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Abstract

MR image quality in ophthalmological MRI can be substantially reduced by motion arti-
facts, which may hinder the reliable diagnosis as well as accurate radiotherapy treatment
planning of uveal melanoma. There is still no known general method to prevent motion
artifacts caused by movement of the eyes and blinking. Previous studies describe several
approaches, including different fixation schemes and special MR sequences with blinking
pauses, to minimize motion artifacts caused by eye movements and blinking with non-
invasive methods. All these methods only achieved limited success. This work presents
a new approach to prevent motion artifacts resulting from movements of the eye. The
detectability of eye motion with an eye tracker (medEyeTrack) was used to trigger a 3D
TurboFLASH sequence using the external trigger signal interface of an MR scanner. This
new approach showed significant improvement in anatomical recognizability and reduc-
tion of the artifact level present in the resulting MR images. The achieved enhancement
in image quality dramatically improves the accuracy of radiation therapy treatment plan-
ning. Results of this thesis will serve as an important basis for further work aiming to

prevent motion artifacts in ophthalmological MRI imaging.
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Kurzfassung

Die MR-Bildqualitdt in der ophthalmologischen MRT kann durch Bewegungsartefakte
stark reduziert werden und in Folge eine zuverléssige Diagnose sowie eine genaue Bestrah-
lungsplanung von Aderhautmelanomen stark beeintriachtigen. Derzeit ist keine allgemei-
ne Methode bekannt, um Bewegungsartefakte, verursacht durch Augenbewegungen und
Blinzeln, zu verhindern. Vorangegangene Studien beschreiben verschiedene nicht-invasive
Methoden um Bewegungsartefakte durch Augenbewegungen und Blinzeln zu minimieren,
darunter verschiedene Fixationsmethoden und spezielle MR-Sequenzen mit Blinzelpau-
sen. Alle diese Verfahren erzielten nur begrenzte Erfolge. Diese Arbeit stellt einen neuen
Ansatz zur Verhinderung von Bewegungsartefakten durch Augenbewegung vor. Die durch
einen Eye Tracker (medEyeTrack) detektierten Augenbewegungen wurden verwendet um
eine 3D TurboFLASH Sequenz zu triggern. Diese neue Methode zeigte eine signifikant
verbesserte anatomische Erkennbarkeit und eine Reduktion von Artefakten in den resul-
tierenden MR-Bildern. Die erreichte Verbesserung der Bildqualitéit erhoht die Genauigkeit
der Behandlungsplanung der Bestrahlungstherapie drastisch. Die Ergebnisse dieser Arbeit
dienen als wichtige Grundlage fiir weiterfithrende Arbeiten mit dem Ziel Bewegungsarte-

fakte in der ophthalmologischen MR-Bildgebung zu verhindern.

Schliisselworter: medEyeTrack, Bewegung, Artefakte, Magnetresonanztomographie , Oph-

thalmologie
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Chapter 1

Introduction

1.1 Motivation

There are several ophthalmologic methods for the evaluation of the small structures in the
human eye such as slitlamp biomicroscopy [1], Scheimpflug photography [2], optical coher-
ence tomography (OCT) [3] and ultrasound (US) or ultrasound biomicroscopy (UBM) [4].
These methods provide high resolution illustration of the human eye. OCT offers a spatial
resolution of 2 - 25 pm [1,3] while for UBM a spatial resolution of 30 - 50 pm at a depth
of penetration of 4 - 5mm is described [1,5]. All these techniques are mainly limited
by optical distortion and thereby necessary post processing, requirement of contact with
the eye, which is unfavorable for the patient, and limited penetration posterior to the
iris and sclera. The pigment layer of the iris represents an additional barrier to all the
mentioned techniques, except UBM, and therefor a diagnostic evaluation of the dorsally
located structures is impossible. Imaging the whole orbital anatomy distortion free how-
ever is key to successful clinical diagnosis. Magnetic Resonance Imaging (MRI) on the
other hand offers the possibility to image the anatomy of the human eye both in anterior
and posterior regions, making it a principal tool for ocular research. Due to its great soft
tissue contrast and the lack of ionizing radiation exposure [6,7] it is currently used for
evaluation of the anterior and posterior chambers of the eye, for examination of the or-
bits and for tumor diagnostics [8]. Especially in tumor diagnostics and treatment, MRI is
lately evolving to be the gold standard imaging system. In combination with US, high res-
olution MRI has emerged as an important imaging modality for pretreatment evaluation,
for example by facilitating the detection of local tumor extent or the diagnostic confir-
mation [9]. MRI is also becoming increasingly important in the planning of stereotactic
irradiation techniques of uveal melanoma, where contrast enhanced images are needed to
determine the target volume for melanoma treatment [10,11]. This prospective study was
conducted to evaluate and improve the current ophthalmological MRI methodology and

to assess the feasibility of triggered MR sequences using the medEyeTrack system.



1.2 Characterization of MR Imaging of the Eye

The eye consists of different tissues with very diverse densities. Its size and the dimension
of severy small structures within the eye make it a very difficult anatomical part to image
with MR imaging. In the following a brief introduction of the anatomy of the orbit and

the bulb and their imaging characteristic is given.

1.2.1 Anatomy of the Orbit

The orbit is essentially a bony socket for the eyeball (bulb) containing muscles, nerves,
vessels, lacrimal organs and surrounding fatty tissue. This eye socket is formed by seven
bones: the frontal, sphenoid, zygomatic, ethmoid, lacrime, maxillary and palatine bones
as shown in Figure 1.1. The orbit is structured in eight compartments according to
anatomical structures as illustrated in Figure 1.2. Lacrimal gland, bulb, optical nerve and
the muscles each represent a separate compartment. The orbital septum is a membranous
sheet that divides the orbit in a pre- and a postseptale compartment. The postseptal
compartment is again divided into several compartments such as the subperiostal com-
partment which is located between the bone and the extraconal compartment. The eye
muscles separate the intraconal and the extraconal compartment from each other, whereby

the intraconal compartment is filling the space between the muscles [11-13].

(a) frontal (b) lateral

Figure 1.1: Anatomy of the orbit. Frontal and lateral view of the orbit [12].

1.2.2 Anatomy of the Bulb

The ocular bulb is spherically shaped and about 2,4 cm in diameter (Figure 1.3). It is
embedded in the bony eye socket and is surrounded by fatty tissue which is separated from
the bulb by a membrane, the fascia bulbi (capsula of Ténon). This membrane envelopes
the eyeball from the optic nerve to the limbus and creates a socket for the eyeball to move
in. The bulb is composed of three coats. The outermost layer consists of the sclera and
the cornea. The sclera is the white part of the eye and consists of connective tissue, it

coates the whole bulb and gives it its form. The anterior transparent part of the sclera is



Figure 1.2: Seven of the eight compartments of the orbit. For more clearness the lacrimal
gland is not included in this figure (located in the extraconal compartment) [14].

the cornea. The middle coat layer of the bulb is composed of the choroid, cilliary body
and iris. These three parts together are often referred to as uvea. The innermost of the
bulb layer is the retina which is the light-sensitive part of the eye. All these coats enclose
the aqueous humor, the vitreous body and the lens. The lens is laterally connected to the
cilliary body and divides the bulb in two departments, the anterior and posterior chamber.
The anterior chamber is filled with the aqueous humor, a transparent and gelatinous fluid
similar to plasma. The posterior chamber is filled with vitreous humor or vitreous body
which is similar to the aqueous humor a transparent, colorless gelatinous mass. The lens
is composed of three parts: the lens capsule, the lens epithelium and the lens fibers. The
outermost layer is the lens capsule, the middle layer is the lens epithelium which is only
located on the anterior side of the lens. The lens fibers are the inner most layer and form
the bulk of the lens. Under normal pathological conditions the different layers of the bulb
can hardly be distinguished by MR imaging techniques. However ablations of different
layers, which can result from pathological processes, can be detected [15-17]. The most
important structures in ophthalmological MRI and especially for uveal melanoma imaging

are described hereafter.

Vitreous body The vitreous body is a transparent gel and lies between the lens and the
retina. With approximately 4 ml it forms more than two-thirds of the ocular volume. It
consists of 98% - 99% water bound to a mesh work of collagen fibrils. Further components

of the vitreous body include small amounts of soluble proteins, hyaluronic acid and some



salt. In infancy the vitreous body is thick, composed of well balanced collagen network

and mostly homogeneous. With age the density drops and it becomes more liquid [13,18].

Retina The retina is the thin sensory inner layer of the bulb. It is thinnest at the ora
serrata (100 pm) and thickest near the optic disk margins (560 pm). Its outer surface is
connected to the choroid and its inner surface is in contact with the vitreous body. It
extends from the scalloped margin of the ora serrata anteriorly to the optic nerve head
(see Figure 1.3). It is roughly divided into two layers: the inner photoreceptor layer also

called neuroretina and the outer pigment epithelium layer [13].

Choroid The choroid is the thin mid layer of the bulb. It extends from the ora serrata
to the optic nerve and is thickest beneath the fovea centralis (located close to the optic
disk) (300 pm) and thinnest at the ora serrata (100 - 150 pm). The choroid is mostly a
vascular layer and is supplied by the short posterior cilliary arteries. On the inside its
surface is smooth and firmly attached to the pigment epithelium of the retina. Its outer

surface is more rough and firmly attached to the sclera [13].

Figure 1.3: Anatomy of the ocular bulb [18].

1.2.3 Image Characteristics

Some of the eyes’ structures have a very high water content, for example the aque-
ous humor in the anterior chamber or the vitreous humor in the posterior chamber
(see Section 1.2.2). Therefore, MRI contrast can be achieved due to different water con-

tent of contrary structures, or due to differences in relaxation properties characterized by



their Ty, Ty and Ty* relaxation times [19]. To depict the anatomical structures of the bulb
normally T weighted imaging is chosen. Ty weighted images are commonly used for dif-
ferential diagnostic imaging, for example to differentiate bleeding from tumor tissue [11].

Also Ty weighted images are primarily used for pathologies [6].

T, weighted imaging In T; weighted (Ti,) imaging (Figure 1.4a), the following sig-
nal intensities can be observed: In the case of Ty, images, the aqueous and vitreous
humor are expected to have a low signal, hence they appear dark. The lens appears hy-
perintense (gray) compared to the vitreous/aqueous humor [6]. The lens capsule has a
high signal intensity, lens nucleus and lens cortex have both lower intensities compared
to the capsule but are differentiable [11]. Cilliary body and iris have slightly hyperin-
tense signals [11,18]. The sclera shows low signal intensity compared to the inner layers
of the bulb (choroid, retina) which makes the sclera easily differentiable from the inner
layers. In vivo, the choroid and retina are not reliably distinguishable, both appear as
hyperintense structure [6,11]. In exams of enucleated bulbs the retina can be distinguished
and has an even higher signal than the choroid [11]. The optic nerve has a similar signal
intensity as the cerebral white matter (appears gray), the optic nerve sheet is slightly

hypointense compared to the nerve [6].

T, weighted imaging In T, weighted imaging (Figure 1.4b), the following signal in-
tensities can be observed: The main signal in an MR image of the eye stems from the
aqueous and vitreous humor due to their high water content of >98%. Hence aqueous
and vitreous humor show hyperintense signals on Ty weighted images. The lens appears
hypointense and is therefore good distinguishable from the aqueous and vitreous humor.
Cilliar body and iris show hypointense signals [8, 18] and thus may be obscured by the
very high Ty signal intensity of aqueous and vitreous humor [18]. In Ty weighted images
the sclera shows the same hypointense signal as the cornea. Compared to the vitreous
humor the nervus opticus shows a slightly hypointense signal. The highly vascular choroid
layer shows a hyperintense signal contrary to the retina with its hypointense signal. In
vivo, the different layers of the bulb are not reliably distinguishable, but MR microscopy
is able to produce high resolution images that make a differentiation in 3 layers feasible.

Langer et al. even showed a differentiation between the two main layers of the retina [8].

1.2.4 Artifacts in Ophthalmological MRI

Like other imaging modalities, MRI is vulnerable to image artifacts. Artifacts occur when
one or more assumptions, on which the imaging principle or reconstruction algorithm
depend, are violated. Often more than one artifact is present in one image. In MRI it
is hard to definition an artifact. This is partly because of the vast variety of occurring

phenomena and partly due to the fact that some of the so-called artifacts are obstructive



(a) Ty weighted (b) Ty weighted

Figure 1.4: Anatomy of the orbit in a T; (a) and Ty (b) weighted image showing the
different structures of the eye [18].

in one modality while representing a feature in another. For example the variations of
susceptibility or magnetizability of materials lead to blurring, displacement and signal loss
in one application but this same effect is the foundation of functional MRI. In general, we
can define an artifact as any image content that does not correspond to the dimension of
the imaged object or to random noise. Common sources of artifacts can be divided in four
groups as seen in Table 1.1 [20]. The most important artifact sources in ophthalmological
MRI are discussed below.

Motion and flow Classic MRI sequences are relatively time-consuming, their duration
can range from seconds up to minutes. Standard image reconstruction techniques assume
a perfectly stationary object/patient. Due to motion introduced by physiological processes
and voluntary or involuntary patient movement during long scan durations, this is rarely
the case and makes MRI sequences very vulnerable for any kind of motion during the
scan time. There are two kinds of motion, random motion such as patient movement,
peristalsis, swallowing and eye movement and periodic motion such as the pulsatile flow
of the vascular system and the cerebrospinal fluid and normal activities of the cardiac
and respiratory cycles. Theoretically there are two ways of motion effecting the outcome
of an image, depending on when the motion occurs in the scan process. It can take
place during the data acquisition interval effecting the frequency encoded sampling, or
between data acquisition intervals effecting the phase encoding direction [20]. In practice,
motion artifacts tend to appear in the phase encoding direction as ghost images or diffuse
image noise (blurring). The reason for this behavior is that frequency encoded sampling

takes place during a single echo, which is in the range of milliseconds, and which is



Main field inhomogeneity

Resonant offset Magnetic susceptibility
Chemical shift
Respiration
Cardiac cycle
Motion and flow Blood and cerebrospinal fluid flow

Peristalsis and swallowing

Voluntary patient motion

Gradient nonlinearities

Concomitant gradients

Hardware limitations | Timing errors

radio frequency (RF) field non uniformity
Limited dynamic range

Prescription: aliasing, slice overlap, magic angle
Miscellaneous RF interference

Truncation

Table 1.1: Sources of MRI artifacts [20].

thereby normally too fast to be affected by motion. Phase encoded sampling though
takes up to minutes due to collection of all k-space lines and is thereby mostly affected by
physical movements which are in the range of milliseconds to seconds of duration. Periodic
movements mainly cause ghost images, their intensity increases with the signal intensity
of the moving tissue and the amplitude of the movement. Non-periodic movements cause
diffuse image noise. Both cases produce blurring, loss of resolution and a lower signal to
noise ration (SNR) in the image [21,22]. For MR imaging in ophthalmology the main eye
movements besides voluntary movements are drifts, tremors, involuntary saccades and
blinking [19] (see 1.3.1).

Magnetic Susceptibility Every tissue and structure is, to a certain point, prone to the
magnetic field and hence is magnetizable itself. The characteristic of a material to become
temporarily magnetized, when it is placed in a large magnetic field, is called magnetic
susceptibility. Bone, like air, has a very low susceptibility, most tissues in the human
body have mid-range susceptibility while molecules containing iron such as hemoglobin
in blood have the highest tendency to become temporarily magnetized. Differences in
magnetic susceptibility of adjacent tissues or media will alter the resonant frequency at
a specific position. This frequency alteration typically occurs along air-tissue interfaces,
around metallic bodies or near surgical implants or clips. Since the Fourier reconstruction
assumes a linear relationship between frequency and spatial position any phenomena that

disturbs this relationship will generate artifacts [20,21,23].

Partial volume effect Partial volume effects occur mostly in border regions between

different tissues or if structures are smaller than the spatial resolution. If one voxel includes



parts of different tissues and structures, the signal intensities in that voxel are averaged
and not handled separately. Hence, an intermediate signal is produced and information
about the underlying tissue or structure is lost. This is of major relevance in application

of MRI in opthalmology due to the very small structures of the eye [23].

1.3 State of the Art in Ophthalmological MR Imag-
ing and Current Methodology

1.3.1 MR Imaging of the Orbit

In the past couple of years many new MRI techniques have been developed and ophthal-
mology has greatly benefited from applying these techniques. MRI has provided physiolog-
ical and structural information for clinical diagnosis and treatment in ophthalmology [7,24]
and has become the method of choice in imaging ocular and orbital pathology and anatomy
due to its great soft tissue contrast and the lack of ionizing radiation exposure [6,7]. Or-
bital surface coils, MR contrast agents, fat suppression techniques and fast pulse sequences
allow this noninvasive modality to be superior to other ocular imaging devices [6,7,24].
Ocular imaging should always be adapted to the problems of each individual patient.
However, there are some general recommendations for orbital and ocular lesion imaging
by Mafee et al. [25].

T, and Ty weighted images using spin echo (SE) or fast spin echo (TSE) sequences
should be used [7,25,26]. Mafee et al. [25] suggest that Ty weighted TSE sequences
can be imaged with or without fat saturation although a recent study by de Graaf et al.
discourages from doing so because of SNR loss [9]. Also for ocular lesions precontrast
and postcontrast T; weighted images are suggested [7,25,26]. These suggestions have
found broad use in many orbital and ocular lesion imaging publications over the past
years [18,27-34]. Recent studies have shown that normal spin echo techniques have
limited ability to detect calcification [34,35]. High resolution 3D Ty weighted T'SE showed
some promising results [32,35] but an even more effective sequence to detect calcification
seems to be Ty weighted gradient echo imaging [35]. Therefore gradient echo Ty weighted
imaging such as 3D steady state free precession sequences may replace Ty weighted spin
echo applications in the future [9]. Additionally to the already suggested sequences, short
tau inversion recovery (STIR) that can detect optic nerve infiltration, may be used [36].
Several present studies have also demonstrated the use of new promising sequences for
ocular imaging of various applications including 3D fast low angle shot (FLASH) [37,38],
balanced steady state free precession (bSSFP) [39], TSE sequence with variable flip angle
(SPACE) [40], 3D spoiled gradient fast field echo (3D FFE) [41] and inversion recovery
turbo field echo (3D IR-TFE) [41].

A crucial part of effective orbital MRI is the choice of an appropriate coil. Though

8



it may be the most convenient and practical approach to use the head coil it should
only be used in justified exceptions, for example when imaging both the orbits and the
optic chiasm is of importance [7]. For the required resolution the head coil usually gives
insufficient signal to noise (SNR) values, therefore scanning (at least for 1,5T) should
always be performed with small surface coils. Studies by Lemke et al. have shown an
increase in diagnostic accuracy by using such coils [28,34]. With 3T a main advantage
is the increase in achievable SNR, and the subsequent higher resolution images compared
to 1,5 T [9]. A prospective study by Erb-Eigner et al. concluded that the influence of the
used small loop surface coils (diameter 4 cm and 7 cm) on SNR and image quality in ocular
MRI is higher than the influence of magnetic field strength [40]. In both, a phantom and
a patient experiment, the use of surface coils led to a higher SNR at both field strengths
(1,5 T and 3T). The same study also demonstrated that the head coil at 3T does not
reach the SNR values of small surface coils at 1,5T. Therefore the usage of small surface
coils is always recommended. Depending on the imaging problem several surface coil types
with different diameters exist. For example for bulb diagnostic, microscopy coils with a
diameter from 4 to 6 cm are usable. Surface coils with a diameter of 8 to 10 cm, which are
usually used to image the whole orbit at one side, and coils with a diameter of 12 cm to
display the orbits and the optic chiasm [26] are also available. Several of these coil types
have been intensively used in orbital and ocular lesion imaging publications, throughout
all field strengths, over the past years [28,30,32, 34, 38,40-44].

The majority of artifacts in orbital MRI arise from voluntary and involuntary move-
ments of the eyes. The main eye movements, besides voluntary movements and blinking,
are drifts, tremors and involuntary saccades. Due to the very small maximum spatial
displacement of these movements they normally do not lead to identifiable artifacts. The
major source of artifacts are voluntary movements and blinking [19]. Bert et al. tested
several approaches to minimize motion artifacts due to eye movement. Subjects fixated
the non-imaged eye on a target and images where acquired with the imaged eye open, held
closed, taped closed and taped closed with overlying water-soaked gauze. It was found
that the setting with the eye taped closed with water-soaked gauze produced the best
images and images obtained with the eye held closed by the subject showed the highest
amount of artifacts [45]. Berkowitz et al. demonstrated a new approach to prevent blink-
ing artifacts by introducing a special cyclic blink protocol where subjects were asked to

withhold blinking during a 12s imaging period and blink to their need in a 3s rest period.

1.3.2 Current Methods at the University Hospital Graz
1.3.2.1 Planning Stereotactic Radiotherapy of Uveal Melanoma

Complete immobilization of the eye is a very important part for successful radiosurgical

treatment of uveal melanoma. In order to prevent eye movement, a retrobulbar anesthetic



block in combination with subsequent fixations of the four rectus muscles with sutures
(Figure 1.5a) to the stereotactic frame mounted to the head (Figure 1.5b) is used. This
procedure is necessary to guarantee a constant and controlled eye position throughout
the whole treatment [46]. The stereotactic frame provides the coordinate system for the
computer tomograph (CT) and the linear accelerator (LINAC). Four pins are used to
anchor the frame to the patient’s head, the pins are hand-screwed into the outer shell
of the skull under local anesthesia [47]. The imaging protocol includes CT and MRI
scans. The MRI scan normally takes place a day before the stereotactic radiotherapy.
The CT scan is performed subsequently to the attachment of the stereotactic frame to
the patient’s head and immobilization of the eye. In MR imaging the tumor boarders are
depicted much sharper, much like in B echo scans, compared to the CT [46]. Therefore
it is the primary imaging technique for treatment planning. CT imaging is still needed
for providing the coordinate system. At the moment MR and CT images are fused for
treatment planning to maximize the superposition of both image types in order to ensure
a maximum accuracy for tumor selection. After data fusion, the tumor region is identified
by hand and a 1 mm safety margin is added to create the planning target volume (PTV).

For treatment planning a conformation technique is used [48].

(a) (b)

Figure 1.5: Photograph showing the suture insertion into a rectus musculus (a). Pho-
tograph showing a mounted stereotactic frame with sutures attached similar to the one
used at the University Hospital Graz (b) [46].

1.3.2.2 MR Imaging

Currently a T weighted gadolinium-enhanced MR protocol is used to image the eye pre-
and post-contrast on a Siemens MAGNETOM Verio 3 T using a Siemens 32 channel head

coil. The contrast enhanced imaging allows the delimitation of subretinal fluid from the

10



tumor [46]. A 3D FLASH sequence is employed to depict the whole head in order to
be able to fuse the MR data with the CT data. A matrix of 256 x 256 pixel is used
with a FOV of 230mm and a slice thickness of 1 mm which leads to a voxel size of
0.89 x 0.89 x 1mm. Echo time (TE) and repetition time (TR) are chosen to be 3.56 ms
and 7.31 ms, respectively. The flip angle is 10°, averaging is set to one, the bandwidth is

219 Hz /pixel and acquisition time is 3:31 min.

1.3.2.3 MR Artifact Prevention

To prevent artifacts currently the patients are told to close and hold their eyes still as

good as possible during the entire acquisition time.

1.4 Aim of this Study

MRI has become the method of choice in imaging ocular and orbital pathology and
anatomy due to the lack of ionizing radiation exposure and its great soft tissue con-
trast [6,7]. With the usage of small surface coils and the choice of the appropriate MRI
sequences MR imaging can provide the needed physiological and structural information
for clinical treatment and diagnosis in ophthalmology [7,24]. At the University Hospital
Graz for example, MRI is used together with CT for planning of radiotherapy in ophthal-
mological tumors. Especially, for stereotactic radiotherapy planning for uveal melanoma
treatment it is crucial to have artifact free images with the highest possible resolution while
still maintaining optimal contrast and signal to noise values. Apart from simplifying the
planning procedure, optimal MR images also highly advance the treatment outcome.
The aim of this prospective study was to first of all incorporate a recently developed
eye tracking solution (medEyeTrack), as part of a cooperation between Medical University
of Graz (Department of Therapeutic Radiology and Oncology), Graz University of Tech-
nology (Institute for Computer Graphics and Vision) and M&R Automation GmbH [49],
into the existing MR protocol. Second, the existing MR protocol needed to be expanded
with applicable new MRI sequences for interaction with the medEyeTrack (triggerable)
and optimized for the use in ophthalmology in general. Furthermore, this study elucidates
the influence and practicability of a small surface coil in the application of ophthalmo-
logical MR imaging. Lastly, this work should clarify the feasibility of a triggered MR
sequence to avoid motion artifacts due to voluntary eye movement in high resolution MR

imaging of the orbit.
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Chapter 2

Sequence Theory

2.1 Turbo Spin Echo (TSE)

2.1.1 TSE Introduction

For this kind of MR sequence many names have arisen over time, including Turbo Spin
Echo (TSE), Fast Spin Echo (FSE), Fast Acquisition Interleaved Spin Echo (FAISE),
Rapid Acquisition with Relaxation Enhancement (RARE). In a general sense, for all
these sequences, TSE will be used in this thesis. TSE is a fast turbo spin echo sequence
that applies an RF excitation pulse followed by several RF refocusing pulses to produce
multiple spin echoes, a so called echo train [50,51]. Contrary to a conventional spin echo
sequence (SE) every echo in this echo train is distinctively phase encoded in order to
fill multiple k-space lines after every RF excitation pulse (see Figure 2.1 for a principle
explanation). Unlike for the SE sequence, with this method numerous k-space lines can
be acquired during one single TR period. This reduces the total scan time substantially.
Considering a single sliced 2D scan with 16 distinctively phase encoded echoes, compared
to a conventional SE sequence with otherwise same scan parameters the total scan time
can be reduced by the factor 16. Not only its primary advantage, the reduction in scan
time, but also its excellent image quality makes TSE a valuable and largely accepted
tool in clinical diagnosis. In fact, especially for Ty weighted imaging it has replaced
the conventional SE sequences. Known downsides of TSE sequences include ghosting,
blurring, edge enhancement, RF power deposition and altered image contrast caused by

magnetization transfer effects and hyperintense lipid signal [52].

2.1.2 TSE Sequence

A 2D TSE sequence starts with a 90° RF excitation pulse followed by a 180° refocusing
pulse after a time 7. This leads to an echo at the time 27. After acquisition of this echo, an-

other 180° refocusing pulse pancake-flips the dephased magnetization vectors around the
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Figure 2.1: Echo imaging principle. Every echotrain (a-d) is distinctively phase encoded.
In TSE imaging only one echo train is sampled and every single echo of the echotrain is
phase encoded separately (e) [50].

Figure 2.2: Sequence diagram for comparison of conventional SE sequence (stops at dotted
vertical line) and TSE sequence [52].
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axis of the pulse, at timepoint 37 and leads to another echo at 47 (depicted in Figure 2.2).
If the second echo is distinctively phase encoded it can be used to sample a second line
in the k-space. Typically, the distance between the RF refocusing pulses is double the
time delay 7 between the excitation pulse and the first refocusing pulse [52]. The echo
train can be elongated by additional 180° refocusing pulses as long as substantial decay
of the transverse magnetization by Ty does not take place. The formed echo train after
one single 90° RF excitation pulse hence can sample multiple k-space lines and there-
fore shorten the acquisition time. The total number of produced echoes is called the
echo train length (ETL or Ny, ). Provided that all echoes are distinctively phase encoded
then Ny is the same as the number of refocusing pulses and the number of k-space lines
acquired per TR. In TSE sequences ETL is a very important parameter. It equals the
scantime reduction factor compared to a conventional SE sequence. Longer ETL means
shorter scan time. In practice there are two limiting factors for ETL, the time interval
between two back-to-back echoes, also called the echo spacing (ESP or teg,), and the tissue
Ty relaxation time [52]. The scan time can be calculated with Equation 2.1 (single-slice
acquisition assumed) where Ny, is the number of shots, NEX is the number of excitations
or number of averages, Nppase is the number of phase encoding steps, int takes only the
integer part of its argument and modulo (mod) gives the remainder of a integer devision

[52].

Toean = TR % Ny ¥ NEX (2.1)
with
Nohase/Ne 1f(Nphase Mmod Ney) = 0
N = § NN S o e 2
Znt(*]vphase/Netl) + 1 Zf(Nphase mod Netl) 7£ 0

To achieve more robustness regarding the RF magnetic field (B1-field) inhomogeneity, the
phases of the refocusing pulses are shifted by 90° compared to the excitation pulse [53].
Figure 2.3 depicts that simultaneously with each of the RF pulses a slice selection gra-
dient is applied. Additional a slice-rephasing gradient is needed after every excitation
pulse. Combined with this gradient a so called "crusher” is applied in order to zero the
unwanted signals and enable the desired. Frequency encoding is achieved by identical
readout gradient lobes. To center the window a prephasing gradient is applied between
the first refocusing and the excitation pulse. Phase encoding is accomplished with a gradi-
ent applied between each refocusing pulse and the readout gradient. To ensure the signal

coherence, a phase rewinding gradient goes along with the phase encoding gradient [52].
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Figure 2.3: Sequence diagram of a 2D TSE sequence. The 90°, is the RF excitation pulse.
sy, 03y, 04y and 05, depict the refocusing pulses. The axis along which the RF puls is
applied is specified with the subscript x or y [52].

2.1.3 TSE Contrast

The echo amplitude decays according to Equation 2.3 (assuming refocusing pulses are
180°) where n is the echo index that lies between 1 and Ny [52].

S(n) = Sy e tesr/T2 (2.3)

Each individually encoded echo in the echo train has its own specific TE value which is

calculated using Equation 2.4.

TE =nt., (2.4)

This fact leads to a k-space that is non-uniformly Ty weighted. Generally the image
contrast is mostly dependent on the low frequencies in the k-space center [54,55], therefore
the effective TE (TE.g) for a TSE sequence is defined as the time when the central k-space
line is acquired. In order to achieve a Ty weighted image, one of the later echoes in the echo
train is used for the center k-space line and the other echoes are used to fill the remaining
k-space. To influence the degree of Ty weighting different echoes can be assigned to the
center k-space line (see Figure 2.4). Strongly T, weighted images therefore require a very
long ETL. Note that TEes can only be a multiple of tey, and is limited by Neg * tesp-
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For T, weighted images a very early echo in the echo train is used (i.e. TEeg = tesp) to
sample the center k-space line, all the subsequent echoes are used to sample the remaining
k-space [52].

(a) Ty weighted (b) heavily Ts weighted (¢) moderatly Ty weighted

Figure 2.4: TSE sampling schemes. Different echoes are assigned to the center k-space
line. For all three cases two shots are assumed [52].

2.1.4 TSE Image Artifacts

There are three major artifacts that can arise with TSE sequences: blurring, edge en-

hancement and ghosting.

Blurring The nonuniform Ty weighting of the image described by Equation 2.3 intro-
duces a weighting function W(k,) (also called Ty weighting function) in phase encoding
direction. For a specific tissue the weighting function can be described with Equation 2.5

where n is a function of the k-space line index in phase encoding direction [52].

W(k,) = e~ e/ T 2.5)

Taking the Ty weighting function into account the TSE k-space data can be described
with Equation 2.6.

S(ka, ky) = SO(ka, ky) * W (ky) (2.6)

This Equation shows that the image obtained by applying the Fourier transform on
S(ky.ky) is the convolution of the ideal image with the Ty weighting function. The weight-
ing function is a Lorentzian-like function and leads to blurring of the image. With con-
ventional SE sequences this blurring does not take place because W (k,) = 1. Tissues with
short Ty lead to more blurring in the resulting image than tissues with long T5. There

are several approaches to minimize such blurring artifacts including deconvolution with
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a previously acquired Ty map, deconvolution with an average Ty value along the phase

encoding direction and blur reduction with signal averaging (NEX > 2) [52].

Edge Enhancement For Ts weighted TSE images the early echoes are used for filling
the borders of the k-space. In the boarder regions of the k-space high frequency is pre-
dominant. Therefore the Ty weighting function induces a high pass filtering of the k-space
data in phase encoding direction. This results in an enhancement of the edges in phase
encoding direction of the image. The artifact can be reduced with the same methods used
for blur reduction [52].

Ghosting This is another common artifact along the phase encoding direction in TSE
imaging. In k-space data, phase errors are almost always present. Consistent phase
errors across the whole k-space do not produce any ghosting artifact (conventional SE
imaging). Ghosting is only introduced if the phase error is changing over the course of
the phase encoding direction. This is the case with TSE imaging. Low frequency ghosts

are generated by high-frequency phase variation in the k-space and vice versa [52].

2.1.5 Specific Absorption Rate (SAR)

The specific absorption rate is defined by Equation 2.7 where E is the total RF energy,

texp 15 the exposure time and M is the unit mass in kilograms.

E
Leap M

SAR = (2.7)

Due to the fact that in TSE imaging multiple RF refocusing pulses, with high flip angles,
are applied in a very short time SAR can be very high. SAR increases as the square
of the field strength as well as the square of the flip angle [21], meaning it is of par-
ticular importance with field strengths of 3T and higher [52]. To exploit the full time
reduction potential of the TSE sequence without exceeding SAR limits, several meth-
ods have been developed for reducing SAR [52]. Reducing the flip angle (<180°) is an
effective way to decrease SAR because SAR is proportional to (B;)? [56-58]. Using hy-
perechoes is another approach to reduce SAR. Here a refocusing pulse train is applied
which has a 180° refocusing pulse in the middle and refocusing pulses with lower flip
angles are mirrored symmetrically around it. These RF pulses are typically between 60°
and 130° [51,52]. Usually the so called hyperecho (flip angle = 180°) is used to sample
the center k-space line. This method reduces SAR considerably without affecting the
Signal to Noise Ratio (SNR) [58].
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2.2 SPACE

2.2.1 SPACE Introduction

The fact that spin echo based sequences are resistant to artifacts from the main magnetic
field (By) and RF inhomogeneities and that they offer a variety of image contrasts, make
them particularly desirable and widely used in clinical MRI [59,60]. Especially, TSE pulse
sequences (described in 2.1) are of great interest because they combine the desired behavior
of spin echo sequences with a considerable speed advantage [59]. However as described
in section 2.1.5 SAR can severely limit the usage of TSE sequences in multi slice or 3D
imaging [60]. 3D imaging has several advantages in characterization and evaluation of
complex anatomy and pathology [59,60] but usually is very time consuming, especially
for To-weighted applications, and therefore not widely used in clinical MRI [60]. Speed
increase by lengthening the echo train is limited by Ty decay which will induce several
known artifacts, described in section 2.1.4. In order to enable fast spin echo based 3D
imaging, MR~equipment manufacturers have introduced optimized 3D TSE sequences
over the past few years, with a variety of different sequence names. Examples of such
sequences are Volumetric Isotropic TSE Acquisition (VISTA; Philips Healthcare), CUBE
(GE Healthcare) and Sampling Perfection with Application optimized Contrasts by using
different flip angle Evolutions (SPACE, Siemens Healthcare). In a general sense, for all
these sequences, SPACE will be used in this publication.

2.2.2 SPACE Sequence

To make 3D single-slab TSE imaging practical for clinical use, time efficiency has to be
increased considerably. In order to achieve this goal, several adjustment to existing TSE
sequences had to be made including considerably lengthening the usable duration of the
echo train by using variable flip angle refocusing RF pulses [61,62] and shortening the
echo spacing [63-65].

Shorter Echo Spacing For imaging only a single slab, spatial selection of the RF
pulse is not required and thus can be replaced by a short, rectangular and non spatially
selective RF pulse to minimize the pulse duration [63-65]. If the data sampling period is
in the range of a few milliseconds (bandwidth is moderate to high), the replacement of a
conventional spatial selective RF pulse with a very short non spatial selective RF pulse
(<1ms) offers a substantial cutback in echo spacing. This enables the sampling of an

increased number of echoes after each excitation pulse for a given echo train length [63].

Longer Echo Trains For typical TSE pulse sequences, as described in section 2.1,

the ETL is limited by Ty relaxation times. For clinical use the echo train duration
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is typically less than two to three times the Ty value of the tissue of primary interest
for long TEeg (T3 weighted). For short TEqg (T; or proton-density weighted) echo train
duration is normally shorter than the Ty value of the tissue of primary interest [63]. Using
longer echo trains leads to well known artifacts described in section 2.1.4. For biological
tissues, where T values normally exceed Ty by a large amount, constant low flip angles
that are lower than 180° can be used to introduce T; dependence to the evolution of
the echo train to elongate it [66]. In the case of refocusing flip angles lower than 180°
the transversal magnetization is not fully pancake-flipped in the transversal plane. It is
partially left intact, partially tipped onto the longitudinal axis (either +z or -z) and only
partially refocused in the transversal plane. With further low refocusing flip angles also the
longitudinal magnetization is partially left alone, partially inverted and partially excited
to the transverse plane to form a stimulated echo. With the subsequent low refocusing
pulses (<180°) any of these magnetization components is further divided [52]. Such a
phase evolution can be depicted by a phase diagram which was introduced by Henning
in 1988 [66]. An example of such a phase diagram can be seen in Figure 2.5. After a
refocusing pulse transversal magnetization is going to accumulate phase until it eventually
forms a spin echo and is affected by the next RF pulse. On the contrary, the longitudinal
magnetization remains constant unless an adjacent RF refocusing pulse excites it to the
transverse plane [52]. One remarkable character of the formation of stimulated echoes
is that, while the magnetization is in the longitudinal plane it experiences T; decay.
Compared to a normal spin echo, which is determined exclusively by T, T, significantly
impacts the amplitude of the stimulated echo. This is particularly striking in biological
tissue where Ty is several times longer than Ty. Thus the time between the excitation
and the forming of an echo can be much longer with stimulated echoes compared to
conventional spin echoes. Hence, stimulated echoes are from major importance in greatly
extending the usable echo train length of a TSE sequence [59]. Examples for using low
flip angles for RF refocusing pulses can be found in Figure 2.6. Figure 2.6a and 2.6b show
a constant flip angle of 180° and 60°, respectively. The corresponding signal evolutions
throughout the echo train can be seen in the middle column. It can be seen that the
signal for 60° constant flip angle starts to exceed the signal from 180° for echo times
greater than approximately 200 ms. This can be explained by the fact that both spin
echoes and stimulated echoes contribute to the overall signal for the 60° RF refocusing
pulse. The Ty time for the tissue in this example is around 10 times larger than the T,
time and therefore enables stimulated echoes to intensively contribute to the very late
echoes in the echo train. The right column in Figure 2.6 depicts two quantities that are
useful for evaluating the performance of the refocusing RF pulse. The dashed lines show
the fraction of magnetization in the longitudinal plane. As mentioned above this is the
fraction of magnetization that is "stored” along the z-axis and generates stimulated echoes.

Throughout the echo train the dashed line for the 180° refocusing RF pulse is zero, because
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all of the magnetization is refocused in the transversal plane. For the 60° refocusing
RF pulse on the other hand, as expected, the stored fraction of the magnetization is
significantly higher. This stored magnetization decays with T; and is responsible for
higher amplitudes at very late echo times. The solid lines are depicting the fraction
of magnetization in the transverse plane that generates the signal. This indicates how
effective the transverse magnetization is used to generate signal. It can be seen that
the transversal magnetization is used much more effectively by the 180° than by the
60° refocusing RF pulse. Especially with early echo times the transverse magnetization
fraction is used very poorly and never reaches 1 at late echo times. Despite the effect
that the signal in later echo times is higher than with 180°, the 60° constant flip angle
approach has still room for improvement, especially regarding the efficiency of transversal
magnetization usage [59]. To improve usage of transversal magnetization Alsop et al. [56]
described an approach that ramps down the flip angle from a fairly high value at the
beginning of the echo train to a constant value that is used throughout the majority of
the echo train. Such a flip angle scheme can be seen in Figure 2.6c. Compared to Figure
2.6b the overall signal evolution could be improved and the signal intensities for long echo
times are even higher. Also the very right column of Figure 2.6¢ depicts a much better use
of the transversal magnetization [59]. A variation of the flip angle throughout the entire
echo train can even further improve the signal evolution as can be seen in Figure 2.6d.
Particularly for echoes in the center region of the echo train a massive increase in signal
intensity can be observed compared to the constant 180° refocusing RF pulse. At 400 ms
(center echo) a 10 fold increase in signal intensity compared to the constant 180° refocusing
RF pulse can be denoted. The third column of Figure 2.6d offers valuable information
of how such high signal intensities can be achieved with a variable flip angle scheme. In
early echo times a large fraction of the magnetization is stored along the longitudinal axis
(dashed line) and as the echo train advances this magnetization is gradually converted into
the transversal plane. Therefore it is possible to maintain relatively high signal amplitudes
throughout the echo train, especially in the mid section. The solid line indicates that this
sequence also makes very good use of the transversal magnetization, the fraction stays at

1 for almost the entire length of the echo train [59].

2.2.3 SPACE Contrast

Contrast behavior of the SPACE sequence compared to conventional TSE sequences is
strongly dependent on the flip angle scheme used for refocusing RF pulses. Flip angle
schemes currently used for SPACE imaging can be divided into three main categories:
(1) relatively high, constant flip angles, (2) variable flip angle scheme or initial flip angle
ramp down with subsequent low, constant flip angles with short to moderate TE.g, and

(3) variable flip angle scheme or initial flip angle ramp down with subsequent low, constant
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Figure 2.5: Extended phase diagram by Henning 1988 representing the spin evolution of
a TSE sequence with arbitrary flip angle . The labeling on the side are different spin
states. The solid lines are connecting the different states of the spin system right after
and right before a pulse. Dashed lines represent the evolution of the z coherences. An
echo is produced between the pulses whenever a solid lined crosses the horizontal M, M,
line [66].

flip angles with long TE.¢. The contrast behavior for category 1 is essentially the same as
for conventional T'SE sequences using the same flip angle [59]. For category 2 and 3 the
contrast behavior may be significantly different compared to constant 180° refocusing RF
pulses [62] and depends on TE.g as well as on the flip angles prior to TEg [51,67]. The
signal at TE.g is composed of both stimulated echoes and spin echoes. The magnetization
leading to a stimulated echo is stored in the longitudinal plane and decaying with Ty. Thus
the time this magnetization spends in the transverse plane decaying with Ty is reduced,
resulting in a decreased Ty contribution to the signal at TE.¢ compared to constant 180°
refocusing RF pulses, and the echo time reflecting the contrast of the corresponding image
is shorter than TE.g [59]. However, there is a way to calculate the influence of stimulated
echoes on the image contrast. Also an echo time which reflects the contrast of the image,
the so called "contrast-equivalent” TE, can be determined [51,67]. The flip angle scheme
has almost no influence on the contrast for short TE.g (category 2). Thus, the contrast-
equivalent TE and the actual TEqg are very similar in this case [59]. On the other hand,
for long TE.q¢ (category 3) the flip angle scheme has a major influence due to the fact
that late echoes in the echo train are used to sample the center k-space line. Therefore
the calculated contrast-equivalent TE and the actual TE.g may differ substantially [59].
Summed up for SPACE imaging the contrast-equivalent TE and the actual TE.;z may be
quite different and some authors and manufacturers do use these terms interchangeably
which may lead to confusion. It is particularly important to emphasize that these are two
different parameters and both are very important to describe the contrast behavior of a

SPACE sequence [59]. TEeg is the echo time corresponding to the center of k-space and
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Figure 2.6: Variable flip angle schemes to elongate the echo train duration. Four differ-
ent flip angle schemes for refocusing RF pulses (left column) over an 800 ms echo train
length with the according echo signal amplitude evolution (middle column) and fraction of
transverse magnetization, which generates signal (solid line) and the fraction of longitudi-
nal magnetization which stores magnetization (dashed line), (right column) are depicted.
Echo train length = 200, echo spacing = 4ms, T; = 100 ms, Ty = 100 ms, TR relative long
to Ty , M magnetization, Mxy transversal magnetization, My longitudinal magnetization
[59].
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the contrast-equivalent TE is a calculated value to compare the contrast of a 3D TSE
sequence with variable RF refocusing pulses to a conventional 2D TSE sequence with

constant 180° refocusing RF pulses.

2.2.4 SPACE Image Artifacts

Signal Evolutions for Variable Flip Angles In Figure 2.6 it is shown that it is
possible to use variable flip angle schemes to hold the signal level constant for a significant
amount of the echo train length. However, this signal evolution is specific for one tissue
and relaxation time dependent. Therefore it may look in some way different for other
tissues with deviant relaxation times. Across a range of similar tissue types the signal
evolution will be alike and will not produce noticeable artifacts. If the relaxation times
differ a lot a weighting function will be introduced like described in section 2.1.4 which
will lead to considerable blurring artifacts [59]. As also described in section 2.1.4 there
are several approaches to minimize such blurring artifacts including deconvolution with
previously acquired Ty maps, deconvolution with an average Ts value along the phase

encoding direction and blur reduction with signal averaging (NEX > 2) [52].

FID Artifacts The advantages of using variable refocusing flip angle schemes with
flip angles considerably lower than 180° also comes with some problems. As described
in section 2.2.2 fractions of the magnetization are converted to the longitudinal plane,
regrow with T between the subsequent refocusing RF pulses (of course also between the
excitation pulse and the first refocusing RF pulse) and are flipped to the transverse plane
with later RF pulses to generate stimulated echoes. By converting the magnetization
to the transverse plane also a free induction decay (FID) is generated. The amplitude
of this FID is indirectly proportional to the flip angle, so for low flip angles a high FID
amplitude is observed. Furthermore the amplitude is also dependent on the T4 value of the
specific tissue. Short Ty, compared to the length of the echo train, allows the transversal
magnetization to become relatively large and result in a large FID. Long Ty compared
to the ETL will, on the other hand, not result in a large FID signal even with relatively
low flip angle values for the refocusing RF pulse. These generated FID signals are partly
captured and lead to intensity ripples in certain parts of the image. The FID signals are
only strong for tissues with short Ty (i.e. fat) compared to the echo train duration when
very low flip angles are used for the refocusing RF pulses. Hence, FID artifacts only occur
if this combination is existing in the area imaged [59]. To avoid FID artifacts averaging
has proven to be very effective [68]. Also the application of spoiler or crusher gradients

can significantly attenuate such artifacts [59].

Slab-Selective Imaging Owing to the fact that with slab-selective imaging the re-

focusing RF pulse affects the whole sensitive volume of the RF coil, that is used for
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transmission, FID artifacts, as described above, can arise even from outside of the volume
of interest and get back folded into the image. Presaturating the volume outside the
imaged area can, in many cases, prevent such artifacts. However, presaturating applied
before the echo train may be ineffective for tissue with very short T; in combination with
low flip angles for refocusing RF pulses. The reason for this is, that due to the short
T, time a large amount of longitudinal magnetization will regrow during the echo train
and is captured during image acquisition. Averaging very effectively attenuates artifacts

introduced from outside the volume of interest [59].

2.3 3D TurboFLASH

2.3.1 3D TurboFLASH Introduction

Haase et al. introduced a fast low angle shot (FLASH) sequence in 1986 to massively
shorten scan time for gradient echo imaging [69]. To establish T; contrast, an inversion
(180°) or a saturation (90°) pulse in conjunction with a FLASH sequence can be used [70].
This technique is also called snapshot FLASH [71], snapshot gradient-recalled acquisition
in the steady state (GRASSE) [72] or TurboFLASH [70,73]. In a general sense, for all
these sequences, TurboFLASH will be used in this publication. It can be quite challeng-
ing to adapt the 2D approach introduced by Haase et al. for a 3D TurboFLASH se-
quence. During the long duration of a 3D imaging sequence the effect of the preparation
pulse (inversion or saturation) applied at the beginning of the sequence, will get lost [74].
This problem is solved by applying a preparation pulse at certain points within the se-
quence. In general, a 3D TurboFLASH is called magnetization prepared rapid gradient
echo (MP-RAGE) and typically consists of a three step cycle: (1) magnetization prepa-
ration for contrast control, (2) data acquisition with a short TR gradient echo sequence
(FLASH) and (3) magnetization recovery for additional contrast control [75]. Such a

sequence is schematically depicted in Figure 2.7.

2.3.2 3D TurboFLASH Sequence

In Figure 2.8 a schematic sequence diagram for a TurboFLASH sequence can be seen.
First, a preparation pulse « transfers the longitudinal magnetization to a defined starting
point, normally this is an inversion pulse (180°) or a saturation (90°) pulse. Between
the preparation pulse and the first excitation pulse is a waiting period TI;. Then a
train of subsequent small excitation pulses 3, with an echo spacing of Ty, generates a
set of gradient echoes. After the echo train follows a recovery time t,. Following each
excitation, the longitudinal magnetization is eliminated with the spoiler gradient S [76].

The repetition time TR can be calculated with the following Equation:
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Figure 2.7: Schematic diagram of a 3D MP-RAGE sequence [75].

TR=TI + (N —1)TL+t, (2.8)

Figure 2.8: Schematic sequence diagram of a TurboFLASH sequence. First a preparation
pulse « transfers the longitudinal magnetization to a defined starting point. Then a train
of subsequent small excitation pulses [ generates a set of gradient echoes After each
excitation the longitudinal magnetization is eliminated with the spoiler gradient S [76].

In general for 3D sequences every phase encoding step in plane has to be carried out
in the "slice” direction (z) also to fill the whole 3D k-space. The MP-RAGE fills this
k-space in a special way. Within one cycle of the sequence, as depicted in Figure 2.7,
the rapid gradient echo train fills one line of every slice (in the z direction). Hence, the
turbo factor set on the scanner is always equal to the slices in the slab. This cycle is
repeated for every phase encoding step (ky) in the image, and before every line cycle the
magnetization is prepared [74,75]. During the rapid gradient echo acquisition the lon-

gitudinal magnetization recovers according to the specific T; time and causes artifacts.

25



The amount of recovery is dependent on many variables like the preparation pulse «,
the excitation pulse 3, the waiting period TI; and the echo spacing TI, [70]. To mini-
mize this T; decay these parameters can be optimized [77, 78] so that the longitudinal
magnetization reaches a steady state where the T relaxation compensates the loss of lon-
gitudinal magnetization [69]. This steady state can be reached within the first three rapid
gradient echo cycles [70]. The signal contribution along the phase encoding direction in
every single image plane is on the other hand always constant and thereby no blurring
artifacts arise unless the images are reformatted and reconstructed in the slice encoding
direction [74]. Figure 2.7 indicates the use of an optional trigger to initiate each cycle.
This can be particularly useful for imaging structures with periodic motion [75]. The
MP-RAGE sequence provides several advantages like continuous coverage with very thin
slices in reasonable measurement time [74]. Its cyclic nature makes it particularly attrac-
tive for imaging structures with periodic motion (triggered) [75]. Additionally imaging
time is much shorter compared to other existing steady-state acquisition schemes due to
the separate magnetization preparation [75] and variable contrast (T; and Ty) as well as

particularly good Ty contrast due to different magnetization preparation pulses [75].

2.3.3 3D TurboFLASH Contrast

MP-RAGE can be used to produce Ty as well as Ty weighted images. By varying the
magnetization preparation pulse or set of pulses the contrast can be dictated. For a T,
weighting normally an inversion (180°) or a saturation (90°) pulse followed by a delay
is used. Preparing the magnetization with an inversion pulse leads to a very strong T,
weighting [75]. In fact, an inversion preparation pulse allows for a better control over T
weighting and leads to greater T weighting compared to SE imaging [70,74]. The waiting
period TI; between the preparation pulse and the first excitation pulse plays a major role
in contrast. This time is comparable to the inversion time of inversion recovery sequences.
It controls the signal of different tissues and with the change of this parameter certain
tissue types can be attenuated. Also, the excitation flip angle g plays a very important
role in contrast behavior. The steady state in which the T, relaxation compensates the
loss of longitudinal magnetization is determined by T of the tissue and the excitation flip
angle 5. Therefore the Ty contrast is strongly influenced by the flip angle [69]. A pulse
set of 90° - 180° - 90° enables the MP-RAGE sequence to be used to produce Ty weighted
images [75] although MP-RAGE imaging is mostly used for T; weighted imaging. The
contrast behavior of different tissues with the MP-RAGE sequence can be theoretically
simulated by techniques introduced by Brix et al. [76].
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2.3.4 3D TurboFLASH Image Artifacts

The fact that during the rapid gradient echo acquisition the longitudinal magnetization
recovers according to the specific Ty time of the tissue [70], introduces a weighting function
(as described in 2.1.4) along the depth or slice encoding direction. The nonuniform T
weighting of the image leads to blurring [74]. As a result of acquiring all the in depth
lines after one single preparation pulse before moving on to the next in plane line of the
k-space leaves the in plane resolution compromised. All the data in one image plane is
acquired with the same degree of relaxation and therefore does not show any blurring
artifacts [21]. The blurring artifacts in phase encoding direction do not come into account

until the data is reformatted and slices are reconstructed in depth direction [74].
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Chapter 3

Methods

3.1 Signal to Noise Ratio

For Signal to Noise Ratio (SNR) measurements two different sequences were used in this
study: a single sliced fast low angle shot (FLASH) sequence (TR = 25ms, TE = 10 ms,
FOV = 180 mm, matrix = 128, NEX = 1, slice thickness = 2.5mm, flip angle = 10°,
bandwidth = 260 Hz/pixel, acquisition time = 0:32min) and a single sliced true fast
imaging with steady precession (TrueFISP) sequence (TR = 4.32ms, TE = 2.16 ms,
FOV = 180 mm, matrix = 128, NEX = 1, slice thickness = 2.5 mm, flip angle = 40°,
bandwidth = 558 Hz /pixel, acquisition time = 7.5s). Both sequences were proton density
weighted in order to limit T; and Ty influences. All available filter settings were turned off
and coil combine mode was set to sum of squares (SOS) for both sequences. Measurements
were examined with a FLASH and a TrueFISP sequence with three different coil settings:
only head coil, only loop coil and both in combination. The used coils were the standard
head coil Siemens Head/Neck 20 A 3T Tim Coil and the Siemens 3T Loop 7cm coil
(Siemens, Erlangen, Germany). Head coil and surface coil where set up in combination
and different coil combinations were realized via the scanner software. Every sequence
was set up to have 10 measurements in order to avoid drift and to guarantee a steady
state. All images were analyzed using an in-house image processing tool named "Perseus”
and customized scripts in MATLAB (The MathWorks Inc., Natick, USA).

3.1.1 SNR Calculations

SNR values were calculated using the difference method suggested by the National Electri-
cal Manufacturers Association (NEMA) [79]. For this method two images were acquired
in the exact same manner. A pixel-by-pixel difference image (hereafter referred to as

[image3|) was calculated as follows:
[image3] = [imagel] — [image2] (3.1)
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Two statistical measurements, the signal intensity S and the standard deviation ¢ de-
scribing the noise, were required in order to calculate the SNR. For the difference method
both of these values needed to be calculated from the same region of interest (ROI). The
signal intensity was calculated as the mean of the ROI from image 1 and image 2 (here-
after referred to as S1 and S2, respectively), the standard deviation was calculated from

[image 3], also using the same ROI. The SNR was calculated as follows:

(S1+S2)/2  S1+ 52
5/V2 V2

3.1.2 SNR Phantom Measurements

SNR = (3.2)

For phantom measurements 10 scans were conducted using a Siemens plastic bottle
(1900ml 8624186 K2285). The loop coil was taped directly on top of the phantom bottle
for better stabilization, placed in the middle of the head coil and secured with sand bags
to prevent motion. In order to guarantee independent measurements, the setting was dis-
assembled and reassembled for every single measurement. The bottle as well as the loop
coil were completely removed and repositioned. Before every measurement the phantom
was given 10 min to settle in order to prevent incorrect SNR values due to motion of the
fluid. For SNR analysis an eye sized ROI was placed within the phantom. The ROI was
arranged in an average distance from the surface coil to an eye. For the SNR distance de-
pendency measurement the signal intensities S1 and S2 were calculated using an intensity
profile along a straight line (anterior-posterior) using Perseus, instead of using an ROL.
For the standard deviation a ROI in the difference image was used covering the entire

region of the drawn intensity line.

3.1.3 SNR In Vivo Measurements

For the in vivo SNR measurements 11 healthy, all men from age 22 to 28, test subjects
were scanned. All subjects gave written informed consent, and the study was approved by
the institutional ethics committee. The loop coil was placed over the left eye and medical
tape and a velcro strip were used to lock the loop into position in order to prevent motion
artifacts (Figure 3.1). The subjects were placed centered in the 20 channel head coil. Due
to noise canceling head phones that made head movements nearly impossible no further
head fixation was needed. On top of the head coil a mirror was installed to enable the test
subjects to gaze on a projection screen at the foot end of the scanner. The test persons
were instructed to fixate a cross that was shown on the screen in order to minimize eye
movement during the scan. The ROI for SNR analysis was placed in the vitreous humor
in a manner that maximizes the area of the ROI while targeting mainly a homogeneous

region that is not affected by artifacts.
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(a) (b)

Figure 3.1: For in vivo SNR measurements the small surface coil was placed over the left
eye and fixated with a velcro strip and medical tape (a). Sequences were measured with
three different coil settings: only head coil, only loop coil and both in combination (b).

3.2 Simulation of MR Sequences

3.2.1 TurboFLASH

The TurboFLASH sequence was simulated using MATLAB with the following formalism
according to Brix et al. [76]. The longitudinal magnetization M, just before the n-th
read-out pulse is given by the equation 3.3 where 1 < n < N, ¢5 = cos 3, By = e~ T12/T1,
F=(1-E)/(1-cskp)

My = Meg [F + (5 B2)" (Q — F)] (3.3)

In this equation @ is the quotient of the longitudinal magnetization M; and the equilibrium
magnetization M., where M, is just before the first interrogation pulse. The spin system
can be seen to be in a steady state after some sequence cycles. The quantity @) in the
steady state can be obtained by calculating the longitudinal magnetization M (T'R) from
the condition M(0) = M(TR), where TR = T1; + (N — 1)T'I, + t, is the sequence

repetition time. Therefore for () we get

(Feocg BErEr[1— (c E)N") 4+ (ca E1(1 - E,) — E; +1)
1 —cocs B, Ey (cg Eg)N 1

Q= (3.4)
where ¢, = cosa, By = e Th/Tt and E, = e */T1. Included in this Equation is the
information about the evolution of the spin system across the whole sequence cycle which
also includes the undisturbed recovery period ¢,.. This information is very important for

stabilizing the tree-parameter fit. The amplitude S can now be calculated using
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S =|sg M, e TE/T:

(3.5)

where sg = sin 3, T3 is the characteristic decay constant of the FID and TE is the echo

time.

3.2.2 Turbo Spin Echo
3.2.2.1 General Solution for Bloch Equations

The Turbo Spin Echo Sequence was simulated using a Bloch Equations based simulation

algorithm in MATLAB. The Bloch Equations written in a compact form is given by:

M Mo+ Mg M, — M
Sy MMy (= Mk
15 Ti

= (3.6)

[80,81]. A special solution to the Bloch Equations can be expressed in the form of rotation
matrices if it is assumed that 1/T; and 1/Ty < v By, where 7 is the gyromagnetic ratio
and By is the radio frequency magnetic field. A simple rotation in direction of the x, y

and z axes, about an angle ¢ can be written as follows:

1 0 0
R.(¢) =10 cosp —sing (3.7)
0 sinp cose

cose 0 singp
R,(¢) = 0 1 0 (3.8)
—singp 0 cosgp

cosp —sing 0
R.(¢p) = |sinp coseg 0 (3.9)
0 0 1

In the same manner the free precession around the z axis over a time period 7 can be

expressed in the form of the following matrix, with Af as the tissue off-resonance [81,82].

cos2tAfr —sin2rAfr 0
P(r) = | sin2rAfr cos2rAfr 0 (3.10)
0 0 1
Taking T and Ty relaxation over a time period 7 into consideration results in a multipli-

cation with the following matrix:
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e~ /T2 0 0
C(r) = 0 e/ 0 (3.11)
0 0 e /N

and a summation of the following matrix:

0 0
D(r)y=I-C(n)| 0 | = 0 (3.12)
M() MO (1 - €_T/Tl)

In Equation 3.12 I represents the identity matrix. For reasons of simplification Equations

3.10 and 3.11 will be combined and from here on referred to as A(7):
A(r) =C(1) P(1) (3.13)
In conclusion, the magnetization M at timepoint 7 can be expressed by:
M(7) = A(1) My + D(7) (3.14)

where M is a 3D vector representing the magnetization (M, M, M,), A is a 3 x 3 matrix
and B is a 3D vector. As seen above, A and B are functions of T, T5, and various rotation

and precession angles.

3.2.2.2 Simulation of the Bloch Equations for Turbo Spin Echo

90° 180° 180° 90°

0 1 2

M, | M, M, | M, My

TE

A
)

TR

Figure 3.2: A TSE sequence applies an 90° RF excitation pulse followed by several 180° RF
refocusing pulses to produce multiple spin echoes, a so called echo train. Magnetizations
at several time points throughout the sequence are marked wit M; - M,,. Magnetizations
at echo times are marked with Mg; and Mgsy. In steady state M, equals M.

By using the formalism introduced in Section 3.2.2.1 and the approach to simulate MR
sequences with rotation matrices used by Hargreaves et al. [82] the magnetizations in

Figure 3.2 are related by:
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Ms = A(TE/2) Mg, + D(TE/2)
Mg = R,(180°)Ms; (3.15)
Mg, = A(TE/2) Mg + D(TE/2)

If Mg, is represented by My and Mgy by My 1 then My and My are related in the same
way as Mg; and Mgy and represent the magnetizations at consecutive echo times. Solving
Equation 3.15 for My yields

M1 = Arg Recpoc Are My, + Arg Ricfoc Dre + Dri (3.16)

with

App = A(TE/2)
Rrefoc = Rx(1800)
Dri = D(TE/2).

For a correct estimation of the magnetization at each echo time the start value for the
magnetization already has to be the magnetization in the steady state. This magnetization
is calculated for ETL = 2 by evaluating the following relationships of the magnetizations

seen in Figure 3.2.

My = Ry My

My = Argp My + Drg

Ms = Ryefoc Mo

Mgy = Arg M3 + Drg

Mps = Arg Recfoc Are Mp1 + Arg Recfoc Dre + Drg
M, = My = Arr Mgz + Drg

(3.17)

where

Arp = A(TR — ETL « TE)
Arw = A(TE/2)

Rycfoc = R5(180°)

Rpiip = R, (90°)

Dip = D(TE/2)

Drr = D(TR — ETL + TE).

Solving Equations 3.17 for M;, with a representation by Mg, yields the steady state
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magnetization right after the 90° excitation pulse. Further generalization of the equation

for application of arbitrary echo train length leads to

M, = inv(I — X) =Y (3.18)

where the matrices X and Y are representing the relaxation and rotation propagated
through the whole echo train including the 90° excitation pulse. In order to acquire, these

matrices A(7) and D(7) are propagated through the entire echo train by Equations 3.19.

Apr1 = Are Rrcpoc Are Ag

(3.19)
Dyy1 = Drg + Arg Recjoc (Dri + Arg Dy)

where

k=1,.. ETL
Apy =1

0
D1 = |0

0

The 90° excitation pulse is taken into account by expanding the matrices Ay_grr, and

Dyx—g11, propagated already through the echo train by

X = Rypuip Arr Ak=p11L

(3.20)
Y = Rpiip (Drr + Arg Di—grr).

The calculated steady magnetization from Equation 3.18 is inserted into Equation 3.16
to estimate the magnetization for every echo of the echo train. The signal generated at

every echo time can be calculated as follows:

S = | M, +iM,| (3.21)

The magnetization at different echo times throughout the echo train was simulated for
thousand random off-resonances ranging from -70 Hz to +70 Hz. The final signal ampli-

tude was obtained by calculating the mean of these thousand resulting magnetizations.

3.2.3 Spin Echo

The SE sequence was simulated using a Bloch Equations based simulation algorithm

(Section 3.2.2.1) in MATLAB. By using this formalism and the approach to simulate MR
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Figure 3.3: A SE sequence applies an 90° RF excitation pulse followed by an 180° RF
refocusing pulse to produce a spin echo at time point TE. Magnetization at several time
points throughout the sequence are marked with M; - M3. Magnetizations at the echo
time TE is marked with Mg. In steady state M3 equals My.

sequences with rotation matrices used by Hargreaves et al. [82] the magnetizations in

Figure 3.3 are related by:

My = Arg Ry Mo + Drg
Mg = Arg Rycfoc M1+ Drg (3.22)
M3 = MO = ATR ME+DTR

where

Arp = A(TR — TE)
Arp = A(TE/2)
Ryepoc = R,(180°)
Rpp = R, (90°)

Drgp = D(TE/2)
Drr=D(TR—-TE).

Solving Equation 3.22 for Mg and letting it be represented by Mg results in

My = inv(I—ArpRrefoc ATE R flipATR)*(DrE+ATER e for (Dre+ArERA1ipDrR)). (3.23)

The signal generated at the echo time TE can be calculated using Equation 3.21. The
signal for a given SE sequence can also be determined using Equation 3.24 [52] and would
lead to the same signal amplitude for the SE sequence. This was done for verification of

results.
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S — MO (1 . 2 6—(TR—TE/2)/T1 + G_TR/Tl) e_TE/T2 (324)

3.3 Optimizing Sequence Parameters

3.3.1 T, and T3 Estimation of Melanoma

T, and Ty values of uveal melanoma are necessary for subsequent theoretical optimization
of the TSE and FLASH sequences and are not available in the current literature. There-
fore the following approach was used to estimate these relaxation times. Images used
for estimation originate from University Hospital Essen, Department of Diagnostic and
Interventional Radiology and Neuroradiology, Essen, Germany and were obtained at a
Siemens MAGNETOM Aera 1.5 T using two small surface coils (diameter < 5cm) [9,83].
A SE (T; weighted) and a TSE sequence (T3 weighted) were used to obtain the images.

T1w SE sequence The SE sequence was obtained with the following parameters,
TR = 642ms, TE = 16 ms, FOV = 108 x 80 mm, matrix = 344 x 512, NEX = 2,
slices = 22, slice thickness = 2mm, flip angle = 90°, bandwidth = 60 Hz/pixel and acqui-

sition time = &:49 min.

Tow TSE sequence TSE imaging was carried out using the following parameters,
TR = 6440ms, TE = 171 ms, FOV = 108 x 80 mm, matrix = 344 x 512, NEX = 3,
slices = 22, slice thickness = 2mm, flip angle = 150°, bandwidth = 70 Hz/pixel, turbo-

factor = 13 and acquisition time = 10:12 min.

Signal intensities of several tissues including eye muscles, fatty tissue surrounding the
eye, vitreous humor and melanoma were obtained by drawing the exact same regions
of interest (ROI) in both images using a middle slice through the bulb including the
melanoma. To obtain relationships between these tissues the mean pixel values of the
ROIs were plotted, normalized to muscle, against each other (T4, x-axis, Ts, y-axis).
In oder to replicate these relationships the T, SE and the T;, TSE sequences were
simulated like described in Section 3.2.3 and 3.2.2, respectively with the same settings as
used on the MR scanner at the University Hospital Essen. Simulated T4, and Ts,, signal
values for tissues with available relaxation times from the literature (vitreous humor, fatty
tissue and muscle) where plotted in the same manner as described for the obtained pixel
values. Relaxation times for muscle and fatty tissue were found in the literature to be
Ty = 1412ms and Ty = 50 ms for muscle [84] and T; = 382ms and Ty = 68 ms for fatty
tissue [85]. As no values were available in the literature for vitreous humor, they were

measured in a cow eye using the method described in Section 3.3.1.1. Proton densities for
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the simulated tissues where normalized to water (p = 1) and where found in the literature

to be p = 0.79 for muscle [86], p = 1 for fatty tissue and p = 0.9 for melanoma [23].

3.3.1.1 T, /Ty Measurement for Vitreous Humor

T, and Ty values for vitreous humor were obtained from an enucleated cow eye. Muscles
and surrounding fatty tissues were removed, the eye was enclosed in a 5 cm plastic sphere
and embedded in agar gel. The sphere was imaged with a multi echo spin echo and an
inversion recovery sequence in order to fit Ty and T values, respectively. MRI experiments
were performed on a Siemens MAGNETOM Skyra 3T using a circular polarized whole
body volume coil for rats with an inner diameter of 7cm (RAPID Biomedical GmbH,

Rimpar, Germany).

Inversion Recovery Inversion recovery sequences used for T; measurements were car-
ried out using the following parameters: TR = 10000 ms, TE = 13ms, FOV = 120 mm,
matrix = 512, NEX = 2, slices = 9, slice thickness = 1 mm, bandwidth = 335 Hz/pixel
and turbofactor = 7. Inversion times of TI = 50, 100, 200, 400, 800, 1600, 3200 and

4200 ms were used.

Multi Echo Spin Echo The multi echo spin echo sequence used for Ty measurements
was obtained with the following parameters, TR = 5000 ms, TE = 15.2ms, FOV = 120 mm,
matrix = 512, NEX = 5, slices = 9, slice thickness = 1 mm, turbofactor = 32 and band-
width = 200 Hz/pixel.

Relaxation times T and Ty were determined using a Marquardt-Levenberg fit of Equa-
tions 3.25 and 3.26, respectively [87].

M(TT) = | Mo (1 — 2e~T1/T))| (3.25)

M,y (TE) = My e TF/T (3.26)

3.3.2 Theoretical Sequence Optimization

In order to optimize the TurboFLASH and the TSE sequence, they were simulated with
the methods described in Section 3.2.1 and 3.2.2, respectively for different T; and T,
tissue values using MATLAB. Different sequence parameters were varied and the resulting

signal behavior was plotted.

3.3.2.1 TurboFLASH

The TurboFLASH sequence was simulated for a 128 x 128 matrix with a preparation flip
angle a of 90°. The flip angle $ was varied from 1° to 90°, TI; was modified from 1 ms to
500ms, T1, differed in a range of 1 ms to 100 ms and TE was altered from 1 ms to 100 ms.
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3.3.2.2 Turbo Spin Echo

Simulations for the TSE sequence were carried out using a turbofactor of 18 and an echo
spacing of 11.3ms. The sequence was replicated for 1000 off resonance frequencies ranging
from -70 Hz to 470 Hz. To achieve the final signal the average value of these 1000 resulting
signal intensities was calculated. The refocusing flip angle, TE and TR were modified for
different tissues. TR was varied in a range of 200ms to 10 000 ms, TE differed from
11.3ms to 203.4ms and the refocusing flip angle was modified from 1° to 180°.

3.3.2.3 SPACE

The SPACE sequence was optimized on a Siemens MAGNETOM Skyra 3 T using the stan-
dard head coil Siemens Head/Neck 20 A 3T Tim Coil. In order to optimize the sequence
on the same tissue types as TurboFLASH and TSE sequence, pork belly was used to repre-
sent fatty tissue and muscle tissue. For vitreous humor a bottle of distilled water was used
as a phantom. The sequence was operated with the following settings FOV = 190 mm,
matrix = 256, NEX = 1, slice thickness = 2mm, bandwidth = 630 Hz/pixel and turbo
factor 38. The variable flip angle was optimized for T; measurement. The TR was varied
from 306 ms to 6000 ms in the following steps: 306, 400, 600, 900, 1200, 1500, 2000, 2500,
3000, 4000, 5000 and 6000 ms with a TE set to 12ms. TE was modified in a range of
4.1ms to 78 ms in the steps of 4.1, 8.3, 12, 17, 21, 25, 37, 45, 54, 62 and 78 ms with a TR
set to 700 ms.

3.3.3 Practical Sequence Optimization

The practical implementation of the theoretically optimized sequences was done on a
Siemens MAGNETOM Skyra 3T. All three sequences were first tested on a phantom
using the standard head coil Siemens Head/Neck 20 A 3T Tim Coil. Further improvement
of image quality, SNR and resolution was done on healthy test subjects. Finally the
sequences were implemented, for initial patient tests, at the University Hospital Graz at
a Siemens MAGNETOM Verio 3T using a Siemens 32 channel head coil.

3.4 medEyeTrack

Introduction As part of a cooperation between the Medical University of Graz (Depart-
ment of Therapeutic Radiology and Oncology), Graz University of Technology (Institute
for Computer Graphics and Vision) and M&R Automation GmbH [49], a revolutionary
system called medEyeTrack was developed. This system enables recording of the viewing
direction of a patient during treatment at a rate of 10 times per second. If a prede-

fined threshold of the desired eye position is exceeded, the medEyeTrack provides a signal
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which can for instance be used to trigger external systems like CT, LINAC or MR. This
non-invasive eye tracking solution enables multiple radiation therapy treatment sessions

of tumors within the orbits per person for the first time [49].

medEyeTrack in Detail By using a camera system the relative position of the eyes
to a desired position is fully automatically monitored 10 times per second (schematic
structure can be seen in Figure 3.4a). Each eye is observed with an individual camera
and is illuminated with an infrared light source. The exact eye position can be recorded
during the course of the measurement and as soon as the predefined threshold is exceeded
the medEyeTrack can trigger external systems within milliseconds. The user interface of
the eye tracking software including the current eye position (blue cross) and the desired
position (white circle with cross in the middle) can be seen in Figure 3.4b. Also included
in this figure is the graph showing the deviation of the desired eye position. A blinking
LED positioned between both cameras helps the patient to keep the eye position constant
and is used as a reference point for the desired eye position. To avoid head movement an
individually fitted head mask, that can be mounted on the medEyeTrack, is used for each
patient (Figure 3.5). The whole system was constructed in order to be compatible with
different medical imaging and treatment systems like CT, LINAC or MR [49].

d
Ringlight
LDR2-
50IR850

(a) (b)

Figure 3.4: Schematic camera setup of the medEyeTrack consisting of camera, light source,
mirror and a phantom head (a). The interface of the eye tracking software shows the
current eye position (blue cross), the desired position (circle with cross in the middle),
the current frame number and the deviation of the desired position (graph at the bottom)

(b).
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(a) (b)

Figure 3.5: Early prototype of the medEyeTrack system with custom fitted patient mask
to avoid patient head movement (a). Current setup of the system manufactured by M&R
Automation GmbH (b).

3.5 Triggering of an MR Sequence using the
medEyeTrack System

3.5.1 MR Trigger Setup

Figure 3.6 shows the general setup for the trigger experiment. The medEyeTrack was in-
stalled on a Siemens MAGNETOM Skyra 3T system with the standard head coil Siemens
Head/Neck 20 A 3T Tim Coil. The scanner was connected to the medEyeTrack via the
external trigger connection. For this test setup the trigger signal was generated by a
waveform generator (HP 33120A, Hewlett Packard, California, USA). A simple square-
wave signal with Ug, = 4V, Upfrse = +2V, f = 2.9Hz (specifications were extracted
from the scanner handbook) was used. The waveform generator was operated in the
"External Gated Burst Mode”, which allows an external signal to toggle the output of the
generator. When a high TTL level is present on the external trigger input terminal, the
function generator outputs the carrier waveform. When a low TTL level is present, the
output is disabled. Whenever the current eye position exceeds the predefined threshold of
the desired position the relais unit applies a low TTL level to the external trigger input

and the output of the waveform generator is disable which pauses the MR scanner.

3.5.2 MR Sequence used for Triggering

A 3D TurboFLASH sequence (MP-RAGE) with the following parameters was used for
acquisition: TR = 326 ms, TE = 2.91 ms, TI = 180 ms, FOV = 170 mm, matrix = 192,
NEX = 1, slices = 40, slice thickness = 1 mm, flip angle = 12°, bandwidth = 270 Hz/pixel,

turbofactor = 40 and acquisition time = 2:05 min.
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Figure 3.6: The schematic setup of the medEyeTrack in combination with the connected
MR scanner and the waveform generator in order to trigger an MR sequence.

3.5.3 Subject Setup

Six test subjects, five female and one male ranging from age 23 to 31, were evaluated. All
subjects gave written informed consent, and the study was approved by the institutional
ethics committee. For every test subject an individually fitted mask was manufactured
at the University Hospital Graz. Subjects were placed in the eye tracker and fixated with
the mask to prevent head motion. A total of six different experiments, with varying eye
movement schemes, were conducted using the MR sequence described above. For the
different movement schemes the subjects were asked to close and hold their eyes still as
good as possible (1), fixate the LED during the whole measurement (2), move their eyes
away from the LED every 10 (3) and every 20 seconds (4). The schemes with voluntary
eye movements (10s and 20s) were carried out twice, untriggered (3-4) and triggered
(5-6). To advise the test subject when to start the eye movement a light impulse was
used. Therefor the scan room was darkened and a projector was used to show a bright
image every 10 or 20 seconds to enlighten the room which was noticeable by the test
subjects. The bright image was shown for 2 seconds and subjects were instructed to look
away from the LED as long as the bright image is present and to resume fixating the LED

as soon as the room turned dark again.
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3.5.4 Image Analysis
3.5.4.1 Qualitative Image Analysis

The qualitative image analysis was performed by 7 experts of different fields of expertise
(ophthalmology, radiooncology, radiology, MRI engineering). At the time of evaluation
the examiners where blinded to the test subjects’ identity and the used eye movement
scheme. Test subjects and movement schemes were presented in random order on the same
workstation with Perseus software. For every imaging setup 3 slices of the mid section
of the bulb were presented and examiners were able to change slices and the applied
window setting as desired. The evaluators were asked to only pay attention to the orbital
region. The analysis was performed via a grading system from 1 - 5 for three different
criteria including overall image quality in the orbital region, anatomical recognizability
and amount of artifacts present in the image. For the rating of overall image quality and
anatomical recognizability the scale was 1 = excellent, 2 = good, 3 = moderate, 4 = poor
and 5 = non-diagnostic. Artifacts in the images were rated with 1 = none, 2 = minimal,

3 = moderate, 4 = major and 5 = non-diagnostic.

3.5.4.2 Quantitative Image Analysis

To automatically evaluate the amount of motion artifacts in the recorded images, a metric
called gradient entropy, introduced by McGee et al. [88], was used. The gradient entropy
can be calculated by applying a one dimensional image gradient along the phase encod-
ing direction of the image. The entropy is calculated from the resulting gradient image

(see Equation 3.27). Calculations were performed in MATLAB.

F=- Z hi,j lOgg h@j (327)
6, J
where
0| *8i;
—1
hi,j =
il 0| *9iy
-1

For evaluation of images from the different eye movement schemes only a 40 pixel high
band depicting the eye was used (example see Figure 3.7). The gradient entropy was cal-

culated in phase and frequency encoding direction and both values were summed up. Such
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a gradient entropy was calculated for 20 slices building the whole 3D volume containing
the eye. Values for every single slice where summed up to yield the over all gradient

entropy of the desired 3D volume.

Figure 3.7: A 40 pixel high band depicting the eye was used from every slice to calculate
the gradient entropy in phase and frequency encoding direction. In this figure an example
of one slice can be seen.

3.6 Statistical Methods

SNR Measurements The statistical significance between groups for the SNR data
was assessed using analysis of variance (ANOVA) for repeated measurements, followed
by pairwise t-test corrected with Holm as post hoc test. Statistical tests were performed
using the statistic language and environment R (R Foundation for Statistical Computing,

Vienna, Austria) [89]. A p-value lower than 0.05 was considered statistically significant.

Qualitative Image Analysis The nonparametric Wilcoxon matched pairs signed rank
test was used for every criteria in the qualitative analysis as normal distribution of the data
could not be assumed. A p-value lower than 0.05 was considered statistically significant.
Statistical tests were performed using GraphPad Prism 6 (GraphPad Software, Inc., CA,
USA).

Quantitative Image Analysis To evaluate the difference of calculated gradient en-
tropy between different movement schemes a single paired t-test was used. A p-value
lower than 0.05 was considered statistically significant. Statistical tests were performed

using GraphPad Prism 6.
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Chapter 4

Results

4.1 Signal to Noise Ratio Measurements of Different
Coil Settings

For SNR calculations of different coil settings 10 phantom measurements and 11 test
subject measurements with three different coil settings were conducted. SNR values in
the following are given as average over 10 phantom or 11 test subject measurements and

were calculated as described in Section 3.1.

4.1.1 SNR Phantom Measurements

When using a small surface coil, without or in combination with the standard head coil,
for imaging the phantom, SNR values were observed to be considerably higher compared
to usage of the head coil alone. SNR values appeared to be highly dependent on the
distance to the coil and decrease drastically with increasing distance (Figure 4.1). When
normalizing the measured SNR data to the standard head coil, the small surface coil yields
higher SNR values up to a distance of about 4.5 cm, compared to the head coil. Combined
usage of the L7 coil and the standard head coil resulted in slightly lower SNR values in
close distance to the surface coil (up to a distance of about 2 cm) compared to using just
the L7 coil. At 2cm the SNR values exceed the SNR values for the surface coil alone
and showed SNR enhancement starting from there. The combination showed higher SNR
values compared to the head coil up to about 6 cm and yielded equal results from there
on.

SNR data achieved with the FLASH sequence in the transversal plane (Figure 4.2a)
showed a significant difference for the three coil settings used (ANOVA with repeated
measurements F(2,18) = 1261, p = 2% 10716). A 3.34 (p = 5.3 x 107'?) and 3.15 fold
(p = 1% 107'2?) increase in SNR was observed when using the surface coil (L7) and L7

in combination with the head coil compared to using only the head coil, respectively.
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Using only the L7 coil resulted in a significantly higher SNR compared to combined usage
with the head coil (146.72 and 138,27, respectively, p = 0.021). Similar results can be
observed for the coronal plane (Figure 4.2b). A significant difference (F(2,18) = 438,9, p
= 5.34 % 1071%) was observed over the three coil settings. Using only the L7 coil resulted
in a 3.27 fold increase of SNR compared to the head coil (p = 7.5 % 107%). A 3.09 fold
increase in SNR was observed using the L7 in combination with the head coil in contrast
to the head coil alone (p = 5.9 % 107?). Similarly to the transversal measurement, the
L7 resulted in a significantly higher SNR than the combination of L7 and head coil (p =
0.0078).

Using a TrueFISP sequence with the same coil test setup showed similar results as the
FLASH sequence. Transversal as well as coronal scans yielded significant SNR differences
(F(2,18) = 729.2, p = 2 % 1071% and F(2,18) = 596.6, p = 2 * 10715 respectively). In
the transversal scans (Figure 4.3a) both settings, L7 alone and L7 in combination with
the head coil, led to a significant increase in SNR measured against the head coil alone
(3.2 fold (p = 3.9 x 107'?) and 3.01 fold (p = 6.5 % 1071?), respectively). No significant
difference could be observed when using the L7 coil in combination with the head coil
instead of using the L7 coil alone (p = 0.053), the mean SNR values of both setups were
calculated to be 270.5 and 285.9, respectively. In the coronal scan plane (Figure 4.3b)
on the contrary, a significant difference between these two coil settings could be observed
(p = 0.01). The mean SNR value for L7 alone was 283.6 and for L7 in combination with
the head coil 263.7. Comparing these two setups to the head coil alone resulted in a
significant SNR gain of 3.33 (p = 7.1 % 107'%) and 3.10 (p = 7.3 x 107'?), respectively.
For a clear overview all SNR mean values and the SNR enhancement of the given setup

compared to the head coil alone are summarized in Table 4.1.

4.1.2 SNR In Vivo Measurements

Results of the SNR measurements of 11 test subjects showed a similar picture to the
phantom measurements, as the SNR values for the small surface coil were observed to
be higher than with the head coil alone. For the FLASH sequence in the transversal as
well as in the coronal plane a significant difference in SNR values was observed (F(2,20)
= 2049, p = 1.44 % 107 and F(2,18) = 31.96, p = 1.39 x 1075, respectively). The post
hoc test for the transversal plane (Figure 4.4a) showed a significant increase in SNR for
L7 and for L7 in combination with the head coil compared to the head coil alone (1.48
fold (p = 0.00036) and 1.47 fold (p = 0.00192), respectively). A significant change in
SNR when comparing L7 alone with L7 in combination with the head coil could not be
seen (p = 0.878). Mean SNR values of 42.2 and 41.2, respectively were encountered for
these two setups. Comparing them in the coronal plane (Figure 4.4b) on the other hand

resulted in a significant difference (p = 0.0036) as the mean values differed from 48.2 for
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Figure 4.1: SNR enhancement compared to the standard head coil as a function of distance
from the surface coil measured in phantoms (n=10) for different coil setups. The setups
"7 on”, "head on” and "head + L7 on” are the same ones used for the following phantom
measurements. Therefor, coils were setup in combination and were only enabled/disabled
from the scanner software. For “only head” the standard head coil alone was used in the
absence of any other coil. The schematic picture of the eye is depicted in actual distance
to the surface coil and serves as an indicator for eye position and size, and to show the
SNR trend as function of the distance along the course of the bulb.

L7 alone to 37.58 for the combination with the head coil. A comparison of both setups
with the head coil alone yielded a significant gain of SNR. A 1.59 fold (p = 1.1 % 107°)
increase for L7 alone and a 1.24 fold (p = 0.027) increase for the combination with the
head coil was observed.

The same test setup executed with the TrueFISP sequence resulted in outcomes akin
to the FLASH sequence. For both orientations, transversal as well as coronal, a significant
difference in SNR values for the three coil settings could be observed (F(2,20) = 24.29,
p = 4.45 % 107% and F(2,18) = 18.34, p = 2.99 x 107°, respectively). Comparing the L7
coil alone to the combination with the head coil in the transversal plane (Figure 4.5a)
did not lead to a significant increase in SNR (p = 0.069). Mean SNR values of 150.4
and 137.78, respectively were detected. In contrast to only the head coil these two setups
showed a significant increase in SNR. Values of 1.69 (p = 4.4 x 107%) and 1.55 (p =
0.00053) times higher were revealed. Similar to the transversal plane also for the coronal
plane (Figure 4.5b) mean values of 152 and 126.4 for L7 and L7 in combination with the
head coil, respectively did not show a significant difference (p = 0.069). Significant SNR
enhancement of 1.67 times (p = 8.3 % 107%) and 1.39 times (p = 0.014) could be shown
for L7 and L7 in combination with the head coil, respectively when comparing them with
the head coil alone.

For a clear overview all SNR mean values and the SNR enhancement of the given setup
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(a) (b)

Figure 4.2: SNR box plots for the FLASH sequence transversal (a) and coronal (b) mea-
sured in phantoms (n = 10) with three different coil setups. The centerline of the box
denotes the median value, the extremes of the box the interquartile range and the bars
the upper and lower limits that are not considered outliers. The plus represent outlying
data (1.5 times the interquartile range beyond the 25th or 75th percentile). The mean of
every particular data set is depicted as diamond. *** p <0.001, ** p <0.01, * p <0.05,
ns p > 0.05.
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(a) (b)

Figure 4.3: SNR box plots for the TrueFISP sequence transversal (a) and coronal (b)
measured in phantoms (n = 10) with three different coil setups. The centerline of the box
denotes the median value, the extremes of the box the interquartile range and the bars
the upper and lower limits that are not considered outliers. The plus represent outlying
data (1.5 times the interquartile range beyond the 25th or 75th percentile). The mean of
every particular data set is depicted as diamond. *** p <0.001, ** p <0.01, * p <0.05,
ns p > 0.05.
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(a) (b)

Figure 4.4: SNR box plots for the FLASH sequence transversal (a) and coronal (b) mea-
sured in test subjects (n = 11) with three different coil setups. The centerline of the box
denotes the median value, the extremes of the box the interquartile range and the bars
the upper and lower limits that are not considered outliers. The plus represent outlying
data (1.5 times the interquartile range beyond the 25th or 75th percentile). The mean of
every particular data set is depicted as diamond. *** p <0.001, ** p <0.01, * p <0.05,
ns p > 0.05.
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(a) (b)

Figure 4.5: SNR box plots for the TrueFISP sequence transversal (a) and coronal (b)
measured in test subjects (n = 11) with three different coil setups. The centerline of
the box denotes the median value, the extremes of the box the interquartile range and
the bars the upper and lower limits that are not considered outliers. The plus represent
outlying data (1.5 times the interquartile range beyond the 25th or 75th percentile). The
mean of every particular data set is depicted as diamond. *** p <0.001, ** p <0.01, * p
<0.05, ns p > 0.05.
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Table 4.1: SNR mean values for FLASH and TrueFISP sequence measured in phantoms
(n = 10) with three different coil setups. SNR enhancement is shown as comparison of
the particular setup with the setup of the head coil alone.

Sequence Orientation Coil Setup Mean SNR  Standard Deviation SNR Enhancement
FLASH  transversal head + L7 138.27 5.58 3.15
FLASH transversal L7 146.72 5.53 3.34
FLASH  transversal head 43.88 1.44 1
FLASH coronal head + L7 135.1 12.64 3.01
FLASH coronal L7 143.84 15.03 3.2
FLASH coronal head 44 .81 2.61 1
TrueFISP transversal head + L7 270.57 17.26 3.09
TrueFISP transversal L7 285.89 10.42 3.27
TrueFISP  transversal head 87.34 3.85 1
TrueFISP coronal head 4+ L7 263.68 18.58 3.1
TrueFISP coronal L7 283.62 18.5 3.33
TrueFISP coronal head 84.95 4.65 1

compared to the head coil alone are summarized in Table 4.2.

4.2 Optimizing Sequence Parameters

4.2.1 T, and T, Estimation of Melanoma

Due to unavailable T; and Ty values for uveal melanoma in the literature, the values were
estimated by using a T; weighted SE sequence and a Ty weighted TSE sequence of the
exact same region. Images originate from University Hospital Essen, Germany. Methodic
details can be found in Section 3.3.1. A middle slice through the eye bulb including the
melanoma (Figure 4.6) was used for estimation. Pixel values of several tissues including
eye muscles, fatty tissue surrounding the eye, vitreous humor and melanoma were obtained
by drawing the exact same regions of interest in both images. Plotting the obtained pixel
values from Ty and T, weighted images against each other resulted in Figure 4.7. The
calculated means for every tissue are depicted with a red dot. It could be observed that
the mean pixel value of uveal melanoma forms the middle of the line between vitreous
humor and fatty tissue (Figure 4.7b). Tissue values found in Section 3.3.1 were used to
simulate both SE and TSE sequence with the parameters found in Section 3.3.1. Results
of simulations of eye muscles, fatty tissue surrounding the eye, vitreous humor are shown
in Figure 4.8. This figure shows a similar triangular shape as seen in Figure 4.7. As

mentioned before, the melanoma value lies exactly between vitreous humor and fatty
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(a) Ty weighted SE sequence (b) T2 weighted TSE sequence

Figure 4.6: T; and Ty weighted image of uveal melanoma (provided by the University
Hospital Essen) used for relaxation time estimation of uveal melanoma. Regions of In-
terest (ROI) in tissues used for estimation are depicted in different colors. Red = uveal
melanoma, blue = vitreous humor, green = fat and purple = eye muscle.
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Figure 4.7: Plotting pixel values for T weighted SE against Ty weighted TSE sequence for
different tissues obtaind from ROIs in images 4.6a and 4.6b results in chart (a). Plotting
the mean values normalized by the value for muscle of every particular tissues, shows that
the uveal melanoma lies exactly in the middle of the line formed between fatty tissue and
vitreous humor (b).
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Table 4.2: SNR mean values for FLASH and TrueFISP sequence measured in test subjects
(n = 11) with three different coil setups. SNR enhancement is shown as comparison of
the particular setup with the setup of the head coil alone.

Sequence Orientation Coil Setup Mean SNR  Standard Deviation SNR Enhancement

FLASH  transversal head + L7 41.91 9.72 1.47
FLASH transversal L7 42.24 6.82 1.48
FLASH  transversal head 28.44 3.15 1
FLASH coronal head + L7 37.58 7.14 1.24
FLASH coronal L7 48.24 5.83 1.59
FLASH coronal head 30.19 4.68 1
TrueFISP transversal head + L7 150.42 19.63 1.69
TrueFISP transversal L7 137.78 33.08 1.55
TrueFISP  transversal head 88.74 11.49 1
TrueFISP coronal head 4+ L7 126.43 41.04 1.39
TrueFISP coronal L7 152.06 17.31 1.67
TrueFISP coronal head 90.61 10.43 1

tissue. This fact was used to determine the Ty and Ty combination resulting in a signal
value comparable to the midpoint of these two tissues. Signal values for a variety of T
and Ty combinations were simulated. The combination in which the resulting signal value

is closest to the midpoint yielded

T, =992 ms
T, = 164 ms.

4.2.2 Theoretical Sequence Optimization
4.2.2.1 TurboFLASH

The relaxation values for different tissues including vitreous humor, muscle, fatty tissue
and melanoma where simulated for different sequence parameter settings. The resulting
signal values for every particular tissue were plotted against the sequence parameter varied
for a specific range (Figure 4.10). Changing the flip angle § from 1° to 90° led to the
graph shown in Figure 4.10a. For all tissues a maximum signal value could be observed
for a flip angle between 11° to 13°. By varying TE from 1ms to 100ms (Figure 4.10b)
it was seen that the signal for melanoma only dropped minimally over the range of the
echo time variation. For all tissues the highest signal values could be seen with very short
echo times. Also the best signal contrast between tissues could be detected at relatively
low echo times ranging from Oms to 30 ms. With higher echo times the signal for fatty

tissues converged to the signal level observed for melanoma. At about 40ms the signal
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Figure 4.8: Simulated signal values for T weighted SE against Ty weighted TSE sequence
for different tissues including the uveal melanoma which was simulated with T; = 1092 ms
Ty = 165ms in order to be exactly in the middle of the line formed by vitreous humor
and fatty tissue.
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Figure 4.9: Color maps of a cow eye showing the different Ty (a) and Ty (b) values of eye
tissues in ms. Images were acquired using a multi echo spin echo (Ts) and an inversion
recovery sequence (T7).
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for muscle dropped below the signal observed for vitreous humor. The time between the
excitation pulse and the first low angle shot TI; was modified from 1 ms to 500 ms, signal
values for all tissues showed slight increase for longer TI; values (Figure 4.10c). The ratio
between signals of different tissues did stay almost constant over the whole range. TIs,
the time between subsequent low angle excitation pulses, was differed in a range of 1 ms

to 100 ms. It showed increasing signal values for all tissues with rising TI, (Figure 4.10d).
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Figure 4.10: The TurboFLASH sequence was simulated for different tissues including
vitreous humor, muscle, fatty tissue and melanoma. Different sequence parameters were
altered to find the optimal value. The flip angle § was varied from 1° to 90° (a), TE was
altered from 1ms to 100 ms (b), TI; was modified from 1 ms to 500 ms (c) and T, differed
in a range of 1ms to 100ms (d).
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4.2.2.2 Turbo Spin Echo

For the TSE sequence, relaxation values of different tissues including vitreous humor,
muscle, fatty tissue and melanoma were simulated with different sequence parameter
settings. The resulting signal values for every particular tissue were plotted against the
sequence parameter varied for a specific range (Figure 4.11). By varying the refocusing
flip angle an increase in contrast between all simulated tissues could be observed with
enlarging flip angle (Figure 4.11a). Especially the signal values for vitreous humor and the
melanoma diverged with increasing refocusing flip angle. Signal values for all four tissues
showed similar results for short TE and started to separate at about 20 ms (Figure 4.11b).
Melanoma and vitreous humor showed the same signal values for TE of about 35 ms and
started diverging from there on. Muscle and fatty tissue showed decreasing signals with
rising TE. By varying TR up to 10 000 ms for all tissues except for vitreous humor a
plateau was observed. Fatty tissue and muscle exhibited relatively low signal values of
about 0.16 and 0.08, respectively over the course of varying TR. Vitreous humor and
melanoma displayed a similar signal value for a TR of 3100 ms and started growing apart
from there. The biggest contrast between vitreous humor and melanoma in the simulated

range for TR was observed at 10 000 ms.

4.2.2.3 SPACE

Pork belly was used as a phantom to represent fatty tissue and muscle, for vitreous humor
a bottle of distilled water was chosen. ROIs were placed in homogeneous regions of fatty
tissue and muscle tissue of the pork belly for images obtained with SE and T'SE sequences.
To represent vitreous humor a ROI in the middle of the water bottle was used. Plotting
the obtained mean pixel values from Ty and Ty weighted images, normalized to muscle
tissue, against each other results in Figure 4.12. The same phantom setup was used to vary
TR and TE for the space sequence described in Section 3.3.2.3. Plotting the mean pixel
values of ROIs placed in the particular tissues against TR and TE leads to Figure 4.13a
and 4.13b, respectively. With variable TR for water a plateau could be observed starting
at a TR value of about 3000 ms. Muscle tissue reached a similar signal plateau at about
4500 ms. Water on the other hand was observed to have increasing pixel values with longer
TR and never reached a maximum within the tested range. Very similar signal values
for all three tissues could be obtained for a TR of about 3000 ms. A very good contrast
between all tissues was shown between about 500 ms and 2000 ms. By modifying TE all
tissues besides water showed decreasing pixel vales with longer TE times. Water showed
almost constant pixel values throughout the whole range tested. The biggest contrast
between all three tissues could be observed with relatively short TE values between 5ms

and 30 ms.
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Figure 4.11: The TSE sequence was simulated for different tissues including vitreous
humor, muscle, fatty tissue and melanoma. Different sequence parameters were altered
to find the optimal value. The refocusing flip angle varied from 1° to 180° (a), TE was
altered up to 200ms (b), and TR was modified up to 10 000 ms (c).
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Figure 4.12: Plotting pixel values for T weighted SE against Ty weighted TSE sequence
of different tissues obtained from a measurement where pork belly (for muscle and fatty

tissue) and destilled water (for vitreous humor) were used as a phantom. Mean values of
placed ROIs are plotted normalized by the value for muscle of each particular tissue.
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Figure 4.13: Optimization of the SPACE sequence using pork belly (for muscle and fatty
tissue) and a bottle of distilled water (for vitreous humor) as a phantom. Mean pixel
values from ROIs, placed in the respective tissue are plotted against TR (a) and TE (b).
The TR was varied from 306 ms to 6000 ms with a TE set to 12ms. TE was modified in
a range of 4.1 ms to 78 ms with a TR set to 700 ms.

o8



4.2.3 Practical Optimization
4.2.3.1 Implemented Sequence Parameters

TurboFLASH The optimized TFL sequence was implemented as a 3D sequence with
the following parameters: TR = 326ms, TE = 3.1ms, TI = 180ms, FOV = 170 mm,
matrix = 256, NEX = 2, slice thickness = 1.25mm, flip angle = 12°, bandwidth =
270 Hz/pixel, echo spacing = 7.1 ms, turbofactor = 40, acquisition time = 5:35 min and a

resulting voxel size of 0.66 x 0.66 x 1.25 mm. A phase oversampling of 100% was used.

Turbo Spin Echo The practical implementation of the optimized TSE sequence was
operated with the following parameters: TR = 7000 ms, TE = 124 ms, FOV = 180 mm,

matrix = 320, NEX = 2, slice thickness = 1mm, flip angle = 135°, bandwidth =
260 Hz /pixel, turbofactor = 18, echo spacing = 11.3 ms, acquisition time = 4:56 min and
a resulting voxel size of 0.56 x 0.56 x 1 mm. A phase oversampling of 24% was used. The

TSE sequence was implemented as a 2D sequence with 31 slices.

SPACE The optimized SPACE sequence was implemented as a 3D sequence with
the following parameters: TR = 700ms, TE = 12ms, FOV = 190 mm, matrix = 256,
NEX = 1, slice thickness = 1 mm, bandwidth = 630 Hz/pixel, turbofactor = 38, echo
spacing = 4.13 ms, acquisition time = 5:35 min and a resulting voxel size of

0.74 x 0.74 x Tmm. A slice oversampling of 80% and two saturation slabs were used. The
flip angle mode was set to T; variable and the Ty and Ts for the organ under examination

were set to the relaxation values estimated in Section 4.2.1.

4.2.3.2 Images of Implemented Sequences at the University Hospital Graz

Images of different patients using the current 3D FLASH sequence (Figure 4.14), the opti-
mized TurboFLASH sequence (Figure 4.15) and the optimized Turbo Spin Echo sequence
(Figure 4.16). All images were acquired in the absence of the medEyeTrack. Images in Fig-
ure 4.14a and Figure 4.16a, Figure 4.15a and Figure 4.16b, Figure 4.15b and Figure 4.16¢
as well as Figure 4.14b and Figure 4.15b originate from the same patient, respectively.

The patient in Figure 4.15¢ and Figure 4.16¢ did not suffer an ocular tumor.

4.3 'Triggering of an MR Sequence Using the
medEyeTrack System

4.3.1 Qualitative Image Analysis

Every test subject was imaged six times with identical MR pulse sequences described in

Section 3.5.2. Subjects were asked to perform a different eye movement scheme (total of 6)
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Figure 4.14: Images acquired at the University Hospital Graz with the currently used 3D
FLASH sequence without administered contrast agent. Depicting three different patients
with uveal melanoma.

(c)

Figure 4.15: Images acquired at the University Hospital Graz with the optimized
TurboFLASH sequence. Depicting three different patients, two with uveal melanoma
(a and b).
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Figure 4.16: Images acquired at the University Hospital Graz with the optimized Turbo
Spin Echo sequence. Depicting three different patients, two with uveal melanoma

(a and b).

for every measurement, including closing the eyes and trying not to move them, fixating
the LED during the whole measurement, averting the gaze away from the LED every
10 seconds, triggered and untriggered, and averting the gaze away every 20 seconds,
triggered and untriggered. For all subjects, triggering the 10 second movement scheme
resulted in substantial decrease of motion artifacts in and around the bulb (Figure 4.17).
The triggered image showed a much cleaner image of the eye. Especially in the ante-
rior region around the pupils the fine structures were more recognizable. The 20 second
untriggered movement scheme led to less overall artifacts compared to the 10 second un-
triggered scheme and triggering resulted in a slight reduction of artifacts in most subjects
(Figure 4.18b). Improvements of the images were mostly found in the anterior region of
the eye and outside the eye in phase encoding direction. The outcome of keeping the
eyes closed in comparison to the LED fixation scheme was observed to be slightly poorer
(Figure 4.19). By closing the eyes more motion artifacts were induced in the majority of
test subjects. These artifacts were mainly located in the anterior region. In some subjects
also the loss of control over the eye movement was observed. This led to differences in the
orientation of the optic axis of the eyes, for example to a rotation of the bulb (Figure 4.20).

Images acquired from 6 test subjects with all 6 different movement schemes (36 images
in total) were qualitatively analyzed by 7 experts. Images were shown in random order
and evaluators were blinded to the test subjects’ identity as well as to the eye movement
scheme used for the given picture. The analysis was performed via a grading system
(see Section 3.5.4.1) for three different criteria including overall image quality, anatomical
recognizability and amount of artifacts present in the image. For visualization of the out-

come of this expert evaluation the data for every criteria was used to calculate the rank

61



(a) not triggered 10s (b) triggered 10s

Figure 4.17: Images show a transversal slice right in the middle of eyes from a test subject
imaged with the 10 second movement scheme. Motion artifacts were drastically reduced
for both eyes by triggering (b) compared with the same sequence not triggered (a). A
window setting to show motion artifacts best was used.

(a) not triggered 20s (b) triggered 20's

Figure 4.18: Images show a transversal slice right in the middle of eyes from a test subject
imaged with the 20 second movement scheme. Motion artifacts were reduced for both eyes
by triggering (b) compared with the same sequence not triggered (a). A window setting
to show motion artifacts best was used.

(a) Eyes closed (b) Eyes fixate LED

Figure 4.19: Images show a transversal slice right in the middle of eyes from a test subject.
Motion artifacts were slightly reduced when the subject fixates the LED (b) compared to
when eyes are just held close (a). This effect can be seen particularly at the left eye. A
window setting to show motion artifacts best was used.
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Figure 4.20: Image shows a transversal slice right in the middle of eyes from a test subject.
Differences in the orientation of the optic axis, as seen here as an inward rotation, could
be observed during closed eye scheme.

sum for every movement scheme (Figure 4.21). The rank sum for schemes was calculated
using MATLAB and the function tiedrank, which automatically adjusts for ties. For this
evaluation a high rank sum value represents poor grading and a low value good grading.
The overall image quality (Figure 4.21a) was evaluated to be the best for eyes fixating
the blinking LED, followed by the eyes closed. No significant difference was detected
between these two groups (p = 0.1344). The 10 second and 20 second untriggered move-
ment schemes showed the poorest results. Triggering these two movement schemes led
to significant improvements in judged overall image qualities (p <0.0001 and p = 0.0326,
respectively). Anatomical recognizability (Figure 4.21b) was rated to be worst for the
movement schemes where the gaze was averted away from the LED every 10 seconds or
20 seconds. Triggering these movement schemes significantly enlarged the possibility to
recognize the anatomy of and within the bulb (p <0.0001 and p = 0.0281, respectively).
Classifying the LED fixation scheme compared to the eyes closed scheme yielded a signif-
icantly better result (p = 0.0003). Artifacts in the images could be dramatically reduced
by triggering the 10 and 20 second movement scheme (p <0.0001 and p = 0.0203, respec-
tively) (Figure 4.21c). Fixating the blinking LED was assessed to have the least amount
of artifacts in the image, and was rated significantly better than keeping the eyes closed

(p = 0.0039).

4.3.2 Quantitative Image Analysis

In Figure 4.22 the normalized gradient entropy values F for different eye movement
schemes are visualized. For every test person the different gradient entropy values were
normalized by their value for the LED fixation scheme. It could be shown that closing
the eyes resulted in higher gradient entropy values than fixating the LED. Triggering the
10 second eye movement scheme led to a lower F value compared to the not triggered
scheme. In contrast, triggering the 20 second movement scheme did not have any effect
on the gradient entropy values. By assessing the data statistically no significant difference

between triggered and untriggered images of the 20 second movement schemes could be

63



(a) Overall Image Quality (b) Anatomical Recognizablitiy

(c) Artifacts

Figure 4.21: Qualitative image analysis performed by 7 experts (different fields of exper-
tise). Images acquired from 6 test subjects with all 6 different movement schemes, were
evaluated via a grading system for three different criteria including overall image quality
(a), anatomical recognizability (b) and amount of artifacts present in the image (c). A
higher rank sum value represents poorer grading. Evaluators where blinded to the test
subjects’ identity as well as the eye movement scheme used and images where shown in
random order. **** p <0.0001, *** p <0.001, ** p <0.01, * p <0.05, ns p > 0.05.
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found (p = 0.2236). Furthermore no statistically significant difference was observed when
comparing the data for eyes closed and eyes fixated on the LED (p = 0.0782). However
comparing the untriggered and triggered images for the 10 second movement schemes

showed a significant discrepancy in favor of the triggered scheme (p = 0.029).

Figure 4.22: Gradient entropy values for different eye movement schemes. Values were
plotted normalized to the LED fixation scheme (depicted by the dashed line). A higher
gradient entropy value represents a higher amount of motion artifacts in the image. Me-
dian values are indicated by the line within the box plot. The centerline of the box denotes
the median value, the extremes of the box the interquartile range and the bars the upper
and lower limits that are not considered outliers. Outlying data would be represented
with a plus (1.5 times the interquartile range beyond the 25th or 75th percentile). The
mean of every particular data set is depicted as diamond. *** p <0.001, ** p <0.01, * p
<0.05, ns p > 0.05.
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Chapter 5

Discussion

5.1 Signal to Noise Ratio Measurements of Different

Coil Settings

In an MR image the ratio of signal intensity to noise level is called the signal to noise ratio
(SNR). In order for an MR image to be diagnostically useful, a very important aspect
of image optimization is to provide a high enough SNR level. Images with low SNR will
appear fuzzy and make it very easy to miss small anatomical details [21]. Especially in
ocular imaging, where structures are very small, this plays an extensive role in order to
provide useful and reliable images for patient treatment. For obtaining adequate SNR
levels in orbital MRI imaging, the choice of an appropriate coil is of major importance.
The head coil usually provides insufficient SNR values for the necessary resolution of
the orbital region. Therefore, the literature suggests that ophthalmological MRI should
be performed with small surface coils, which were already intensively studied in orbital
and ocular lesion imaging publications, throughout all field strengths, over the past years
(28,30, 32, 34, 38,40-44]. The higher signal level achieved through application of small
surface coils can not only be invested in better image quality or higher SNR. By keeping
the image quality and SNR level approximately constant, faster acquisition times can
be achieved. This is of great interest as motion artifacts due to eye movement pose a
major problem in ophthalmological MRI. The most important source of motion artifacts
are voluntary eye movements and blinking. As discussed by Fanea and Fagan [19] the
average time between blinks is 2.8s in men and approximately 4s in women, with a
duration of 0.3s to 0.4s [90]. By achieving faster acquisition times motion artifacts in
ophthalmological MRI images can be drastically reduced.

In this thesis the SNR advantage of a Siemens 3T Loop 7cm surface coil compared
to the standard head coil Siemens Head/Neck 20 A 3T Tim Coil was analyzed. The
results show that the achievable SNR with the small L7 surface coil strongly depends on
the distance to the coil (Figure 4.1). Depending on the head shape and size the surface
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coil can be placed fairly close to the eye and the resulting distance from the coil to he
bulb is only several millimeters. The schematic picture of the eye depicted in Figure 4.1
is shown in an average distance from the surface coil and is represented in proportional
size. Depending on the structure of interest within the bulb a SNR enhancement of 4
to 4.5 fold for anterior and almost 2 fold for posterior regions compared to the standard
head coil could be observed. Taking the relationship of SNR and the number of averages
into account (SNR o \/averages) the 2 fold gain in SNR within the bulb could result
in a scan time reduction of factor 4 at minimum. Phantom measurements where a ROI
in similar size to the eye was drawn in a distance of about 5mm to the surface coil
(Figure 4.2 and 4.3) showed significant increase in SNR values compared to the standard
head coil. Additionally it was shown that the combination of the standard head coil
and the small surface coil showed in most cases a significantly poorer SNR outcome
compared to the L7 surface coil alone. This indicates that the two coils are not perfectly
matched and are not optimized for combined operation. The substantially higher standard
deviation of the mean when using the L7 coil compared to the head coil is related to strong
SNR distance dependency of the surface coil. A slightly different placed ROI can have
a significant impact on the mean SNR within the ROI and therefore lead to a higher
standard deviation over the 10 phantom measurements.

Similar results were observed in the test subject study including 11 voluntary sub-
jects. Using the small surface coil yielded significant SNR enhancement compared to the
standard head coil. The ROIs for SNR analysis were placed in the vitreous humor in a
manner that maximizes the area of the ROI while targeting mainly a homogeneous region
that is not affected by artifacts. Achieved mean SNR values with the L7 coil in the in
vivo study were observed to be significantly higher than those from the head coil, but
lower compared to the phantom measurements. Nevertheless, SNR enhancement found in
this in vivo study still allows an acquisition time reduction by the factor 2 while keeping
the same image overall quality. Also in this experiment higher standard deviations of
the means could be observed for the measurements including the L7 coil. This effect was
especially noticeable with the TrueFISP sequence and can be interpreted by the above
explained distance dependency of SNR values. The application of the L7 coil can be quite
challenging. Depending on the subjects head form and size the surface coil has slightly
a different position related to the eye resulting in deviating SNR values. In the in vivo
setup in contrast to the phantom measurements no significant difference of the surface
coil and the combination of surface coil and head coil could be observed. Both sequences
used for SNR measurements (FLASH and TrueFISP) showed similar SNR enhancement
with the different coil setups. For the statistical evaluation of the FLASH sequence in the
coronal plane the number of subjects was reduced from 11 to 10 because one subject was
not analyzable due to a major artifact in the orbital region. For all other setups it was

possible to conduct the evaluation with all 11 test subjects.
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By calculating the SNR as described in Equation 3.2 it is assumed that the noise
within the ROI in the difference image is Gaussian distributed. This assumption is only
valid if the mean signal value is sufficiently larger than the standard deviation of the
noise. Therefore, the ROI must be positioned in tissue with sufficiently high SNR (and
not in the image background). If this is not the case, more complicated distributions,
such as the Rician or noncentral chi distribution, have to be used [91]. In this study the
assumption of Gaussian distribution was fulfilled because ROIs were placed only in the
vitreous humor, which showed very high signal values. The approach to calculate the
SNR with Equation 3.2 also assumes that the second image is acquired under precisely
the same conditions as the first image. This assumption was taken care of by setting the
number of measurements of every sequence to 10 in order to make sure a steady state
was given and that the a minimum amount of time between subsequent images elapsed.
This approach also guarantees that no system adjustment or calibration is performed
between scans. Since this way of calculating the standard deviation involves a difference
operation between two images, the image noise measurement must be corrected by a
division by v/2. When calculating the difference image directly on the Siemens MR scanner
software (Evaluate/Dynamic Analysis/Subtract) one has to be particular careful because
if "Auto Scale” is not enabled for the subtraction all negative values in the resulting image
will be set to 0. This will of course alter the standard deviation in the resulting difference
image and yield false SNR values. Especially for SNR measurements in ophthalmological
MRI it is very important to use very fast sequences, as employed in this study, to keep
motion artifacts to a minimum. Motion artifacts will not only lead to wrong signal values,
but can also be very variable between two subsequently acquired images. This will highly
influence the calculation of the standard deviation in the difference image and therefore
make the SNR calculation unfeasible.

Erb-Eigner et al. [40] concluded in their study that small surface coils yield a higher
SNR only in the anterior region of the eye and that ocular imaging at 3T with only the
head coil also yields acceptable results. They implied that for reasons of easier usage and
manageability the head coil should be favored in clinical everyday use over the surface
coil. However, this present study showed significantly better SNR when using the L7 coil
compared to the head coil. This major increase in SNR can be invested in higher resolution
or reducing the scan time with the factor of two. In ophthalmological MR imaging both
these factors play a major role and therefore the usage of small surface coils is strongly
recommended. Nevertheless, we highly agree with Erb-Eigner et al. that the handling and
manageability of the head coil is a lot easier and more practical in everyday clinical use.
Especially with the very rigid surface coil from Siemens it is not a simple task to fixate
the coil on to the subjects’ head in a manner that provides an acceptable prevention from
slippage or displacement. Slippage of the surface coil during a measurement as well as

between measurements must absolutely be avoided. Even minimal displacement changes
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the local illumination of the underlying anatomy and drastically reduces SNR values in
the not illuminated regions. The Siemens L7 surface coil might not be the perfect coil for
the use in ophthalmological MRI but there are more flexible and suitable alternatives on

the market that are specially developed for this use case and are much easier to handle.

5.2 Optimizing Sequence Parameters

For the development of new MRI methodology and the adaptation of existing MRI se-
quences for specific applications, the following procedure is frequently used. Existing
and newly developed MRI protocols are investigated in a first step with mathematical
simulations in order to theoretically optimize measurement parameters for the given ap-
plications. Subsequently, a practical implementation on an MR scanner takes place and
the optimized sequences are carefully evaluated and improved on appropriate MR phan-
toms. Finally, the development work is concluded with in vivo tests and optimization in
test subjects. Thereafter, study protocols are developed, which are used in specific test
studies before the new techniques are provided for use in scientific and medical research
projects. For the development of new methods, it is occasionally necessary to collect
normal values for specific structures and to determine the measurement and physiological
reproducibility of measurement parameters in targeted small studies. The main priority
in this study was to optimize sequences especially for ophthalmological MR imaging in-
cluding uveal melanoma and to maximize the contrast between uveal melanoma and the

vitreous humor to simplify visual detectability in clinical daily routine.

5.2.1 T, and Ty Estimation of Melanoma

At present there are no available T; and Ty relaxation times for uveal melanoma in the
literature. Yet, in oder to conduct theoretical simulations to optimize measurement pa-
rameters these values are indispensable. This study presents an estimation of T; and T,
relaxation values using two differently weighted MR images (T4, and Ty, ) of the exact
same anatomical region. Pixel values of these images were used to establish relationships
between several tissues (muscle, fatty tissue, vitreous humor and melanoma). Sequences
used for acquisition of the differently weighted MR images were simulated with the iden-
tical measurement parameters. These simulations yielded similar tissue relationships as
obtained from the actual images. Using these relationships to estimate relaxation values
for uveal melanoma yielded Ty and Ty values between fatty tissue and vitreous humor.
This was expected due to its intermediate signal intensity between those two tissues in
the T, as well as the Ty, images. Due to the fact that resulting pixel values in the image
are not only dependent on relaxation times but also strongly depend on proton density

of the imaged tissue [92,93] an estimation of T and Ty relaxation simply based on the
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brightness values in an image is not recommended. Half the signal intensity in an T4, or
Ty image does not necessarily imply half the Ty or T relaxation time, respectively. The
estimation used in this publication takes the proton density as well as relaxation times
for all the tissues used into account and therefore gives a good first indication of where
the Ty and Ty values for melanoma are positioned. The fact that this estimation is only
based on one particular case of uveal melanoma though makes the resulting T; and T,
relaxation times not representable in general. Finding general Ty and Ty values that are
valid for all uveal melanoma characteristics might be even impossible taking into account
the diversity of melanoma [31]. To confirm the estimated values, further evaluations would
be necessary. This could not be done in the course of this study because no further image
sets were available. In vivo Ty and Ty measurements of uveal melanoma as demonstrated
by Patz et al. for other fine structures in the human eye [44] could allow for even better

and more accurate values.

5.2.2 Theoretical Optimization

To maximize the contrast of orbital imaging, especially between uveal melanoma and the
vitreous humor, the TFL and TSE sequences were simulated using the methods presented
in Section 3.5.4.1. For both simulated sequences the flip angle proved to be of major
importance in achieving the perfect contrast between melanoma and vitreous humor and
should be chosen wisely. For the TFL sequence a flip angle around 12° showed favorable
results and for the TSE the contrast increased with higher flip angles. Thus for the
TSE sequence flip angles close to 180° are favorable for optimal contrast between uveal
melanoma and vitreous humor. For the TFL sequence the time between the excitation
pulse and the first low angle shot TI; did not influence the contrast and thus should be
chosen as small as possible to keep the acquisition time to a minimum. Varying the TE
for the TSE sequence resulted in higher signal for the second echo compared to the first.
This can be explained by stimulated echoes that appear starting after the third excitation
pulse [52]. Figure 4.11c depicts a very good example why theoretical simulation is very
important. At a TR of around 3100 ms vitreous humor and melanoma show similar results
and therefore would hardly be discriminable in an image using TR near this value.

The SPACE sequence could not be simulated since the exact formalism that is used
for calculating the flip angle train is not documented in the literature and therefore makes
a simulation unfeasible. Instead of an mathematical simulation with varying sequence pa-
rameters, the sequence was operated at the MR scanner with different TR and TE values.
For this experiment pork belly and a bottle of distilled water was used as a phantom.
As seen in Figure 4.12 this phantom shows almost the same relationships as the tissue
values achieved from the images from University Hospital Essen (Figure 4.6). Therefore

pork belly and distilled water represent an adequate phantom for this initial experiment.
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Only the fatty tissue showed slightly deviating values, which might be explainable by the
firmer structure of the pork belly fat compared to fatty tissue found in the orbital region.
For future experiments an enucleated cow or swine eye, including surrounding fatty tissue

and eye muscles, would be a more suitable phantom.

5.2.3 Practical Optimization

For ophthalmological MR imaging, acquisition time is one of the key factors in artifact
prevention. The longer the scan time, the more artifacts are induced in the resulting
image. Therefore, the objective of this present study was to keep the overall scan time
of a sequence below 5min while maximizing SNR, contrast and resolution. Sequences
were implemented on the MR scanner (Siemens MAGNETOM Skyra) with parameters
as suggested by the simulations. Not all parameter combinations that yielded the best
outcome in the simulations were feasible at the scanner. In most cases the closest value
to the simulated parameter was chosen. For the TSE sequence intentionally parameters
differing from the optimum values according to the simulation were chosen. Due to the fact
that in TSE imaging multiple RF pulses are applied in a very short time, SAR can be very
high. Reducing the flip angle (<180°) is an effective way to decrease SAR [56-58]. Thus,
the refocusing flip angle was set to 135° although in the simulation a value of 180° resulted
in a maximal contrast between melanoma and vitreous humor. Also TE was reduced
from an optimal value (>200ms) to 124 ms in order to still provide adequate signals for
muscle and fatty tissue as these structures are equally important for clinical diagnostic
and planning stereotactic radiotherapy. For the 3D TFL an echo spacing (TIs) of 7.2ms
was used although the simulation showed better contrast with longer echo spacing. The
echo spacing for a given sequence is automatically calculated on the MR scanner software
and thus can not be changed directly. For the TFL sequence the same applies for TE,
hence the automatically calculated value of 3.1 ms was used for practical implementation.
The simulation for variable TE shows the best contrast at low TE values, therefore the
automatically calculated value of 3.1 ms is near the optimum. Although in the literature
an in plane resolution smaller than 0.5 mm is documented all sequences were implemented
using an in plane resolution greater than the values in the literature. The gained SNR
by reducing the in plane resolution was invested in reduction of the slice thickness. Slice
thicknesses of 1 mm for the TSE and SPACE sequence and 1.25 mm for the TFL sequence
were realized. Thin slices are especially important for small melanomas that could be
easily missed with thick slices. For the TSE and the TFL sequences a phase oversampling
of 24 % and 100 %, respectively were used. Due to the fact that SNR is proportional
to \/m , where Nppace is the number of phase encoding steps, phase oversampling will
increase SNR. Of course with increasing phase encoding steps also the acquisition time

will be increased. For the SPACE sequence slice oversampling and two saturation slabs
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were used to keep back folding artifacts to a minimum.

Finally sequences were implemented at the MR Scanner of the University Hospital
Graz (Siemens MAGNETOM Verio 3T). Unfortunately the SPACE sequences was not
applicable, due to a different software version of the used MR scanner where the SPACE
sequence is not available for Ty, imaging. The TurboFLASH and the Turbo Spin Echo
were implemented with the same sequence parameter as tested on the Siemens MAG-
NETOM Skyra. First tests on patients, where both sequences where applied in addition
to the standard MR protocol, showed promising results. Improvements in over all image
quality and anatomical recognizability compared to the images acquired with the currently
used 3D FLASH sequence (images see Section 4.2.3.2) were observed. Especially the TFL
sequence showed promising results in anatomical recognizability. As seen in Figure 4.15a
and Figure 4.15¢ small structures in the bulb like the lens and the ciliar body are depicted
well defined. Also the optic nerve, eye muscles and the surrounding fatty tissue are very
good recognizable. TSE images in one patient showed great contrast between vitreous
humor and a small melanoma (seen in Figure 4.16b, left eye). Further patients with uveal
melanoma, imaged with the current 3D FLASH and the newly optimized TSE and TFL
sequences would be necessary to further optimize the sequences and further improve the

contrast between melanoma and vitreous humor.

5.3 Triggering of an MR Sequence Using the
medEyeTrack System

MR image quality can be substantially reduced by motion artifacts. In particular in
ophthalmological MRI these artifacts represent an enormous problem and may hinder a
reliable diagnosis. As described by Fanea and Fagan [19], the major source of artifacts
are voluntary eye movements and blinking. Several approaches have been demonstrated
to minimize artifacts caused by eye movement during the MR examination. Lemke et
al. demonstrated a method, where test subjects were asked to relax and look straight
ahead and close the eyes just before the start of the measurement, which only achieved
limited success [28]. Berkowitz et al. investigated a new approach to prevent artifacts
introduced by blinking, that utilized a special cyclic blink protocol where subjects were
asked to withhold blinking during a 12s imaging period and blink to their need in a 3s
rest period [38]. Bert et al. systematically evaluated several approaches to minimize mo-
tion artifacts due to eye movements. They found that imaging the eye taped closed with
a water-soaked gauze, while the contralateral eye fixated a target, yielded a minimum
disturbance from motion artifacts [45]. Authors of several other studies advise the usage
of general anesthesia, moderate sedation or local retrobulbar anesthesia in order to keep

eye movement to a minimum [28, 29, 32]. This work presents a new and revolutionary
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approach to prevent motion artifacts from voluntary movements of the eye by triggering
an MR sequence with the medEyeTrack introduced by the Department of Therapeutic
Radiology and Oncology (Medical University of Graz) in cooperation with the Institute
for Computer Graphics and Vision (Graz University of Technology) and M&R Automa-
tion GmbH [49]. Expert evaluation of pictures from 6 test subjects with 6 different eye
movement schemes (36 images in total), revealed a significant improvement of triggered
images regarding all three judged criteria (overall image quality, anatomical recognizabil-
ity, artifacts). In addition, also a significant improvement in anatomical recognizability
and artifact prevention could be shown with the eye fixation scheme compared to the
eyes closed scheme, which highly coincides with the available literature. The quantitative
image analysis assessing the gradient entropy metric showed similar results. No significant
differences could be shown for the eye fixation scheme compared to the eyes closed scheme
and for 20 second untriggered compared to the triggered scheme. However, a clear trend
could be observed that the medEyeTrack in combination with a triggered MR sequence
can greatly reduce motion artifacts, as seen for the 10 second movement scheme.

In this study the connection between the medEyeTrack and the MRI scanner was
realized with an external trigger signal. Due to technical limitations this was the only
approach feasible. However a gating solution like described by Ehman et al. [94] in
combination with a fast imaging sequence would be a desirable alternative for future
experiments to eliminate the dependency on the duration of TR. The choice of an appro-
priate sequence for the trigger setups is very important. Many of the standard sequences
do offer the possibility to enable a variety of trigger options including electrocardiogra-
phy (ECG), pulse, respiratory and external triggering. Yet, not all sequences which offer
the trigger setting do support triggering in practical use. If a sequence does not support
triggering huge artifacts will arise and make the image diagnostically unusable. Such an
example image of an 3D FLASH sequence not supporting external triggering can be seen
in Figure 5.1. This present work used a 3D TurboFLASH sequence, that does support
triggering. The cyclic nature of the 3D TurboFLASH sequence, where every imaging cycle
can be initiated with a trigger impulse, makes it perfectly applicable for triggering [75].
Sequences with very short TR times are favorable, because during one single TR period
no trigger impulse can be processed therefore making an eye movement in this time inter-
val undetectable. Following, eye movement occurring in one single TR interval will still
induce unpreventable motion artifacts.

The outcome of ophthalmological MR images also highly depends on the cooperation
of the patient [9], therefore two different eye movement schemes with different time inter-
vals, of 10 and 20 seconds, between averting the gaze away from the fixation LED were
applied. In addition to these two movement schemes, which were implemented triggered
and untriggered, a scheme with eyes closed and one with eyes fixating the LED were em-

ployed. The eyes closed scheme was chosen because this approach is currently used at the
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(b)

Figure 5.1: Not all sequences which offer trigger settings do support triggering in practical
use. 3D FLASH sequence, measured with a bottle phantom, does not support triggering
and results in huge image artifacts (b). Acquisition with identical sequence parameters
untriggered (a) does not show any artifacts.

University Hospital Graz with ophthalmological MRI for planning stereotactic radiother-
apy. Fixation of the eye is suggested by the literature to result in the least artifact prone
images and was therefore also included in this study. Triggering MRI sequences results
in a scan time elongation due to induced pauses. With the 10 and 20 second triggered
movement schemes the elongation of the 3D TurboFLASH sequences was 17% and 11%,
respectively. This elongation has to be taken into consideration when planning the MRI
methodology for patients.

For quantitative image analysis a metric called gradient entropy, introduced by McGee
et al. [88] was used. This metric found broad use in recent publications in the field of
retrospective motion correction of MR images and is the best known metric to detect
motion artifacts at present [88,95]. Ghosting artifacts induced by motion redistribute
signals from anatomical regions of the image into the background in phase encoding di-
rection. Hence motion reduces the average anatomical signal and increases the average
background pixel intensity [88]. Image entropy as an autocorrection metric favors large
homogeneous background areas with pixel values of zero. Ghosting artifacts increase the
non zero pixels in the background, thus increase the entropy [96]. The image gradient
is minimal for uniform areas (e.g. background) and increases on the edges of areas with
different pixel intensity values, so the image gradient basically functions as an edge de-
tection. The gradient entropy is less sensitive to the size of the present edges, but rather
sensitive to values near zero. It basically detects how uniform areas are, especially, how

uniform the background is [88]. Therefore it requires a significantly large image back-
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ground area to work best [96]. The gradient entropy is strongly dependent on the image
content, and thus makes a comparison between different test subjects or even between
various slices very difficult. Artifacts in the 3D TurboFLASH sequence do not appear
uniformly distributed over all reconstructed slices. One slice may present almost no arti-
facts while the next subsequent slices may show major artifacts. To prevent an influence
of gradient entropy by the choice of slice an accumulated gradient entropy was calculated
over 20 slices depicting the eye. Further, the gradient entropy was not calculated for the
whole image but only for a 40 pixel high band depicting the eye to focus only on eye
movement. In order to make a comparison of all 6 test subjects possible, the gradient
entropy value of every movement scheme was normalized by the gradient entropy value for
the LED fixation scheme since the literature suggests that fixating the eye yields the least
amount of motion artifacts [45]. When comparing different test subjects, it is assumed
that all detected motion is due to movement of the eye. Therefore, all test subjects car-
ried a personally fitted head mask that was mounted on the medEyeTrack and prevented
head motion. Unfortunately, for two test subjects the fitting of the head mask was not
perfect and total head immobilization was not given. Therefore these subjects had to be
excluded from the quantitative image analysis by gradient entropy. This underlines the
essential role of very accurate mask fitting, because smallest movements of the head can
induce disturbing artifacts in the acquired images. Also for subsequent radiotherapy an
accurately fitted mask is indispensable to ensure localized treatment of only the target
region.

The approach of fixating the eyes on a static target like the LED not only results in less
artifacts due to reduced voluntary movements it also guarantees a defined eye position,
which is reproducible throughout different systems (MRI, CT, LINAC). This is of major
importance for radiotherapy treatment planning where CT and MR image data have to
be merged together. Ensuring the same eye position on these two imaging systems could
greatly benefit the image fusion and dramatically accelerate the radiotherapy treatment
planning process. Keeping the eyes closed during measurement can lead to a loss of
control over the eye movement and to differences in the orientation of the optic axis of
the eyes. Thereby making the image fusion overly complicated. Such a dis-orientation
of the optic axis was seen in one proband in form of an inward motion of the bulb
(Figure 4.20). Keeping the eyes open can result in susceptibility artifacts at the eye
air border region. In order to minimize such artifacts Bert et al. suggested to tape the
eyes closed with a water soaked gauze while the contralateral eye fixates a target. Due
to the conjugate gaze, eye movement is also reduced for the eye taped close [45]. This
methodology was not established in this study but is highly recommended in clinical use to
reduce susceptibility artifacts, especially when the anterior part of the eye is the region of
interest. The medEyeTrack can not only detect voluntary eye movements but also disease

induced drifts of the eye [90] and the MR sequence can then be triggered accordingly. Also
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for not triggerable MR sequences the medEyeTrack proved to be very useful in artifact
prevention. Fixating the LED yielded the best image rating by evaluators in all three
categories and also showed the best outcome with quantitative image analysis. Thus
using the medEyeTrack will lead to considerably better image results compared to eyes
closed even without triggering the sequence. Further, the medEyeTrack can be used to
determine the percentage of image acquisition time the proband fixated the LED. This
value allows the establishment of a threshold if a measurement has to be retaken. In this
in vivo study the test subjects showed an average percentage of 99% for the LED fixation
scheme and 85% and 94% for the 10 second and 20 second schemes, respectively.

Eye blinks represent the most important and dominant source of motion artifacts in
clinical ophthalmological MRI [38]. The average time between blinks for men is 2.8 s and
for women 4s with a blink duration varying from 0.3s to 0.4s [19] . The current time
resolution of the camera system (10 times per second) hinders reliable blinking detection
by the medEyeTrack. A next step to detect blinking would be to incorporate a faster
camera system with significantly higher time resolution than the average blink duration in
order to guarantee the detectability of blinks. Moreover instead of triggered MR sequences,
gated sequences should be used where the sequence runs continuously at a present TR
and the gating signal is used to determine which k-space lines will be kept and used for
image reconstruction. This approach will involve sequence programming and adaption of
the currently available gating signal interfaces. Hence the future evaluation of a gating

approach should be conducted in cooperation with an MR equipment manufacturer.
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5.4 Conclusion

This study was performed to evaluate the achievable motion artifact reduction in ophthal-
mological MR images obtained by triggered MR sequences using the medEyeTrack system
and to advance the current ophthalmological MRI methodology by optimized sequences
and choice of appropriate MR imaging coils. This investigation showed a substantial
improvement of artifacts and anatomical recognizability in the orbital region for images
acquired with triggered MR sequences. All triggered movement schemes showed enhanced
outcome in the qualitative as well as in the quantitative image analysis. One shortcoming
of this approach was the restriction on the external trigger source, hence the dependency
of motion artifact prevention on the TR of the used sequence. Further studies should
rather pursue a gating procedure which would be independent of the TR used and would
enable nearly continuous prohibition of motion artifacts. Concluding, an application of
the medEyeTrack system is highly recommended also in combination with not triggered
MR sequences. Not only does it provide a controlled eye position but it further minimizes
motion artifacts by eye fixation on the incorporated LED.

Optimizing MR sequences especially for application in ophthalmology has shown great
improvements regarding image quality and resolution. The enhancement in resolution and
contrast between melanoma and vitreous humor will greatly benefit the classification and
treatment planning of occular lesions. First tests in patients are the basis for further
improvements of these sequences. As a next step T; and T, values for uveal melanoma
should be quantified in vivo and used for further simulations to maximize the contrast.
Further trials with uveal melanoma patients will be necessary to establish and further
improve the sequences in clinical use.

The usage of small surface coils for ophthalmologic MRI has shown major SNR en-
hancement and is therefore highly recommended. Although the handling and manageabil-
ity of standard small surface coils in everyday clinical use may be quite challenging, the
gained SNR highly justifies the usage. The SNR improvement can be invested in faster
acquisition time or higher resolution images, both of which can improve the outcome of
ophthalmological MR substantially. Several manufacturers nowadays offer specially de-
veloped orbit coils which allow easier and faster handling. In future studies the evaluation

of such coils is recommended.
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