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ABSTRACT

The temporal bone has a highly complex anatomical structure, in which the sensory organs
of the cochlea and the vestibular system are contained within a small space together with the sound-
conducting system of the middle ear. As known, the inner ear consists of cochlea, superior, posteri-
or, horizontal canals, endolymphatic sac, saccule, utricle, Cochlea, ductus reuniens, utricular and
sacullae maculae, crista ampullaris and fluids in the inner ear canals. Malformation of these com-
partments of inner ear can play tremendous role in the disease development such as Benign parox-
ysmal positional vertigo (bppv), ménicre’s disease, hearing loss [1, 2].

Structure of the fine osseous anatomy of the inner ear can be obtained using modern com-
puted tomography (CT) scanners and cone beam CT (CBCT). Analysis of the soft-tissue constitu-
ents of the labyrinth, however, is beyond the scope of X-ray techniques. Both in the present and in
the near future, anatomical structure of the membranous labyrinth can be expected from magnetic
resonance imaging (MRI).

Tasks of the Master’s thesis:

1. Anatomical structure of Vestibular system assessment using Magnetic Resonance Imag-
ing 1,5 Tesla, 3Tesla.

2. Perfusion detecting using PRESTO method.
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INTRODUCTION

The temporal bone has a highly complex anatomical structure, in which the sensory organs
of the cochlea and the vestibular system are contained within a small space together with the sound-
conducting system of the middle ear. As known, the inner ear consists of cochlea, superior, posteri-
or, horizontal canals, endolymphatic sac, saccule, utricle, Cochlea, ductus reuniens, utricular and
sacullae maculae, crista ampullaris and fluids in the inner ear canals. Malformation of these com-
partments of inner ear can play tremendous role in the disease development such as Benign parox-
ysmal positional vertigo (bppv), méniére’s disease, hearing loss [1, 13, 32].

Fluid disturbances in the inner ear represent a special medical challenge to otolaryngology
and oto-neurology. The two inner ear fluids, perilymph and endolymph, play a critical role in inner
ear homeostasis, and anomalies in the compartments containing these fluids may be associated with
auditory neuropathy, acute peripheral vestibulopathy, neurovascular cross-compression, and endo-
lymphatic hydrops or Meniere’s disease. Moreover, the inner ear has a complex system of blood
flow. It is principally supplied from the inner ear artery (labyrinthine artery), which is usually a
branch of the anterior inferior cerebellar artery. Cochlear blood flow is a function of cochlear perfu-
sion pressure, which is calculated as the difference between mean arterial blood pressure and inner
ear fluid pressure. Thereby, impaired blood flow and malformations of endolymph and perilymph
fluids make an additional contribution to diseases development. The human vestibular system is not
easily accessible for investigation because this delicate sensory organ is hidden deep in the temporal
bone [2, 3].

Understanding the parameters of blood flow, homeostasis and building a detailed anatomical
structure of inner ear is a key to success in developing targeted pharmacological and surgery inva-
sions in order to eliminate the diseases [3, 4].

Structure of the fine osseous anatomy of the inner ear can be obtained using modern com-
puted tomography (CT) scanners and cone beam CT (CBCT). Analysis of the soft-tissue constitu-
ents of the labyrinth, however, is beyond the scope of X-ray techniques. Both in the present and in
the near future, anatomical structure of the membranous labyrinth can (at best) be expected from
magnetic resonance imaging (MRI). Contrast-enhanced magnetic resonance imaging (MRI) has be-
come a frequently used clinical tool for diagnosis and examination of pathophysiology of inner ear
and retrocochlear abnormalities. Currently, anatomical structure of the membranous labyrinth in the
clinical setting remains a challenge despite significant technological advances [1 ,4, 13].

Despite tremendous advances in magnetic resonance imaging protocols in recent years, the

ability to image finer details of membranous anatomy of the inner ear still lies in the domain of ul-



tra-high-field magnetic resonance imaging (UHF-MRI) scanners, defined here by a field strength
equal to or greater than 7 T. Detailed clinical imaging of membranous components of the inner ear
remains elusive because of the inability standard programs of commonly-available 3 T scanners to
image the inner ear at adequate resolutions.

Several MRI research centers have attempted to visualize inner ear anatomy at 7 T, with
varying degree of success. Structures such as the osseous spiral lamina and the labyrinthine artery
can be visualized at 7 T, but the scala media and its boundary structures are indistinct or blurry at
this field strength. The anatomy of the otoliths has been studied, but there is limited information
regarding their supporting connective tissue structures such as the membrana limitans in humans [4,
5].

Therefore, It’s remain unsolved problem for a medical community and detailed understand-
ing of the deep relations of the footplate is crucial to assess the risks and outcomes of different in-
tervention [15].

For this reason, the size baselines of inner ear compartments will be collected using MRI in
our study. Moreover, we will try to detect perfusion of inner ear. If the result is success, in next
studies, malformations of the inner compartments will be assessed and the blood flow, blood flow
volume will be counted.

Tasks of the Master’s thesis:

1. Anatomical structure of Vestibular system assessment using Magnetic Resonance Imag-
ing 1,5 Tesla, 3Tesla and 7Tesla with the preliminary injecting of gadolininium-containing contrast
agent — Gadovist.

2. Scanning performing of anatomical structure performing: Anatomical structures of Vesti-
bule, Cochlea, Semicircular canals, endolymph and perilymph shaping using 1,5Tesla, 3Tesla and
7Tesla MRI.

3. Blood flow of vestibular system assessment using DSC and DSE of MRI specific meth-

ods.



1 Anatomical and physiological properties of the inner ear

1.1 Anatomical structure of inner ear

The inner ear contains the neurosensory organs of hearing and equilibrium, receiving the
terminal distributions of the auditory and vestibular nerves. It is known as the labyrinth, because of
the complexity of its shape and consists of 2 parts: the osseous labyrinth, the cavity within the pe-

trous bone, and the membranous labyrinth, a series of communicating membranous sacs and ducts

contained by the osseous cavity (Figure 1).

A — cross-section of the cochlea; B — view of the crista ampullaris of the superior semicircular duct;
C — view of the utricular macula. SV indicates scala vestibuli; SM, scala media; ST, scala tympani.
Figure 1 — The anatomical structure of the inner ear and the membranous labyrinth

The membranous labyrinth is partly separated from the bony walls by the perilymph. The

sacs and ducts of the membranous labyrinth are filled with endolymph, and branches of the acoustic
and vestibular nerves terminate within the sensory epithelium of these endolymphatic vesicles. The
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membranous structures of the bony vestibule do not quite preserve the form of the osseous cavity
that contains them but consist of 2 membranous sacs, the utricle and the saccule. These structures
contain the sensory organs that detect linear acceleration. The anterior floor of the utricle is focally
thickened, consisting of thousands of otoliths floating on a gelatinous membrane beneath the neuro-
sensory hair cells, which receive the utricular filaments of the superior vestibular nerve. This thick-
ened area is the utricular macula. The cavity of the utricle communicates with the semicircular ducts
by 5 orifices. It also communicates with the endolymphatic duct and saccule by way of the utriculo
saccular duct. The saccule is the smaller of the 2 vestibular sacs and lies in the spherical recess of
the medial wall of the bony vestibule near the opening of the scala vestibuli of the cochlea. The me-
dial wall of the saccule exhibits an ellipsoid thickening, the saccular macula (identical in composi-
tion to the utricular macula), innervated by the saccular branch of the inferior vestibular nerve ando-
riented approximately 90°totheplane of the utricular macula. The endolymphatic duct, arising from
the posterior wall of the saccule, joins the utriculo saccular duct and passes through the vestibular
aqueduct to end in the endolymphatic sac on the posterior surface of the petrous bone, beneath the
dura mater. The ductus reuniens arises from the floor of the saccule and opens into the cochlear duct
near its vestibular end. The semicircular ducts occupy approximately one fourth of the cross-
sectional area of the osseous canals but are of similar form, each with an ampullated end. They open
by 5 orifices into the utricle, 1 opening being common to the posterior end of the superior duct and
the superior end of the posterior duct (the common crus). In the ampullae, the wall is thickened,
containing a fiddle-shaped transversely oriented complex of hair cells, the crista ampullaris. These
sensory organs detect angular (ie, rotational) acceleration. The superior and horizontal ampullae are
innervated by the superior vestibular nerve, and the posterior ampulla is innervated by the posterior
(singular) branch of the inferior vestibular nerve. The utricle, saccule, and semicircular ducts are
held in po sition by numerous fibrous bands, identical to the arachnoid membrane, which stretch
from the bony walls across the perilymphatic space. The cochlea consists of 1 endolymphatic lumen
(cochlear duct) and 2 perilymphatic lumina: the scala vestibuli, which transmits the acoustic fluid
wave from the vestibule, and the scala tympani, which allows the fluid wave to decompress at the
round window membrane The cochlear duct (scala media) consists of a spirally arranged tube en-
closed in the bony canal of the cochlea and lying along its outer wall. The osseous spiral lamina ex-
tends only part of the distance between the modiolus and the outer wall of the cochlea; the basilar
membrane extends from its free edge to the outer wall, completing the partition that separates the
scala media ventrally from the scala tympani dorsally. A more delicate Reissner membrane extends
from the thickened periosteum covering the osseous spiral lamina to the outer wall of the cochlea,

where it attaches a short distance above the outer edge of the basilar membrane. The Reissner mem-
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brane separates the scala vestibuli ventrally from the scala media dorsally. Contained within the
cochlear duct (scala media) is the spiral organ of Corti, the auditory apparatus composed of the sen-

sory hair cells, innervated by branches of the cochlear nerve.

1.2 The blood flow of inner ear

The inner ear artery (labyrinthine artery), which is usually a branch of the AICA (Anterior
Inferior Cerebellar Artery), nourishes the inner ear, which is composed of the cochlea and the ves-
tibular apparatus. The arterial blood supply to the cochlea is maintained by an artery running spiral-
ly within the modiolus, which is the direct continuation of the inner ear artery, and from its terminal
branch. There is no functional anastomosis of blood flow disturbance in patients with auditory of
blood vessels between the middle ear and the inner ear, in spite of their close anatomical relation-
ship (Figure 2) [2].

Vascular anatomy of mammalian cochlea has been studied in guinea pigs, rats, cats, gerbils,

chinchillas, rabbits, mice, monkeys and humans.

1 — Anterior inferior cerebellar artery (AICA); 2 — Labyrinthine artery (Inner ear Artery); 3 —
Common cochlear artery; 4 — Anterior vestibular artery; 5 — Cochlear artery (Spiral modiolar ar-
tery); 6 — Vestibulo-cochlear artery; 7 — Cochlear branch and 8 — Vestibular branch; 9 — capillaries
of the stria vascularies. Arrows indicate the blood flow directions.

Figure 2 — Schematic view of major arteries from the labyriinthine artery

12



Arterioles leave the artery running centrifugally and radiate both over the scala vestibuli and
across the spiral lamina. The capillary system in the external wall and in the spiral lamina are
drained centripetally by radiating collecting venules. In the lateral wall of the cochlea, blood flows
from the scala vestibuli towards the scala tympani, and through capillary networks in the stria vas-
cularis at the scala media. The capillaries of the stria vascularis appear to be composed of endothe-
lial cells without smooth muscle cells. The spiral ligament, which is located at the outer layer of the
stria vascularis, contains blood vessels morphologically similar to arteriovenous anastomoses. Arte-
rioles coming out from the spiral modiolar artery and running across the spiral lamina. The blood
vessels supplying the spiral lamina are similar in appearance to those of the spiral ligament. How-
ever, adrenergic fibers were found in the vicinity of blood vessels in the spiral lamina, not in the
spiral ligament. In the lateral wall, perivascular adrenergic innervation extends beyond the immedi-
ate branches of the modiolar artery and reaches into the radiating arterioles, but not into the area of
the scala media. The terminal vessels of the arterioles of the spiral lamina are the vessel of the basi-
lar membrane (VSBM) or the vessel of the tympanic lip (VSTL). The VSBM is located beneath the
tunnel of Corti and the VSTL is located close to the VSBM [2].

These two capillary vessels are spiral and parallel. Regarding the VSBM beneath the organ
of Corti, there are relatively large inter-species differences. In contrast, the blood vessels in the lat-
eral wall have very similar distribution among species. In humans, the VSBM is relatively continu-
ous.

A great similarity has been observed in the vascular anatomy among mammalian cochleas,
and the vascular anatomy of the human cochlea has been described. The venous system of the hu-
man cochlea is relatively more complex than other mammals. There are separate venous systems
running spirally within the modiolus in close proximity to the scala tympani and the scala vestibuli.
The cochlear venous system is also more complicated than the arterial system. The labyrinthine
artery supplies the cochlea, whereas the venous system is divided into three vessels; the vein of the
cochlear aqueduct (VCAQ), the vein of the vestibular aqueduct and the vein passing through the

inner acoustic meatus.
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1 — Vessel of the basilar membrane (VSMB); 2 — Vessel of the tympanic lip (VSTL). These
vessels are belonging to the spiral portion; 3 — Capillaries of the stria vascularis; 4 — Vessels of the
spiral ligament. These vessels are belonging to the lateral portion. Arrows indicate the blood flow

direction.
Figure 3 — Schematic view of blood vessels in one cochlear turn. SV, scala vestibuli; SM,

scala media; ST, scala tempani

1.3 VVolume and distribution of cochlear blood flow

The absolute and relative distribution of cochlear blood flow has been investigated using
microspheres in various animals. Cochlear blood flow volume was 1.460.9 ml/ min , 1.8060.8 ml/
min in guinea pigs, 1.6460.49 ml/ min, 1.6460.70 mg/ min in rats, 3.1061.19 mg/ min in cats,
2.3460.71 mg/ min , 2.4860.56 ml/ min, 3.861.1 ml/ min in rabbits, 1.2 ml/ min in gerbils,
2.5861.2 mg/ min in chinchillas, and 0.75 ml/ min in chickens.

In rodents such as guinea pigs or rats, cochlear blood flow was on the order of 1 / 10 000 of
total cardiac output, and in rabbits it was on the order of 1 / 100 000 of total cardiac output. In hu-
mans, it is estimated that cochlear blood flow is on the order of 1 / 1 000 000 of total cardiac output.
Thus, the volume of cochlear blood flow is extremely small compared to the total cardiac output.
However, its volume is about four times larger than that in the vestibular apparatus .

And there are no blood flow information about human blood flow of human inner ear. Coch-

lear vascular areas can be divided into three parts: lateral, spiral and central portions.
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The stria vascularis and the spiral ligament are included in the lateral portion and the osse-
ous spiral lamina and the organ of Corti are included in the spiral portion. The modiolus. which
contains the cochlear nerve, is the central portion. The arterial blood supply to the cochlea is main-
tained through the central portion. Because terminal blood vessels in the spiral portion (VSBM and
VSTL) have no com-municating blood vessels with the lateral portion except in the developing pe-
riod of the cochlea, the lateral and spiral portions are clearly divided. The central portion is so des-
ignated because part of the arterial blood that enters into the central portion returns without going to
the lateral or spiral portion [2].

In animal studies regarding blood flow distribution, the percentage of microspheres is the
largest in the lateral portion. In rabbits, more than 80% of microspheres were found in the lateral
portion, 9% in the spiral portion and 9% in the central portion

It was measured measured inner ear and brainstem blood circulation while systemic blood
pressure was modulated by norepinephrine infusion or exsanguination in guinea pigs. They stated
that autoregulation was signifi- cantly stronger in the brain than in the cochlea. Kawakami et al. also
stated that cochlear blood flow was autoregulated, but this autoregulation was less than brain blood
flow in guinea pigs.

Some studies in the guinea pig, however, have shown flow was reduced to various degrees
but recovery was strong intrinsic autoregulation in the cochlea. It was investigated the effect of in-
creased cerebrospinal fluid pressure on cochlear and cerebral blood flow in guinea pigs where cere-
brospinal fluid pressure was trans-mitted directly to the inner ear through the patent cochlear aque-
duct. They reported that cochlear blood flow was not decreased by the fluid pressure elevation as
much as was cerebral blood flow. These differences in results regarding the strength of autoregula-
tion in comparison to cochlear and cerebral blood flow may depend on the differences between the
experimental conditions.

Autoregulation of cochlear blood flow was obviously stronger than that of middle ear blood

flow in the external carotid artery system [2].

1.4 Non-invaisive methods of innear ear investigations

The temporal bone and especially the inner ear has a highly complex anatomical structure, in
which the sensory organs of the cochlea and the vestibular system are contained within a small
space together with the sound-conducting system of the middle ear. There are a great many clinical
aims for which the highest-possible spatial resolution is required. These include the detection of

malformations of the inner ear, anomalies of the arterial and venous structures, the confirmation of
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dehiscence of the semicircular canals, the presence and location of inner ear otholits and finally, the
verification of endolymphatic hydrops in cases of Méniére’s disease [2, 4, 5, 3, 13, 32].

Definition of the fine osseous anatomy of the inner ear can be achieved thanks to the capa-
bilities of modern computed tomography (CT) scanners. Analysis of the soft-tissue constituents of
the labyrinth, however, is beyond the scope of X-ray techniques. Both in the present and in the near
future, anatomical definition of the membranous labyrinth can be expected from magnetic reso-
nance imaging (MRI). Currently, anatomical definition of the membranous labyrinth in the clinical
setting remains a challenge despite significant technological advances. When imaging the labyrinth,
it is best to take advantage of the signal-to-noise ratio and spatial resolution provided by 3-tesla
scanners. Due to it’s fluid contents, the labyrinth is best imaged using T2-weighted scanning proto-
cols. The outlines of the fluid-filled labyrinth are, as a first approximation, identical to the inner sur-
face of its osseous counterpart. It is difficult, to perceive the membranes that separate the endolym-
phatic from the perilymphatic space [1, 2, 4, 5, 9, 13, 14].

The utricular macula is a horizontally oriented, T2 hypointense ‘paddle’ outlined by the hy-
perintense copious perilymphatic fluid and the embedded endolymphatic spaces of the utricle above
and the saccule below. The saccular macula is oriented roughly in the sagittal plane and is harder to
detect, as only its shallow lateral surface is in contact with the hyperintense saccule with which it
contrasts on a T2-weighted image. Whereas the ampullary dilations of the semicircular ducts can
easily be shown, the ampullary crests are less perceptible when routine magnetic resonance imaging
is employed. The spiral lamina of the cochlea separating the scala tympani from the scala vestibuli
is easy to identify using MRI. Attempts to delineate the cochlear duct from the scala vestibuli have
been unsuccessful, however, owing to the delicate nature of Reissner’s membrane. Likewise, the
fine membrane separating the utricle and saccule from their surrounding endolymph is far beyond
the scope of clinical imaging. The endolymphatic duct is contained within the osseous vestibular
aqueduct. While the latter can be seen routinely on CT images, visualizing the endolymphatic
duct/vestibular aqueduct complex is extremely problematic, even where highest-resolution clinical
MRI is used. Developing high-resolution MRI to the extreme is not the only option for visualizing
the different fluid compartments of the inner ear. A different approach would be to utilize or create
different imaging characteristics of endolymphatic and perilymphatic fluid, and to increase their
contrast [4, 5, 14, 15].

16



1.5 Disease associated with the Inner ear malformations

1.5.1 Sensorineural hearing loss

Sudden sensorineural hearing loss (SSNHL) can be defined as an idiopathic hearing loss of
sensorineural origin, greater than 30 decibel (dB) in 3 contiguous frequencies that within 3 days. In
adults the prevalence ranges between 5 and 20 for 100,000 person/year. It cannot be possible to find
out a specific etiologic factor for each patient, in only 10% to 15% of patients, the etiology may be
identified. In most patients SSNHL is unilateral. The causes of SSNHL include impaired perfusion
of the cochlear artery, viral infection, autoimmunologic response, acute illnesses such as acute ex-
ternal auditory cancers or otitis media, or the presence of earwax can be detected by microscopic
ear examinations. From a differential diagnostic point of view, cerebellar artery should be high-
lighted anterior inferior (AICA) infarction. Moreover, SNHL can be triggered through sudden peri-
lymphatic leakage in the area around the round or oval window. Even though repeatedly discussed
in literature, no precise description of any specific location for perilymphatic leakage exists. Fissula
ante fenestram (FAF), as first described in 1890 by Siebenmann, is a slit-like space within the bony
otic capsule, anterior to the oval window, representing an anatomical variation within the bony lab-
yrinth. Numerous publications in the late 19th and early 20th centuries have already dealt with its
structure and anatomical appearance. If present, an FAF can represent a logical weak point for a fis-
tula with possible perilymphatic leakage [2, 10, 14, 23, 24, 25].

In most cases, studies on sudden sensorineural hearing loss (SSNHL) do not distinguish the
results between affected ears (single side or a mix of both sides) within samples from homogenous
populations. In cases where the side-related effect is addressed, the authors compared the findings
from heterogeneous ages populations or only specified to the adults. Although the latter study
showed that bilateral SSNHL was likely to occur in older age, with poorer prognosis and pre-
existing accompanying diseases, for instance, diabetes or abnormal lipid panel, recent evidences
suggests that age may be an important pathomechanism causal for the diversity of SSNHL and it
remains unclear whether there is a side-related difference in the clinical features [24]. If viruses or
bacteria in the epipharyngeal region exist, serological tests do not confirm that infections damage
inner ear; consequently, it does not mean that they are the cause. CMV, rubella, mumps viruses are
the most common viral agents that can cause SSNHL. Mumps virus was the most frequent cause of
acute unilateral hearing loss, in the near past. The mumps vaccine has prevented the mumps infec-

tions and this has leaded to the decreased occurrence of hearing loss caused by mumps virus.
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It is assumed in these cases vascular, infectious or autoimmune origin likely. In addition,
they may have neurological background diseases (such as stroke), trauma, tumor lesions (vestibular
schwannoma) or rupture of membranes of the inner ear [10, 23, 24, 25].

The diagnosis is radiological. It causes bilateral and progressive hearing loss.

1.5.2 Benign paroxysmal positional vertigo

Benign paroxysmal positional vertigo (BPPV) is by far the most common cause of peripher-
al vestibular vertigo, with a reported incidence of 8% and a lifetime prevalence of 2.4% in a popula-
tion. BPPV can theoretically affect either of the 3 semicircular canals, but the posterior semicircular
canal (pSCC) BPPV is by far the most prevalent. A wide spectrum of symptom severity exists,
ranging from mild dizziness to vertiginous episodes, severe enough to cause nausea and vomiting,
and significantly impair daily functioning. The classic symptom of pSCC BPPV is episodic vertigo
which is invariably precipitated by certain changes in head position relative to gravity; lasts is geo-
tropic and torsional; has brief latency and limited duration; fatigues after repeated testing and re-
verses upon sitting. The diagnosis of pSCC BPV is based primarily on these classic history and
symptoms along with the characteristic clinical signs.

Most cases of BPPV are thought to be idiopatic. It is degeneration of the end organ giving
rise to free-floating endolymph debris. In the cupulolithiasis model, deposits become adherent to
and load the cupula, rendering it more responsive to gravity. The alternative hypothesis implicates
free-floating particles within the canal lumen (canalolithiasis). In this model, gravity pulls the free-
floating particles through the endolymph. Due to the viscosity of the endolymph and the hydrody-
namic drag, the moving particles create an endolymph current and in turn, cupular displacement.
While clinicopathologic studies have indicated that both mechanisms can occur, canalolithiasis ap-
pears to be the predominant subtype in typical BPPV. It was shown that the free-floating otoconia
within the canal lumen with and without linking filaments, and attached to what appears to be a gel
matrix. Otoconia of saccular origin are unlikely to be involved due to its remote location relative to
the semicircular canals of the inner ear. Age-related degeneration of the gel matrix and associated
linking fibrils, or of the otoconia themselves, may create an environment that is conducive to oto-
conial detachment and thus the development of idiopathic BPPV. Calcium homeostasis plays a
principal role in otoconia formation and absorption. It appears that a similarity exists in the patho-
physiology of BPPV and osteoporosis that may highlight calcium metabolism as an etiological fac-

tor in BPPV. BPPV can result from inner ear diseases that lead to the deterioration and uncoupling
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of otoconia such as sudden sensorineural hearing loss, Meniere’s disease or vestibular neuritis [3,
12, 32].
1.5.3 M¢éniére’s disease and endolymphatic hydrops

Meniere’s disease is an inner ear disorder characterized by vertigo attacks, fluctuating and
progressive hearing loss, tinnitus, and aural fullness in the affected ear. Theories so far are anatomi-
cal variation in the size or position of the endolymphatic sac and duct, viral inflammation or auto-
immune involvement of the sac, or a genetically determined abnormality of endolymph control. The
pathophysiology of Meniere’s disease remains unproven and controversial. Based on temporal bone
histology (and now magnetic resonance imaging of the inner ear), the fundamental pathophysiolog-
ical feature of Meniere’s disease is endolymphatic hydrops. Postulated causes include anatomical
variation and size of the endolymphatic sac and duct, viral infection or autoimmune involvement of
the sac, or a genetically determined abnormality of endolymph control [7, 8, 13, 20, 21, 22].

On the basis of cytologic characteristics and functional studies from animal experiments, it
has been suggested that the ES (Endolymphatic sac) plays an important role mainly in regulating
ion homeostasis and endolymphatic fluid volume. In addition, it is thought to be involved in the
immune reaction and in eliminating various inner ear cellular debris and floating otoconia. If there
are any pathologic changes to the ES, various inner ear disorders may develop [7, 10, 22].

The ES is situated from the vestibular aqueduct to the posterior fossa dura and consists of a
sinus portion, an isthmus portion, an intraosseous portion (rugose portion), and the ES proper
(smooth portion) from the proximal to the distal location. The sinus portion is connected to the sac-
cule and utricle via the saccular and utricular ducts, from which the isthmus portion comprises the
endolymphatic duct, and the distal portion after the isthmus portion comprises the ES. The isthmus
portion and intraosseous portion are situated in the bony canal, called the vestibular aqueduct. The
intraosseous portion and the ES proper are subdivided into proximal, intermediate, and distal por-
tions from proximal to distal location. In 1932, Fraser described distended endolymphatic space of
the inner ear in a patient with endolymphatic duct obstruction due to otic syphilis. Those findings
suggested that the ES is involved in the regulation of endolymph volume. The resorptive function of
the human ES is also supported by several cadaveric studies. Tissue around the ES contains loose
connective tissue, capillaries, and villi, which are likely to be involved in the development of endo-
lymphatic hydrops in the presence of vasoconstriction and temporary focal ischemia. Recently,
periductal channels around the endolymphatic duct, suggested to be involved in fluid absorption in
the area of the endolymphatic duct, were observed. The investigators suggested that most fluid ab-
sorption in the ES occurs in the proximal portion of the ES, containing the endolymphatic duct, and
obstruction of this portion can induce endolymphatic hydrops. As suggested by those studies, early
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studies using human ES from patients with Meniere’s disease revealed reduced vascularization and
increased perisaccular fibrosis. Other findings in the ES of patients with Meniere’s disease were
attenuated epithelium, collapsed lumen, increased homogenous substance in the lumen of the ES,
reduced surface area of the ES, reduced size of the vestibular aqueducts, reduction of the number of
luminal folds, and reduction in the number of small canaliculi in ES luminal area. Endolymphatic
hydrops is not always related to pathology of the ES, and decompression itself can be effective for
the treatment of Meniere’s disease. A placebo effect of ES surgery may be another explanation for
the relief. The suggested findings generally focused on the explanation of dysfunction of the ES in
the regulation of inner ear fluid volume without direct evidence. Although studies of histopatholog-
ic changes to the ES in patients with Meniere’s disease have been performed for decades, the find-
ings were heterogeneous, and no consensus regarding ES pathology was established, because of the
limited number of samples, which were mostly confined to the late stage of Meniere’s disease, dif-
ferent diagnostic criteria for enrolled patients, and limitation of objective measurement and analytic
methods in the early studies [7, 22].

New studies documenting the age of onset of Meniere’s disease show a pattern similar to
benign paroxysmal positional vertigo, raising the possibility that the fundamental cause of

Meniere’s disease might be detached saccular otoconia [8].

1.5.4 Presbycusis

Age-related hearing loss (ARHL) is used synonymously with presbycusis and can be de-
fined as a progressive, bilateral, and symmetrical sensorineural hearing loss due to degeneration of
inner ear structures, which affects particularly the high frequencies and begins around the fifth dec-
ade of life. Sixteen percent of population in the second decade of life, 50% in the third decade, and
almost all patients in the fourth decade show a fall in their hearing threshold in frequencies above 8
kHz, though conventional hearing tests do not detect hearing loss [21].

In 1993, Schuknecht and Gacek classified degenerative changes depending on the location
of impairment. He correlated the histopathological changes in the cochlea with hearing tests. Based
on this, he divided the ARHL into the following 4 basic types: sensory presbycusis, neural presby-
cusis, metabolic presbycusis, and mechanical presbycusis. The sensory presbycusis is characterized
by degeneration of the organ of Corti, which often results in a primal loss of outer hair cells and in
the further course of inner hair cells. Cell loss begins in the basal portion and progresses slowly to-
wards the apex, and therefore the tone audiogram typically reveals elevated hearing thresholds in

high frequencies [21].
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As we see, many diseases may occur in case of impaired inner ear. This way, it’s important to

assess this structure to predict mentioned conditions.

2 Magnetic resonance imaging

2.1 Physical principle

The basic physical concepts in MR imaging, the commonly measured quantitative MR im-
aging tissue parameters (T1, T2, T2*, and proton density [16, 17].

Qualitative and quantitative magnetic resonance (MR) imaging represent separate yet com-
plementary medical imaging techniques. Whereas qualitative MR imaging relies on visual interpre-
tation of tissue contrast resulting from experimental pulse sequence parameters, such as echo time
(TE) and repetition time (TR), quantitative MR imaging is based on measurement and interpretation
of tissue-specific parameters.

To generate images with contrast between tissue types, MR imaging exploits the effect of
magnetic field gradients and radiofrequency (RF) pulses on groups of nuclei within tissues. Nuclei
that serve as candidates for MR imaging include those with either an odd number of protons or an
odd number of neutrons. Multiple naturally occurring nuclei are available for use in MR imaging,
including hydrogen 1 (1 H), oxygen 17, oxygen 16, fluorine 19, sodium 23, and phosphorus 31.
Primarily due to its abundance in tissues and high gyromagnetic ratio, hydrogen has become the ba-
sis for clinical MR imaging. Commonly represented as a “tiny magnet,” hydrogen is depicted as a
spinning top with positive charge distributed over the surface of the proton (Figure 4). The move-
ment of this net charge within a closed loop generates a magnetic dipole moment p oriented orthog-
onal to the plane of the moving charge. The dipole moment acts in a similar manner to a household
magnet. The individual dipoles of hydrogen protons are too small to detect. Instead, when consider-
ing the effect of static magnetic fields BO and RF pulses B1 on magnetic dipoles, it is more useful
to consider the effect on the vector sum of a population of dipoles, called the net magnetic dipole
M. In the case of a population of hydrogen atoms without an applied net magnetic field, the indi-
vidual dipoles will be randomly oriented in space, resulting in zero net dipole moment (Figure 5).
However, when an external magnetic field BO is present, a small number of the dipoles will prefer-
entially align with BO to produce a nonzero net magnetic dipole, which can subsequently be meas-
ured {Figure 6). Although M will align with B0, the individual hydrogen proton dipoles incomplete-
ly align and continue precessing around the axis of BO, which is commonly used to define the z-
axis. The frequency f with which these dipoles precess in a magnetic field is determined by the

Larmor equation (Equation 1):
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1)

which states that the frequency of precession in a magnetic field is proportional to the ap-
plied magnetic field by a predetermined experimentally derived constant, called the gyromagnetic
ratio (g), a characteristic of the particular nucleus being used for imaging. In the case of hydrogen,
g/2m is equal to 42.58 MHz-"". When an RF pulse B; is applied to magnetized tissue at a frequency
matching the Larmor frequency, the constituent individual magnetic dipole moments are reoriented
in space, resulting in displacement of the net magnetic dipole away from the z-axis by a flip angle a
and thus out of alignment with B,. This produces a net magnetic dipole moment vector that may be
separated into components along the z-axis (Mz ) and in the xy plane (Mxy), where the latter can be

measured ( Figure 7).

u

Figure 4 — Hydrogen atom like as a tiny magnet and spinning top

Drawing shows a conceptual hydrogen proton (*H) as a tiny magnet. In this model, the
charge of proton is distributed over the surface of the proton and moves in closed loops to produce a
magnetic dipole pu, similar to a tiny magnet. The curved arrows represent a precession. Or wooble,
of the magnetic dipole about a magnetic field, while o (radiants/second) represents the angular fre-
quency of this precision. The angular frequency is proportional to the cyclic frequency f (cy-
cles/second) by a factor of 2n (» = 2xf ) and is determined by the Larmor equation in the presence
of a magnetic field. The movement of the charge about the axis of the proton as well as the rotation
of the dipole about the axis of an applied magnetic field are analogous to the motion of the spinning

top.
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Figure 5 — Populations protons without Bo. Conceptual diagram of the effect of magnetic fields (Bo)
is more appropriately applied to large populations of hydrogen protons rather than the individual
hydrogen dipole. In this future, where By = B, the individual dipoles are randomly distributed in

their spin states and orientations, resulting in no net magnetic dipole, M = 0.

Figure 6 — Non — zero Net Magnetic Field (Bo # 0 Tesla). Population of protons with By. When a
nonzero net magnetic field By is applied, a small number of individual dipoles align with By to pro-

duce a nonzero net magnetic dipole M

If B1 does not match the resonant frequency of M, then no net change occurs and no meas-
urable signal in the transverse plane is produced. The flip angle a is proportional to the magnitude
and duration of the applied RF pulse. Although all individual dipoles contributing to M xy will con-
tinue to precess in unison about the z-axis indefinitely under idealized conditions, this is not the
case in clinical practice. Because M, and thus Mxy, is produced by multiple smaller groups of mag-
netic dipoles, differences in the microenvironment alter the speed with which these smaller dipoles
precess (Figure 8). Since some precess faster than the others, they appear to spread apart in a pro-

cess called dephasing. As these dipoles spread, they slowly begin to counteract each other, reducing
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the net measurable M xy and producing a free induction decay (FID) curve (Figure 9). While a pop-
ulation of protons exposed to ideal conditions would continue to spin in the xy plane in perfect syn-
chrony following excitation with a B1 pulse to produce a permanent signal, real populations of hy-
drogen atoms will experience loss of synchrony (dephasing) in the xy plane, causing gradual reduc-
tion in the measured xy signal. This is diagrammed with the spreading out of xy-plane vectors.
Simultaneously, the z component of magnetism returns with time (red arrow).

Simultaneously, the dipoles begin to realign with BO to produce an increasing magnetic vec-
tor in the z-axis, M z. Although the FID curve generated following an excitation pulse can be meas-
ured, steps must be taken to spatially register tissue samples so that meaningful imaging infor-
mation can be obtained. Application of specialized RF pulses and specialized magnetic fields,
termed gradients.

B,

Figure 7 — Continued procession of individual dipoles in Bo. While the net magnetic dipole M is
aligned with the external magnetic field By, the magnetic dipoles of the individual hydrogen protons
(shown here without Gaussian lines) continue to precess about the axis of By, The frequency of pre-

cession is proportional to By, based on the Larmor equation
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a— When B; matches the Larmor frequency, the net magnetic dipole is tipped out of the z- axis by a
variable degree to produce a component in the xy plane. The amount of deflection, or flip angle,
depends on the duration of the pulse. On discontinuation of B;, the Xy component continues to spin
in the xy plane, producing an oscillation magnetic field S (t) that may be measured. The graph of
Syy (t) demonstrates the approximate oscillating appearance of signal as experienced by the receive
coil for a very a very short period of time to demonstrate the precession of the net magnetic dipole
with time. In true experimental conditions, the signal will decrease with time, as discussed in the
text; b — If the frequency does not match, then there will be no deflection of the net magnetic di-

pole.

Figure 8 — On resonant B, and off-resonant By

2.1.1T1, T2 and proton density relaxations

If each group of hydrogen protons discussed earlier responded to RF pulses independent of
the local environment, then minimal information of value could be obtained from tissues. The re-
sponse of hydrogen in tissues is affected by the surrounding macromolecules and elements. The im-

pact of the environment on the detected signal is reflected in T1, T2, T2*, and proton density [16,
17, 26, 27].
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Figure 9 — FID curve. The dashed black arrow shown at time t6 represents the net vector produced
by both the z-axis and xy-axis components. The signal S(t) produced in the xy plane decreases with

time, a process called free induction decay.

2.1.2 T1: Spin-lattice relaxation time

The T1 relaxation time, or spin-lattice relaxation time, reflects the exchange of energy be-
tween hydrogen protons and the surrounding environment (“lattice”). The lattice acts as an energy
reservoir for transfer of energy absorbed during excitation RF pulses. T1 reflects the energy ex-
change efficiency of the surrounding tissue grid, describing the amount of time it takes for the lon-
gitudinal component to return to the equilibrium percentage. This is achieved by local magnetic
fields resonating at the Larmor frequency of protons, which cause transitions from high-energy
states to low-energy states. T1 reflects the efficiency of energy exchange of the surrounding tissue
lattice by describing the amount of time required for the longitudinal component of M, M, , to re-
turn to a percentage of equilibrium. This is accomplished by local magnetic fields resonating at the

Larmor frequency of the protons, which induce transitions from high-energy states to low-energy
states.

Basic characteristics of T1:
1. TR: short
2. TE: short
On a T1-weighted image, tissues with short T1 look bright. Pulse sequences used to produce

T1-weighted images minimize the contribution of the T2 parameter. This is usually achieved by us-
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ing a short TR repetition time (300-600 ms) to maximize the difference in longitudinal relaxation
during the return to equilibrium, and a short TE Echo Time (10-15 ms) to minimize the contribution
of the T2 parameter while receiving a signal.
Tissues and their view on T1-weighted images. Bone marrow: dark; Muscles: gray; Blood: dark;
White matter: light; Gray matter: gray; Liquids: dark; Bones: dark; Fat: bright; Air: dark
Pathological processes, as a rule, increase the water content in the tissues. This leads to a
loss of signal on T1-weighted images and an increase in the signal on T2-weighted images. There-
fore, the pathological processes are usually bright on T2-weighted images and dark on T1-weighted
images [11, 16, 17, 26, 27].

2.1.3 T2: spin-spin relaxation time

While T1 represents a tissue property measured with reference to the longitudinal mag-
netism, T2 or spin-spin relaxation time reflects the amount of time required for the transverse com-
ponent, M Xy , to decrease to a percentage of initial strength in the xy plane following excitation.
Since T2 is also influenced by the interaction of spins, which leads to a zero total change in the en-
ergy state, the so-called “spin-spin” interactions, T2 is often orders of magnitude shorter than T1.
T2 is partially dependent on T1 (spin-lattice) effects, due to progressive loss of phase coherence,
when hydrogen interacts with surrounding fluctuating magnetic fields. However, because T2 is also
impacted by interactions of spins that result in zero net change in energy state, so-called “spin-spin”
interactions, T2 is frequently orders of magnitude shorter than T1. T2*: Reduced Transverse Relax-
ation Time A derived tissue parameter, the reduced T2 or T2* reflects the combined effect of natu-
ral T2 relaxation and relaxation related to static magnetic field inhomogeneities.

These field inhomogeneities can be the result of a nonuniform external field as well as
neighboring fields from adjacent tissues, commonly seen at interfaces of tissues, which result in ear-
ly dephasing of individual magnetic dipoles. Thus, T2* will be shorter than T2 and is determined by

the following equation (Equation 2):

1 1 1

— — e —

T2 T2 T2
(2)

where 1/T2’ is the additional rate of decay in signal caused by magnetic field inhomogeneities.
On a T2-weighted image, tissues with T2 look bright. Pulse sequences used to produce T2-

weighted images minimize the contribution of the T1 parameter. This is usually achieved by using a
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long TR repetition time (2000-6000ms) to maximize the difference in transverse relaxation during a
return to equilibrium, and a long TE Echo Time (100-150ms) to minimize the contribution of the T2
parameter during signal acquisition. Fluid usually looks bright on T2-weighted images.

Tissues and their view on T2-weighted images. Bone marrow: same or lighter than muscle
(fat in the bone marrow is usually light); Muscles: gray (darker than muscles in T1-weighted imag-
es); Fat: bright (darker than fat on T1-weighted images); White matter: dark gray; Blood: dark;
Gray matter: gray; Fluids: bright; Bones: dark; Air: dark
Basic characteristics of T2:
1. TR: long
2. TE: long
Coupling angle: less important than with T1 weighting [16, 17, 26, 27].

Terms such as T1-weighted and T2-weighted understandably often lead to confusion and are
often assumed to represent images with pixels reflective of the pure T1 and T2 tissue parameters.
Instead, T1-weighted and T2-weighted reflect differences in timing of stages of a pulse sequence.
Despite the name, a T1-weighted image actually contains signal related to both the T1 relaxation
and T2 relaxation parameters, as well as proton density. A T2-weighted image similarly reflects
signal related to these tissue parameters. A simple method to illustrate this point is to inspect the
equations modeling the received signal. Consider the equation modeling the conventional spin-echo
sequence as applied to a generic tissue sample. In this case, the theoretical signal S obtained in a
homogeneous magnetic field will be dependent on the following simplified modeling equation,
which has been derived in prior works, to which the reader is referred for an expanded form of the
equation (Equation 3):

§=8,|1-exp —E exp —E s )
Tl T2

where Sy is the maximal measurable signal, TR is the interval between excitation RF pulses,
and TE is the time between the excitation RF pulse and the detected echo. Visual inspection of this
equation easily demonstrates how slight alterations in the predetermined TR and TE values can
dramatically alter the measured signal (see Figure 10). To weight the study with greater T1 effect,
short TR and short TE are selected, whereas for greater T2 effect, long TR and long TE are select-
ed. Despite this weighting, neither T1 nor T2 effects can be completely eliminated. The matter is
further complicated clinically by the fact that different classes of pulse sequences weighted to the
same parameter will result in images with completely different tissue contrast, as demonstrated in a

review of conventional spin-echo and fast spin-echo (FSE) sequences. Comparatively, a map of
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quantitative tissue parameters, such as T1 and T2, is independent of pulse sequence parameters.
This translates to the fact that images are free of the effect of TE and TR. Pixel values will possess
intrinsic value instead of relative value. For example, in contrast to single-section and multisection
FSE imaging, where the ratio of cerebrospinal fluid to gray matter can change from 1.6 in conven-
tional spin-echo imaging to 2.4 in FSE imaging, all else being equal, the relative difference in value
between the two tissues obtained using a quantitative method will remain constant for a given field
strength. To illustrate this concept, consider the effect of varying TR and TE in a pulse sequence
called mixed turbo spin-echo (TSE) to produce T2-weighted images (see Figure 11). The qualitative
T2-weighted images shown are both acquired at nearly the same time during a mixed TSE se-
quence. However, owing to differences in experimental effective TE values used for the pulse se-
quence, the resultant images have different degrees of T2 weighting and consequently different tis-
sue contrast. While the images appear noticeably different, the underlying tissue, and thus the tissue
parameters, have not changed between the images. In a PD-weighted image, tissues with a higher
concentration or density of protons (hydrogen atoms) look bright. This is usually achieved by min-
imizing the effects of T1 and T2 differences, using the long TR repetition time (2000-5000ms) and
short TE (10-20) (Figure 10, Figure 11).

a.

a— T2 Sequence with the Short TE, tissues look bright, b. — T2 Sequence with the Long TE, tissues
look dark.

Figure 10 — T2 tissue weighting. Directly acquired T2-weighted images obtained using a mixed
TSE quantitative pulse sequence demonstrate how the tissue contrast varies on the basis of the rela-
tive T2 weighting, which is controlled by manipulating the TE
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Axial T1 (a), T2 (b), and proton density (c) tissue parameter maps calculated from data acquired
using a mixed TSE quantitative pulse sequence at the level of the lateral ventricles. Although tissue
parameter maps may demonstrate tissue contrast similar to that of their qualitative counterparts, as
is the case with the T2 parameter map (b), the major important concept regarding parameter maps is

that the value of each pixel is proportional to the associated tissue parameter.

Figure 11 — Tissue parameter maps

2.1.4 Proton density

Proton density represents a physical parameter, a parameter proportional to the concentra-
tion of hydrogen atoms and therefore present in the absence of By. For clinical purposes, the meas-
ured parameter can be taken to reflect the total number of protons. The facts that proton density is a
time-independent variable and is commonly grouped with a number of variables in equations used

to calculate tissue parameters distinguish it from the other parameters.

Basic PD characteristics:
1. TR: long
2. TE: short
PD weighted images.
On PD-weighted images with fat saturation, adipose tissue (areas containing adipose tissue,

for example, subcutaneous fat and bone marrow fat) look hypo intense [16,17,26,27].
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2.2 Quantitative MR imaging technique

Although the concept of quantitative MR imaging is intuitive when broken down into its
basic components, the sheer number and sometimes indecipherable complexity of pulse sequences
can deter many from investigating quantitative MR imaging as a potential clinical tool. Rote memo-
rization of the components of each pulse sequence is inefficient, exhausting both time and re-
sources. Employing a hierarchical modular approach to pulse sequence design can help reduce the
complexity of pulse sequences. This can be accomplished by first understanding that all pulse se-
quences are based on repeatedly applying RF pulses to a volume of tissue to generate an image and
can be divided into the following steps: pre-excitation weighting, excitation, postexcitation
weighting, and spatial encoding and readout (Figure 12). Subsequent understanding of pulse se-
guence hierarchy simply involves grouping pulse sequences on the basis of minor modifications to
each of these four stages [16, 17, 26, 27].

Experiment 1 Experiment 2 Experiment N
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_|
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Figure 12 — Conceptual diagram for modular pulse sequence design. While full pulse sequence dia-
grams may appear complex, all can be reduced to four components. The four steps include pre-
excitation weighting (red box), excitation (blue box), postexcitation weighting (gray box), and spa-
tial encoding and signal readout (green box). These steps need to be repeated multiple times to pro-

duce an image

2.2.1 Conventional spin-echo

This technique applies a 180° inversion pulse at time t, or TE/2, to the sample to cause the
precessing M xy components to flip in the xy plane, where they continue to precess at different
speeds relative to one another, but now in such a way that the individual dipoles realign at time 21,
or TE. The signal produced is called a spin echo.

By adjusting the TR and TE time variables, we can get T1, PD, and T2 weighted images,
while T2 and PD weighted images can be obtained using double or multi-echo sequences. All spin-

echo sequences include 90 ° and one or more 180 ° dephasing pulses. After applying a 90 ° excita-
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tion pulse, the total magnetization is in the XY plane. Immediately begins the phase shift of the pro-
tons due to T2 relaxation time (spin-spin interaction) and the signal abruptly decreases. Shortly after
the 90° RF pulse applies a second 180° RF pulse that causes the spins to rephase. When all spins are
restored in phase, the signal becomes high again. Conventional spin-echo represents one of two par-
ent sequence designs and uses only postexcitation modifications. Following a 90° sectionselected
excitation pulse, a postexcitation module consisting of frequency- and phase-encoding gradients and
a single section-selected 180° refocusing pulse is applied at TE/2, resulting in realignment of mag-
netic dipoles at time TE to produce a single spin echo. The process is repeated after time interval
TR, where TR is selected such that TR is much greater than T1 to maximize measured signal (see
Figure 13). Multiecho spin-echo sequences follow the same modular design, as will be discussed
regarding the QRAP-MASTER sequence (quantification of relaxation times and proton density by
multiecho acquisition of a saturation recovery using turbo spin-echo readout). However, they have
multiple section-selected refocusing pulses at regular intervals, and while possessing only a single
phase-encoding gradient, require the application of multiple frequency-encoding gradients. Data
acquired with conventional single-echo spin-echo imaging can be used to solve for tissue parame-
ters using the simplified modeling equation. Conventional spin-echo represents a standard of refer-
ence for pulse sequences used for parameter mapping due to its high reliability, with minimal mo-
tion artifact and relative insensitivity to magnetic field inhomogeneities. Tissue parameters that may
be derived from conventional spin-echo imaging include T1, T2, and proton density. The latter pa-
rameter is grouped as part of the term representing the maximal signal S,.

1. The received signal is called an echo, because it is “recovered” from the FID signal.

2. A 180 ° rephasing pulse follows exactly in the middle between a 90 ° pulse and an echo.

Benefits

1. Strong signal.

2. Compensation of local field inhomogeneities: fewer artifacts.

disadvantages

1. It takes time to complete the rephasing step, which increases the overall scan time.
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2. The number of RF acting on the body (not that it is dangerous, but there are certain limitations).
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Figure 13 — Conventional spin-echo sequence. Following excitation pulse a, a frequency-encoding
gradient is applied. A 180° inversion pulse = is applied at the same section location using a section-
select gradient. Subsequently, a phase-encoding gradient is applied to complete spatial encoding. A
spin echo resulting from rephasing of the individual dipoles is generated at time TE following the
initial excitation pulse a. After a time interval TR, the pulse is repeated.

2.2.2 Conventional gradient-echo

An alternative approach to producing signal is called the “gradient echo,” in which the
dephasing process is accelerated by applying an additional magnetic field across the transverse
plane to change the Larmor frequencies of the individual dipoles in a predictable fashion. The gra-
dient is turned off for a period of time, after which an equal gradient is applied, but in an opposite
direction. This allows the individual dipoles to realign. The gradient is unable to reproduce signal as
effectively as an inversion pulse, resulting in a smaller signal at any given time.

Gradient-echo represents the second of two parent modular sequence designs, and as with
spin-echo, consists of only a postexcitation module to produce signal. Unlike conventional spin-
echo imaging, which uses a 90° pulse and a 180° refocusing pulse to produce an echo, conventional
gradientecho imaging frequently uses an excitation pulse of less than 90° followed by two sets of
frequency gradients to produce an echo. Following the lowangle excitation pulse, the first frequen-

cy-encoding gradient is applied with the phase-encoding gradient to cause sequential dephasing of
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signal. Subsequently, a gradient of the opposite magnitude is applied to generate a signal at TE by
reversing the effects of the first gradient. Unlike the refocusing pulse in conventional spin-echo im-
aging, the refocusing gradient cannot completely reverse the dephasing effects that occur primarily
before a time equal to TE, resulting in a dependence on the reduced T2, T2* (see Figure 14). The

signal received by the scanner is modeled by the following simplified equation (Equation 4):

TR TE
S§=85_|1—exp|—— | |exp|— .
e P P\” T

(4)

where Sgq is the equilibrium signal using full excitation and signal recovery. Early adoption of the
gradient-echo sequence for imaging was driven primarily by the speed of imaging. Because low-
angle excitation pulses could be used, less time was required to regain sufficient longitudinal mag-
netization for a subsequent gradient-echo sequence to be applied. A notable difference in the signal
obtained from conventional gradient-echo sequences compared with spin-echo imaging is that while
the conventional spin-echo refocusing pulse reverses the effects of field inhomogeneities, the fre-
quency gradients in gradient-echo imaging do not, resulting in a dependence on T2*, as shown ear-
lier. Therefore, data acquired for conventional gradient-echo imaging can be used to calculate T1,
T2*, and proton density effects [16, 17, 26, 27].
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Figure 14 — Conventional gradient-echo imaging. Following excitation pulse a, phase- and frequen-
cy-encoding gradients are applied, resulting in dephasing of the xy component. Subsequently, an
additional gradient is applied to rephase the transverse magnetization, resulting in a gradient echo at
time TE. The sequence is repeated at time TR
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2.2.3 TOF (time — of —flight) and DWI

The TOF angiography method is based around a conventional 2D or 3D gradient echo
(GRE) sequence with optional gradient-moment nulling. A presaturation pulse is often applied
above or below each slice to reduce signal from traversing veins. Moderate-to-large flip angles
(30°—60°) are used to maximize contrast between stationary tissue and blood. Short TE values (< 7
msec) are preferred to minimize signal losses from phase dispersion.

Maximal enhancement of flow occurs when the vessel is perpendicular to the plane of imag-
ing. TOF techniques are thus somewhat insensitive to in-plane flow.

The easiest way to identify TOF images, find the blood vessels of the body (Circle of Willis,
carotid arteries). On the images of the TOF series, the vessels look bright.

DWI (Diffusion weighted images).

Diffusion imaging is an MRI method that produces in vivo magnetic resonance images of
biological tissues sensitized with the local characteristics of molecular diffusion, generally water.
MRI can be made sensitive to the motion of molecules. Regular MRI acquisition utilizes the behav-
ior of protons in water to generate contrast between clinically relevant features of a particular sub-
ject. The versatile nature of MRI is due to this capability of producing contrast related to the struc-
ture of tissues at the microscopic level. In a typical weighted image, water molecules in a sample
are excited with the imposition of a strong magnetic field. This causes many of the protons in water
molecules to precess simultaneously, producing signals in MRI. In T2-weighted images, contrast is
produced by measuring the loss of coherence or synchrony between the water protons. When water
Is in an environment where it can freely tumble, relaxation tends to take longer. In certain clinical
situations, this can generate contrast between an area of pathology and the surrounding healthy tis-
sue.

To sensitize MRI images to diffusion, instead of a homogeneous magnetic field, the homo-
geneity is varied linearly by a pulsed field gradient. Since precession is proportional to the magnet
strength, the protons begin to precess at different rates, resulting in dispersion of the phase and sig-
nal loss. Another gradient pulse is applied in the same magnitude but with opposite direction to re-
focus or rephase the spins. The refocusing will not be perfect for protons that have moved during
the time interval between the pulses, and the signal measured by the MRI machine is reduced.

The ratio of the histological structure of the tissue and the diffusion rate are reduced to the
fact that the density of the location of cells and a decrease in the volume of extracellular space lead
to a decrease in diffusion. Diffusion is especially helpful in the diagnosis of tumors and cerebral

ischemia.
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The degree of diffusional suspension depends on the area of the diffusion gradient, the inter-
val between the gradients, the effect of spatial localization of the gradients and the size of the voxel:

— stationary water molecule (spin / proton) - is not exposed to diffusion gradients and re-
tains its signal,

— a mobile water molecule (spin / proton) - acquires a phase shift under the influence of the
first gradient and does not recover at the next pulse and, therefore, loses the signal [16, 17, 28, 29].

2.2.4 Inversion-recovery

Although commonly taught as a separate entity, the inversion-recovery pulse sequence uses
either conventional gradient-echo or spin-echo sequences with the addition of pre-excitation modi-
fications. In the pre-excitation stage of the sequence, an initial 180° inversion pulse is applied. This
is followed by a predetermined inversion time (TI) before the excitation pulse. The TI allows T1
relaxation of a selected tissue type such that zero net magnetic vector (and thus signal) will be asso-
ciated with images produced by the subsequent pulse sequence. Following the TI, an excitation RF
pulse is applied and the steps of either the conventional spin-echo sequence or gradient-echo se-
quence are applied (Equation 5). Alternatively, when the gradient-echo module is used. An inver-
sion-recovery pulse sequence with a conventional spin-echo postexcitation module, recognizing that

the gradient-echo module can be substituted (Equation 6 and Figure 15) [16, 17].

TR TE )
e ex
) T1 e | T2

Equation 5 for modeling the signal obtained with the inversion-recovery sequence when the

spin-echo module is used in the postexcitation portion of the sequence.

TI TR TE
S [1-2+exp|— |texp| — | |exp

Ay 3
= B | T1 T2

(6)

Equation 6 for modeling the signal obtained with the inversion-recovery sequence when the

gradient-echo module is used in the postexcitation portion of the sequence.
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Figure 15 — Inversion-recovery sequence with spin-echo module. The pre-excitation step of a sec-

tion-selective inversion pulse « is applied. Following a T1 delay, either a spin-echo or gradient-echo

module may be applied. Here, the spin-echo module is diagrammed

2.2.5 Flair

Flair is one variation of the inversion-recovery sequence. In the flair sequence, the signal
from the fluid is quenched by using a long TE and a long TI. An inversion recovery sequence with a
long inversion time (TI) of 2000-2500ms is used to suppress fluid. This sequence is usually used in
studies where lesions usually overlap with a strong signal from the cerebrospinal fluid. A long TI
inversion time suppresses the high level signal from CSF and improves the visualization of small
lesions in the periventricular areas and spinal cord lesions [17, 30].

On images produced by the flair method, CSF and other fluids in the brain or spinal cord
appear dark, resulting in lesions or other pathological processes that appear bright.

Fabrics and their appearance on flair images; Bone marrow: same or lighter than muscle (fat
in the bone marrow is usually light); White matter: dark gray; Blood: dark; Gray matter: gray; Mus-
cles: gray; Fat: bright; Liquid: dark; Bones: dark; Air: dark

2.3 Hybrid pulse sequences

The sequences discussed earlier represent the standard qualitative pulse sequences and serve
as the model for subsequent generations of pulse sequences for quantitative MR imaging. Newer
hybrid pulse sequences represent modification of conventional spin-echo and gradient-echo imaging
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and include FSE or rapid acquisition with relaxation enhancement (RARE), echo-planar imaging
(EPI), and gradient- and spin-echo (GRASE). The major benefit of these sequences over the con-
ventional sequences is speed of acquisition of a single tissue parameter [16, 17].

2.3.1 Fast spin-echo and echo-planar imaging

FSE represents an important extension of the conventional SE sequence. After an initial ex-
citation pulse, however, instead of a single refocusing pulse for each TR, multiple 180° refocusing
pulses are applied with unique spatialencoding gradients to cause repeated uniquely encoded ech-
oes. Because this pulse sequence does not require a delay for longitudinal relaxation, it can dramati-
cally decrease the persection imaging time by a factor proportional to the number of 180° refocusing
pulses applied per TR (echo train length [ETL]) (Figure 16).

mn
a
Radicfrequency (RF) *'L‘ f’y
FARN A
-

= oy

Slice Select (55)

PR

Frequency Encading (FE)

Phase Encoding (PE)}

T
| wﬁ E 4 ’

Figure 16 — FSE sequence. Traditional FSE imaging requires no pre-excitation pulse modifications.

Following the excitation pulse a, repeated 180° inversion pulses = are applied to generate spin ech-
oes. A key distinguishing feature of FSE imaging is that both phase- and frequency-encoding gradi-

ents are applied following each inversion pulse to produce unique spatial data

As expected based on the similarity to conventional spin-echo imaging, FSE signal intensity

at the nth echo is a function of T1, T2, and proton density (Equation 7):
1,=TR—-2Nrt, ©)

where N is the total number of refocusing pulses for each TR. From its inception, FSE imaging was
recognized for its speed over conventional spin-echo imaging. Additionally, FSE imaging confers

increased contrast between tissues, assisting in lesion detection. Although the other hybrid pulse
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sequences discussed later demonstrate greater speed of acquisition, FSE imaging retains the proper-
ty of insensitivity to magnetic field inhomogeneities seen in spin-echo imaging. Similar to conven-
tional spin-echo imaging, FSE imaging permits calculation of T1, T2, and proton density; however,
as with conventional spin-echo imaging, multiple experiments are required, with each set of data

capable of calculating a single tissue parameter (Equation 8).

Sl =1|1-F Ip TE,
H H 0 CXp T1 Cxp T2

(8)
Equation 7 for modeling the signal intensity of the FSE sequence at the nth echo.

Echo-Planar Imaging Unlike FSE, which always begins as a spin-echo sequence, EPI pulse
sequences can begin as either a spin-echo or gradient-echo sequence. The modular design of con-
ventional spin-echo or gradient-echo sequences is followed by successive rapid fluctuations in fre-

guency-encoding gradients to generate a gradient-echo train with repeated phase-encoding steps.

A modified version of this sequence was created using a pre-excitation inversion pulse fol-
lowed by multiple EPI pulse sequences. The equation used to solve for tissue parameters using this
modified inversion-recovery gradient-echo EPI readout at step pulse readout number n, where 1 <n

<m, is defined by Equation:

T
’ ©)

where TR is much greater than T1, Tb is time between excitation pulses, and the following

are true
(10)
u(z)=cas(¢b(z))
x| L
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Despite representing one of the oldest pulse sequences, EPI found its way into clinical prac-
tice only with advancements in computer processing speeds. It was soon recognized for its speed,
capable of imaging a volume of tissue in milliseconds, compared with minutes for conventional
spin-echo imaging. The gains in speed are proportional to the echo train length, similar to FSE im-
aging. Although EPI is faster than FSE imaging, qualitative imaging can be limited by artifact from
T2* effects, at times requiring the sequences to be converted from single-shot to multishot acquisi-
tion—where the sequence is performed multiple times, rather than once— to obtain a complete data
set for the imaged tissue. As with other gradient-echo—based sequences, EPI is dependent on, and
may be used to calculate, T1, T2*, and proton density. Gradient- and Spin-Echo Owing to early lim-

itations of EPI, including hardware and spatial resolution, the GRASE pulse

i !
N 2Nt T
1+(-1) exp|-— 1| cosh -1
( ) = Tl 1
F=
h T
CoSs — (13)
\ J

sequence was designed to combine the attributes of FSE imaging and EPI. The modular design of
the GRASE sequence is a hybrid of EPI and FSE imaging. The first portion consists of typical spin-
echo excitation steps and is followed by both frequency- and phase-encoding gradients to produce
multiple gradient and spin echoes. A second refocusing pulse is applied and the gradient steps are
repeated. Subsequent refocusing pulses with accompanying gradients can be applied until k- space
is filled. The modeling equation for the GRASE sequence is similar to that for FSE imaging; how-
ever, as would be expected from pulse sequences incorporating gradient echoes, it additionally in-
corporates the T2* tissue parameter effects. Additionally, GRASE imaging offers the potential for
improved signal-tonoise ratio compared with those of FSE imaging and EPI, if all other parameters
are held constant. Unfortunately, GRASE imaging is susceptible to similar limitations as experi-
enced by EPI and FSE imaging related to technological limitations, specifically eddy currents,

phase errors, and gradient and receive train group delay errors [16, 17].
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2.3.2 MPrage

MPRAGE - For imaging, a 180° degree primary pulse inversion is used, followed by a se-
quence of gradient echo signals that form an image (steady state using rewind gradients). To obtain
a 3D image, the secondary phase is encoded in the direction of the selected slice. Only one segment
or section of a 3D data recording receives a preliminary pulse. After receiving the signal from all
lines within the 3D image, the delay time TD (Time Decay) follows. It is necessary to prevent the
appearance of saturation effects. The MPrage series is commonly used for high resolution 3D iso-
tropic imaging of the brain. Compared to the T1-weighted SE sequence, MPRage provides superior
image quality and better contrasting gray and white matter.

The T1SE and MPrage series are similar. The only significant difference between the series
is the better contrast between the gray and white matter in the MPRAGE images. The MPRAGE
series produces high-resolution isotropic 3D images, and after obtaining them, a multi-plane recon-
struction is possible.

Tissues and their visualization on MPRAGE images. Bone marrow - looks identical or
brighter than muscle (fatty bone marrow is usually bright); Circulating blood - gray (bright after
contrast); White matter is saturated white (and looks brighter than on T1SE images); Gray matter

gray; Liquids — dark; Muscles — gray; The bone is dark; Fat — bright; The air is dark [16,17,31].

2.4 Perfusion imaging

Perfusion refers to the delivery of oxygen and nutrients to tissue by the blood flow. The
evaluation of the microcirculation in MR is based on the use of a “tracer” of the vascular compart-
ment and recording of the distribution of this tracer over time in the organ of interest. The tracer can
be exogenous (mainly gadolinium chelates) — DSC. DSE, Presto or endogenous (magnetized water
molecules in the in-flowing blood) - ASL.

Dynamic MRI consists of fast repeated acquisitions of the same tissue volume before the
administration of a bolus of gadolinium contrast medium and during its pass in the organ of interest
over a fixed period of time. Following contrast administration, signal changes are induced by
changes in either T1 or T2 relaxation or susceptibility-related effects. The signal changes following
the contrast bolus are used to probe the vascular properties of tissues. Four different types of fast
sequences can be used: T2*- weighted EPI (dynamic susceptibility contrast (DSC)), PRESTO or
T1-weighted 2D/three-dimensional (3D) fast gradient echo (GRE) sequence (dynamic contrast en-
hancement (DCE)), Arterial spin labelling (ASL).

41



2.4.1 DCE and DSC

Injection rate and temporal resolution DSC mainly focuses on studying the first pass of the
contrast agent (the first minute after the injection of Gd), while DCE investigates the contrast agent
uptake and equilibrium in the brain tissue (over a range of 5-15 min). This influences the injection
rate, which is high for DSC perfusion (>5 ml/s), in order to achieve a compact and concentrated
contrast medium bolus, and lower for DCE (usually about 3 ml/s or less), in order to get an arterial
input function that is easier to sample.

The choice of the appropriate DCE-MRI acquisition technique largely depends on factors
such as spatial coverage, temporal sampling rate, and magnetic field strength. For DSC-MRI, a free-
induction decay EPI (FID-EPI) or a spin-echo (SE-EPI) sequence can be used. The SE exhibits a
sensitivity to smaller vessel sizes that corresponds to the diffusion distance of a water molecule dur-
ing the echo time. The FID-EPI sequence is preferentially used; it has a sensitivity to all vessel di-
ameters and a larger response (SNR increase) to a given contrast agent concentration compared to
SE-EPI.

Following data acquisition, signal changes are analyzed with various MRI and pharmacoki-
netic models, and quantitative microvascular indexes can be derived. The Gd contrast agent (CA)
concentration can be estimated either from the MRI signal enhancement (DCE) or decrease (DSC).
The Figure 18 shows a visual assessment of the signal variation in glioblastoma for these two types
of dynamic acquisitions, as well as two examples of derived quantitative maps. For DSC-MRI, rela-
tive cerebral blood volume (rCBV), flow (rCBF), and mean transit time are calculated using simple
deconvolution. The increased sensitivity and accuracy of the Bayesian reconstruction at lower SNR
allows one to further reduce the contrast agent dose and, since automatically shortening the bolus
length, it also improves the quantitative estimation. For DCE-MRI, in addition to dynamic data,
predetermined values of T1 or pre-contrast reference data are required to enable the estimation of
the initial tissue T1 relaxation time, which then permits the conversion of the DCE-MRI signal in-
tensities into Gd concentrations. Then, given the Gd concentration as a function of time, pharmaco-
kinetic analyses can be undertaken to model how the CA distributes in the target organ, in order to
obtain various vascular and extravascular parameters, which are expected to reflect tissue biology
and pathology. This pharmacokinetic modeling is independent of the imaging conditions (MR field
strength) and in principle even independent of imaging modality (CT or MRI) [6, 11, 16, 17].
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a— Cerebral blood volume map derived from DSC acquisition; Tumor signal evolution on DSC per-
fusion showing the negative curve due to the susceptibility effects of intravascular gadolinium; the
second, lower, negative curve shows the recirculation effect; b — Ktrans map derived from Tofts
extended pharmacokinetic model; Tumor signal evolution on DCE perfusion, showing the initial
steep positive curve (due to the vascular enhancement) followed by the slower enhancement (due to

the extravasation of gadolinium into the interstitial space).

Figure 17 — Perfusion-weighted imaging of a patient with left parietal glioblastoma

a — The gadolinium pre-bolus saturates the extravascular extracellular space; therefore, the DSC
gadolinium does not present a significant leakage; b — Without previous bolus, the DSC gadolinium
leaks into the extravascular extracellular space with significant competing T1 effect. Without cor-
rection of the leakage, the measurement of cerebral blood volume (derived from the area under the

negative curve) is underevaluated.

Figure 18 — Perfusion DSC imaging of a patient with right temporo-insular glioblastoma: compari-
son of DSC acquisition with (a) and without (b) gadolinium prebolus.

Most models (Tofts, Tofts extended, adiabatic approximation of the tissue homogeneity
model, the two compartment exchange model, Patlak, etc.) use the concept of compartments, i.e.,

intravascular and extracellular extravascular compartments, where gadolinium diffuses (gadolinium
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does not enter into the cellular compartment). From these various models, the transfer constant
Ktrans can be measured (see Figure 17). This constant characterizes the diffusive transport of Gd
chelates across the capillary endothelium. It has been widely used to characterize tumor biology and
treatment response. Consensus recommendations propose for the assessment of anti-angiogenic and
anti-vascular therapies, Ktrans should be a primary endpoint. Secondary endpoints should include
ve, the rate constant k ep (kep=Ktrans/ve), and the plasma volume vp (if available, according to the
model used). The motivation for such advanced quantification of biomarkers is to address a limita-
tion of current tumor response assessment methods (MacDonald, Response Assessment in Neuro-
Oncology (RANO)), i.e., based on the diameter of contrast enhancement, that do not take into ac-
count the metabolic and vascular changes. An important requirement for the pharmacokinetic mod-
eling is an accurate arterial input function (AIF) ideally derived from the same MRI data. In prac-
tice, this is often a challenge as a result either of the location of the target lesion or the measurement
method used to acquire the AIF. Acquisitionrelated factors leading to poor AIF estimates include
low temporal resolution (>3 s) per data sample, flow sensitivity of the method of acquisition and
poor excitation, and saturation effects. As a result of these challenges, alternative methods have
been proposed, among them the use of local AIF for DSC to reduce dispersion effects or a popula-
tion-derived AIF for DCE-MRI or additional acquisition strategies employing a measurement of a
pre-bolus using higher temporal sampling. A limitation for a wider clinical implementation of DCE
MR protocols is the variability of the results according to the models and even to the software used
[6, 11, 16, 17].

2.4.2 Arterial spin labeling

Acrterial spin labeling (ASL) is a noninvasive MRI technique that does not require the use of
any exogenous contrast agent. It uses electromagnetically labeled arterial blood water as endoge-
nous tracer; hence, ASL can be used in all situations where the application of exogenous contrast
agent or radioactive tracers is restricted. ASL allows quantification of blood flow in physiological
units of milliliter per minute per 100 g, in brain and other tissues. Perfusion-weighted images are
obtained by subtraction of labeled images (selective inversion recovery band applied below the im-
aging volume) from images acquired with control labeling (no saturation band applied below the
imaged volume) as illustrated in Figure 19. After a certain post-label delay (PLD) superior to the
bolus arrival time (or arterial transit time (ATT)), labeled images are acquired containing both la-
beled and relaxed water as well as static tissue water. A second experiment is then performed but
without labeling, i.e., without selective inferior inversion applied prior to the image acquisition. The
tagged region can be either a slab (PASL implementation) or a plane (pCASL, CASL implementa-
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tions). In c, a saturation slab is added at time Tsat to precisely allows the sequence to control the

bolus length.
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Figure 19 — The arterial blood water magnetization inverted by radiofrequency pulse a flows toward

the image volume b while also experiencing longitudinal relaxation

The difference averaging are required to generate a perfusion-weighted image with suffi-
cient contrast to noise. In practice, the number of measurements needed depends notably on se-
quence type (CASL, PASL, pCASL, etc.) and magnetic field strength, but an ASL acquisition typi-
cally involves 50-60 measurements. Consensus is emerging among the ASL community that the
pCASL approach is the optimum labeling strategy that provides the best SNR due to longer tagged
bolus duration (i.e., larger volume of tagged blood) and reduced T1 decay due to the inherently re-
duced time between inversion pulse and image acquisition. An extension of ASL consists in apply-
ing the selective inversion slab regionally in order to select one specific vascular bed territory, for
example on the right or left carotid arteries. This figure also nicely illustrates the ability of ASL to
detect acute stage hyperperfusion corresponding to luxury perfusion previously reported by PET
studies. The presence of hyperperfusion on ASL-type perfusion seems indicative of reperfu-
sion/collateral flow that is protective of hemorrhagic transformation and a marker of favorable tis-
sue outcome. For image readout, three main sequences are currently being used in the literature: 2D
EPI, 3D gradient and spin echo (GRASE), and 3D FSE with in-plane spiral readout. 3D imaging
sequences facilitate the use of background suppression, a technique that suppresses the static tissue
signal to reduce noise from motion and other system instabilities (Figure 20 and Figure 21).

Pitfalls. One difficulty with ASL in clinical routine is the intrinsic sensitivity of the tech-
nigue to transit time effects, i.e., to the delay between the application of the tag and the arrival of

the tagged volume. The ASL signal is exponentially dependent on the transit time, which in humans
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is comparable to T1. This results in a compromise between short delay, i.e., reduced T1 decay, and
optimal blood delivery to the tissue. Transit time is reduced with CASL and pCASL, and to cir-
cumvent the problem in PASL, saturation pulses can be applied to the tagged volume, starting at a
time Tsat, that should be inferior to t, the temporal length of the tagged bolus, further allowing one
to also precisely define the bolus duration. Added to this difficulty is the sensitivity of the ASL per-
fusion signal to heterogeneous ATT. The ATT is strongly variable between subjects; it varies re-
gionally between territories, depending on the pathologies, and can be substantially prolonged in
some neurovascular diseases such as proximal vascular stenosis at the level of the ICA but also mo-
yamoya disease. In such cases, the estimation of the ATT providing the hemodynamic information
in each pixel is mandatory, leading to the concept of multiple postlabeling delay (PLD) acquisitions.
Finally, because the ASL signal is small and requires signal accumulation, motion and other insta-
bilities can degrade the perfusion images. State-of-the-art implementation of ASL includes a motion
co-registration of images prior to subtraction and averaging. Background suppression may further

improve sensitivity and reproducibility [16, 17].

DWI b=1000

Figure 20 — Difference between selective ASL (SASL) and nonselective ASL in two differ-
ent patients. The dotted rectangular line shows the volume of the radiofrequency pulse stimulation.
Note in the first patient (upper row), the increase of perfusion on the ischemic lesion, corresponding

to the luxury perfusion

46



ASL CBF - . ASL corrected-CBF

Figure 21 — 3D GRASE sequence with multi-time post-labeling. First line shows non-corrected
ASL single labeling time (T1= 2,200 ms) CBF map, ATT maps, and ASL corrected CBF map

2.4.3 Presto

The presto sequence was developed as a functional imaging technique in the early days of
fMRI. The name stands for ‘Principles of Echo-Shifting with a Train of Observations’, referring to
two of the most significant features of the sequence, echo-shifting and a multi-gradient echo type
acquisition, as is used in interleaved echo planar imaging (EPI). In the first experiments using bolus
tracking, it was realized that accelerating the scan by shortening the TR severely restricted the range
of available echo times (TE's), which could be detrimental for optimal contrast for the T2 effect of
the bolus; this problem was minimized by shifting the echo towards the end of the TR interval. As it
is written in that paper: “MR images were obtained with an unmodified 1.5 T unit (GE Signa) by
means of a fast GRASS sequence, with the echo shifted towards the end of the repetition period by

means of an increase in the readout dephasing gradient, this increase produced a repetition time of
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16 ms and an echo time of 12 ms...... ” (the length of the dephaser effectively controlled the delay
between excitation and acquisition). It was essentially this push towards longer TEs, together with
the restriction on the repetition time of the sequence related to the desired spatial resolution and im-
age-to-image time resolution, that led to the idea of delaying the echo into a subsequent TR period,
resulting in a TE longer than the TR of the sequence. This idea was called ‘Echo Shifting’ (ES). The
first implementation is shown in image below, with the gradient waveforms modified and added to
refocus the signal from each RF pulse after the subsequent one. The modifications entailed: refocus-
ing of the readout gradient in each TR, moving the phase encoding to the end of the TR period, and
changing the slice select gradient to a +1/2, +1, -1 scheme where ‘+1’ refers to the surface area
(time integral) of the slice select gradient used during the RF pulse. Crushers were added (the line
‘Gadd2’) to further suppress the signal directly after the RF pulse. This additional gradient was re-
versed in the next TR to refocus the desired signal. This scheme was generalized to an arbitrary
number of TR shifts by changing the slice select gradient to a 1/2(n-1), +1, -1 shape and the addi-
tional gradient to step through a cycle of n-values; an example for a three cycle scheme fora 2 TR
shift is shown in line “Gadd.3”. While first implementations were done on a 4.7 T animal scanner
and demonstrated with bolus tracking on a cat, subsequently the echo shifting method was ported to
a clinical scanner for fMRI with bolus tracking in humans. The ES-FLASH acquisition was then
accelerated by using multiple readout echoes within every TR in an interleaved EPI fashion, creat-
ing the PRESTO sequence (Figure 22).

Excitation q P qp 4)8

Signal alll, L,
i I

Gphase

Gadd. 2

Gadd. 3

Figure 22 — First two implementations of the Echo Shifted gradient echo imaging. ‘Gsel’ is the slice
selection gradient, ‘Gadd’ the additional gradient used for shifting the echoes, shown in two ver-

sions (2 and 3), see text for more details
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The first implementation used just the slice select waveform to de- and rephrase the desired signals.
It was a 2D, single slice sequence, again demonstrated with bolus tracking in a cat brain. With a TR
of 9 ms, a TE of 13.5 ms, a 64x64 image was acquired every 153 ms. The next step came with an
improved scheme for the additional gradients in an ES-FLASH implementation on a clinical scan-
ner. This was the first time echo shifting was applied to fMRI, requiring a change in the gradient
scheme to improve the temporal stability. The new scheme allowed for an arbitrary number of TR
shifts while keeping the same waveforms for every TR period. This was achieved by using two
crushers in every TR, one before and one after the acquisition, with a ratio of 1:2 for a shift of one
TR. It can be generalized to a ratio of n:(n+1) to shift over n TR periods. The slice select gradient
was still used as well for the echo shifting, similar to the previous implementations. Also the phase
encoding was rewound in every TR to keep the gradient moments constant, improving the stability.
Two other additions brought this closer to the final PRESTO version: the extension to 3D encoding
and the use of phase scrambling to improve suppression of stimulated (RF) echoes. This suppres-
sion again was essential to improve the stability for the fMRI application. The method was used this
time for BOLD contrast fMRI with a visual stimulus. A 30 ms TE was used, with a 20 ms TR, re-
sulting in a 20 s 64x64x16 volume acquisition time. The final version came out a year later, final at
least in the sense that this is more or less the sequence that we now understand to be PRESTO. It
combined the 3D phase encoding with the multiple echo acquisition and echo shifting from the pre-
vious version. It also had the additional gradient design from the previous 3D ES-FLASH method,
as well as its phase scrambling. One small difference is that now the slice select gradient is finally
completely separated in function from the echo shifting additional gradients, the -1:2:-1 design will
refocus both the signal from the current excitation as well as the preceding ones. This implementa-
tion acquired 5 echoes per 24 ms TR, a TE from 30 to 40 ms, for a 64x50%24 voxel volume every
5.8 s. One more technical detail of interest for PRESTO is the choice of the phase encoding order
over the echoes within one TR and over subsequent TR periods (Figure 23 and Figure 24). This
choice affects the nature of the EPI type artifacts (ghosting and distortion) stemming from the alter-
nating sign of the readout gradient and the different T2 weighting and phase accumulation for the
different echoes within one TR. Our choice in general has been to make the steps between the ech-

oes in one TR (the ‘blips’) large, and fill in the intermediate lines in subsequent TRs (Figure 25).
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Figure 23 — The first PRESTO sequence, combining the echo shifting with multiple readouts per
TR
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Figure 24 — Echo shifted FLASH with an improved gradient design and 3D encoding
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Figure 25 — The PRESTO sequence in its final form: 3D encoding, with multiple echoes per TR pe-
riod and additional gradients to shift the echo time beyond the TR time
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On figure 26 a patient with a left-frontal glioma was scanned to localize the language areas
to inform the neurosurgeon. Shown are 9 slices of a PRESTO experiment with 2D SENSE and 8-
channel headcoil on a Philips 3 T. Images are of language task (verb generation) in a patient with a
left frontal glioma, used for surgical planning. Scan parameters PRESTO: TR 22.5 ms; TE 33.2 ms;
echo-shifting of 1 TR; flip angle=10°; FOV 224x256x160 mm3; matrix 56x64x40; voxel size 4.0
mm isotropic; 0.6075 s per volume; 40 slices; sagittal orientation. Activity exceeding a statistical
threshold is projected onto a FLAIR scan which shows the tumor, and on a T1-weighted anatomical
scan. In this case the frontal language area (Broca's area) was immediately posterior to the tumor
(yellow arrow in figure), prompting the surgeon to perform awake surgery involving electrical
stimulation to avoid damaging that region. Improvements in gradient performance to 22 mT/m am-
plitude and 115 T/m/s slew rate allowed for a speed up of the PRESTO sequence to make 3D bolus
tracking feasible in 2000 (with 64x52x32 resolution in a 2 s volume TR) and similarly on a clinical
Philips scanner. Apart from bolus tracking, PRESTO has also been applied to T2* contrast based
anatomical imaging. The addition of a navigator echo improved the stability and with it the detec-
tion sensitivity, as some of the signal fluctuation inherent to multi-shot acquisition can be corrected

for by compensating the shot-to-shot amplitude and phase variations [16, 17, 18].

a — average PRESTO scan; b — T-maps of language activity (range -10 to 6); ¢ — activity exceeding
a threshold of t=5 (pb0.05 Bonferroni-corrected) projected onto a FLAIR scan; d — same on T1-

weighted anatomical scan.

Figure 26 — Demonstration of the localization of Broca's language area in a candidate for surgical

resection of a brain tumor using PRESTO fMRI
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In order to find the right sequence to visualization of vestibular system, we started to use dif-

ferent sequences using volunteers.
3 Experiment planning and results

The studies of anatomical structure of inner ear and blood flow planned. Some studies will
be done in Tomsk region in “MRT-expert” company and some of them in an Ultra-High-Field MRI
centre Scannexus as a part of Maastricht University.

The daily routine programs will be used — T1, T2, Drive. Space, Stir, TOF, ASL pcals, Pres-
to, Mprage,

This programs are available in different in all scanners, and can be used in daily routine
practice.

3.1  Experiment planning
3.1.1 General information

The temporal bone has a highly complex anatomical structure, in which the sensory organs
of the cochlea and the vestibular system are contained within a small space together with the sound-
conducting system of the middle ear. As known, the inner ear consists of cochlea, superior, posteri-
or, horizontal canals, endolymphatic sac, saccule, utricle, Cochlea, ductus reuniens, utricular and
sacullae maculae, crista ampullaris and fluids in the inner ear canals. Malformation of these com-
partments of inner ear can play tremendous role in the disease development such as Benign parox-
ysmal positional vertigo (bppv), ménicre’s disease, hearing loss [1]. Fluid disturbances in the inner
ear represent a special medical challenge to otolaryngology and oto-neurology. The two inner ear
fluids, perilymph and endolymph, play a critical role in inner ear homeostasis, and anomalies in the
compartments containing these fluids may be associated with auditory neuropathy, acute peripheral
vestibulopathy, neurovascular cross-compression, and endolymphatic hydrops or Meniere’s disease.
Moreover, the inner ear has a complex system of blood flow also. It is principally supplied from the
inner ear artery (labyrinthine artery), which is usually a branch of the anterior inferior cerebellar
artery. Cochlear blood flow is a function of cochlear perfusion pressure, which is calculated as the
difference between mean arterial blood pressure and inner ear fluid pressure. Thereby, impaired
blood flow and malformations of endolymph and perilymph fluids make an additional contribution
to diseases development. The human vestibular system is not easily accessible for investigation be-

cause this delicate sensory organ is hidden deep in the temporal bone [2].
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Understanding the parameters of blood flow, homeostasis and building a fully detailed ana-
tomical structure of inner ear is a key to success in developing targeted pharmacological and sur-
gery invasions in order to eliminate the diseases [4, 3].

Structure of the fine osseous anatomy of the inner ear can be obtained using modern com-
puted tomography (CT) scanners and cone beam CT (CBCT). Analysis of the soft-tissue constitu-
ents of the labyrinth, however, is beyond the scope of X-ray techniques. Both in the present and in
the near future, anatomical structure of the membranous labyrinth can (at best) be expected from
magnetic resonance imaging (MRI). Contrast-enhanced magnetic resonance imaging (MRI) has be-
come a frequently used clinical tool for diagnosis and examination of pathophysiology of inner ear
and retrocochlear abnormalities. Currently, anatomical structure of the membranous labyrinth in the
clinical setting remains a challenge despite significant technological advances. [1].

Despite tremendous advances in magnetic resonance imaging protocols in recent years, the
ability to image finer details of membranous anatomy of the inner ear still lies in the domain of ul-
tra-high-field magnetic resonance imaging (UHF-MRI) scanners, defined here by a field strength
equal to or greater than 7 T. Detailed clinical imaging of membranous components of the inner ear
remains elusive because of the inability standard programs of commonly-available 3 T scanners to
image the inner ear at adequate resolutions.

Several MRI research centers have attempted to visualize inner ear anatomy at 7 T, with
varying degree of success. Structures such as the osseous spiral lamina and the labyrinthine artery
can be visualized at 7 T, but the scala media and its boundary structures are indistinct or blurry at
this field strength. The anatomy of the otoliths has been studied, but there is limited information
regarding their supporting connective tissue structures such as the membrana limitans in humans
[5].

Therefore, it remains an unsolved problem for a medical community, and the detailed under-
standing of the deep relations of the footplate is crucial to assess the risks and outcomes of different
intervention.

For this reason, the size baselines of the inner ear compartments will be collected using MRI
in our study. Moreover, we will try to detect perfusion of inner ear. The results of current investiga-
tion will make possible to assess the malformations of the inner ear compartments and to determine
the blood flow in the inner ear and its volume.

The studies will be carried out with contrast agent in strict compliance with the rules of the
Scannexus center and “MRT-Expert” indicated on the official website of the center:

https://scannexus.nl/information/documentation, http://www.mrtexpert.ru
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3.2  Study design

Objective: Anatomical structure assessment and perfusion detection of human vestibular
system using Magnetic Resonance imaging.

Study design: Observational study

Main study/parameters endpoints:

Anatomical structures assessment and blood flow perfusion detection with and without the
preliminary injection of contrast.

Nature and extent of the burden and risks associated with participation, benefit and
group relatedness:

First, volunteers fill a written informed consent form out, followed by filling out a question-
naire (Safety scanning form) which is routinely done in Scannexus and MRT-Expert covering the
following items: the presence of pacemakers, brain surgeries, heart rhythm disorders, claustro-
phobia, pregnancy, acute renal injury, allergic reactions, using medical plasters that cannot be taken
of and different metal inclusions such as: metal objects in the body, piercing, jewelry, tattoos, per-
manent make-up. Then the scanning itself is performed. The complete procedure takes on average
about 1 hour. This diagnostic procedure is used around the world with great success without re-
strictions. There are no risks related to the standard procedure of magnetic resonance imaging.

1. Introduction and Rationale.

2. Objectives:

2.1.  Assessment of the anatomical structure of Vestibular system using Magnetic Reso-
nance Imaging 1,5 and 3.0 with and without the preliminary injecting of gadolininium-containing
contrast agent — Gadovist:

2.2.  Vestibular system blood flow perfusion detection using MRI specific methods —
Presto and ASL methods.

3. Study design: Observational study.
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Duration: 3 months (01.08.2019 — 01.10.2019)

10 subjects for scanning

v

Written and oral information about the study

v

Inclusion and exclusion criteria verification

v

Signed safety screening form

v

Signed informed consent

;

Placing subject in the scanner

v v
Perfusion scanning —> Magnevist
Scanning

4.1.  Population base: 10 healthy people 18 — 55 years old.

4.2.  Inclusion criteria:

— Adults people (>18 years old);

— No match with any of “Exclusion criteria” (3.3);

— Signed informed consent;

— Filled the questionnaires (Safety screening form MRI).

4.3.  Exclusion criteria:

— <18 years old;

— the presence of an active implant (pacemakers, neurostimulators, insulin pumps, ossicle
prosthesis, or residual leads).

Foreign objects (dental fillings, metal dental implants, crowns, clips on blood vessels, metal
splinters in the eye or body as consequence of shooting/accident/metal worker, orthopedic implants,
braces, metal wire behind the teeth, mechanical contraception spiral and other things that cannot be
taken of: Piercings, tattoos, permanent eye make-up medical plasters (e.g. nicotine))

— Cardiovascular diseases

the presence of tumors and other diseases which affect to the results of the study

— Head and brain surgery

— Epilepsy
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Heart rhythm disorder

Circulatory problems

Claustrophobia

Pregnancy

Allergic reactions and risk of anaphylactic shock
Acute renal injury.

Incapacitated patients

Refusal to fill out informed consent or Safety screening form MRI

4.4.  Sample size calculation

As this is an observation study, the sample size is based on a current estimation of healthy people

that want to volunteer now

4.3.  Main study parameters/endpoints:

The anatomical structure of vestibular system will be observed in this study. The main end-

points are: presence of all compartments of vestibular system.

The perfusion of inner ear tissues should be detected.

4.4.  Withdrawal of individual subjects

There are some withdrawals of individual subjects from the study:

a)
b)
c)
d)
e)
f)
9)

no signed informed consent of patient;

no signed questionnaires;

allergic reactions after intravenous administration of Gadovist;
claustrophobia in scanning session;

fatigue during the scanning;

pains of different etiologies during the scanning;

need to go to the toilet during the scan.

4.5. Premature termination of the study:

a)
b)
c)
d)

claustrophobia in scanning session;
fatigue during the scanning;
pains of different etiologies during the scanning;

need to go to the toilet during the scan.

3.3 Study procedures

In our study, each subject will be examined by the 1,5 Tesla and 3 Tesla MRI scanners. The

study will be performed with and without contrast-containing agent Gadovist.
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A contrast injector (Acist and Bracco) is available. To administer intravenous contrast to the
subject a medical physician will be invited and a special procedure will be followed. The dose of
Gadolinium containing agents (Gadovist) will be administered intravenously as a bolus injection.

The introduction of gadovist and its storage is carried out according to the rules of the manu-
facturer specified in the registration documents (link:

https://pharma.bayer.nl/nl/geneesmiddelen/gadovist-10/).

The study will be performed in Scannexus and MRT-expert.ru in accordance with standard
operation procedures of daily routine practice. Standard Operation Procedures (SOPs) published on

the official web-site of the Scannexus centre (link: https://scannexus.nl/information/documentation,

http://www.mrtexpert.ru).

The researcher will inform the subject about the study and ask to fill out and sign a ques-
tionnaire (Safety Screening form, Appendix 1 of Master thesis). After that, the informed consent
should be signed.

The researcher will explain the Experiment. One does not need special preparation when
having an MRI scan. It is recommended to wear comfortable clothing without metal buttons or zips.

A medical physician will be present during the scan session for contrast injection. The sup-
port staff member will know the procedure of inserting an IV cannula and will work according to
this procedure. He/she knows how to use the contrast injector and how to administer the contrast
agent to subject. He/she is familiar with the Scannexus emergency procedures.

There are two procedures: Setup the contrast injector with contrast agent and NACL, Insert-
ing IV cannula to subject

When medical physician will Setup the contrast injector with contrast agent and NACL, he
will make sure that all air bubbles are removed in the system, will select the program needed in the
remote control.

The physician will wear gloves while inserting the IV cannula, disinfect skin with disinfect-
ant, Insert the infusion needle, check the position of the cannula. Once blood will be visible in res-
ervoir of cannula, the physician will remove the needle, connect cannula to extensions set + NACL
prefilled syringe/ or directly to connecting tube of contrast injector, will Fixate the cannula with an
infusion patch to the arm, flush with NACL to see if cannula and vein is open, will check once
again if all the air is expelled of the contrast injector, and then connect the intermediate tube to the
infusion needle, will start the pump to administer NACL drop by drop, to keep the vein open.

The subject will lie down on the research bed that will be moved into the scanner’s tube
which has a diameter of about 60 cm. During the scan patient body will be (partly) inside of the

tube. When patient is in the scanner, a few images will be acquired. While scanning, the scanner
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regularly produces a knocking or ticking sound. This is normal and is required for producing the
images. If it necessary, during the procedure, patient can alarm the researcher by squeezing a ball.
During the scans, the researcher will be outside the scanner room, but will be observing the tested
subject at all time to make sure that the patient is fine. For the quality of the images it is important
to stay as still as possible in the scanner during the procedure. The magnetic resonance imaging re-
search will last no more 60 minutes.

As far as known, the magnetic field and radio waves being used in magnetic resonance im-
aging do not result in harmful side effects.

All measured MRI data (dicom) is automatically stored to the Hard Drive of Syngo system
(Dicom Images storage) in Scannexus centre. In MRT-expert we will use Synergo Hardware sys-

tem.

3.4 Contrast — containing agents

Magnetic resonance imaging (MRI) contrast agents are widely used to increase the contrast
difference between normal and abnormal tissues. The signal intensity of biological tissues in MR
imaging depends on the relaxivity of water protons, reflected in tissue-specific values of T1, T2,
and T2*. Shorter T1 relaxivity causes an increase in signal intensity, whereas shorter T2 relaxivity
causes a decrease in signal. GBCAs are strongly paramagnetic and shorten the T1 and T2 relaxivity
of adjacent water protons, which results in an increase in signal intensity on T1-weighted images,
and a corresponding decrease in signal intensity on T2-weighted. Gadolinium has a more pro-
nounced effect on T1 relaxivity, and therefore its impact on signal intensity is most pronounced on
T1-weighted images.

In spite of the main goal is to detection anatomical structure of the vestibular system in daily
routine practice the radiologist, we choose the most common contrast containing agent — Gadolini-
um sodium. It will be Magnevist and Gadovist. The procedure of storage and injection will be per-
formed in accordance with the standard rules of Manufacturer. The allergic reaction can be present
during the study. The medical doctor who can operate anaphylactic shock included as a part of pro-

ject team.
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3.5 Equipment and programs

We will performed the studies using two different scanners. One of them is a Philips Intera
1,5 Tesla scanner which located in Tomsk region. The other one is Siemens Magnetom 3 Tesla
scanner which located in Maastricht university.

Although it’s the scanners from different manufactures the uniform approach and the uni-
form programs are present.

For a scanning we need to start with localizer. In philips scanners It’s survey, in Siemens is
localizer. It necessary to excite Hydrogen atoms in certain part of body. In our examples It’s a brain
with focusing in the innear ear.

Since we decided that it’s necessary to assess inner ear in daily routine practice, we will use
only standard programs which preinstalled in each MRI scanner.

In our study, we are trying to choose appropriate sequences for future research. Thus main
programs will be selected such as: T1 and T2 relaxation, SE, TSE, multi speed TSE (Drive and
Space), gradient sequences, Flair, DWI, TOF, MPrage, perfusion sequences (Presto). We know that
the average time in daily routine practice is 15-25 minutes for a brain and 15 minutes for a vessels.

For accident detection, It’s necessary to choose the appropriate parameters for radiologist.
We decided that vosel size will be 0,3mmx0,3mmx0,3 mm with 1mm slices. In case of good results
of study it can be performed with less size of voxel.

TR and TR will not the same for different sequences and different MRI scanners.

3.6 Results of studies

The subjects were assessed. For patient safety, we include one subject to one research. Re-
search results and discussion.

First of all we performed the daily routine studies of brain assessment using the simple se-
quences — T1 and T2 relaxation. It was done without contrasting and focusing on the inner ear. In
Figure 27, you can see the sequence T2 relaxation. As a results, It possible to separate white and
grey matter of brain, to assess osseous structure of brain effectively. The middle ear not clearly vis-
ible, but innear ear not available. It’s not possible to assess vestibular system.

The figure 28 shows us the T1 relaxation with contrasting by Magnevist. As we discussed
before, the bone structure preferable assessed using the T1 relaxation and we thought that is possi-
ble to see the vestibular system in brain observation study. But as we can see from the result, there

is no information about the inner ear.
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a. b C.
a — frontal plane; b — sagittal axis; ¢ — axial axis.

Figure 27 — The T2 relaxation without contrasting

1. Next step. We tried to increase signal and applied the contrast containing agent — Magne-
vist. The Physical parameters were not changed and parameters from study no. 1 were used. Tl, and
TE were the same as mentioned in study Nel.

a. b. C.

a— frontal axis; b — sagittal axis; ¢ — axial axis.

Figure 28 — The T1 relaxation with contrasting

In order to start the perfusion study, we should detect the vessels of brain and Willis circle.
As we know from the Radiology and Physical principles of MRI, MRI is the only tomographic
method which allow to see the blood flow without contrasting (Figure 29, a). And we made sure
there are no differences in comparison with contrasting (Figure 29, b). It was applied the Time-of-

Flight method which described in other chapter of this Master’s thesis.
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a. b.

a— before contrasting; b — after contrasting.

Figure 29 — The blood flow assessment using TOF protocol

Discussing about future studies we decide to choose different sequences. We knew that the
inner ear is liquid-contained structure and can give signal both T1 relaxation and T2 relaxation. In
order to take the high fast signal we add FFE gradient sequence which is to take place with T1 re-
laxation and Fast Advanced Spin Echo sequence which work in T2 relaxation.

In order to take the images of inner ear the high-resolution new sequences were practiced.
We choose the sequences “Drive” which refers to Accelerated spin-echo relaxation with an equilib-
rium angle of 90°. The Fast Advanced Spin Echo (FASE) sequence uses a ETL of 212 in the se-
quence. This results in an extremely short scan time. In addition, half Fourier Imaging (HFI) imag-
ing is used here. The combination of 212 echoes and HFI leads to scan durations, which are only a
small part of the scan duration in a normal SE sequence. Each echo from this sequence with 212
ETL fills one line of k-space. K-space fills up a bit more than 50%. Initially, the method used as a
multi-slice was used to reduce the scan time, but data collection with a normal SE (spin echo) T2
sequence reaches 20 minutes. During this time, a practical problem arises: the movement of the pa-
tient. It is very difficult to lie still for such a long time.

We also used fast low angle shot (FLASH, FFE) is the most commonly used gradient
spoiled gradient-echo MRI-sequence. FLASH uses radio frequency excitation pulses with a low flip
angle (less than 90 degrees) and subsequent reading gradient reversal for producing a gradient echo
signal. The small flip angle pulses create equilibrium of longitudinal magnetization. Transverse
magnetization is eliminated by a strong gradient (spoiler gradient).

As you see in Figure 30 the best signal we take from the T2 Drive sequence. Seemingly It’s

connected with the liquid in the inner ear. The T1 FFE have a low signal, It can be changed using
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the higher resolution. But the increasing the resolution will require an increase in scan time. The

Flair didn’t gave result due to the absence of acute inflammation in the inner ear.

:'1\ 2 >
a—T2Flair, b—T1FFE; c—T2 TSE; d — T2 Drive.

Figure 30 — The inner ear assessment using 1,5 Tesla MRI scanner
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Now, we understand that It possible to see the innear ear using 1,5 Tesla scanner playing the
physical parameters (TE and TR).

But It’s not enough to understand pathophysiology and etiology some mentioned disease
such as: Meniere’s disease and BPPV. In future, we must separate all compartment of the innear ear
in order to deeply understand the disease development.

This way, we decided to repeat our results using 2 Tesla scanners.

First of all, we repeated standard sequences T1 and T2 relaxation. We understood that there
no difference between 1,5 and 3 Tesla scanners (Figure 31 and Figure 27-28).

Next step, we tried to used T1 inversion recovery sequences MPrage and T2 Space in Sie-

mens 3 Tesla scanner as analog of T2 Drive in Philips scanners.

Frontal axis Saggital axis Axial axis

Figure 31 — The T1 relaxation using 3Tesla Siemens scanner

To obtain high-quality images, the task was to set up superfast sequences. The T1 tse se-
guence was used, which is a multi-echo spin-echo sequence, where different parts of the k-space are
recorded on different spin-echoes. A spin-echo sequence with four echoes in which TE equals 15
ms. The advantage is that the image can be obtained four times faster. As we can see in the exam-
ple, on T1 TSE, the image of the inner ear and nearby tissues is not clear.

T2 Space (3d accelerated spin-echo sequence) - Spin-echo sequence - Very gives a very
strong signal and shows a small number of artifacts. Clear image of the inner ear.

T1Mprage - MPRAGE is a modified TurboFLASH series with preliminary magnetization of
inversion pulses. When acquiring images, a 180-degree primary pulse inversion is used, followed

by a sequence of gradient echo signals that form an image (steady state using rewind gradients). To
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obtain a 3D image, the secondary phase is encoded in the direction of the selected slice. Only one
segment or section of 3D data recording receives a preliminary impulse. After receiving the signal
from all lines within the 3D image, the delay time TD follows. the sequence did not allow to detail

the structure of the inner ear.

FS: 3
TR: 650.0 TE: 8.0
29.04.2019 10:17:57

FS: 3

TR: 2200.0 TE: 2.5
29.04. 20 gipwepmiine 1 1

a—T1TSE; b—T2 - Space; ¢ — T1 MPrage.

Figure 32 — The vestibular system assessment using 3Tesla Siemens scanner.
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As mentioned before, we used on 3Tesla scanners the same parameters as 1,5 Tesla. The all
parameters you can find in Appendix 2 of Master’s thesis.

Briefly speaking about perfusion, we found only available method on 1,5 Tesla Philips
scanner. It was Presto method. The main purpose in this study is to detection of perfusion. As
known, the perfusion methods such as Presto, DCE and DSC are perfumed using contrasting. But
there a lack information about the human blood flow in the inner ear. And now, It’s necessary to
choose right physical parameters for future studies. Moreover, there must be a delay before scan-
ning by reason of the contrast is injected to the arm vein. We know that the time of the great circle
of blood circulation is 23-27 seconds and it takes time to reach the inner ear. This reason, two tech-
niques were used to detect perfusion. Both methods are the introduction of a contrast agent with a
delay before the start of the scan. In the first case, we used a delay of 15 seconds. In the second case
- 5 seconds.

To exclude the influence of various diseases of the inner ear, before the perfusion, the sub-
jects were evaluated using the brain observation sequences. After that, The Magnevist (and some
studies Gadovist) was administered bolus with a concentration of 0.2 ml / kg (0,1 ml/kg Gadovist)
of body weight and a rate of 5 ml per second. After delay (15 sec. or 5 sec.) the scanning session
was started.

Perfusion was estimated by changing parameters - CBF, CBV, MTT.

As a result, there are no perfusion with a 15 seconds delay. | guess that we skip the time of

entry of the contrast agent in the inner ear tissues (Figure 33).
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a—subject 1; b — subject 2; c. — subject 3.

Figure 33 — The perfusion with the 15 second delay.
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In a 5 second delay we see the significant changes in CBF, CBV that allow to suggest perfusion
detection.

Studies with the a delay of 5 seconds.

a— subject 1; b—subject 2

Figure 34 — Perfusion detection with a 5 seconds delay
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CONCLUSION

The experimental part was performed in accordance with the rules of Good clinical practice
(GCP) guidance. A study protocol was developed, informed patient consents were signed, the Safe-
ty Screening Form was developed. Two types of studies 22were used - from one side - daily rou-
tine studies of radiologists (using standard programs) and other side - new experimental sequences
were used for obtaining high-resolution images (such as Drive and Space).

In the first steps, we used to use T1 and T2 relaxation in order to receive signal of inner ear
in brain observational study. It would be the best way for physicians. Unfortunately, there is no in-
formation about inner ear. The resolution is too low and observational area is big.

After that, it needed to assess the location of vessels in brain which nourish the inner ear.
We used TOF angiography, the method is based around a conventional 2D or 3D gradient echo
(GRE) sequence with optional gradient-moment nulling. We did the two studies — with contrasting
and without contrasting. There are no differences between two studies.

As known, the inner contain liquid. And therefore, theoretically It can be assessed using T1
and T2 fast sequence’s. T1 TSE, T1 Mprage showed us the low signal from inner ear. Obviously, so
a tiny anatomical structure cannot be evaluated using T1 without contrasting.

The best signal we received using T2 Space sequience on 3 Tesla Siemens magnetom MRI
scanner and T2 Drive sequence on 1,5 Tesla Philips Intera MRI scanner. Drive and Space success-
fully came to evaluate the vestibular system. We do not see any differences in the images and corre-
lating the risk-benefit for the patient, we believe that it is possible to investigate the anatomical
structure and blood flow assessment on the 1.5 Tesla scanners. We consider that the 1,5 Tesla MRI
scanner can be used for vestibular system assessment. We used the standard voxel size
0,3mmx0,3mmx0,3mm with 1mm slices. In future studies we will decrease the voxel size. Briefly
writing about TR and TE, TR was about 2500 ms and TE 250 ms. The next trial will be focused on
anatomical visualization of inner ear compartments and It can be done with shorter TE and recon-
structing with T2-mapping.

A modified echo-planar PRESTO sequence was used to detect perfusion. Presto allows to
detect the speed of passage of contrast through the vascular vessels and tissues by quickly switching
gradients and obtaining multiple images. Perfusion detection is performed by comparing fast imag-
es. Due to the fact there are no literature data of blood supply (volume, speed) from the injection
place to the inner ear, the study was aimed to choose the right physical parameters to detect perfu-
sion. The Presto is a method which installed in different types MRI Scanners. This reason, this

method was chosen. It’s necessary time to reach the inner ear from injection place (arm vein). To
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solve this task, we used the 15 sec delay and 5 sec delay before scanning. The positive results (CBV
and CDF were changed) were achieved using 5 seconds delay. This parameter will be used for fu-
ture studies. Next steps are the detection of perfusion using other methods — DSC, DSE, ASL and
Cerebral Blood Flow, Cerebral Blood Volume of inner ear calculation. The methods such as DSC
and DSE can be combine with the Presto in one study. Variability will provide accurate results.

According to the results, we obtained the anatomical structure of the vestibular system with
1.5 Tesla MRI Philips Achieva, we obtained a high-quality anatomical structure using the T2 Drive
3.0 Tesla Siemens Magnetom. According to the results of the Master’s thesis, T2 Space and T2

We found that the 15 second scan delay after contrast was injected did not allow us to see
the perfusion. We received positive perfusion at a 5 second delay.

To improve the quality of images, we will change the parameters TE, TE, flip angle, resolu-
tion. Cerebral blood flow will be built after determining the lower limit in healthy patients. To do

this, a large number of studies will be conducted on healthy volunteers.
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APPENDIX A
Safety Screening Form.

Safety screening form MRI

I have understood the following questions and answered honestly:

- Do you have an active implant?
No
(pacemaker, neurostimulator, insulin pump, ossicle prosthesis, or residual leads)

- Do you have any other foreign objects in your body, except dental fillings or crowns?
No
(e. g. clips on blood vessels, metal splinters in the eye or body as consequence

of shooting/accident/metal worker, orthopedic implants, braces, metal wire behind the teeth,

mechanical contraception spiral)

If yes, what kind of foreign object?

- Have you had surgery to your brain, head?
No

- Do you suffer from epilepsy?
No

- Do you suffer from any known heart rhythm disorder?
Yes [ INo

- Do you have circulatory problems?
No

- Are you diabetic?
No

- Do you suffer from claustrophobia?
No

- Are you pregnant or do think that you might be?
No

- Do you wear jewelry/piercings that cannot be taken of?
No

Version 1

[]Yes []

[]Yes []

[]Yes []

[]Yes []

[1Yes []

[1Yes []

[]Yes []

[]Yes []

[]Yes []
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- Do you have tattoos or permanent eye make-up? [ Yes []

No
If yes, describe what and where:
- Are you using medical plasters (e.g. nicotine) that cannot be taken of? []Yes [
- gg you have any drug allergic? []Yes [
e If yes, which one:
- Bg you have any renal disease? []Yes [

If yes, describe what kind of disease:

I have been informed to satisfaction concerning the MRI safety. | had the possibility to ask questions concerning MRI safe-
ty. All my questions are answered to my satisfaction. | am aware that this form is kept in accordance with the privacy
statements.

I agree with being scanned:

Last name: Today’s date:
First name: Date of birth:
Middle name (if any): Height (cm):
Weight (kg):
Signature:

To be filled out by the certified user (all fields are obligated)

Name: MR System: Project number:

| declare that the person mentioned above has been informed orally and in writing about the MRI scan and has given
their informed consent about the project mentioned above. | also declare that premature termination of participation by
the person mentioned above will be of no influence on the care he or she will receive.

Function:
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APPENDIX B
Parameters of the scans session.

YIS ER\Bianca LinssemCochleaicoch lea’localizer
TA: 12 PM:REF Voamal spe: §.5w0 507 0w FAT O Ral, SME: 100 @11
Properties Contrast - Dynamic
Pric neson on Pl pbe v e E it Malepur amaaii
Licsad imaagas o W ower an
Il ime: Mzl i o
Bt shone | mages oni TR (T
Load mages bo sStamp Seqmenis ani 1000 5
Lo images bo graphic segmaents on 0
Fughos cpeen ifine display o FEE
St dos e indires ol Solay on T
‘Shar masasurerment without further ani am
prepsara on an
Wak for user bo start o
|Start measurements Sl modsarement | Reaolution - IPAT
Routine [PaT moce e
S gy ! Resalution - Filter Image
Sloes 1
st factor 0% Cis : F'l::ﬂ_ g:
Fosition (LI 0 L oo
B Sagitta PrescanMomallzs an
Prase enc. or Bon P P g:
ProrTrad 2
Slhioe 2
— B fiker an
Sloes 1
CAst. faichor %% R Juith R 451
Prosl hon L0 20 00D e = e
O hznkation Trarsversal Py Mibar am
Phase enc. dir Ji e [P Elipd cad filier an
Sliox group 3
e : Geomelry - Comimon
Cist fachor 0% Slce group 1
Poationi LLICHD A0 0 0D Sices 1
Orienkation Cononal Dt fachor o0
Phase enc. dir B omm L PosBon LD 30 0 HOD mm
fusslion Ol enkaton Sagiral
Phase cversampling 0% Fraseenc. dr B P
Foy e T i Shor group 4
Fo phase 100D Hices 1
Shor thickness T mim st fackor o0 %
= TEms PosHon LO0 B30 0 MO0 mim
TE AES M Orienkation Traraersa
Sy ages F Phids & o i S i P
(S0 el e k] Sloe group &
Flbar Frescan Normalize Sices 1
Biptical fiker Dist. fackor o0
ol el erments HET-4 PosBEon LoD B0 D 0D e
Orlenkation Coranal
Contrast - Comman Fhase enc. o e
™= TEms Fo'V read 250 mim
= 3ES ms FoW phase N00LD =%
T oS Sloe thickress 0 mim
RITC o ™= TEms
Mlagr. reparation P Palialtl =5 | o rratadha: Soquertial
Aipangle Z0ideg STies e caneed
Fat sup@ Blore Concabemations 3
Wiaher Suppr Mone
5 o Geometry - Autoslign
Slioz gnoup: 1
Contrast - Dynamic Postion L0.0 AZDLD HO.O mm
Bt e z Orienkation Sagital
Huer agineg mode Short berm Fraseenc. dr £ 2w P
iz o s on Mg Slos group: z
P TS 1 PosEon LoD A0 0 HOLD mim

75



Geometry - Aubo Align Phyaio - Signali
Crieniation Trarswersal 1=t Sigral Mook o
Prasa onc. dr. AP TR TEms
Sloe group 3 [l gt gt L 3
P tom [WETERC e ENE] . ENEN 2o SIS 1
O erkation [ ]
Prase erc. or. Fios L Phyaio - Cardiac
TR et e g Bl preparaion [t ]
Initial FosHaon L0 AE0 00D Fat muppr. Phorse
L 0 mim Dark Hood am
i 2000 mim Fo' nead ZED i
H Ot Fo'v prase 1000 %
Il il R iceation Qo0 dag Phas e nesol ution 21 %%
lird Bl 10 el o Sagioal
Physaio - PACE
Geometry - Saturation o= T
Saluration modks Sardand Corcaberations -1
Fal supf- More
Wb Super Mo Inline - Common
| Spedalsy Pacr Subiract an
PG LCAT TS 1
Syatem - Miscel laneous - o
Pizesi Bhond mg ke REF Liver registration Qe
Table paslcn H Save ongnal Images an
Table paslon Omim
PG Rl 5-C-T Inlline - MIP
Sl HasL WP 51 an
Cononal B P i am
Trarewasal F oM i Bil
il Commbires Feliods SAdapdve Combnee A T ae
Sane unooimbi ned o
Sae orignad | ani
Pallairi -0 0 ol e o 4] 3Ol ITd e
Austcllign Inline - Soft Tissue
Tl Sadac i Modke (T - dulbodCol Selat
Wiash - Ini an
System - Adjustments ‘il - Lt i
TP am
B0 Shim mods T up FE ae
B 1 Shim ok TrssForm - i ar
Hudpest with boaky cdl 2] I 1
Corfinm freg. ac|ustmaent o
Ay e Dol rart F o hhu-(’:mpuﬂng
Amsume Silcene = |t o on Ciorr o
| s trmenit Tiol erance: St =
System - Adjust Volume mine - Wap
Fomion i Sane ongral images an
Onaneation Trarsversal . Moy
Aip anrgle &0 deg
Fiotabon QL deg P LTS 1
i P EE i 1
R==l 350 mim = e
Fas M 350 i T ;!-.E-EI
Raset N —
System - pTx Volumes Saquancs - Part 1
B 1 Shirm moake ThasForm i:::n El
Eac kal on eesal
Phas o stabdi saton am
System - Ta/Rx SR TETTT © 3 e dAillcawed
Conirasts 1
Froguency TH 123 250874 WHz Flow comp. B
e lcdor 1 Mk -l oo e Sequertial
b ? Baradwicih F0 Mz Pu
Img. Scake Cor 10000
Feset o Sequence - Part 2
T Fed. armg | iude 1H [ETEE iR IE "

76



Seguence - Part 2

Biooustic nolse rachas bon More
FF pulse (ype Fast
Gracient moade Fast
Exciaton Sicesel
FF spoling an
Sequence - Asalstant

[ ot

Alcwed dday os

77



WUSER Bianca Linssen'iCochlea\cochleat! tse r tra 2mm
T 218 P REF Vol sia; 0300 3830 mmPAT: 2 Rel, BNR: 100 ; 5a s
Propertles Fesolutlon - IPAT
il fenr o PAT mocs GRAFPA
Lot PPy b3 Wawar o Aced. facer PE 2
e oA o Rt i PE )
A @onS imldges o Fafaiarnd @0an Ml Al calisian on
Lo PPl bl SLARE Sogrhanis o
Lioad images oo graphic segreents O Regalution - Filler Image
At ey IFlire o apday L e Finy an
i doag il o aplay o Datartian Carr an
!mm;fm“mm o P s an Mo el 5e an
Wiak for user o shan b m g:
it PesaaaiRantd SrGk Resduneirant | CRLLTS (4]}
Routine Resolution - Filler Rawdata
s - o %
Eligtical fil cl
Dt Fackor 0% R = -
";l# mu Geomelry - Commaon
Phase snc. or L ﬂ%ﬁﬂ : "
ALACAGH e
Eaal. o bod 10 %
Fhase Cosraampang 30%
Fo' read R e Foalion :m
FoV phase 6L 5 AT n’”“ﬂ
T a0 mm Pe—— T
: ::n"" PV phase 100.0 %
B | e e 56 mim
i el o i T BAG () e
M i e P —
Fiiny P e Pl sl 0
Cail glemants MG 1T | L AN AN 1
Contrast - Common Geometry - AutoAlign
™ 8500 | 5oe groip 1
® Sma " Peaticn b censer
MTE fa ] O SPEANCT Traray araal
Macr [Feps anen Pacre | Praseans dr LE-TY
Flipargls 120 ey m":,"" -
Fat aupp [ il &l P ol 1 | el
Wi ater appe [ '; ::"’"
L il - H 0.0 mm
Contrast - Dynamic inital Rokascon 0.00 deg
Mﬂml‘“ Lﬂ“ m‘f "lt“fl“lﬂ
[P o 1 1S Paliaspri ﬂ"r m\r ;
[T L i !u
Miabipis gl Each reasLemat Thic s 80 mm
- — Poalion W1 PAE TS e
Resolution - Comman Crientatcn Traravera
i e s i
PV prase o o pav
T — 30 mm ragn. . .
Base resciutien 30 Special mt i,“""
Prase reschtion 0 % p e
Trajechry Cated an -
i En Geometry - Navl gator

78



System - Miscellaneous

Iniling = C omimon

P ol i P PP g
Tabld palon H

Tabld palon G
(FLTYTY BCaT
Al Fiss L
Caoioral s P

Tr ary & aal [ ]
Gl Combirs hods Aoapine Combire
Save ureomired e
Pt o ) EATRLE AT o
Audeign -

il Hisiect Mbae O Autelodelent |
System - Adjusiments

T Turss L
B S e Trah oo
Auumt with body el e
COr e gy &% Larrant o

Hum wrres Domiran P a o

LU U R [ ]
Acarrent Toléraras L F
System - Adjust Volume

L= e
I il on T gl
Fctancn 0 ey
LY S e
Fiss L 3 i
P M 3 i
B gt (]
System - pTx Volumes

e e Trasiorm
Byatem - Tx/Rx

Fragueray 1H 120 AR M
Canir et o fac bor L]

iy P

i Szale Cor .00
Bt e

|7 Pt _amplitae 14 QOG0 ¥
Phyalo - Signal1

it | gra foas e

™ 4. e
Core geranas 1
Phyalo - Cardiac

MAGE [F Spar AN P

Fak aupqEr P
D Bleaa o

Peh read 16 mim
Feh phass A6 %
P rass e cltien A6 %
Trajary s an
Physio - PACE

gl . @l o

o Sharal ora 1
il = Cormimon

Ay o
fldda s ardrts 1

Hry -

=],

Imslime = BAIP
hiE. fag an
ol G =],
i Tra =1,
R T =1,
g
hhi-ﬂm.lﬂ
| o et s i (<],
Saquencs - Par 1
Irdrea s on i
Dirmara ion 30
Compars abs T2 cac ay =]}
oo Moton faa =]}
(= 1
Pl comp fliea
Pl -l | o Pl It S48
Frisd & I A padneg =1,
s s ing ¥ ma
Banawiah 34 M
T fanter
o
Aigcmatic
Fid
Fat
L T
an
an
an
]
Rl i argls
00 ey
80 &




II ) . 1 RLAL SASULIE LRI RE RS R jrit X I. .'..I .'.. ]
TA: 818 PM:. REF Voxel size: 0.290. 2905 mmPAT. 2 Ral. SNR: 1.00 : spoR
Proparties Resclution - IPAT
Pric recon on P AT mods AP A
Lo I B W Gwar (= Aced. factsr Pl ]
Inlirss mad e =, P iraza Pl e
A ghone | mages = Accd. factsr 30 i
Lo PP B BAMRD BOGIREnts o Flaharanos can mods Irdagratad
Load Images to graphic segments O
i cpan |FIne gl ay on Resclution - Filter iImage
At done nlne o splay = wrage Pl on
it meansemant wihcut Rathar G Do bortion Corr an
o —— e ar M 26 an
WAk fof L ar b skan (=] LA tered s an
Jear mogeurornorey - BTgiproarerent ] |ommaize on
Routine 18k n
b oroup Resclution - Filter Rawdala
! T on
- S Wil A on
|_Fhigg one oF LF 1% Geometry - Commaon
[T p
Phass over samping 10% — :
flce oy emampling 128 %
Sices pur dab - Foalicn b coenter
— —— Exantancn Traray eral
Foy phase 1.0 % T g0 OF LF- 18
Sice thickrans Q0 mm Sioe owrmmping 128 %
1 2000 e Sloed par dab F. ]
Avar 14 Folf phase 100.0%
i:ﬁl'ﬂ::ﬂﬂ i Hles thic lraan QU0
Filbar Faw ity gacan s NXE] -
Pl b Hari Anteradrag
w %=} [T Coraabaralicns 1
Contrast - Common Geometry - AuloAlign
™ X0 ma b groue 1
1w R Poaion CT
MTE o Exantanen Traray sral
MhdGr [ e ation hcre L Tiag ere. ¥ LF- 18
lip argle 140 dagy AuoAlgn "=
Fat super Nor Il al ol ten b Carbar
S : : e
i i 0.0 mm
Contrast - Dynamic I al Boratcn 9000 ey
e T Il al £ rianial or T raray sral
P o Bt o Pl ks )
F—— 1 Geomelry - Saturation
RLEIEiS § 6 Back Fdadnsra B at g Pores
Flaatons magn on
Resoiution - Comman Special mat P
Fol read T )
Po prast — Geometry - Navigator
flls thchrama QA mim
ep——— an System - Miscell aveous )
Finame res ol 100 % ¥t oring s g
e reschticon 8O Table poabicn H
Plrad partid Foin ar Hlcwad Table peaticn G mm
Sl panal F oarier o PR 8:C:7T
Il dien (=) Haginal WL
Ciroral =




System - Miscellaneous

Trarew o sal s b
Coll Combirg Mods Aedapin g Commb e
Hawe yracmbl red o
Pallakr g CIp e abion o
Atelign -

Coll Salect Modd i « AidoiCol Seled
System - Adjustments

B0 S rredas Turss o
B Shirs rroas TrasForm
ARt Wik Body cal [ 4]
COrn e fred ao|ustmant o

o el Dl rart B @ o

Fum urras Sl cores o
[Acpaatmert Tolarancs ot
System - Adjust Volume

Poa en Imcagrbar
CIAarsanen Trarawmal
Fictation Q00 ey
i, s il
s L ) e
F s M D T
Mgyt ¥
I-']I'I-'.'Il'll -FTI Wolumes

B SR roas TrasFarm
Exc Bt en Hab-aal
System - Tu/Rx

Frasueray 1M 120 AT, Pz
S @l o A Bo 1

G bagh

g Scake Cor 1000
Mgyt [ ]

7 st amgiinace 14 060 Y
Physlo - Signal1

'Ill!lﬂﬂm MGrE
Trigoer dal ay O

™ N0 A
Cors deralama 1
Physio - Cardisc

fagr. [rapar ation Piore
Fat supgEr Pore
Dark Blood (= ]

Fa\ read 100 e
Fa\) phass 100D %
P rem ot oy 160 %
Physio - PACE

Fgap. corinel o

Cord geraioma 1
Il vl = Comman

Higtrack o
[IEERR - e 1
HeDay [ ]

v origral mages o
Iniinve - MIP

T ]

FelllP: Cor
FelliP: Tra
FeliP: Tirradh

Inline - Composing

an
an
an
=]}

| Eam bt o Sarr

an

Sequence - Part 1

IndrCaLa O
Drraraien
Eliptcal scanning
Fscrdanng

Flow comp

Edho spacrg

A aban: mode
Bl i 2

an

Lirsear

684 ma
an
s iz P

Sequence - Par 2

HE pule bpe
r adert o
4t Raticry

Flip arghs mods
Turb factor

ks frain duralion

B
Fcr rral
LF 1
Hlab-nal
Corm kart
i

Sequence - Asslatant

| o sl ay

81



Table poaBion

WUSERBIlanca Linssen'iCochlisaicochlsait! mprage tra pd ise gado
T 538 P REF Vaxa sza: O.840. 861 0 mmPAT: 2 Rel. SHR: 1.00
Properies Reaclution - Comman
Fric reaon o [rberpotation an
Lo Images b Wawer o
Irlirs mads o Feaolultion = IFAT
At shore |mages on PAT mode GRAFPA
Load Images b Same segrments o Ad. facor PE 2
Load mages to graphic segments O Bigf Iraa PE 24
Fugss e I re Aleplay [ ;] Accd. facker A0 1
Atz s i Sy g Petererce 3can moge réegraed
Start roasurerart wiRcuE furiFar O
;‘mm - Resolution - Filter Image
&l For L ar b5 sart g Fite =
|t meapreTares ______ SIDG PEARISTErE
1 irbaraky P
Boutine E ciper Enbars emant a
Smrocthing z
b GroE - L fltared mages an
Shaba 1 o borti on Carr an
E;m’m B0% Frescanhamai e an
SR UrAltared an
Frang erc. oF B L
.1 Ailker [=],]
ALteign -
Frase cver samping 0% Reaolution = Filter Rawdala
:::'mmrq I % ——r— =
T e 1 it cal Al an
Fo read FX R
Fo'V prass [T _
Shae B cre 8 100 i Geometry - Commaon
™ FE0.0 e | 5806 Grodp 1
TE 248 e Hate 1
Aver apes " Dk Racker B %
o daralioa i Foalcn T Coerbar
irage Fiker |_Fhaas enc. of LF-TW
iColl @larraris HET - Hloe cvar samping Ta%
Hices par dab 7
Contrast = Comman Foi read F0
™ 0.0 e Fo'V prass 1000 %
T 248 ma Hias Hckreas .00 i
Magr. [reparation Py sal WY ™ ZI00.0 ma
M — NiH g mode Sirgle shot
Flipargls Bdeg ok Amendng
Fat supg e | S oCaha T 1
Wakar Mg
M Geomatry - AutoAlign
Contrast - Dynamic | 5lab group i
j_ﬂ-m 1 Foabion g coariaT
Pt ormnac tion Wagribads L Taieene. oF Bl
Moamrararts i Aubofiligr -
MLk sonia Each measuremat indlal Fosltion T coenber
L 0.0
Reaalution - Comman L 0.0 i
M 0.0 R
Fo read FX T
POV phase 1.0 % Iriial Pickation :nm-n;
Blame reachdion F )
F'Fase s ol 1 % Geometry "H."'tn'
Hilce resclsion 100 %
Phase pamal Fourar o I-']I'ﬂ:lll'l'l = Migcellpmeous
Hiae part al F aur s e 1] P Bicning mods BEE




Syatem - Miacel laneous

Inline = Commaon

Table ponBon mm

el P B8:0=T
Hagital el
Cororal i, wm B
Trareyar=al F ==
il | Ciombdres: Micade FAdaptive Comb re
Have urccmbd red o

PFatladri v O pArmiz aticni [0,
dugoilion ]

ol Hidact Wedke R« fugtciCol Seledt
System - Ad justments

BD Shim moda Turss up
B1 Shim moda Tnaaformi
St with boaty cdl o
Corfinm fred. ad ustmant =

dums e Do rart F a (]
Sumsurma Silcoras [ 4

Sidpus frrend Tolgrarcs ke
Syatem - Adjust Yolume

P bon Icaoarbar
rarkation Trarssmmsal
Fhickation QLD dag
L L
A s L D T
F == M M
Fasat o
Syatem - pTx Volumes

B1 Shim mode TnusfForm
ExcEation Hak-na
Syatem - Tu'Rix

Fragpancy 18 &k FHCAT ¥z
Comacionfactor 1

i air Liow

Img. 50 ake Cor 1000
Banat o

T Fad. amdiusies 1M D00 W
Physalo - Signall

15t 5 gral Tods More

™ FX0 0 ms
o aaratios 1
Physale - Cardiac

feagr. @ epar ation Pdory nal.
m B0 s
Fak sup Pl
Bark bload o

Fo'y read X i
Foy phase 0D 5%
Frase rgs cdat o R %
Phyale - PACE

Faap. conirod o

o aharatlias 1
Indime - Comman

Aubiract o

Pl ur iy 1

Eloe e ] o

I-Hlll- crgral images

2],
an
2],
2],

il = o ol e

|estermon Corr

2]

Inline - Mapl

Save origral iraoes o

Ftape Pz

Fip argle B dey
Poiz-am Lramariy 1

™ Frat PAE] o
TE £ A8 e
Sequence - Part 1

Irbroaucticn o

EATaa e o a0
Elipdical scarning am
Fandanrg Lirsar
My e c echo il
Flioaw oomp [ =]

Pl -l o ke Sirgle shot
Edho spacing T.lma
Blaraicth Fac ¥ la b |
Sequence - Part 2

B pubs g bpa Fank

o i gk e Pl rrad

[E e Rabicr Slat- sl
B spdlirg an

Iy Giradand 5 poding &an

Turbo faddtor dad
Sequence - Aaalatant

[ etz an







