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Abstract

A mulumodality image fusion and localisation system for radiosurgery treatments of
arteriovenous malformations (AVM) has been developed and validated. Within this system,
three-dimensional magnetic resonance angiography (MRA) and two-dimensional digital
subtraction angiography (DSA) vasculature information is combined with three-dimensional
magnetic resonance (MR) and/or computed tomography (CT) anatomical information in
order to benefit from the functionality of all modalities. MRA/MR/CT datasets are fused, and
linked to the DSA images. The consistency of the linking procedure is verified by correlation
of the DSA images with two-dimensional ray-traced projections of the MRA datasets. Organ
contours are drawn on the MRA images, simultaneously visualised on their MR/CT
counterparts, and projected onto the DSA images for visual feedback. This procedure allows
users to incorporate both vascular and anatomical information in the three-dimensional target
localisation and delineation process. Patient examples illustrating the utility of the system are
presented.




R' ”

Un systtme de fusion d'images et de localisation pour traitements radio-chirurgicaux de
malformations arténovéneuses (MAV) a été développé. Avec ce systeme, I'information
vasculaire tri-dimensionnelle de la résonance magnétique angiographique (RMA) et bi-
dimensionnelle de l'angiographie par soustraction digitale (ASD) est combinée a I'information
anatomique tri-dimensionnelle de la résonance magnétique (RM) et/ou de la
tomodensitométrie (TD) pour ainsi bénéficier de la fonctionnalité de tous les modalités. Les
volumes RMA/RM/TD sont fusionnés, et liés aux images ASD. La cohérence de la liaison est
vérifiée par correlation des images ASD avec les images de projections bi-dimensionnelles a
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/TD, et projetés sur les
images ASD pour rétroaction visuelle. Cette procédure permet aux usagers d’incorporer
I'information anatomique et vasculaire pour le processus de localisation et de tragage de

contours tri-dimensionnel. Des exemples de patients illustrent l'utilité du systéme.
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Chapter 1 Introduction

Chapter One

1 Introduction

1.1 Arteriovenous Malformations
In the normal human circulation, the blood vessels originate from the heart and consist of a

branching arrangement of arteries of continually decreasing size which feed into a capillary bed
before exiting through small veins, which increase in size prior to returning to the heart. The
capillary bed serves an important purpose. Its vascular resistance slows the flow of blood
considerably to allow perfusion of oxygen and nutrients to surrounding tissue. One form of
cerebrovascular disease is the arteriovenous malformation (AVM). In some cases, the vessels
comprising the capillary 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 termed artenoveas malformations (AVMs).

There are three anatomic components of AVMs that are significant 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 weakened and
enlarged capillary vessels which serve as direct shunts for blood flow between the high-
pressure feeding arterial system and the low pressure draining venous system. The high flow
shunting of blood within the AVM without an intervening capillary bed causes the fragile
dilated vessels in the nidus to become structurally abnormal and fatigued, to enlarge further,
and to possibly rupture. The size of an AVM, denoted as the maximum nidus diameter D,




Chapter 1 Introduction

ranges from 1 to 10 cm. Clinical descriptions of AVM size include small (D <3 cm), medium
(3 < D < 6 cm) and large (D > 6 cm) [1). Small AVMs have been shown to rupture more
frequently than larger AVMs.

Feeding

wtery \/

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

AVMs are present in approximately 0.14% of the population [1, 2]. Small AVMs account for
30% of the afflicted population, medium AVMs account for 60% and large AVMs account for
10% [1}. Since AVMs differ in size, location and degree of shunting, the symptoms vary
(Figure 2) and become clinically apparent at different ages (Figure 3, Figure 4). Spontaneous
bleeding, or hemorrhage, is the most common symptom of AVMs (50%), after which are
serzures (25%) [3] The annual risk of AVM hemorrhage is from 2 to 4% per year [4]. Once

42
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Cardiomegaly and
high output failure
Obstructive
) hydrocephalus

Compression of

cranial nerves

\

l / / % on feeding arteries

Headaches secondary
&( to vascular dilatation
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UI to neuronal damage
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Pk Neurological
L, . deterioration secondary
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‘ reduced perfusion
Increased intracranial Bruit with dural
pressure secondary to artery participation
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Figure 2. Principal mechanisms for neurologic symptoms of cerebral AVMs (with
modifications from [2]). The AVM, illustrated in the middle, can induce a series of symptoms
as pointed to by the arrows.
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% Symptomatic
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10 20 30 40 5 6 70
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Figure 3. Percent incidence of symptoms of cerebral AVMs related to age at which they

usually appear [2]. It can be seen that approximately 80% of all AVMs become symptomatic
by the fourth decade of life.

the AVM has bled, the annual risk of recurrent hemorrhage increases to 6% for the first year
and increases 2% yearly for subsequent years [2]. Approximately 80% of all AVMs become
symptomatic by the end of the fourth decade of life [2]. AVMs pose a significant nisk and
represent a major life threat when left untreated [3]. A long-term follow-up of persons
without interventions indicates a mortality rate of 17% to 19% and a severe disability rate of
20% to 29% over a 15 year to 20 year period [3).

The main objective in wreating AVMs is to remove the AVM completely and permanently 3,
5] in a way that (1) the threat of intracranial hemorrhage is eliminated, (2) neurological function
is preserved and (3) complications from the treatment are avoided [6]. The three major
modalities for the treatment of AVMs are surgery, endovacular embolisation and stereotactic
radiosurgery (SR) [5).

In surgery, the first step in the resection of the lesion is the identification of the major arterial
feeders [1] Once the feeders are identified, the surgeon carefully dissects around the
volumetric boundary of the AVM, isolating the lesion from the normal brain [1}. Surgery has
the advantages of immediate protection from the risk of hemorrhage [6] and cure rates
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Figure 4. Estimated rate of first appearance of symptoms correlated with the age at which
they appear (with modifications from [2]). It can be seen that spontaneous bleeding is the
most common symptom of AVMs peaking at approximately 25 years old.

generally exceeding 95% for small AVMs [7]). However, the disadvantages remain the
invasiveness of the procedure (8], the possibility of immediate complications (8), the need of
general anesthesia and a lengthy recovery ume [1]. The risk of treatment-related morbidity is
of the order of 5% and mortality of the order of 1% [7]. For reasons including inaccessibility,
size, and patient safety, some AVMs, particularly large AVMs, cannot be removed surgically
and must therefore be managed by embolisation or radiosurgery.

The role of embolisation in the treatment of AVMs is reserved for problematic AVMs not
readily accessible by surgery or that pose a high risk to patient safety [1]. In embolisation, a
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chemical or mechanical agent (embolic agent) is delivered to the AVM via the arterial feeders
in an attempt to occlude the nidus and redirect blood flow to normal adjacent regions of the
brain. The embolic agents, such as silicon spheres, balloons, polyvinyl alcohol, microcoils and
acrylic glue [9] are selectively injected via an arterial feeder and permeate a nidus volume
dependent on the agent volume, injection pressure and arterial flow [1]. Embolisation
procedures have morbidity rates of approximately 11% and mortality rates of approximately
3.5% [3]. Some complicaions occur at the time of embolisation and are the result of
occlusion of normal vessels by the embolic material, while others, such as hemorrhages, occur
after a delay of hours to days after embolisation [3]). Unfortunately, total obliteration of the
nidus is seldom achieved [3, 5] since the nidus of most AVMs contain 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 surgery or radiosurgery (3, 5].

Stereotactic radiosurgery, which is a non-interventional approach to AVM therapy [6), is a
brain irradiation technique in which narrow beams of ionising radiation are focused onto a
small, stereotactically localised target [10]. Its goal is to deliver a single high radiation dose to
the target volume, without affecting the surrounding brain tissues [11, 12). Successful
radiosurgery requires accurate target volume determination, accurate spatial dose delivery in
the target volume and a very sharp dose fall-off in regions outside the target {1, 11). 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 critical organs such as the visual cortex, radiosurgery is
especially useful due to its non-invasiveness (4]. The goal for radiosurgical treatment of AVMs
is to produce an inflammatory reaction in the vessel walls of the malformation {1]. This
reaction is initialised by the delivered high radiation dose which must conform to the nidus
volume and exclude the adjacent draining veins and feeding arteries, keeping the target volume
at a minimum [4]. Radiation injury 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 obliteration of the AVM [1, 4]. Complete AVM obliteration is
obtained when blood flow through the AVM has ceased [1]. Radiosurgery has virtually no
morbidity or disruption of the patient’s life [13]. High cure rates of approximately 80% (7, 13]
as well as low neurological complications of the order of 2% have been reported [13]
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However, this treatment modality is progressive, indicating complete obliteration generally
occurring over a latency interval of two to three years [6, 13]. Causes for incomplete AVM
obliteration after radiosurgery include poor visualisation at the time of radiosurgery, which may
be due to incomplete angiography [4], improper assessment of the 3D AVM shape [14, 15] as
well as insufficient radiation dose delivered to the target volume [4].

1.2 Stereotactic radiosurgery procedure for AVMs
There are three main steps in the radiosurgery procedure. The first step of AVM radiosurgery

is the target localisation. Conventional stereotactic angiography, or digital subtraction
angiography (DSA), has been the routine method for AVM localisation [16), as well as for the
determination of the nidus diameter [17). Recent studies of other techniques for cerebral
vascular disease localisation include the use of magnetic resonance angiography (MRA) [12, 18-
22] and computed tomography angiography (CTA) [23-27] and indicate promising results.
Most studies indicate that both modalities give insufficient results to be used alone [20, 22, 24]
and give complementary information [26] which, particularly for large lesions, should be
employed as a complement to DSA [12, 18, 25). However, some centres, such as the
University of Wisconsin Hospital and Clinics, no longer routinely perform stereotactic 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 patient’s head establishing a
coordinate system employed for the determination of the AVM position. A series of fiducial
marker plates, to be attached to the frame during imaging, exist for each modality in order to
determine the frame position within the datasets. Figure 5a illustrates the DSA projection
geometry with the frame and localiser box.

In addition to target localisation, critical structures are localised and delineated with magnetic
resonance (MR) and/or computed tomography (CT). A common method to critical structure
localisation and delineation is to anatomically fuse MR to CT [28-32] in order to combine the
data in a common image space. The CT volume data, employed for dose distribution
calculations, is acquired with the localiser box and fused with the anatomy information
provided by the MR data.

After the target and critical structures have been properly localised, the treatment planning
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Figure 5. Three steps of radiosurgery procedure. DSA projection geometry for target
localisation (Step 1) is lustrated in (3) [33]. An MR image with isodose lines for treatment
planning (Step 2) is shown in (b), along with the slice fiducial markers obtained from the MR
compatible localiser box. Treatment delivery (Step 3) by LINAC is illustrated in (c) [33].




Chapter 1 Introduction

follows. The planning is conventionally accomplished with the use of MR and/or CT datasets
also acquired with the frame and modality compatible localisers. MR is particularly useful in
relating the AVM to the surfaces of the brain, the ventricular system and anatomic 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 lines 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/or CT images (Figure 5b).

The final step of AVM radiosugery involves the delivery of the radiation dose. The major
devices include the linear accelerator (LINAC) and the gamma knife unit [34] which deliver x-
rays and “‘Co gamma rays respectively [3]. In the case of LINAC beam delivery, the patient is
immobilised on the treatment couch with the use of the frame, with the target at the LINAC'’s
isocentre (Figure 5c). Each technique, which currently include multiple non-coplanar
converging arcs, dynamic stereotactic radiosurgery and conical rotation, is characterised by a
particular set of individual rotational motions of the LINAC gantry and the couch from given
start to given stop angles [34]. In the case of gamma knife beam delivery, the frame is secured
into an appropriate collimator helmet and immobilising assembly. The couch, which advances

the patient into the unit at the start of the irradiation, is retracted once the treatment time has
elapsed [34].

1.3 AVM Localisation

A crucial step of the radiosurgery procedure is the localisation of the AVM. As mentioned
previously, the modality most widely used for localisation is DSA. However, CT/CTA and
MR/MRA have adjunct roles because they can each offer their own unique features not
present in DSA.

1.3.1 DSA

The necessary information for localisation with DSA images is obtained by performing two x-
ray projections. The procedure starts by taking a radiograph, for each projection, called the
non-contrast image (Figure 6). Selected contrast images demonstrating the arterial and venous
phases of the AVM [27], which are obtained by injecting a contrast media agent into the
patient, are chosen for subtraction from corresponding non-contrast images (Figure 6). The
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location and diameter of the nidus are then determined, with the use of the orthogonal
subtraction images, by a multidisciplinary medical team.

(a) (b) (<)

(d) (e) )

Figure 6. Orthogonal projection DSA images. The non-contrast images (a) and (d), the
contrast images (b) and (e) as well as the subtracted images (c} and (f) are illustrated.

For small, spherically shaped AVMs, the modality is generally quite reliable for the delineation
of the nidus [27] with anterior-posterior (AP) and lateral (LAT) projections. DSA also
provides useful information regarding the distribution of arterial feeding vessels and the
venous drainage pattern [27]. However, since this modality presents 2D projections of 3D
shapes, there are certain 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, which demands
more medical personnel for the imaging. Significant changes in the target delineation can also
occur since the images of the nidus on the different projections are not simultaneous [17]. Itis
also difficult to delineate the feeding arteries, the nidus and the draning veins precisely, since
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Figure 7. Irregularly shaped AVMs [17]. AVM projections, as they would be seen on DSA
. images, contain insufficient informarion about their actual shapes.
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they frequently fill with the contrast agent almost simultaneously and since they can overlap on
the projected angiographic images [17]. The incomplete information of the DSA images
would usually result in a treatment plan that would irradiate tissue which should not be
irradiated, or vice-versa (Figure 7).

13.2 CTICTA

Another AVM localisation modality is CT. Contrary to conventional x-ray projection systems,
CT provides cross-sectional tomographic images of an object. These images, which are
reconstructed from x-ray projections taken at several different angles through the desired
object slice as illustrated in Figure 8, produce a volumetric representation of the object linear
attenuation coefficient [37).

\
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detector
amy

Figure 8. CT scanning geometry (with modifications from [38]). As the x-ray tube and
detector array rotate, samples are taken at different angles through the object and are employed
to reconstruct the images.

Helical x-ray CT with rapid injection of contrast medium and angjographic reconstruction
(CTA) is a recently developed technique [26). The technique involves a scout scanning which
is subtracted from the contrast scanning to produce angiographic data. An advantage of this
modality over conventional angiography (DSA) is the 3D information obtained which may be
useful for large complexly shaped AVMs. CTA also has several advantages over MRA which
include shorter scanning times, lower cost, better depiction of slower flow nidus and veins and




Chapter 1 Introduction

R

availability for patients for whom MR is contraindicated [26]). CTA, contrary to DSA, lacks
temporal information, which is a major drawback [26]. It also involves longer post-processing
time and fails to detect certain feeding arteries, presumably due to their smaller diameter
compared to veins [26}. Another drawback to CTA is the invasiveness of the technique, which
demands more medical personnel for the imaging.

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

frequency (RF) pulses to image objects. As the magnetic field selects the slice to be imaged,
RF pulses excite individual magnetised protons within the selected slice [37). This excitanon
causes transitions between the nuclear spin states of the protons of the excited system [37, 39].
The system returns to equilibrium at a negative exponential rate by emitting electromagnetic
quanta, the number of which is proportional to the amount of excited protons in the sample
[37). These quanta, which are detected by RF antennas, are the sampling signals employed to
reconstruct MR images [37]. The reconstructed images are a function of proton density and

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

The major advantage of MR, when compared to CT, is its superior ability to differentiate and
charactenise soft tissues [40). MR also has the advantage of imaging in the axial, sagiwtal or
coronal slice orientation, unlike CT which is limited to axial images. Since there is no ionising
radiation involved, no radiation dose is given to the patient. The disadvantages include longer
sampling umes with respect to CT as well as long post-processing imes. 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 system and anatomic regions of the brain such as critical organs (3].
However, MRI may yield inaccurate spatial information which may result from (1) system-
related distortions, such as magnetic field inhomogeneities or gradient field nonlinearities, and
(2) object-induced distortions, such as magnetic susceptibility and chemical shift artefacts [40-
42] which are unique for every session [43]. Distortion effects and geometric shifts of a few
millimeters have been reported [44-46). Concerns about the geometric fidelity of MR have led
to the development of distortion correction methods [42, 43, 47, 48] which have reduced
global shifts to approximately 0.5 to 1 mm [41]. These distortions must be taken into
consideration when imaging with this modality.
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1.3.4 MRA

MRA is an MR application which provides volumetric vascular data sets allowing 3D
visualisation and localisation. The time-of-flight (TOF) is non-invasive technique which is
based on the inflow/outflow effect [49]. The MRA acquisition begins by applying many rapid
RF pulses [49] that, due to the negative exponential rate of the system returning to equilibrum
[39), cause the rate at which nuclei return to a steady state to decrease with each RF pulse.
With fewer quanta being emitted, saturation occurs in which sampling becomes minimal [12,
50]. The flowing blood, which is also saturated, moves out of the imaging plane and fresh
blood now flows into the slice [12, 50]. Another RF pulse is then triggered and a signal is
received originating mostly from the fresh blood which moved into the imaging plane since
the rest of the static tissue of the slice has remained saturated {12, 50] (Figure 9). The signal
received, which increases with the amount of fresh blood, therefore augments as blood flow
velocity increases [12, 49, 50].

Saturated slice
to image

Fresh blood

Figure 9. TOF imaging physics. The slice to be imaged becomes saturated due to the
application of many rapid RF pulses, as shown in (2). The saturated blood flows out of the
slice as fresh bloods flows into it, as shown in (b). Another RF pulse is applied to which only
the fresh blood responds, since the static tissue of the slice has remained saturated.

There are two types of TOF imaging, the first being 3D TOF and the second being 2D TOF.
The 3D TOF technique, which corresponds to volumetric acquisition, excites thick slabs of
tissue to produce thin slices and therefore small voxels [50]. Volumetric sampling provides
high resolution with good signal-to-noise ratio (SNR) ideal for looking at small vessels {50] and
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fast flow [12], such as the nidus and the feeding arteries of the AVM [12, 16]. The 2D TOF
technique, which involves multiple 2D acquisitions, employs slices that are thin compared to
the 3D slab thickness but are relatively thick compared to the effective 3D slice thickness {50].
Despite the poor SNR due to the thin sequential 2D slices, 2D TOF produces maximal
flow/stationary tissue contrast 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},
which is particularly useful for the definition of the large draining veins of the AVM [16].

An advantage of the TOF technique over conventional angiography (DSA) is the 3D
information obtained which may be useful for large complexly shaped AVMs [26]. It also has
several advantages over CTA such as the non-invasiveness of the technique and the ability to
image a volume in axial, sagjttal and coronal orientation. Since no x-rays are involved, no dose
is delivered to the patient. However, MRA lacks temporal information, 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 trearment 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 AVMs in order to benefit from the functionality of all imaging modalites.

The objectives were:

L To design a tool for fusion of 3D datasets (MRA/CTA & MR/CT) in order to
combine vascular and anatomical information. The fusion is to be based on fiducial
markers due to the simplicity of this method. Head contours are needed for

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

.  To develop a tool to simulate projections through the 3D datasets described in I above
employing the projection geometry of the x-ray angiograms. A comparison between
the numerically projected 2D images and the x-ray angiograms, as well as the
projection of the contours drawn on the MRA dataset onto the angiograms, provide a
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visual check of potential errors that may be introduced during MRA localisation and
definition of the AVM.

M.  To evaluate the utility of the system by pursuing patient studies.
The thesis is organised as follows.

Chapter one has given an introduction on AVMs and stereotactic radiosurgery. Localisation
imaging modalities for AVMs were also discussed.

In the second chapter, the developed system tools are presented. The system consists of four
modules: (1) Volume fusion, (2) DSA target localisation, (3) 3D target localisation and
delineation and (4) DSA/MRA correlation. The Volume fusion module fuses the MRA and
MR/CT volumes. The DSA target localisation module determines the projection geometry
and target position from a pair of DSA images. The next module performs 3D target
localisation and delineation within the fused volumes with feedback from the DSA/MRA
correlation module, which simultaneously projects the contours onto the DSA images. The
DSA/MRA correlation module is also responsible for visual correlation of MRA and DSA
data by ray tracing through the MRA volume.

Chapter three validates the developed system tools and presents a phantom example to
validate the entire procedure for both the image acquisition and the software. Clinical
examples of patients which have previously undergone radiosurgery and that have been
planned with the McGill dynamic arc radiosurgery technique employing DSA and MR images
are presented by comparing the conventional target localisation method to the 3D target
localisation and delineation.

The fourth chapter concludes the thesis by summarising as well as discussing future work.

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

2 Multimodality Image Fusion for Localisation

2.1 Introduction

This chapter presents the developed system for multimodality image fusion for radiosurgery
localisation of large AVMs. The system is implemented with the AVS 5.4 software (Advance
Visual System Inc., Waltham, MA) running on a Pentium II processor (Intel Corporation,
Santa Clara, CA) 400 MHz with 256 Megs of RAM. The operational system employed is Red
Har Linux 6.0 (Red Hat Software Inc., North Carolina). The AVS software permits the
programming of modules for specific tasks, which are then linked together in networks to
complete application programs.

The system supports the Leksell stereotactic coordinate system commonly used for
radiosurgery. This coordinate system, which is established by fixing a rigid frame to the
patient’s head during all imaging procedures and the radiosurgery treatment (Figure 10),
identifies all points within the frame coordinate space. The frame also provides a rigid base for
immobilisation of the patient during imaging and treatment procedures. Fiducial marker plates
exist for each modality and are attached to the frame during imaging in order to determine the
frame position within the datasets.

The four main modules of the system are illustrated in Figure 11. The Volume fusion module
fuses the MRA and MR/CT volumes. The DSA target localisation module determines the
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Figure 10. The Leksell stereotactic frame with posts and pins for head artachment. The
convention for the coordinate system is depicted with the centre of the frame located at 100
mm from the origin along all three axes (with modifications from [53]).

Figure 11. Four main modules of system.
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projection geometry and target position from a pair of DSA images. The next module
performs 3D target localisation and delineation within the fused volumes with feedback from
the DSA/MRA correlation module which simultaneously projects the contours onto the DSA
images. In addition, the DSA/MRA correlation module also allows correlation of MRA and

DSA data by ray tracing through the MRA volume and overlaying the DSA and ray-traced
MRA projection images.

2.2 Volume fusion
In order to fuse the MRA and MR/CT data, the volume fusion module first generates frame

transformation matrices (FTMs) and then reformats the MRA and MR/CT volumes in the
common stereotactic frame space defined by the stereotactic frame.

2.2.1 FTM generation
The CT and MR localisers contain a set of N-shaped bars (Figure 12a). The frame space

coordinates of the vertical rods are given in Figure 12b. The N-shaped bars, when imaged
axially, give three collinear image points. With three bars on each frame attachment, nine
points are obrained on each image (Figure 13). The nine markers are selected by the user and
are defined in image space coordinates as (u,v).

The 3D frame space coordinates (x;y,2) of the middle fiducial marker of each N-shaped bar
cross-section are determined using ratios with respect to the extremity markers (Figure 14).
The frame space coordinates of the three middle fiducial markers (x,,y,,2,),X5Y12,), &:,¥1:25),
along with their corresponding image coordinates (u,v,), (u,,V,), (u;,v;) are used to determine
the frame transformation matrix (FTM). The FTM, which is specific to each slice, is obtained
by equation (1) [54). FTM, allows the determination of the frame space coordinates (x,y,z)
corresponding to the image space coordinates (u,v) of slice i by equarion (2) [54].
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