similar to equating M.J to 1 in equations (6) and (7)

[57], however the latter reduces the system of equations to eleven variables. M4J is therefore

set to 1[57] and equations (6) and (7) are rewritten for the algorithm as shown below.

Mil
M 21

MJI

u i XI YI Zl 1 0 0 0 0 -UIXI -UIYI -U1Z1 M 41

VI 0 0 0 0 XI YI ZI 1 -V1Xl -v,y, -VIZI Mn

= Mn (8)

Us XI Ys ZI 1 0 0 0 0 -usxa -ulYa -uaza Mn

Vs 0 0 0 0 Xs Ys za 1 -vaxa -vaYa -vazs M,u

Mu
M23

Mn

For convenienœ, the above equation is represented by the following relation.

A=BM (9)

In order to obtain the desÏl'ed best fit for the ~ values, the SVO algorithm is employed to

minimise the least-squares error in equation (10) with respect to the ~i values.

16 ( 11 J2
error =~ A, - ~BijMi

,=1 1=1

(10)

2.3.2 Target localisation
ACter the determination of the projeaion matrix for each projection geometry, the image

coordinares of the target are detennined by the user on each OSA image. The projection

• matrix and target image coordinates provide sufficient infonnation to localise the target within
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the frame. The target localisation process consists of determining the intersection point of the

• two rays between the source and target image coordinates of each DSA image.

The determinarion of equations (6) and (7) for each projection geometry as well as the target

image coordinares on each DSA image yield a total of four equations and three unknowns

(x,y,z) for target localisation [57]. This over-determined sy~em of equations is solved

employing a least-squares fit [57]. The set of equations is rewritten for the SVO algorithm as

shown below.

ut-M.u MII-uIMI3 M'lI -uIM2J M ll -ulMn

{~]
vl - M o&2 Mn -vIM 13 Mn - vl A/2J Mn -v1M 33 (11)=
u2 - M o&l Mil -u2M 13 M 21 -u2M2J Mll -u2M))

v2 -M~2 MI! -v2M 13 Mn -v2M 2J ft.;/n - v 2M 33

For convenience, the above equation is represented by the following relation.

A=BX (12)

In order to obtain the desired best fit for the (x,y,z) values, the SVO algorithm is employed to

minimise the least-squares error in equation (13) with respea to the (x,y,z) values.

~ ( 3 )2
error =~ Ar - ~B'IXI

/.1 1-1

(13)

•

This target localisation method does not require that the [Wo images he orthogonal or paralle1

to the localiser box faces.

2.4 3D target localisation and delineation
This module aIlows target localisation and delineation in 3D employing the reformatted

volumes. After the fusion ofMRA and MRlCf datasets by the Volwne fusion module, target

contoW'S which are drawn on the MRA volume cao he simultaneously visuaIised on the

reformaaed MRlCf volume (Figure 22), therefore alIowing bath vascuIar and anaomica1

information to be taken iota account in the process. Continuous feedback from the
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OSAIMRA correlation module, which simultaneously projeas the contoW'S onto the OSA

• images, enables the user to modify contours accordingly. The dr.twing of contours cao he

perfonned on transVerse, sagittal or coronal s1ices of the refonnatted MRA volume. The

frame location of the drawn struaures is detennined br the use of the VfM, described earlier.

(a) (h)

Figure 22. 3D target delineation. The user delineates the target on the MRA volwne (a). The
contours appear simultaneously in the MR volume (b). It cao he seen that the vasculature is
not visible on the MR dataset (b) rel: is easily outlined with the help of the fused MRA Ca).

2.5 OSAIMRA correlation
Ta help the user in the proœss of target delineation , this module correlates DSA and MRA

data br (1) ray-tncing through the reformatted MRA volume and (2) by projecting contOW'S,

drawn on the reformaned MRA, onto the DSA images. The correlation br ny-tracing enables

the examination of possible inconsistencies which could arise from MR distortions, frame

slippage, patient movement during the imaging procedure or other sources of image arœfaas.

2.5.1 Ray-tracing
AP and lAT projection images of the refonnatted MRA volume are obrained by ray-tracing,

with the projection geomeny used in the acquisition of the OSA images detennined by the

OSA target localisation module (Figure 23).

•
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•

Figure 23. Ray-traeing througb the MRA volwne. Employing the OSA projection geometry
i1lustrated in (a), the ray-traeed MRA images (h) are correlated with the OSA images (c). The
correlation enables the examination of possible inconsistencies between the OSA datasets and
the reformatted MRA volume whicb could arise from MR distortions, frame slippage during
the imaging procedure or ether sources of image anefaas.
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The ray-traeing a1goritbm employed in this module was developed br Sherouse et al. [581

• similar to the method developed by Siddon [59], for simuIating the acquisition of a

ndiographic image. Rather than considering individual voxels, the a1goritbm calcu1ates the

intersection points of rays with orthogonal sets of equaIIy spaced, paraIlel planes [59] (Fipe

24). The intersections are described as parametric values along the ray and are obtained as a

subset of the interseCtions of the ray [59] (Figure 24). For each voxe! interseCtion length, the

corresponding voxel indices are obtained and the proœlrts of the intersected length and the

partirolar voxe! intensity are swnmed over ail interseCtions to yield the r.Jdiological patb [59]

(Figure 24).

ay ray

"'~r\:L.
,~

~~

~~

"",-,
'-....~

~

•

Figure 24. Ray-traeing algoritbm (59]. The intersection of the ray with the voxels are a subset
of the interseCtions of the nty with the lines [59]. The intersections of the ray with the lines are
given by two equaIly spaœd sets: one set for the horizontallines (611ed cirdes) and one set for
the verticallines (open circles) [59].

Since the resulting ray-traced MRA image must have the sante charaaeristics as the OSA

images, the pixel sizes, beam source position and orientation, image plane position and

orientation mmt: he determined and employed by the ray~tracing a1goritbm. 5ïnce these

parameters are unknown, they must he derived &om the correspondence between a set of

image features and a set of object features [60]. The 4x3 projection transformation matrix of

equation (5), reJaring object coordinates to projection image coordinares, describes the OSA

image acquisition geometry and therefore provides sufficient information to generate a
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matching view of the tomographie volume. However, a matrix decomposition is required to

• extr.1Ct these parameters.

2.5.1.1 Matrix dBm1fXJSitim

The imaging geomeoy, described by the transformation matrix of equation (5), is illustraed in

Figure 25 below.

s

u

------------
y

z

x

Figure 25. Projection geometry. XYZ represents the frame coordinate system. UVW
represents the projection coordinate system, where (u,v) are the image coordinates of an image
point and w - 0 defines the image plane. The source position is illmttated as point s. The
distance between S and the image plane is denoted as f, the focallengtb. Each image point is
th~ intersection of the image plane and the line connecting S and the corresponding frame
point.

The projection process described in Figure 25 consisu of applying consecutive individual

transformations to UVW coordinate system which initia1ly coincides with the XYZ coordinaœ

system, in arder to obraÏl1 the proper positioning of the image plane [60]. The 6rst

transformation T translates the UVW coordinate system away from the XYZ coordinate

•
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system and is pven by equation (14). T therefore consists of moving the UVW coordinate

• system by (JCo,y~.

1 0 0 0

0 1 0 0
(14)T=

0 0 1 0

-xo -Yo -zo 1

The second tnmsformation R, which is further decomposed to ~, a>rI'eSponds to

consecutive clockwise rotations of e about the X axis, ~ about the new Y axis and 'V about the

newZ axis.

1 0 0 0

0 cos8 -sin8 0
R =x 0 sin 8 cos8 0

0 0 0 1

cos; 0 sin; 0

R =
0 1 0 0

.v -sin; 0 cos; 0

0 0 0 1

cos If/ -sinf// 0 0

R: =
sin If/ cos,!, 0 0

0 0 1 0

0 0 0 1

(15)

(16)

(17)

The projection matrix P then applies the perspective magnifieation with focallength f.

1 0 0 0

0 1 0 0
p=

0 0
1 (18)--
f

0 0 0 1

• jl
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The foUowing transfonnation S scales the image coordinates by~ in the U direction and Kv
• in the V direction which reflects an enlargement of the image if K is greater than one or

shrinking of the image if K is less than one.

Ku
os= o
o

o 0 0

K., 0 0
o 1 0

o 0 1

(19)

The last transformation C crops the image plane which consists of translating the UVW

coordinate system within the image plane by (Uo,vJ, the coordinates of the piercing point.

1 0 0 0

0 1 0 0
(20)c=

0 0 1 0

-uo -vo 0 1

The projection matrix of equation (5) is decamposed into the components given by equation

(21) br the method presented by Strat [60]. The individual components of equation (21) are

described in equations (14) ta (20).

(21)

•

The consecutive transfonnatians described by equation (21) define the perspective projection

geometty of Figure 25 by transfonning 3D frame coordinates (x,y,z) into projeaion

coordinates (u,v,w) as shown in equation (22) below.

Mll MI2 Mn M I4

[au av aw a]=[x 1] M2J Mu M23 MZ4 (22)y z
M 3J M32 M33 M'j4
M41 ,.,1..2 l\1.U M....

Sïnce the transformation matrix of equation (5) is a 4x3 matrix, it is adjusted to a 4x4 matrix M

by the foUowing substitution [60].
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Mu Ml2 0 Ml4

[au a]=[x 1]
MZI Mn 0 M z..

(23)av aw y z
M 32 M}4MJI 1

M" l M"2 0 M....

For convenience, the above equation is represented by the following relation.

U=XM (24)

In equation (23), the third eolwnn of M introduces the third coordinate w ltSI1ting in a 3D

referential system. Colwnn 1,2 and 4 of M correspond to eolumn 1,2 and 3 of the

transfonnation matrix of equation (5) respectively. The image eoordinates are obtained by

dividing through by the parameter Œ. For notational simplicity, we shall assume that ail matrix

multiplications automatica1ly nonnalise the image coordinates and therefore the a parameter is

omitted from the equation.

The image fonnation process, as accomplished with the adapted 4x4 transfonnation matrix,

can be written as

[u vOl] =orthoproject ( XM) (25)

In the above expression, the parameter Œ is omitted for notational simplicity, X is the

coordinate of a worid point and the orthoproject operator perfonns an orthographie

projeaion along the W axis sum that

•

orthoproject([u v w 1]) = [u vOl]

The geometric matrix decomposition consists of detennining:

1. the source position S(Sx,W;

2. the image plane orientation (9,+);

3. the piercing point (\Jo,val for aopping;

39
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4. the focallength (t) and scale CKu,K.,);

5. the rotation within the image plane ('V).

Multimodality image fusion for localisation

The technique to determine the source position is ilIuurated in Figure 26. First, the matrix

inverse Mol is computed. An arbitrary frame point XI(XI'YI'Z,) 6 chosen and its projection

coordinates (U.,VI,WJ are detennined. If the image coordinates were multiplied bythe inverse

matrix Mol, the initial frame coordinates would he obtained. Instead, the image coordinates are

projected onto the image plane employing the orthoproject operator to obtain (UI,vl ,01 where

(ul,vJ are the image coordinates of (xI,y.,z,). This image point is then backprojected by

multiplying by Mol to obtain Xu' The point Xn specifies another frame point which is

different from Xl but constrained to lie along the line connecting Xl and the source position S.

AD points Iying along the line connecting Xl and S are transfonned by M to points identified

by (UI,VI,W), where w varies with each point, and vice-versa with M-l. The process described

above is repeated with another point X~ to obtain the point X21 which must lie on the line

connecting X2 and S. The points Xl and XII' and X~ and X21 define two lines that pass

Xl

S
&_-

.......... ----
..... --

...... --..... --
..... --..... --........... --..... .....

...........
..........

u

v

---_ XII----..---
y

------.
x

z

• Figure 26. Geomeay for the determination of the source position.
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through S. The interseaion point of the two lines is computed to obtain the frame

• coordinates of S. This method will fail if either Xl or Xz lie in the image plane or if Xl' X2 ami

S are colinear. Since the choice of points is arbitrary, valid points that aIlow the unique

detennination of Scan always he found.

The orientation of the image plane is established by the following observation. Each image

point is the intersection of the image plane and the line connecting S and the corresponding

frame point. A frame point lying in a plane passing through S and parallel to the image plane

would therefore have infinite image coordinates since this geometry would result in a focal

lengtb equal to zero (Figure 27). The ooly way mis cao happen for a frame point in such an

image plane is if the fourth component of the image coorclinate is zero.

[u v w 0] =[x y = 1) M

Equation (27) yields the following relation.

(27)

(28)

From equation (28), the veaor D - (Ml"~Z..~J is nonnal to the image plane and paralld to

the source's direction of view. The orientation of D, whieb is the image plane orientation, can

he calculated in tenns of rotation about the axes by using spherical coordinates sueb that

() =arctan M24

-M34

-M(J = arcsin 14
~' , ,Ml4 + Mi4 + Mi4

(29)

(30)

The angle • therefore Iimits the matrix decomposition to Y axis rotations within the interval

[-~'~J. The final rotation parameter, 'V, is the rotation within the image plane about the

new Z axis. This angle cannat he detennined from the normal to the image plane. Instead, it

requires a more complex derivation that involves the deœnnination of the piercing point and

• relative scale factors.
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Figure 27. Detennination of image plane orientation.

The piercing point (\Jo,vJ is the point in the image plane pierced by the principal ray (Figure

28). The principal ray, which is Perpendicular to the image plane, passes through the sowœ

and points in the same direaion as the nonnal vector of the image plane. To find the piercing

point, a point P along the principal ray is detennined.

OP =
- -OS+kN (31)

In the expression above, OP is the vector between the frame spaœ coordinate system origin

and the point P, OS is the vector between the origin and the source S, k is a scalar other man
zero and N is a vector that possesses the same componems as the DOnnai vector of the image

• plane. The source cannot be used as a point along the principal rq since this point bas an
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s

u

Figure 28. Detennination of the piercing point.

in6nite amount of image coordinates and therefore, k must he a scalar other than zero. The

piercing point Ua is obtained byequation (32) helow with the use of the onhoprojea operator

of equation (26) sinee any point a10ng the principal ray must projea onto the piercing point in

the image. The extent at which the imagewas cropped is given br (Uo,vJ.

Ua =orthoproject(PM) =[ua Vo 0 1] (32)

•

Sinœ there is no differenœ between scaling the image at a constant focallengtb and varying

the focallength with constant scaIing, doubling the focal length is equivalent to enlarging the

pieture by a fattor of two. Figure 29 shows the geomeay for computing the U component of

the scale factor. First, an arbimuy frame point Xu not a10ng the prinàpal nty, is chosen and its

orthoprojected image point (uuvuO) is computed. Conversion of these image units to frame

units requires dividing by scale faaors Ku and Kv along the U and V axes respectively sucb that
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, VI
V =-

1 K
"

(33)

In the above expression, u'1 and v' 1 are the distances of an image point from the image origin,

measured in frame UDÏts. Next, the angle au between the principal ray and the ray from S to

Xl projected in the plane v - Va is computed. First, the onhoprojected image point (UI,VI,O) of

Xl is projected onto Va in order to get (u1,VO,O). The image point (ul,VO,O) is then multiplied by

the inverse matrix M4 in order to get a backprojected point XII in frame space. The angle au is

obtained by computing the angle between the principal ray and the ray between S and Xli.

From Figure 29, the following relation must hold.

~-~
u' -u' K K

tana = \ 0 = Il Il

Il f f

If the focallength is known, the scale factor is

K = u\ -uo
" ftana

ll

If the scale factor is known, the focallength is

(34)

(35)

(36)

The computation of Kv, the V component of the scale faaor, is identical Neither Ku nor K.v
cao he detennined individually WÏthout knowledge of the focallength, but their ratio cao he

calculated by

•

(37)
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Figure 29. Geomeny for detennination of scale factors.

Once the piercing point and scaling factor ratios are computed, the rotation in the image plane

'V cao subsequently he detennined. The value of 'V is obtained by choosing a frame point and

comparing its projection omo the image plane under [WO different situations, as ilIustrated in

Figure 30. First, the coordinates of the source S and an arbitrary focallength f are employed

to reconstruet the translation matrix T. T corresponds to a translation of the UVW coordinate

~~ to the sowœ position S followed by a translation of length f in the direaion of the

DOnnai veaor of the image plane. The angles e and cP are employed to reconsnua the

rotation matrices ~ and Ry and the chosen focal length is used to construet a perspective

projection matrix P'. A projeaion transformation mode! Ml can he employed to compute the

projection Pl of an arbitrary frame point.

•
(38)
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v
lmageplaœ

~~------------.-...H~U

Figure JO. Detennination of rotation within the image plane.

Next, the previously determined piercing point is employed to reconsnua the matrix c. Then,

the effects of aopping are eliminated from the original projection transfonnation matrix M of

equation (21) by multiplying M by Cl to obtain

M' = MC-' =TRPSCC-' =TRPS (39)

Next, the effects of unequal scaling in the U and V directions are eliminated by construeting a

scale transfonnation matrix S'

0 0 0

0 Kil 0 0
S'= K" (40)

0 0 1 0

0 0 0 1

and multiplying M' by S' to obtain a second projection transformation matrix Mz.

•
M 2 =M'S' =TRPSS' =TRPS·
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Finally, M2 is employed to compute a projection P2 of the previously chosen frame point.

The angle 'V can now be determined from the following observation. The only differences

between Ml and M2 are their focal lengths, a scale factor and a rotation about the W êl.'Cis.

Although the scale factor is unknown, it is equal in the U and V directions because this was

compensated for in computing M2• Together the scale factor and focal length differences

serve only to change the size of the image and impose no other distortions. Observe that Plis

the image point that would be obtained if there were no rotation about the W a.xis, no scaling

and no cropping of the image. Similarly, Pz is the image point that is obtained by startingwith

the true image point associated with the chosen object point and undoing the effects of

cropping and unbalanced scaling. Any difference between Pl and P2 must be the result of

different-sized images or of rotation about the Waxis. Since this rotation is centred about the

origin of this coordinate space, the angle 'V cao be detennined by measuring the angle between

the vectors from the UVW coordinate system origin to points Pl and Pl' The different focal

lengths and scale factors cao affect only the distance of the points from the ongin and cannot

alter the angle between the vectors when measured from the origin. Therefore, 'V cao be

obtained by

o~ -OP,
'f/ = arccosl llà -r

o~· ~
(43)

•
The angle 'V therefore limits the matrix decomposition to Z axis rotations within the interval

[0,H]. Since the geometric parameters have been determined, they can now he assigned to

the ray-ttaeing algorithm.
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For the a1goritbm employed in this module [58], the source position and image plane

orientation must be given in the fonn of a frame to beam 4x4 coordinate trmsfonnation

matrix (FB) [61]. The matrix PB defines a change of referential system and therefore accounts
•
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Figure 31. Coordinate system trmsfonnation. The transformation between the frame
coordinate system and the beam coordinate system mwt be provided in order ta produce the
radiographie image. The transformation accounts for translation, rotation and sca1ing between
the referential systems and defines the beam source position and orientation.
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for translation, rotation and scaling between the beam coordinate system and the frame

• coordinate system (Figure 31) [61]. The beam coordinate syuem origin is positioned at the

sowœ position. The Wb axis points towards the object and bas the same characteristics as the

principal ray of the perspective projection [61]. The Ub and Vb axes are positioned with the

same orientation as the U and V axes of the image plane.

The construaion of the frame to beam coordinate transiormalÏon matrix FB is perfonned by

employing the geometric parameters obtained in the preceeding section and applying them to

Figure 31. The following transfonnations are applied in the following arder to COnstnlCt the

FB matrix.

1. Translation of the beam coordinate system away from the frame coordinate system to the

source position S(Sx,Sy,sJ [61];

2. Consecutive rotations of (9,+,\V> along (X,Y,Z) respectively [61];

3. Scaling faaor of -1 along Z. In the matrix decomposition, the W axis points away &am

the objea: [60] but for the ray-traeing algorithm, the corresponding Wb axis must point

towards the object [61].

The remaining geometric parameters are employed ta determine the pixel size, source to film

distance and image plane ray-traeing interval along the UbVb ooordinate system in order for the

ray-traeed image to have the same characteristics as the corresponding OSA projection image.

The pixel sizes are determined using equarion (35) employing an arbitrary focallength f. The

image plane ray-traeing interval along the UbVb coordinate system at Wb - f must have the

same amount of pixels as the OSA image and must he positioned in such a way that the Wb

axis intersects the piercing point in the image plane, as illustraIed in Figure 28.

2.5.2 Contour projections
Alter the recovery of the projection geometry, MRA contours an he projeaed onta the OSA

images (Figure 32). This funaionality enables the correlation of the contoured 3D volume

with the target extent observable on the OSA images. Therefore, this module serves as a

•
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simultaneous feedback to the 3D target localisation and delineation module enabling the

• contours to he m0di6ed accordingly.

Figure 32. Panel for 3D target localisation and delineaion and contour correlation. The
contours, which are drawn on the MRA lboaom left window), simultaneously appear on the
MR (boaom right window) with the help of the 3D target lcxalisation and delineation module.
The 3D surface representation of the vascuIature is removed when the contours are to he
drawn (Figure 22). As the contours are drawn on the MRA, their projections simultaneously
apPear on the OSA images (top )eft and right), with the help of the OSA/MRA correlation
module, which enables the correlation of the contoured volume witb the target extent
observable on the OSA images. The contours drawn on the MRA an he modified
accordingly.

•
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The frame position (x,y,z) of each contour point [I,j,k) is detenninecl using the V1M of

• equation (3) and is projeaed onto the image plane of the OSA image. The contours are

projeaed employing the transformation matrix M of equation (5).

2.6 Summary
In this chapter, the tools of the developed visualisation system were presented. The system

consists of four modules: (1) Volume fusion, (2) OSA target localisation, (3) 3D urget

localisation and delineation and (4) OSAIMRA correlation. The Volume fusion module fuses

the MRA and MRlCf volwnes. The OSA target localisation module determines the target

position and projection geometry from a pair of OSA images. The next module perfonns 3D

target localisation and delineation within the fused volwnes with feedback from the

DSAIMRA correlarion module, which simultaneously projeas the contours onto the OSA

images. The OSAIMRA correlation module is aIso responsible for visual correlation of MRA

and OSA data by ray traeing through the MRA volume.

•
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3 APPLICATIONS

Applications

3. 1 Introduction
This chapter validates the developed system tools described in the previous chapter and

presents examples of their application in clinical cases. The MRAIMRICf volume

localisation and the ID OSA target localisation were validated by comparing the results

obtained with the developed system to those obtained with a dinically used in-house treatment

planning software [62, 63]. The ray-tracing process is validated by evaluating the error

between the image fiducial marker positions and the positions of the projected fiducial markers

as prediaed by (1) the SVO algorithm with the projection matrix of equation (5), (2) the

matrix decomposition employing equation (21) and (3) the ray-tracing algorithm [58]. A

phantom example validates the entire procedure by comparing results obtained with the

developed system to those obtained by the dinically commissioned BrainScan software

(BrainLab, Heimstetten, Gennany) as well as by perfonning a visual ched: of a phantom

Iandmark position within the frame. Two examples of patients which had previously

undergone radiosurgery and that had been planned with ooly OSA and MR. images are

presented.

3.2 Validation
The 3D MRAIMRICf and ID OSA target localis;uion processes were validated by

• comparing results obtained with the developed system to a clinically used in-bouse treannent
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planning software [62, 63]. Since the 6ducial markets are user seletted, the target locations are

• expeaed to differ by a smaII amount between the two systems. The 3D localisation process

comparison, as shown in Figure 33, was perfonned with ten prominent anatomical features

and presented an average difference in distance between points of 0.7 ± 0.2 mm and of 0.7 ±

0.3 mm for the initial images and refonnatted images respectively. The uncertainty in 6ducia1

marlœr selection by the user is approximately 0.7 ± 0.3 mm with a pixel size of 0.93 mm. The

ID localisation process, shown in Figure 34, was validated with eleven prominent image

features presenting an average difference in distance between points of 0.7 ± 0.4 mm.

(a)

Tallet 1

x 71.2 mm
y 112.3 mm
z 1215 mm

(d)

Figure 33. The 3D localisation process comparison between the deve10ped system and the
clinicallyused in-house treatment planning software [62, 63]. A prominem anatomical feature,
shawn in (a), shows good agreement between the in-bouse treatment planning software (b)
and the developed system with both initial (c) and reformatted (d) images.

•
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(a) (b)

Applications

Tallct 1

x 91.0 mm
y 997 mm
z 93.9 mm

(c) (d)

Figure 34. The ID localisation proœss comparison between the deve10ped system and the
clinically used in-house treatment planning software [62, 63]. A prominent image feature,
shown in (a) and (h) br the solid arrows, shows good agreement between the in-ho~

treatment planning software (c) and the deve10ped system (d).

The ray-traeing process is validated by evaluating the error between the image 6ducial marker

positions and the positions of the projected 6duàal markets as predieted by (1) the SVO

algoritbm with the projection matrix of equation (5), (2) the matrix decomposition employi~

equation (21) and (3) the ray-tracing algorithm [58]. Six projeaion geometries, yie1ding a total

of forty..aght points, were evaluated and systernatic errors of 0.5 ± 0.2 pixels, 1.6 ± 1.2 pixels

and 1.8 ± 1.3 pixels were introduced by the SVD algorithm, matrix decomposition and ray

tracing algorithm respectively. The positions of the image fiducial marIœrs and of the

• projeaed fiducial marIœrs by ray-tneing are shown in Figure 35.

54



Chapter3 Applications

The contour projeaions on the OSA images are validated by the results of the SVO algorithm

• error in the ray-traeing validation sinœ the error corresponds to a comparisoo between image

positions and projeaed frame positions.

(a) (b)

•

Figure .35. The positions of the 6ducial marlœrs on the image (a) and projeaed fiducial
marlœrs by ray-tracing (h). Sinœ the OSA fiducial marlœrs are user seleaed, additional errors
are introduœd in the SVO a1gorithm and mattix decomposition yielding an error of 1.8 pixels
for the ray-tracing algorithm.

3.3 Phantom example
The entire procedure was validated by simulating bath ID and 3D localisation with a specially

designed phantom illustrated in Figure 36a.

A cr dataset (Figure 36b) was acquired witb a PQ 5000 scanner (Marconi Medical Systems,

Cleveland, OH) and the conventional x-ray projeaion images were acquired with a Therasim

750 simulator (Iheratronics, Kanara, Ont), in order to compare ID and 3D localisation of the

aluminium rad tip in the acryIic box.

3.3.1 CT localisation
cr volume localisation was validated with the BDÎnScm software for bath the initial and

reformmed volumes (Figure 37). The rod tip, localised al (109.2, 100.4, 65.9) mm witbin the
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(a)
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(h)

Figure 36. Phantom employed for the validation. The aaylic box, wbich was 6xed to the
stereotaetic frame, romains an aluminiwn rod (solid arrow) as well as an air podœt (dashed
arrow) as shown in (a). The air podœt and rod an be visuaIised on cr images, as shawn in
(b).
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(a)

(c)

Applications

(b)

(cl)

Figure 37. cr volwne localisation comparison between the BrainScan software and the
developed system. The rod tip and air pocket on the superior surface of the phantom are
represented by the solid and dashed arrows respeaively. The frame spaœ coordinates of the
rad tip and air pocket centre obtained witb the BrainScan software (a and c) and the developed
system for both the initial (b and cl) and refonnatted volwnes (not shown) are in agreement
within 1 mm.

initial volume and al (109.3, 100.5, 66.0) mm within the reformated volume, is in agreement

with the rad tip localised at (108.9, 101.1, 66.1) mm employing the BninScan software within

• 1mm. The location of the air pocket centre on the superior surface of the phantom, localised
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at (146.4, 135.9, 83.5) mm and (146.2, 135.9, 83.0) mm within the initial and reformatted

• volume respectively, is in agreement with the BrainScan software localisation at (146.3, 136.1,

83.7) mm witbin 1 mm. Since the fiducial markers are user seleaed, target localisation will

differ by a smaIl amount between the two systems.

3.3.2 X-ray projection localisation
Target localisation is perfonned with the two x-ray projections (Figure 38) employing the

method described in section 2.3.2. The aluminium rad tip was localised at (109.0, 100.6,65.4)

•
Figure 3&. Target localisation panel. The AP Oeft) and LAT (rigbt) phantom x-ray projeaions
are employed for conventional target localisation. The rod tip was localised at (109.0, 100.6,
65.4) mm.
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mm within the stereotaaic frame, which is in agreement with the BrainScan software rad tip

• location pven above, yielding a 1 mm difference with the aetuallocation of the rad tip within

the frame.

3.3.3 Ray-tracing
Ray-traeing is subsequendy executed through the cr volume with the same projection

geomeay as the x-ray projections. The correlation of the ray-traced images with the x-ray

projeaion images provides a consisten~ check between the datasets.

(a) (c)

(h) (d)

•
Figure 39. Ray-tr.aeed cr images and x-ray projeaion images. The ray-traced AP (a,b) and
lAT (c,d) images (solid arrows) carrela very weB visuallywith the AP (a,b) and IAT (c,d) x
ray projeaion images (dasbed arrows).
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As an be seen in Figure 39, the AP and LAT ray-traeed images correlate very wen visuaJly

• with the AP and LAT x-ray projection images. The datasets are therefore consistent and the

target may be localised and delineated in 3D.

3.3.4 3D target localisation and deUneation
Due to the ray-traeing results, the datasets are considered to he consistent and the alwniniwn

rod as well as the air pocket are subsequentlylocalised and delineated in 3D. The contoW'S are

•
Figure 40. 3D target localisation and delineation panel. The comoW'S (solid arrow) of the rod
are drawnwithin the cr data (bottom lek window) and may be simuitaneousJr adjusted due to
continuous feedback from the visual correlation of the contour projections (dashed arrows)
wàb the target extent on the x-ray projeaion images (top left and rigbt windows).
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drawn on the cr s1ices and may he simultaneously adjusted due to continuous feedback from

• the visual correlation of the contour projections with the target extent on the x-ray projection

images. Figure 40 and Figure 41 illustrate the delineation of the rod and the air pocket

respeaively.

Figure 41. 3D target localisation and delineation panel. The contoW'S (solid arrow) of the air
pocket are drawn within the cr data (bottom left window) and may he simultaneously
adjusted due to continuous feedback from the visual correlation of the contour projections
(dashed arrows) with the target extent on the x-ray projection images (top left and right
windows).

•
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The results of Figure 40 are in agreement with the results of the target localisation and ray-

• traeing correlation. The contour projections of Figure 40 and Figure 41 iIlustrate good visual

correlation between the cr and x-nty projection datasets.

3.4 Patient 1
This patient was previously treated with the McGill dynamic arc radiosurgery technique [11]

whieb delivers almost spherical dose distributions that cannat canfonn to irregu1ar1y shaped

•
Figure 42. Target localisation panel. The AP Oeft) and lAT (rigbt) DSA images are employed
for conventional target localisation.
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targets if ooly one isocentre is employed. DSA (Figure 42) and MR images were used ta

• localise and plan the treatment of an AVM in the right posterior superior lobe at (7.8,8.1,9.1)

an in frame space. An:MRA dataset was aIso acquired at the time of MR. scanning employing

the 3D TOF teehnique described in section 1.3.4.

The MR and MRA volwnes are fused with the method described in seaion 2.2. As cao be

seen on Figure 43, MR images do not provide the vasculature infonnation given br MRA

images and MRA images do not provide the analomical information given by the MR images.

The aetual treated volwne, shawn in Figure 43, is POsitioned at the previously determined

AVM coordinates. The volume seems to include healthy tissue which may he due ta the

(a) (c)

(b) (cl)

•

Figure 43. Fused MRA and MR volumes of a patient previously treated with the McGill
radiosurgety teehnique employing ooly DSA and MR images for whicb the target was localised
al (7.8, 8.1, 9.1) an in frame space. The MRA coronal (a) and sagittal (h) images are shown
with the corresponding MR corona! (c) and sagittal (d) images. The cirdes on the images
i1lustrate the McGill teehnique treated volume. The aaual treated volume in (a) and (h) seems
to include healthy tissue which may he due to the limitations of the OSA localisation method,
the treatrnent teehnique, or the combination of the two.
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A comparison of the ray-traeed MRA images and OSA images of patient 1 is shown in Figure

44. The AP and lAT ray.traœd images carrelate veryweD visuaIly with the AP and LAT OSA

images in the vicinity of the AVM. However, there are differenœs between the images since

OSA and MRA offer different vasculature infonnation. The physician must take these

considerations ioto account in the 3D target localisation and delineation process.

(a) (h)

Figure 44. Ray-traeed MRA images and DSA images. The AP (a) and lAT (h) ray-traced
images (solid arrows) correlate very weB visually with the AP (a) and lAT (h) OSA images
(dashed arrows) in the vicinity of the AVM. However, there are differences between the
images sinee the modalities offer different vascuIature infonnation. The physician must talœ
these considerations ioto account in the 3D target localisation and delineation process.

A 3D MRA representation of the vasculature is shown in Figure 45. A probe cao guide the

physician within the fused volwnes by projeaing its position omo the OSA images. The 30

vascular representation is removed for the contouring process.

The contours of the AVM are subsequendy dr.twn on the MRA slices and simultaneously

vW'alised on the MR s1ices in order to take the anatomy ioto account (Figure 46). Wtth

• continuous feedback, the comours are simultaneously adjusted from the visual correlation of
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the contour projections with the AVM extent on the OSA images (Figure 46). Since the

• contOW'S are drawn on each s1ice, the AVM target volume is therefore kept at a minimum.

Figure 45. 3D target localisation and delineation panel with probe and 3D vascular
representation for patient 1. The MR and OSA images are shown in the bottom rigbt and top
windows respeaively. The vascu1awre, shawn in the bottom IeEe window by the long-dasbed
arTOW, is superposed onto the MRA images. A probe (solid arrow) guides the physician witbin
the fused volumes by projecting its position (dashed arrows) onto the OSA images. The 3D
vascular representation is removed for the contouring process.

•
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Figure 46. 3D target localisation and delineation panel. The cootows, as weB as their
projeaions onto the OSA images, are represented br the solid and dashed arrows respectively.
The MRA, MR and OSA images are shown in the bottom le&, bottom rigbt and top windows
respectively. The contour projections correlate weB with the AVM exteot on the OSA images.
Since the contours are drawn on eaeh slice, the target volwne is kept at a minimum.

3.5 Patient 2
This patient was also previously treated with the McGill dynamic arc teehnique [11] employing

• ooly DSA (Figure 47) and MR images to treat an AVM in the rigbt posterior superior lobe al
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•

Figure 47. Target localisation panel. The AP Oeft) and lAT (right) DSA images are employed
for conventional target localisation.

(7.7, 6.3, 9.3) an in frame space. An MRA dataset was also acquired al the rime of MR

scanning employing the 3D TOf technique.

The aaual treated volume, as illustrated in Figure 48, is positioned al the previously

determined AVM coordinates. The volwne does not seem to indude the entire lesion which

may be due to the limitations of the OSA localisation method, the treatmeDt technique, or the

combination of the two.
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(a) (c)
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(h) (d)

•

Figure 48. Fused MRA and MR volwnes of a patient previously treated with the McGill
radiosurgery technique employiDg ooly OSA and MR images for which the target was localised
at (7.7, 6.3, 9.3) cm in frame space. The MRA coronal (a) and sagittal (b) images are shown
with the corresponding MR coronal (c) and sagittal (cl) images. The cirdes on the images
illmtrate the treated volwne br the McGill technique. The treated volume does not seem to
include the entire lesion, which may he due to the limitations of the OSA localisation method,
the treatment technique, or the combination of the two.

A comparison of the ray-traeed MRA images and OSA images of patient 2 is shown in Figure

49. The AP and LAT ray.traeed images correlate verywell visuaIly with the AP and lAT OSA

images. There are differences between the images sinœ the modalities offer different

vasculature infonnation. However, the ray·traeed MRA images suggest a greater AVM volume

and therefore, the physician will take this infonnation ioto account while drawing the contoW'S.

The AVM is subsequently localised and delineated in the MRA volwne (Figure 50). The

contour projections, which correlate well with the AVM extent on the OSA images, suggest a
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greater AVM volume than shown on the OSA images which is in agreement with the ray-

• tracing. Sînce the contours are drawn on each slice, the target volume confonns ta the target.

(a) (b)

Figure 49. Ray--traced MR.A images and OSA images. The AP (a) and lAT (h) ray-traced
images (solid arrows) correlate very weIl visually with the AP and lAT OSA images (dashed
arrows). There are differences between the images sinœ the modalities offer different
vasculature infonnation. However, the ray-traeed MRA images suggest a greater AVM
volume. The physician will therefore take these considerations into account while drawing the
contOW'S.

3.6 Summary
In dûs chapter, the deve10ped system tools were validated and examples of their application in

clinical cases were presented. The 3D MRAIMRICf and ID DSA target localisation

proœsses were validated brcomparing the results obtained with the developed~ to those

obtained with a dinically used in-house treaunent planning software [62, 63]. Employing ten

prominent analomical featw'eS, the 3D localisation process presented an average difference in

distance between points of 0.7 ± 0.2 mm and of 0.7 ± 0.3 mm for the initial images and

reformatted images respectively. The ID localisation pnxess was validated with eleven

prominent image features of a previously obtained phantom study presenting an average

difference in distance between points of 0.7 ± 0.4 mm. The ray-tr.acing process was validated

• by evaluating the error between the image fiducial marlœr positions and the positions of the
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Figure 50. 3D target localisation and delineation panel. The contoW'S, as weB as their
projections onto the OSA images, are represented br the solid and dashed arTOWS respeaively.
The MRA, MR and OSA images are shawn in the bottom le&, boRom rigbt and top windows
respettively. The projected contours, which suggest a greater AVM volume than shawn 00

the DSA images, may be adjusted in order to include the missing lesioo portions from the
aetual treated volume.

projeaed 6ducial markers as prediceed by (1) the SVD algorithm with the projection matrix of

equation (5), (2) the matrix decomposition employing equation (21) and (3) the ray-traàng

aIgorithm [58]. Six projection geometries, yie1ding a total of forty~igbtpoints, were evaluated
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and ~ematic errors of 0.5 pixels, 1.6 pixels and 1.8 pixels were introduced br the svo
• algoritbm, matrix decomposition and ray·traeing algorithm respectively. The contour

projections on the DSA images were validated br the results of the SVO algorithm errer in the

rq.uacing validatian since the error corresponds ta a comparison between image positions

and projetted frame positions.

A phantom example validated the entire procedure br comparing results obtained with the

developed system to thase abtained by the clinically commissioned BrainScan software

(BrainLab, Heimstetten, Gennany) as weil as br perfonning a visual check of the rod position

within the frame.

The chapter also presented two clinical examples of patients which have previously Wldergone

radiosurgery and that have been planned with the McGill dynamic arc radiosurgery technique

employing DSA and MR images. Target volumes obtained from the 3D delineatian within the

fused volumes seem ta differ from the treated volumes. A differenœ in volumes can have

significant dosimetric implications partîcularly for large AVMs.

•
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Chapter Four

4 SUMMARY AND FUTURE WORK

•

4.1 Summary
A multimodality image fusion and localisation system for radiosurgery treatments of

aneriovenous malfonnations (AVM) has been developed and validated. within this system,

tools have been developed for:

I. Fusion of 3D datasets (MRA/CfA & MRlC1) in order to combine vascular and

anatomical infonnation. Head contours are needed for radiosurgery planning and

image fusion makes the data of all these techniques available for localisation and

planning.

II. Simulation of projections through the 3D datasets described in (1) above employing

the projection geometry of the x·ray angiograms. A comparison between the

numerically projected ID images and the x-ray angiograms, as weB as the projection of

the contours drawn on the MRA dataset onto the angiograms, provide a visual check

of patentia! errors that may he introduœd during MRA localisation and definition of

theAVM.

Sînœ organ contours are drawn on the MRA images, simultaneously visllalised on tbeir

MRlCf counterparts, and projeaed onto the DSA images for visual feedback, the system

J2
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aIlows users to incorporate both vascular and anatomical information in the three-dimensional

• target localisation and delineation process.

The developed tools have been validated and have proven to he robusta The 30

MRAIMRIcr and ID OSA target localisation proœsses were validated by comparing the

results obtained with the developed system to those obtained with a clinically used in-house

treaanent planning software [62, 63]. The volwne localisation process presented an average

difference in distance between points of 0.7 ± 0.2 mm and of 0.7 ± 0.3 mm for the initial

images and refonnaned images respeetîvely. This comparison was established with prominent

anatomical features. The ID localisation process presented an average difference in distance

between points of 0.7 ± 0.4 mm. Since the fiducial markers are user seleaed, the target

locations are expeaed to differ by a small amount between the two systems. The ray-tracing

proœss was validated by evaluating the error between the image fiducial marker positions and

the positions of the projecred fiducial markers as prediaed by (1) the SVO algorithm with the

projection matrix of equation (5), (2) the matrix decomposition employing equation (21) and

(3) the ray-tracing a1gorithm [58]. Six projection geometries, yielding a total of forty-eight

points, were evaluated and systematic errors of 0.5 pixels, 1.6 pixels and 1.8 pixels were

introduœd by the SVO a1gorithm, matrix decomposition and ray-tracing a1gorithm

respectively. A phantom example, which validated the entire procedure, was presented.

Two clinical examples of patients which had previously undergone radiosurgery and that had

been planned with the McGill technique employing OSA and MR images were presented.

Target volumes obtained from the 3D delineation within the fused volwnes may differ from

the treated volwnes. A difference in volumes carl have significant dosimetric implications

panicularly for large AVMs.

4.2 Future work
A potential improvement to the system is to automate the fiducial marker seleaion for the

OSA, MR andcr images in order to increase the efficienq- of the process. Anomer potential

improvement is to incorporate an anatomical fusion tool in orcier to optimise anatomy

marching between the 3D datasets.

•
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Patients that bad previously undergone radiosurgery for AVMs are to he replanned within tbis

• system in order to evaluate the dosimetric implications of the difference in volumes due to the

use of 3D infonnation within the system. Since the target volwnes obtained from the 3D

delineation within the fused volwnes seem to differ from the treated volumes, the vohune

differences cao he significant for large, complexly shaped AVMs, and will have to he evaluated.

Provided that these differenœs are indeed found significant, a link between the developed

system and the treatment planning system must therefore he established in order to transfer

the contoW'S drawn on the refonnatted MRA volume to the treatment planning system to

evaluate the dosimetric implications of these findings.

•
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