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The Chinese text on the other side of this page is said to be a quote from Madame Marie Curie (1867-
1934). Unfortunately, its original context has been lost despite my best efforts in trying to find it.
Nevertheless, the Chinese version is famous for its very appropriate translation and at the same time
the utmost beauty of utilizing the language - it not only describes a golden rule in science but also
delivers a philosophical theme for the life of humans. Under such circumstances, | could only try to
give a very rough translation in the hope of not losing the accuracy and flavor of the Chinese version:

If one could live up to the ideals,

in the light of free spirit and conscientiousness,
full of perseverance and courage,

with honesty and sincerity, then

we shall consummate the perfection in every respect

The calligraphy of this Chinese text is written by my father Professor Kangle Zhang. It is read from
upper right to lower left.
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Chapter 1. Introduction

Chapter 1

Introduction

MAGNETIC RESONANCE IMAGING (MRI) is one of the moshportant medical imaging
modalities. It is based upon the phenomenon ofeauahagnetic resonance (NMR), and uses
strong magnetic fields and radiofrequency (RF) atalin to translate the distribution of
hydrogen nuclei (protons) in body tissue into tonapyic images of anatomical structures.
The principle of MRI was first introduced in the7I3. Today there are almost 100 million
MRI examinations being performed worldwide eachry@a both clinical routine and bio-
medical research.

A general advantage of MRI over radiographic imggiechniques such as computed
tomography is its non-invasiveness, which is dudh® absence of ionizing radiation. It
provides images from cross-sections or volumesgagwhitrary orientations without problems
related to finite penetration depth and interndleotion, as for example known from
ultrasound techniques. In addition, the images lexeellent soft tissue contrast, superior to
that of any other imaging techniques, which faaiés diagnosis and monitoring of disease
progression and treatment in various organs inofydirain, heart, joints, and breast. With
access to a large variety of contrast mechanisnsedb@n magnetic relaxation times,
susceptibility differences, motions, chemical staftd magnetization transfer properties, MRI
is not restricted to morphological descriptionstteg anatomy, but also serves as a powerful
tool in interventional, functional, metabolic andagtitative imaging studies of diverse tissue
properties.

On the other hand, and despite considerable pregnase technical development, there
is still a lack of established MRI methods for éonbus imaging of moving objects in real
time. In fact, experimental trials in research-otésl environments and eventual applications
in a clinical setting are of a very preliminary cheter. In this thesis, a generic solution for
real-time MRI (RT-MRI) with excellent image qualitgpatial accuracy and temporal fidelity
Is presented [1].
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History

The history of MRI can be traced back to about ludlfa century ago when the NMR
phenomenon was discovered independently by EdwanceP and Felix Bloch in 1946 [2, 3],
for which both were awarded the Nobel Prize in Risysix years later. In 1950, Erwin Hahn
demonstrated that the NMR effect can also be obseafter the application of brief RF
pulses [4]. The concept of this pulsed NMR expenimeas later exploited for all MRI
technigues. In the next twenty years, NMR was estely used for analytical spectroscopic
purposes, mainly to study molecular structures famdtions of chemical systems. In 1971
Raymond Damadian observed that the nuclear magrettigation times of water protons in
healthy and cancerous tissue differ, motivatingersitsts to consider NMR for disease
detection [5].

In 1973 Paul C. Lauterbur for the first time delsed a way to spatially resolve NMR
signals and to reconstruct a two-dimensional im@gen multiple encoding steps [6]. By
superimposing magnetic gradient fields to the maghd during signal detection, the
resonance frequency was made position-dependemhitpeg reconstruction of the spatial
distribution of resonant nuclei by spectral anaysif the detected signal. For this
breakthrough Lauterbur was awarded the Nobel RnzRhysiology or Medicine in 2003.
Based on the gradient encoding approach, in 19¢BaRri R. Ernst, who was awarded the
Nobel Prize in Chemistry in 1991, proposed a medifversion termed Fourier imaging [7],
For spatial encoding, the use of a rotating fregyeancoding gradient was replaced by the
combination of a variable phase-encoding gradiedt a fixed frequency-encoding gradient.
Accordingly, the image reconstruction by projectioeconstruction from the Lauterbur
experiment was replaced by a two-dimensional Fotraasformation. This concept has since
then formed the basis of the vast majority of M&dhniques.

In Fourier imaging the signal acquisition is coneatly described using the so-callked
space formalism [8, 9]. In this fashion, gradiemtitshing corresponds to playing out a
trajectory in the spatial frequency domain, kespace, with the net gradient direction and
magnitude corresponding kespace speed. Signal registration alongkdspace trajectory is
equivalent to sampling the Fourier transform of dpatial signal density. Accordingly, the
desired image is reconstructed by an inverse Fotraesformation of the acquired data. In
1976, the first human MR image of a finger was aeql10], rapidly followed by reports of
other body regions [11-14]. Subsequent technicah@ackes in magnet and gradient hardware

made it possible to design MRI scanners for clinticals during the early years of the 1980s.

-2-
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Technical Considerations

As MRI became one of the common methods for diagmosaging, its drawbacks were also
recognized. Apart from the fact that patients wathcardiac pacemaker or other metallic
implants have to be excluded, this mainly applegt relatively long measuring times. For
conventional MR, the acquisition of a spatialliceded NMR signal has to be repeated many
times to cover th&-space with sufficient density and extent (typigdlP8 to 256 times), in
order to yield a high-resolution image with diagimosalue. This is commonly accomplished
in a rectilinear or Cartesian sampling grid. Mesportantly, however, a certain time has to be
awaited between each acquisition (typically 5002600 ms) to ensure sufficient signal
recovery. This limit becomes a substantial problemMRI, because long imaging times
cause motion problems for abdominal or cardiac exatons as well as for less cooperative
patients, and generally do not allow for dynamudsts with a temporal resolution of seconds
that are typical for many physiological processes.

Over recent decades, a great number of new teckmignd strategies have emerged that
attempt to overcome this problem. The first leaps wlae invention of fast imaging pulse
sequences, which are able to generate and acquiltgple echo signals continuously or
compactly after excitation. These techniques inelegho-planar imaging (EPI) [15], fast
low-angle shot (FLASH) imaging [16], and rapid aisifion with relaxation enhancement
(RARE) [17] techniques. In all these cases, thesuag time could be reduced considerably
albeit with different image contrasts and sengiggi to other undesired conditions such as
susceptibility artifacts (as in EPI) or high RF powas in RARE). Though generally included
and widely used in MRI, these imaging methods aldaenot offer a general solution to
achieve RT-MRI.

A variety of other strategies were therefore sugggkdo further speed up MRI with
Cartesian encoding of thespace. These include reconstructions from acaunisitwith more
efficient data sampling schemes that cover onlyad pf k-space [18]. Examples are the
“sliding window” technique [19], which updates tkespace in sequential segments, and the
“keyhole” technique [20, 21], which updates onle tlow spatial frequency components.
More recently, the different spatial sensitivitiemm multiple receiver coils were exploited for
parallel imaging (or parallel acquisition technigu®AT). This complementary information
allows for image reconstruction from a sparsely gaoh (undersampled)-space [22-25]. In
this way, considerable scan time reduction waseaeld by reducing the number of excitation

steps without a loss of spatial resolution or titeoduction of aliasing artifacts. Nevertheless,

-3-
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these imaging methods cannot overcome inconsigteade errors due to the object motion
and do not provide sequential data sets that aftawa smooth update when imaging a

dynamic process.

Purpose
Therefore, the primary aims of this thesis are:

* acomprehensive analysis of the physical requirésrfen RT-MRI,

« the development of a generic solution for RT-MRfeahg high flexibility to a broad
range of potential applications,

* the implementation of the proposed RT-MRI methodadh Tesla human whole-body
MRI system, and

e an experimental validation using proof-of-princigledies of healthy human subjects.

The developed method is expected to monitor dyngongzesses in real time and the
potential applications should allow for the monitgr of active body movements such as
cardiovascular motions as well as of external dbjsach as the delivery of a contrast agent
or the administration of a biopsy needle or cathdtging surgery. In this context, RT-MRI
refers to the acquisition, reconstruction, and ldgmf magnetic resonance images without
any noticeable delay. This definition deliberateggnores any retrospective or offline
reconstruction strategies with more advanced bmwesl mathematical algorithms or with
specifically dedicated hardware that is normallgvailable.

In order to accomplish these goals, my thesis cm®prboth theoretical analyses and
practical implementations. As the central resultR&MRI technique is proposed that
combines the FLASH acquisition principle with aieddncoding scheme, a sliding window
reconstruction algorithm, andkaspace view sharing technique. The ideas are ingriésa
on a commercial MRI system without the need for &aydware modification. Multiple
applications indicate substantial scientific andichl potential.
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Outline

A brief introduction of the fundamental MR physiasd techniques is given @hapter 2
comprising a description of the signals that afreen the NMR phenomenon, tHespace
encoding and image formation using traditional Fumaging, the image contrast based on
basic pulse sequences, and the MRI hardware eqotpmed for the experiments.

As the first step toward RT-MRIChapter 3 compares various rapid MRI acquisition
techniques with respect to their physical pringpl€he advantages of the FLASH technique
are experimentally demonstrated. The results shhiglaflexibility between acquisition time
and image resolution. Moreover, the absence of émadifacts and the low RF energy
deposition make it the best choice for rapid anatioaous imaging [26].

As the second module in the development of RT-MEtiapter 4 compares differenk-
space sampling techniques for spatially encodirgatguired MR signal. In particular, the
radial encoding scheme, as originally proposed kautérbur, is favored against the
conventional Cartesian scheme. It has long beererampntally hampered by technical
inaccuracies of the early MRI systems, which irey led to the overwhelming
predominance of Cartesian sampling schemes. Howeadial encoding is recently regaining
popularity, because, unlike Cartesian encodingattk of a phase-encoding gradient renders
it tolerant to data undersampling, and in additiid®,inherent oversampling in tHespace
center, which contributes to gross image contnasstkes radial MRI insensitive to object
motion during data acquisition. These two promindaatures, namely the benign
undersampling behavior [27, 28] and motion robusdr@9], represent particular advantages
for accelerated acquisitions and dynamic imaging.

As the third major component of RT-MRChapter 5 covers the concepts for image
reconstruction. ltdescribes the gridding technique for radially emsmbi-space data [30],
which is followed by a conventional 2D inverse Heutransform. In addition, view sharing
of successive acquisitions combined with a slidingdow algorithm is applied to decouple
data acquisition and image reconstruction, andetdize a smooth update of the dynamic
process together with an interleaved radial engpdaineme.

Chapter 6 focuses on the practical realization of the prepoRT-MRI method in a real
environment based on the previous development.em@htation is achieved on a human
whole-body MRI system with a magnetic field stréngf 3 Tesla. The strategies for pulse
sequence design are presented; the image contrdsjuality, as well as achievable spatial

and temporal resolution are determined.
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In Chapter 7 the proposed RT-MRI method is experimentally \atedl in human
subjects covering a wide range of potential appboa. Examples include RT-MRI of the
movements of the eyes and joints, the speech ptiodutche swallowing precess, and the
cardiovascular motion without electrocardiograpB¢ZG) synchronization or breath hold [1].

Finally, Chapter 8 summarizes the main achievements of this thegisprasents an
outlook of the prospective work in the future.



Chapter 2

Fundamental MR Physics and Techniques

This chapter gives a brief outline of the basic MRinciples, including nuclear physics,
signal processing and tomographic imaging, as wsllhardware equipment, as far as

necessary for this thesis. For more comprehenstaalsl see [31-33].

2.1 NMR Phenomenon and Signal Generation

The physical principle of nuclear magnetic resoea(@MR) can be summarized as the
observation of high frequency signals emitted bymat nuclei with a magnetic dipolar
moment when placed in a strong magnetic field amited by a short radiofrequency (RF)
pulse with proper energy. It can be categorized thtee sequential steps: (1) polarization,
during which the macroscopic magnetization is fatnby the equilibrium of nuclear spins
aligned in the applied static magnetic field; (Bsanance, during which the perturbation of
this alignment of the nuclear spins occurs wheroiddisg energy from an electromagnetic
pulse at a specific frequency; (3) relaxation, migriwhich the nuclear spins in a non-
equilibrium state return to the equilibrium by ®Heng the absorbed energy. Before
proceeding to the details, the fundamental propeftgpins that enables NMR and MRI is
introduced, and then the Bloch equations are usatescribe the dynamics of macroscopic
nuclear magnetization in the above steps as agbtfaiward model, while a quantum
mechanical description on a microscopic scale,ois given here but instead included in

Appendix B.

Spin
Spin is the quantum mechanical description of ttensic quantized angular momentub) (

observed in subatomic particles such as protoasirehs, neutrons or even photons, and also

the entire nucleus. It is distinct from the orbigalgular momentum derived from modeling
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the dynamics in the classical physics descriptidecause all elements consist of nuclei,
which comprise protons and neutrons, and each edethndividual unpaired elementary
particles have a spin of %, all atomic nuclei wéih odd number of protons or neutrons
possess a net spin as well. Such nuclei are rdlédgaiNMR. In particular, hydrogen nuclei

(commonly referred to as protons) are most suittlsl®RI because their natural ubiquity in

water and fat, of which the human body consistewamedically meaningful images to be
obtained within reasonable measuring times.

As a net magnetic moment)(is produced parallel to the rotation axis by tie ionic
charge distribution due to the unpaired nucleoohsunucleus behaves like a magnetic dipole,
which can be considered as a miniature bar madygethe orientation of such dipoles is
random without external magnetic field, the magragion of the nuclei cancels out on the

average and the total magnetic moment is zerohiohwcase there is no net magnetization.

Polarization and Magnetization

When placed in a magnetic fieBj, these magnetic moments will polarize and, forrbgen,
these protons will line up either parallel (spin-@p anti-parallel (spin-down) relative to the
applied magnetic field. This alignment is not exaetause as protons spin, they wobble,
much as a spinning top. Such wobbling of the axtisotation about the magnetic field is
called precession and the resulting magnetizatectov, representing the magnetic dipole
moments of the aligned protons, lies along the akf@ecession.

Because anti-parallel protons require a higher g@nstate, more protons align in the
parallel direction. Thus, a macroscopic magnetiratirises from the population difference in
the direction of the external magnetic field (zspwithin a volume of tissue when looking at
an ensemble of spins. This magnetizatid), (i.e. the sum of the individual magnetic
momentsy; i, is proportional to the angular momentulr) through the gyromagnetic ratio
(v), which is constant for a given type of atom (figdrogeny = 42.58 MHz/T):

M =yL
At the same time it also experiences a torque,wasting force, in the magnetic field
according to the classical electromagnetism lawsngby the vector cross-produdtx B,,.
And because the torque of a system is equal totithe rate of change of its angular
momentumdL /dt, as a result, the motion of the magnetization ¢invee dt) in the constant
magnetic fieldBy could be described by the vector equation:

dM— M X B
dt_y 0
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The precession frequency, called the Larmor frequen, is proportional to the magnetic
field strength:

wo = ¥By (2.1)
This equation indicates that higher field strenggtbults in higher frequency and that each
type of nucleus precesses at a unique frequenayginven magnetic field. For example, when
exposed to a magnetic field strengthBaf= 2.89 Tesla (T), which is used in this thesis, it
corresponds to an angular frequencygf= 7.74 - 18rad/ s, or respectively, = w,/2r =
123.2 MHz.

Excitation and Resonance

Because the net magnetization vector is in the ghraetion as the applied external magnetic
field, a displacement is necessary in order toafetignals from it. Therefore, an additional
transient oscillating magnetic field with the satm@rmor frequency is applied in a plane
perpendicular to the net magnetization. Sincefteiguency belongs to the spectrum used for
radio transmission, this electromagnetic fieldalled a RF pulse.

Absorption of RF energy by the hydrogen protonghef same frequency as that of their
precession (known as the phenomenon of resonaacses the magnetizatiovl to rotate
away from its thermal equilibrium position and résun transitions in spin states from lower
to higher energy (excitation). The angle of rotatj@), called RF flip angleRA), is controlled
by the magnitude of the applied oscillating fielj and its length of timerf,):

a=y [P Bidt (2.2)
In a frame that is rotating about the directiontted main static magnetic fieR}, atw,, the
magnetization appears to precess only aBgwand the above effect is more easily seen as the
magnetizatiorM is tipped away from the longitudinal directiore.iz-axis, into the transverse
plane, i.e. the x-y plane, with a flip angte

At the same time, another important effect of thedRlise is that it causes the precessions
of the protons to be synchronized so that theyteataphase. Right after switching off the RF
pulse, the spin system will return to its equilion state (relaxation) and the transverse

magnetizatiorM,, will decay exponentially.
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Relaxation and Free Induction Decay

The whole relaxation phenomenon occurs throughadolel process and is measuredhas
time constants, T1 and T2. T1 recovery, the sgiic& or longitudinal relaxation time,
describes the return of the longitudinal compor@nhe magnetizationM_) to the thermal
equilibrium, i.e. its original alignment with théaic magnetic field, and represents the time it
takes for 63% of the protons to return to the loweergy state. Energy loss results from
magnetic interactions between protons that transf@rgy to surrounding molecules. The

mathematical description of this process is givgn b

am,
— = (M, —M,)/T1

with the solution of its behavior as a functiorttod timet:
_t
M, =M, (1—eT) (2.3)
T2 decay, the spin-spin or transverse relaxatioretirepresents the time required for the
transverse component of the magnetizatibfi ) to decrease by 63% as a result of
precessional dephasing, i.e. loss of phase coher&mergy loss results from the interaction
between protons with neighboring protons and magrieid disturbances. The value of T2

for a given material is typically much less than, Bhd the analytical description of this

process is given by:

dMy
“ar = My /T2

with the solution of its behavior over tinte

t

M, = Mye T2 (2.4)
Both T1 and T2 are specific to the type of tissara] therefore are used to characterize the
type and physiologic state of the tissue as théldas image contrast in MRI (see Chapter
2.3). The value of T1 for hydrogen protons in lyitissue ranges from 400 to 1500
milliseconds (ms), and the value of T2 ranges f&fho 150 ms.

Noticeably, in real systems, minor differences lremical environment which lead to a
distribution of resonance frequencies may also leadephasing and signal loss. Although
such de-coherence due to magnetic field heteroge(eig. main magnetic field inhomo-
geneities, magnetic susceptibility transitions, tcast agent, etc.) is not a true “relaxation”
process, for many NMR experiments this “relaxatidaiminates. Compared to the ideal T2
relaxation, which refers to the non-reversible degpig caused by spin-spin interaction, such
signal deviation can be recovered, and it is coasisover time for molecules that are not

moving. The corresponding transverse relaxatiore tconstant is termed T2*, which is

-10 -



2.1 NMR Phenomenon & Signal Generation

usually much smaller than T2. The relation betwibem is:

Lo
T2 " T2 Topom T2 ' 1000

whereAB,, is the difference in strength of the locally vawyifield.

In summary, by taking account of all magnetic felthd relaxation effects (and neglecting
field inhomogeneity, flow, and diffusion processeaspe torque motion of the magnetization
vector in the laboratory (stationary) frame of refece is described by the Bloch equations,

which were introduced by Felix Bloch in 1946 as miraenological equations faf =

(My, My, M,):
dﬁ;’" = yM X B, —%
%zyM xBy—%
d;\;[z =yM xBZ—%

The magnetic field comprises both static and oscillating components.

As the spin system relaxes and returns to its ibguim state, the precessing magnetization
oscillates at the Larmor frequency. Since onlytthasverse component of the magnetization
can induce current in a coil, which is placed pedieular to theB; direction, the received

signal will decay rapidly. This is known as the pbmenon of free induction decay (FID).

2.2 Signal Localization and Image Production

In NMR, all protons in the examined tissue are &xtat once by the RF pulse. Therefore, the
overall signal, i.e. the sum of signals from abtons in that volume of the tissue, is measured.
Through a Fourier transformation (FT) of the FIQmal, the multiple resonance frequencies
due to different chemical species can be repredenmtethe frequency domaimwith
distinguishable peaks in a spectrum. This can lee s study the chemical structure of the
tissue and is referred to as NMR spectroscopy. daalble to identify the source of the
resonance signal and to produce images of the etisspecific manipulation of the
magnetization is exploited in MRI. The physical noiple of this procedure can be

summarized as the visualization of the NMR image(by controlling the imaging pulse

-11 -
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sequence for spatial encoding of the signal in kispace via modifying the resonance
condition with variable magnetic fields (gradierds)d (2) using a Fourier transformation for

image reconstruction.

2.2.1 Spatial Encoding and Gradient Control

The received MR signal5[ represents the transversal component of the ddgearhall spin
signals from the excited volum¥)(

S(t) = f M, () - dV
\%4

where the precession of the magnetization vectoiransverse plandl,, at timet after
excitation, based on the Bloch equations but néglpall relaxation effects for simplicity till
further notice, is:

M.y (t) = My, (0)e "ot
in which M,y refers to a complex quantity,,, = M, + iM,,.

In order to spatially encode the signal, small dnenagnetic field gradientsG] are
applied that lead to spatially diverse precessreqguencies in a volume. By superimposing
such a linear gradient to the static magnetic fiBi the following spatially-dependent
magnetic field is obtained:

B(r) = By + G,
whereG; refers to the gradient strength in the r-directi®ecause the Larmor frequenoy is
proportional to the field strength, it also becorpesition dependent:

w(r) =y(By + G,1r) = wg + VG, 1
In other words, the gradient fields allow for lingi the Larmor frequency to the spatial
location inside the magnet. Thus, spins at differlacations can be differentiated by
examining their resonance frequencies. The basmcepis of using gradients for spatial

encoding in this manner, i.e. gradient encoding,described below.

Slice Selection Gradient

Just considering the above condition, by imposingagnetic field gradiens; in the z-axis
direction on the main fieldB,, the resonance frequency of the tissue becomesrlin

dependent on the position along the z-axis. Duéhéoquantization of the energy levels,

-12 -



2.2 Signal Localization & Image Production

protons can only be excited if the frequency of Rfe pulse coincides with the resonance
frequency,w(z) in this case. Therefore, the position of the pmetdo be imaged can be
selected by adjusting the gradient field and thepRBIBe:

z= (% - BO)/GZ (2.5)
In practice, an RF pulse with a narrow bandwidtiAef= yG,Az selectively excites a thin
slice of thicknesdaz (typically several millimeters) and reduces theal@ation problem from
3D to 2D. This concept is called slice excitatiorskice selection. The selected slice is further
encoded by field gradients in the x and y diretiomo serve as a base for encoding
techniques, only the traditional approach, i.eoéliryg in a Cartesian grid, is introduced in the
following. A detailed description and comparisontiwiother advanced approaches, e.g.

encoding in a radial manner, is given in Chapter 4.

Frequency Encoding Gradient

A frequency-encoding gradient (also called readeadout gradient,), is applied along x-
axis direction after slice-selection excitation idgrthe acquisition or readout time in one
measurement. This results in spatially dependesoin@nce frequencies along the x-axis:

w(x) =y(By + Gyx) (2.6)
which yields spatially dependent magnetization:

M,y (t) = Mxy(O)e‘i”f [Bo+Gx(t)x]dt — Mxy(o)e‘i”f [Bx(t)]dt

The received signal is a sum of harmonic functiwih different frequencies and amplitudes.
By performing a FT, the distribution of frequencidsscribes the one-dimensional spatial
distribution of the spins in the sample, and thel#ode of each peak describes the amount

of the magnetization (proton density or anothepprty of the tissue) at each location (voxel).

Phase Encoding Gradient

For a one-dimensional experiment, the encoding witihequency-encoding gradient alone
would be sufficient. However, to create two- oregndimensional images, another gradient is
needed to encode the information in the seconcdhiod dimension — the phase-encoding
gradient. It is applied after the excitation pulsat before the acquisition in a direction
perpendicular to the read direction, i.e. along ykexis direction. The effect of the phase
gradient is the same as that of the read gradientever, it is applied only for a short time,
during which the precessing frequencies are affeatel spatially altered. After the gradient
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Chapter 2. MR Physics & Techniques

is turned off, the spins return to the originalgimency but with different phases, ,
depending on their location along the y-axis, whidve been acquired when the phase
gradient is on:

Py =YGyyt (2.7)
wheret is the total amount of time the phase gradientliesen applied. The magnetization
along the y-axis is then given by:

Moy (£) = My (0)e =¥ JIBo* G0Nt — gy, (0)e =7 JIBy Ot — py, , (0)e iyt

This phase modulation is not affected by gradiaptgied in perpendicular directions during
the rest of the measurement, including the readigma Furthermore, one data acquisition
period does not supply enough information to crea2® image because only one phase shift
has been induced. Thus, the measurement must éateepl, times, where\, is the desired
number of points in the y direction. With each tépm, either the phase gradient strength
(Gy) or its durationt] is changed, giving the spins a different phask fir each acquisition.
Once the data is complete, a 2D inverse Fouriastoamation (iFT) is performed to yield a

two-dimensional image of the spin density.

2.2.2 k-Space Formalism and Fourier Imaging

After introducing the three magnetic field gradgent is necessary to reconsider the received
MR signal. For simplicity, a volume in two dimensg) i.e. a slice after RF selection, is
described. First of all, this complex sigr&| arising from the induced voltage in the receive
coils by the transverse magnetization precessirgtiatet from an arbitrary source location
IS given by:

S.(t) = e~if wr(®at (2.8)
By considering the application of a generalizeddgmat, the resonance frequency is a
function of not only time but also position:

S.(t) = e~ [ Gr(Oradt (2.9)
In general, the magnetization is described asuhesation, i.e. integration of the continuous
distribution of the spin density over spage’)dr, which yields:

S, (t) = [ p(r)e-ir]erOrat gy (2.10)
or the same by considering the local precessingeligq 2.7) that accumulated while the

gradients are switched on:
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2.2 Signal Localization & Image Production

S.(t) = fp(r)e—iyhpr(t)dtdr
Because the gradie@i(t) is a known function, by defining a reciprocal splaermk as:

k(t) = - [ G(t)dt (2.11)
where, for the usual case of a linear (i.e. tingependent) gradient:

k(t) = %Gt
the signal can be re-written as:

S(k) = [ p(r)e~i2mkr gy (2.12)
which is recognized as Fourier transform of thetganadensityp(r) at the positiork(t) in the
Fourier domain. Inversely:

p(r) = [ S(k)e?™ " dk (2.13)
which reveals that the spatial information can beaamed from the Fourier domain data by
IFT. This Fourier domain is commonly referred tokespace in MRI, which offers a unique
means to illustrate how the spatial frequenciesameoded. Eq 2.12 also shows that the
received signal is complex. Thus, the image todwemstructed has complex entries as well,
but usually it is the magnitude values that arsg@néed for viewing.

It should be noted that the relaxation is so faworgd for simplicity. Thus, an accurate
description of the received signal needs an exaensf Eq 2.12 by including respective
relaxation terms into the integral. And the recdigggnal corresponds actually to the Fourier
transform of modulated spin density. By controllitng timing of the signal acquisition via
imaging pulse sequences, different parameters earerbphasized to provide parameter
weighted images with different contrast appeara(®ees later).

With a proper gradient control, a particular trapeg (path) is steered to cover tke
space. Firstly, thé-space location (Eq 2.11) in one measurement camberstood as the
momentum of a gradient — for a linear gradient e gnadient strength multiplied by its
duration. Such momentum is important when examiniefpcusing and defocusing of
magnetization using gradients. Together with sdvemgortant advanced imaging pulse
sequences for accelerated MR imaging, they areepred and compared in Chapter 3.
Secondly, as can be seen from Fig 2.1 where tlensity in thek-space is displayed in
logarithmic scale, rather than a monotonously hanegus domain, the centekadpace area
with high intensity values corresponds to the loegtiency component of the signal that
contributes to the image gross contrast, whilepi@pheral area with low intensity values is
filled up with high frequency components that cimites to the image details. Therefore, it is
necessary to switch the gradient in such a waythigaspatial frequency signal is collected not
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only sufficiently along the trajectory to cover thespace, but also efficiently for image
reconstruction to represent the sampled objecth Sarcoding schemes are described in
Chapter 4.

Furthermore, through any linear combination of grats, an imaging slice can be
selected in an arbitrary orientation. As both taoe three-dimensional imaging methods are
common in MRI, thé&k-space has also the same dimensional order asygeito be acquired.

This dissertation entirely focuses on 2D imagingréal-time application.

Ak, « 1/FOV, Ax o< 1/(2kymax)

—~
9 A e s e
%A S

B 2N
P HANRIE

Ak, o 1/FOV,

(P y2) /T » Ay

k-space Image

Figure 2.1 Relationship between thespace and the image domain.

2.2.3 Sampling Requirements

During the presence of the magnetic gradient fitld, sampled signal is encoded along the
respectivek-space positions. By iFT of thespace data points, an image is reconstructed.
Therefore, MRI is essentially Fourier imaging andsinMR image characteristics can be
deduced from the mathematical properties of theiBotransform. This implies that certain
requirements should be fulfilled during the acdiosi according to these properties in order
to reconstruct the image properly without artifa@sich basic requirements are introduced
here while a mathematical description of the Faurensform and Nyquist criterion of signal
sampling for MRI is given in Appendix C.

In an actual measurement only a finite numbét-gihace points can be acquired because
the object is sampled discretely at a certain sengpéate. Thus, a 2R-space is made up of a
grid of points. In addition, because discrete samgpleads to occurrence of periodic object
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copies and the distance between the copies isroeaipto the sample distance, by applying
the Nyquist criterion, the distance between eacdhtpo thek-space, i.e. the sample distance
Ak, has to fulfill the relation to the chosen fielthaew (FOV) in one measurement:

Ak < 1/FoV (2.14)
In general, if the sample distance is too largé threre is any spin density existing outside the
FOV, then the neighboring copies overlap with eaitter in the image domain. This so-called
aliasing will cause fold-over or wrap-around axtt&in the image.

Besides, the number of sampMNsis referred to as base resolution or image mainz
because it is directly related to the number ofgenpixels. Therefore, the spatial resolution
(Ad) of the reconstructed image is given by the follaywelation:

Ad = FOV /N,

The relationship between image dimension kssgace parameter is shown in Fig 2.1.

2.3 Sequence Type and Contrast Mechanism

In contrast to NMR spectroscopy, MRI does not ieRID signal directly for imaging, but
instead uses an echo, which is generated by thkasem process of the transverse
magnetization during the recovery of the signaémsity. This is done by controlling the
timing of RF pulses and gradient fields through ging pulse sequences that contain
hardware instructions. The typical timing parametere TR (repetition time) and’E (echo
time). TR refers to the time between the RF excitation puls®ITE is the time between the
RF excitation pulse and the detected signal (eplajuced by the sample.

Intrinsically, MR signal intensity and image comsfrai.e. the image pixel value, is
governed mainly by three parameters: the tissuedgmsity, T1 and T2 relaxation times [34].
However, by experimentally varying the pulse segeetming, i.e. extrinsic factors such as
TR and TE, differences in the magnetic relaxation propertésissues can be emphasized,
and spin density, T1 and T2 information can beiddially accentuated in the resultant
image as the predominant source of contrast [34ip @&dvantage of MRI inevitably makes it
superior to, for example, X-ray or CT in which theurce of contrast arises solely from the

physical density. In the rest of this section, lthsic pulse sequences are introduced.
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Spin Echo Technique

The spin echo (SE) technique was introduced ag aarll949 with the discovery of the spin
echo by Erwin Hahn [36]. Usually, it has two RFgmd - a 90° excitation pulse and a 180°
refocusing pulse. For MRI, the former is appliedatselected slice of tissue that rotates the
magnetization vector into the transverse plane. ifdaced FID signal decays with a time
constant T2*, which reflects both spin-spin relaat(T2) and relaxation caused by non-
uniformities in the field. After some timdE/2), a 180° pulse is applied which reverses the
signal decay (dephasing) caused by field inhomadteseand restores the magnetization
vector in the transverse plane. An echo signalspé echo, is produced when the spins are
refocused (at tim&@E) and is measured in the presence of a readoutegta@sg) during
which data sample$N() are digitized for storage in the acquisition canep by the analog-to-
digital converter (ADC).

A very long TR is necessary since time must be allowed for nufl¢issues to undergo
complete longitudinal relaxation to yield high s on subsequent excitations. The signal
intensity is then independent of T1 because thesgpsed for imaging are fully relaxed before
the next excitation pulse is applied. Therefore t&fhnique gives T2 weighted contrast. If the
TR is shortened, the tissue will have incomplete lgnal relaxation, the signal intensity
will vary with T1, and the image will contain sori& weighting.

The sequence diagram of a basic SE technique wrsio Fig 2.2. Several advanced
imaging pulse sequences such as rapid acquisititin ilaxation enhancement (RARE)

belong to this technique.

Stimulated Echo Technique

The stimulated echo (STE) pulse sequences [37ar@8hased on the properties of stimulated
echo first identified by Hahn [36] and further qtied by Woessner [39]. They consist of at
least three RF pulses with typidéAs of 90°, between which strong dephasing gradiards
applied. Considering the typical case where thresgjually spaced 90° RF pulses are applied,
besides three conventional SEs resulting from gqams$sible pair of RF pulses and one
secondary SE resulting as a reflection of the f8&tby the third RF pulse, one stimulated
echo is produced by the combined effect of allétiR& pulses (Fig 2.2). After the first two 90°
RF pulses, only half of the spins are subsequergtgcused into the spin echo in the
transverse plane, while the other half contribtite$1 recovery in the longitudinal direction.

By the third RF pulse this “stored” magnetizatienthen flipped into the transverse plane
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which forms the STE. It appears at a time delagrdfte third RF pulse equal to the interval
between the first two RF pulses. Although clasrcptoduced with 90° pulses, any RF
pulses other than an ideal 180° can produce a ktietuecho.

Since all echoes are RF refocused, like SE seqeetive STE technique is robust to
susceptibility artifacts. Besides, lower RF powsedeposited when compared to SE sequences,
because of the absence of the 180° RF pulse. Howseause the maximum STE amplitude
is only 50% of a conventional SE, STE images hat&Eeably lower SNR.

The STE technique, under the acronym STEAM (stitedlaacho acquisition mode), is
also widely used in diffusion imaging [40-43] angifrom the early measurement [44], and
routinely employed in MR spectroscopy as a locélimamethod to select a voxel from three

orthogonal imaging slices [45-47].

Spin Echo Stimulated Echo Gradient Echo

90° 1/TO 90° 90° 90° 90°
RF "‘vlr\v AV.VA ‘vli\v vl.\v v/l\v VT

i iV

Gradient— : : : : .

‘| FID SE : : : STE : GRE
Signal — : Al : e : W

4— TE/2—>E<—TE/2 —>- <—TE/2-><—TM—>4—TE/2->- 4— TE —P-

Figure 2.2 Pulse sequence timing diagram of the basic spilo €8E) technique (left), simulated echo
(STE) technique (middle), and gradient echo (GREhique (right)TE is the time between the middle of
the excitation pulse and the maximum of the deteetho;TRis the time between successive excitations;
TM is the time between the second and the third R$epE&ID is the free induction decay. The inversibn
the rotating direction by a 90° or 180° refocuspuise corresponds to a reflection of #agpace position,
i.e. a change in the coordinate sign, so the reaagtadient should be switched in the same direc®ithe
prephasing gradient, which is different from theitelhing of the dephasing gradient in gradient echo
techniques.

Gradient Echo Technique

The gradient echo (GRE) technique, being describethe early 60s [48, 49], was the
archetypal Fourier imaging technique as spin wargging [50]. It consists of one single RF
pulse (often called the pulse) for excitation and does not use 180° ptasefocus the spins.
Instead, a gradient is applied after the initiglulse that induces spin dephasing, immediately
after which a second gradient pulse of the samatidur and magnitude but opposite polarity
is applied to reverse this dephasing and produeetho signal, i.e. gradient echo. As in the

spin echo technique, the GRE sequence is repetisgcbaeTR for successive acquisition to
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cover thek-space for image reconstruction.

The absence of the 180° RF pulse in GRE sequemsesdveral important consequences.
First, a shortelR may be applied than an analogous spin echo seguergch leads to
shortened overall imaging time. Second, less RFepasvapplied so that the total RF energy
deposition to the patient is lower. Additionally2*Tweighting is allowed because the static
sources for spin dephasing — unavoidaBleinhomogeneity and magnetic susceptibility
differences — also contribute to the signal deathay are not rephased. But for this reason,
the overall signal level in GRE images is less tfuarSE images with comparable acquisition
parameters, and the GRE image is also more semsitisusceptibility differences caused by
metal implants or air-tissue interfaces.

The basic sequence diagram of a GRE technique asvrslin Fig 2.2. Numerous
advanced imaging pulse sequences such as fastrigle ahot (FLASH) belong to this

technique.

Proton Density Contrast

Because the magnitude of the received signal ipgstional to the magnetization, which is
the summation of the proton density (spin dengitybne voxel, tissue with a high proton
density (PD) reaches a high level of magnetizadod thus induces a strong signal while
tissues with lower PD induce a low signal. TherefdvIR image is subject to a basic and
direct weighting with the proton density. For inmsta, in proton density weighted (PDW)
images of the brain, as illustrated in Fig 2.3,ygnaatter and cerebrospinal fluid (CSF) are
brighter than white matter. To obtain a pure PDVéges, the signal has to be acquired in a
way that any additional signal modulation from xeltion or saturation is avoided. This is
achieved by minimizing the duration between thedRrE&itation and the data readout, IT&,

and keeping a rather long repetition delay,TR.to allow for a homogeneous recovery of the
longitudinal magnetization. In practice, howevérjsi often infeasible either to wait for a
complete recovery of the longitudinal magnetizatimtause of the unbearable measurement
time, or to have a short enoudgfE because the RF excitation pulse and data readout
themselves take some time. Therefore, the protamsitye can only be approximately

determined in this case. Nevertheless, it is gefiiicfor many diagnoses.
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T2 Contrast

A contrast weighting with the T2 relaxation timendae achieved by increasiid, so that an
intended delay of the signal is introduced betwienexcitation and the signal detection. In
such a case, the signal strength depends on thel@®ation. For instance, tissues with a
small T2 value have faster signal decline and thezeappear dark in the image, e.g. white
matter, while more signal remains in tissues witlarge T2 value which appear bright, e.g.
CSF and grey matter (Fig 2.3). The SE techniquateseT2 weighted (T2W) images which
depend only on the random dephasing process dpitespin interactions, because the
systematic dephasing due to field inhomogeneityejshased. Therefore, images are not
sensitive to off-resonance effects caused by ladabmogeneity of the magnetic field or
susceptibility differences arising at air-tissueerfaces. For clinical diagnosis, T2 contrast is
often used because it is very sensitive to maligohanges of the tissue and is helpful for, e.qg.

cancer detection.

Figure 2.3 Basic MRI contrast due to proton density (left?, (Eenter), and T1 (right). The three images
were acquired from a human brain in a transversalep Contrast is shown for the white and grey enatt
the lateral ventricles with cerebrospinal fluidadahe sinus. For details of the anatomical stnestand
the interpretation of MRI brain images refer to][51

If, however, both mechanisms of the loss of thesph@herence are taken into account, as it
may be achieved in GRE techniques, signal amplitsdben dependent on the effective T2
relaxation time and image contrast is thus T2* \Wwkd. In practice, for example, the
functional MRI (fMRI) techniques utilize the spireghasing caused by the local change of

the hemoglobin concentration to study functionaltictivations in response to the stimulus.
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T1 Contrast

A contrast weighting with the T1 relaxation timendze obtained by performing fast repetitive
excitations with incomplete recovery of the londitval magnetization at shofE. In such a
way, the signal amplitude becomes dependent ol theelaxation. If tissues have long T1,
then only a small amount of the longitudinal magaion is recovered at the end of the
sequence and available for a next excitation. Asressequence, such tissues create a weak
signal in the following measurements of the seqeewntich is referred to as spin saturation
effect. On the contrary, tissues with small T1 icela strong signal, because a high amount of
longitudinal magnetization is used in the subsetjagaitations. Therefore, tissues with short
T1 values that produce higher magnetization appeght in the T1-weighted (T1W) images,
which have an inverse character in comparison ¢oTtAW images. For instance, the CSF,
which has a long T1 and a long T2 relaxation tiaygpears dark in the T1W contrast but
bright in the T2W contrast (Fig 2.3). For morphatad imaging of anatomical structures,
T1W images are often used to provide a good cdntras

The GRE technique creates typical TIW images. bctpre, however, because full
longitudinal magnetization is always available dgrithe first measurement by running the
sequence, the initial signal is still independawint the T1 value and only PD weighted.
Therefore, it is necessary to drive the magnebmaitito a steady-state before data recording.

This can be done with several preparation excitatio

2.4 MRI System

A conventional MRI system consists of a magnet amggladient system, a shimming system,
an RF transmitter/receiver system with an excitatamd receiver coil, a patient table, a
reconstruction computer, and an operator consdie avsplay monitors. All experiments for
this thesis have been conducted with a commerdialevbody MRI system (MAGNETOM
Trio, A Tim System; Siemens AG, Erlangen, Germaayy allin vitro studied having been
carried out with different phantoms, as shown i E4.

The magnet, as the core component of the systemsjste of solenoidal coils. The coils
are contained inside a tank (cryostat) of liquidume (cryogen). At the same temperature as
liquid helium (-269 °C), coils made of a niobiuntahium alloy become superconductive, i.e.
flow without resistance, and thus without heat pidobn. The strength of the main fidh is
2.89 T (the Earth’s magnetic field is approximatglyo 6-1F T) and the bore (with casing)
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has a length of 142 cm with a diameter of 60 crigwahg for FOV up to 50 cm in each
direction. To achieve homogeneity of the static nedig field, the shimming system (active
or passive shimming or both) is employed. A detadescription is beyond the scope of this
work, but the crucial importance of such homogsmneie. the level of the uniformity of the
field, should be known because the more uniform dtaic field is, the less the resonant

frequency varies with position. Normally such fieldhomogeneities can cause many

difficulties in imaging, from image distortion tduoring and replication artifacts.

Figure 2.4 MRI system used in this thesis (left), differeypas of phantom foin vitro studies (middle),
and anin vivo study of volunteer (right).

The gradient system for spatial encoding providesaaximum gradient field strength of 38
mT/m per axis, switchable on a {6 raster with a maximum slew rate of 170 mT/(m-ms).
The RF system uses separate coils to transmit l¥epior excitation and to receive RF
signals for data acquisition. The excitation is elovith a body coil, which is mounted to the
casing of the bore, and different coil types depeman the application are used to receive

the resonance signal.
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2.5 Summary

The principle of MRI is based on nuclear spins. M/hhe quantum nature of a spin in a
strong static magnetic field determines the fundaaleroperties, an ensemble of spins can
be modeled using classical mechanics. This lafipraach serves to describe the application
of RF pulses and magnetic field gradients as welhaclear relaxation effects. The signal
observed from the spin system during the relaxatiay be detected with the use of a
receiver coil and, for MRI, sampled througlk-apace description. Depending on the spatial
encoding of thek-space and its sampling during data acquisition, irange may be
reconstructed through various reconstruction allgors, which in most cases involve an
inverse Fourier transformation.

As a medical tomography with numerous physical, haaatical and engineering
concepts, MRI is much more sophisticated than CTuloasound. Any flaw during the
imaging procedure, for example, undesired subjgetrfierence (e.g. motion), improper data
sampling, imperfect instrument control during enogdor mishandling of the acquired data
during decoding, may result in images that are len&d properly represent the original
subject (due to presence of induced artifacts stodion), and may cause misinterpretation in
clinical diagnosis. This is even more critical ®f-MRI, which requires the MRI procedure
to be accomplished within a certain time withouy amnecessary or even detectable delay,
but still has to achieve high fidelity to the ongl subject or the dynamic phenomenon.
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Chapter 3

Development of Real-time MRI:
Physical Basis

MRI is intrinsically a slow imaging method becauskethe following reasons: 1) signal

acquisition has to be done by exciting the spinayrames to maintain signal strength, when

the transverse magnetization decay accordirgl td2 is accounted forTf ~ 20 ms); 2) a
certain time depending upon the desired contrasttbabe spent to restore the thermal
equilibrium before each excitation; 3) such prodess to be repeated successively to cover
thek-space with sufficient density and extent to propegconstruct images of an object of a
certain size with a given resolution. The total ging procedure of conventional Fourier MRI
— through such sequential and substantive repagitid excitation, encoding, and waiting — is
inherently time consuming, and therefore, speddias and proper physical strategies are
needed for the development of RT-MRI [52].

Based on the basic echo generation methods dedénlibe last chapter, many advanced
techniques have been invented for acceleratiomefirhaging process. These fast imaging
pulse sequences attempt to manipulate magnettt dgieldients and RF pulses as rapidly as
possible, and to cover thespace in a very short period of time. For examiplere than one
k-space phase encoding line can be acquired bydiecomultiple echoes that are produced
after one RF excitation. The signal acquisitiongiof such methods is many times shorter
when compared to single-echo methods.

In this chapter, different principles of reducingas time by fast pulse sequences are
explained and comparatively evaluated, including tist gradient echo approach, i.e. the
FLASH technique. Respective variants are proposedfarther improved as the first step to
develop RT-MRI.
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3.1 Signal Acquisition with the FLASH Technique

A typical fast gradient echo technique, under ttr@@ym FLASH (fast low-angle shot), uses
slice-selective low flip angle RF pulses fulses) with short repetition time [16, 53]. Insth
manner, magnetization recovers rapidly due to liqevangle and no additional time needs to
be spent before the next excitation. At the sam tian equilibrium, i.e. steady state, is
established after a few initialpulses between the magnetization reduction (desddation)
and recovery (due to relaxation) because of the 3itime constant.

Compared to the spin echo technique, the FLASHessmps are more sensitive to field
inhomogeneities and susceptibility differences. ldeer, they show several advantages: First,
the shorteffR (< 20 ms) reduces the image acquisition tiif®) o the order of seconds:

TA = Nyyg - TR - Npg
where Npg is the number of total phase encodings stepsNagg is the number of signal
averaging, which for RT-MRI should be one. Secaruhsiderably less overall RF power, i.e.
much lower specific absorption rate (SAR), is déedsin the patient by eliminating 180°
refocusing pulses. Third, extra contrast due tphase and opposed-phase [54] conditions for
fat and water signal is enabled without additiomagnetization preparation pulses, which
will be presented in Section 5.1, while in FSE & i®iaging, echo refocusing by 180° pulse
does not allow this phenomenon to be demonstrateatidition, the FLASH technique shares
the typical inflow effect from the basic GRE seqeen produces images characterized by
bright signal intensity from moving fluids, e.g.prdly flowing blood, compared to dark
intensity of stationary fluids.

Although numerous fast GRE signal acquisition sagas have been developed based on
the initial FLASH technique, the resulting imageégegrise to completely different contrasts.
They are classified mainly according to the way tpadients are switched between
consecutive excitation pulses and the resultingasidn of the steady state, so-called steady
state free precession (SSFP) [55]. The three @leetsons are outlined below while a detailed

description may be found in [56, 57].

3.1.1 Spoiled Steady-State Free Precession (SSFP)

Because of the shoiiRs that are used, the dephasing of the transvergmeatization is

incomplete. In the conventional spoiled FLASH taghe, the steady state is maintained but
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the residual net transverse magnetization is petpatestroyed by applying either spoiler

gradients with different strength for each phasesding step before the naxtpulse (known

as gradient spoiling) [45] or by changing the phalsthe RF pulse for each transmit-receive
cycle (known as RF spoiling) [58]. In general, daeompletely destroyed residual transverse
magnetization, only the regular FID signal is acegiiby the spoiled FLASH sequence, which
leads to T1W images.

3.1.2 Refocused SSFP

A typical refocused FLASH technique, known as geatlrecalled echo in the steady state
(GRASS) sequence, is very similar to the spoiled&H sequence except for the “rewinding”
of the phase-encoding gradients [45, 59]. In suelay the overall phase of the transverse
magnetization is maintained constant from one repetto the next [60-62] and a steady
state of both transverse and longitudinal magnibizais established. Since the residual
transverse magnetization rephased by subsequerguREs produces stimulated and spin
echoes, which are included with gradient echoe&SSBP-FID signal, differing from regular
FID, is acquired by refocused FLASH.

For small flip angles, image contrast of refocu$&dASH is very similar to that of
spoiled FLASH. At relatively larger flip angles amthort TRs (i.e. TR« T2), the signal
contrast is related to T2, causing structures \itly T2, such as CSF, to become bright. For
larger flip angles and longRs, the contrast becomes T1-weighted, similar talegpdLASH

images again, because the Idignaturally spoils the transverse magnetization.

3.1.3 Balanced SSFP

A balanced SSFP technique, originally termed fastging with steady-state precession (FISP)
[63], also called TrueFISP, is a modification o€ trefocused SSFP sequence in which all
three gradient axes (frequency, phase, and slieeefocused or balanced [64-67]. Since both
of the stimulated and spin echoes made up of teelual transverse magnetization are
produced by equidistant RF pulses, in additionhe just created FIDs, the overlapping
gradient echoes of the SSFP-FID and SSFP-echo Isignacquired. Under such fully
balanced conditions, blood and even CSF with slow have high signal intensities, similar

to heavy T2 weighting.
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Like in the refocused SSFP sequence, the steattyistthe balanced case is maintained
by using relatively higher flip angles to producecalent SNR. It gives good blood and
muscle (myocardium) contrast, and is therefore lyidesed in cardiac imaging [68-70].
However, its high sensitivity to off-resonance effe limits the use in many situations,
particularly at high magnetic field strengths off@sla. Preliminary results of the balanced
SSFP are included in Fig 3.1 of the next sectidmn@as more detailed experimental studies

of all three variants are described and discussé&hapter 6.

3.2 Comparison of Available Acquisition Techniques

In addition to the FLASH techniques, the most obsievay of rapid signal acquisition is to
generate multiple encodable signals (e.g. involvB8igs, STEs or GRES) per repetition
interval. This principle is used in many other fpatse sequences. As they diverse in detalil,
these important techniques are carefully companmettheory and experimentally, in order to

find an optimal solution for RT-MRI.

3.2.1 Brief Review

Fast Spin Echo Sequence

The fast spin echo (FSE) sequence, originally tdrmegpid acquisition with relaxation
enhancement (RARE) technique [17], relies on ther-Barcell-Meiboom-Gill (CPMG)
condition [71, 72]. It uses a long train of 180fomising pulses after an initial 90° excitation
pulse to generate a string of multiple spin echdtes also called turbo spin echo (TSE)
sequence, and the number of echoes received isathe repetition is called turbo factor or
echo train lengthETL). Each echo in the train is phase encoded to genardifferent line in
the k-space so that a rapid acquisition time is achiebedfilling multiple lines in one

repetition TR):

Npg
TA=TR "L

The contrast of FSE images is primarily T2 weigltiAs echoes are received at different
echo times, the echoes corresponding to the cdasiadce lines are the ones that determine

image contrast and the time point at which theyaguired is called effective TH ),
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which can be selected for stronger T2-weightingW)ar proton density-weighting (PDW).
Certain magnetization preparation pulses can bebowd with FSE sequences [50, 73]. An
inversion time Tl) between the previous 180° inversion pulse anddl@wving 90° pulse can
selectively suppress fat signals (as the STIR tgcien[74] and the FLAIR technique [75])
due to their different T1 relaxation times.

The advantage of FSE techniques is that it efftyereduces the acquisition time of the
standard SE method to acceptable limits for clinmactice (on the order of minutes),
particularly in obtaining strongly T2W or PDW imagdt is also immune to off-resonance
distortions from field inhomogeneity and tissuetindd susceptibility variations, which are
cancelled by the 180° refocusing pulses. Howeusg, use of early echoes with strong
intensity to fill the high spatial frequencies ihetk-space periphery is likely to produce
truncation or Gibbs artifacts, while the use oélathoes with weak intensity may result in a
blurred image with poor spatial resolution. Adduadly, since the longR is still kept, the
emphasis of FSE technique is on overall efficiemeyl diagnostic accuracy in clinical
applications, e.g. by increasing the in-plane mgsmh while maintaining conventional T2
contrast, rather than on rapid signal acquisition.

An extreme case of FSE, so-called half-Fourier siipn single-shot turbo spin-echo
(HASTE), which uses only one initial preparatiorigeufollowed by a very long echo train to
record signals (i.eTA=TR), is a true ultra-fast pulse sequence. It is comdbiwith partial
Fourier phase encoding (PF), which utilizes the glem conjugate symmetry property lof
space and omits the acquisition of certain phaseding steps or even half of thkespace
except for a few central lines for phase correcfiy 76, 77]. Such a single-shot approach
enables the acquisition of good motionless imagébkirwa single breath hold, e.g. in
abdominal or lung imaging. However, the signal asitjon with very long echo train results
in SNR decay and restricted spatial resolution, alsd blurring in the phase encoding
direction, as shown in Fig 3.1. Furthermore, thigdaguantity of RF energy deposited by 180°
pulses, which manifests as heating, fundamentatijtd the application of such sequence
type, although a certain reduction could be actidwe lower flip angles for refocusing [78,
79], particularly in real-time imaging when longgin echo train length is desired for shorter

acquisition time.

Fast Stimulated Echo Sequence

The fast stimulated echo technique, so-called H8BDBAM, replace the third 90° RF pulse in
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the basic stimulated echo sequence (STEAM) [37& Isgries of readout RF pulses with flip
angles FAs) lower than 90° [80]. In such a way, after thegn&tization is prepared by the
first two RF pulses, the rapidly repeated readdutpBlses continuously tip a certain amount
of magnetization into the transverse plane, andteesponding stimulated echo train is then
differently phase encoded similar to the FSE tepimibut only on the order of a second. For
example, th@A for a single-shot turb& TEAM is given by:

TA=TE/2+TM+ TR - Npg
whereTM is middle time between the second and the thirdpRIBes. However, unlike SE
signals in the FSE technique that are attenuateti2oielaxation, the individual STE signals
experience T1 weighting.

The advantage of this fast STE technique is thetabse all acquired echoes are RF
refocused, the resulting images are insensitivesonance offset effects from chemical shifts
or magnetic susceptibility differences. Moreovehas a much lower RF power deposition in
comparison to FSE sequences.

However, the obtained image with low level of signeemains a persistent problem
although a few approaches may be applied to enhfrecavailable SNR, for example, by
combining partial Fourier phase encoding with srgihot STEAM [81-83] to reduce the
number of necessary excitations [84], or by empigywariable flip angles and using multi-
shot STEAM with segmentekispace acquisition [85], as the results shown o FiL. In
particular, for real-time imaging when thé of one slice is already shortened to achieve high

speed by compromising certain SNR, additional dggdagradation would be a fatal problem.

Echo Planar Imaging Sequence

The general concepts of echo planar imaging (BRI)h gradient and spin echo variants,
were described originally by Mansfield [15, 86]damproved later as a standard sequence
mainly for fMRI [87-89]. Typically, a single-shotFt acquires all image data during a single
TR period. Immediately following a slice selective ®F pulse, the phase-encoding gradient
Is blipped on and off during continuous reversaltteé frequency-encoding gradient. Each
gradient echo is separately phase encoded andEheis determined by the time to the
central gradient echo. It is considered as an mdrease of single-shot fast GRE sequence.

A distinct advantage of EPI is that an entire imege be obtained in just 100 ms because
only one (i.eTA=TR) or two RF excitation pulses are required. Howesampling all ok-

space after a single excitation requires not omlyeenely fast sampling with wide receiver
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bandwidth, but also high amplitude and rapid slete rof gradients. Although the current

available gradient systems in commercial MRI scesiaee already strong and fast enough,
the rapid time-varying magnetic fields demandedeEB®y as well as by balanced SSFP GRE
(TrueFISP) may produce peripheral nerve stimula{PNS) and muscle spasms in extreme
cases through Faraday’s law of induction, and flassess potential hazards to the patient. In
addition, the limitation on the number of signatslie acquired before the magnetization
dephases due to T2 relaxation also limits the alp@asolution.

Moreover, due to relatively longE, dephasing induced by susceptibility differences/m
cause geometric image distortions and local sigoal at interfaces of bone, air, and brain
[90]. Although it is possible to reduce the stréngf the distortions to some degree by
applying a 180° refocusing pulse, so that the sengpif thek-space center corresponds to a
spin echo (SE-EPI), it remains a problem [91]. BRilso very sensitive to ghosting artifacts.
Because the signal is sampled with alternatingigrasl that are every other line reversed, any
imperfection during the entire signal acquisitiananodulate the signal at half the Nyquist

frequency, which causes an “N/2” ghost in the prasmding direction.

Hybrid Echo Sequence
The gradient- and spin-echo (GRASE) technique $32, also called turbo gradient spin echo

(TGSE) sequence, is a hybrid sequence, which casbitB0° RF refocusing pulses

interleaved with refocusing gradients for signajusition. After a 90° excitation pulse, 180°

RF refocusing pulses are used to create an ecimostrailar to FSE techniques, and between
each pulse three or more gradient echoes, indicatedEPI factor, are created by a

combination of stepped phase-encoding gradientswaitdhed frequency-encoding gradients.
It is equivalent to multi-shot spin-echo EPI, wigpically interleaved or segmented phase
encoding lines in thk-space. The imaging time of one slidé) is given by:

Npg

= X
T = TR X o X EPI fa.

+ TR

where echo train lengtfeTL) represents the number of repetitive 180° pulses.

Because it contains both SEs and GREs, it is rifa¢ult to deduce the characteristics of
the GRASE technique: sensitivity to susceptibitltiferences is less than EPI but higher than
FSE; RF power deposition is lower than FSE but dnigihan EPI; overall signal decay is
determined by T2 rather than T2* which resultsrahatively higher achievable spatial
resolution than EPIl and comparable to FSE [94, 95].
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However, while the repetition of 180° refocusinggas reduces the phase errors due to
field inhomogeniety and chemical shift in magnitudegeneral, they reproduce periodic
phase modulations within an echo train. Becausheofegmenteklspace encoding, this may
lead to ghosting artifacts. In addition, althougRASE efficiently combines advantages of
EPI and FSE sequences, another disadvantage shated by FSE sequences, is that
magnetization remains saturated after a single, sttoth requires a delay before the next
acquisition [57, 96, 97]. Thus, the total imagediof GRASE is not much reduced compared

to the other fast acquisition techniques.

Turbo-FLASH Sequence

This FLASH-based ultra-fast GRE sequence uses &arsion pulse to “prepare” the
magnetization to selectively emphasize desired rasnhtduring the rapid imaging [98].
Normally an initial 180° inversion pulse is exeau{®9], similar to inversion recovery (IR)
technique, followed by a lowA and shortTR gradient echo train to complete image
acquisition in a very short time, i.e. less thas 1

The advantage is its ability to provide very strocgntrast between tissues having
different T1 relaxation times or to apply specifigppression to tissues like grey matter as
shown in Fig 3.1. Due to the very short acquisittone, both single-shot and multi-shot
versions with segmentddspace encoding [99] over several cardiac cycles baen applied
to breath-hold cardiac imaging [100, 101]. Besidesextension of this technique results in
magnetization-prepared rapid gradient echo (MP-RARRI for 3D imaging [59, 102-104].

However, the disadvantage is that the spatial uéisol is limited for single-shot turbo
FLASH due to fast signal decay, and the additiomaérsion RF pulse makes this sequence
less time efficient than the other pulse sequengagicularly for multi-shot versions when

sequential images are to be acquired as in RT-MRI.

BURST
Burst excitation pulse imaging (BURST) techniqu®d,1 106] utilizes a rapid equidistant

sequence of nonselective RF excitations with vewHAs (e.g. 5°) and a slice-selective 180°
refocusing pulse to generate a long train of midtgrhoes accompanied by either constant or
switched gradients [107]. An image is formed froranaall number of repeats of this multi-
echo sequence segment with even sub-100 ms adamuisines possible. Related ultra-fast
methods are DANTE [108] and DUFIS (or OUFIS) imag[i09, 110] which can similarly
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acquire images in about 10 ms.

The advantage of this sequence type is that #d9s demanding on gradient speed than
other ultra-fast techniques (e.g. EPI) and it poedumages substantially free of susceptibility
artifacts. However, the major problem is its lowRSNvhich is caused by inefficient use of
the available magnetization. Such a fatal disacageimakes this technique less competitive
to the other methods, and therefore has hardly bsed as a fast scan technique. For the

same reason, it is neglected here for further dson.

3.2.2 Experimental Comparison

Experimental comparisons of these rapid signal istttgpn techniques are presented in Fig
3.1. Results fronin vitro phantom study were chosen from extensive systeragperiments
and results fronin vivo human brain study were chosen from the same weur{tnale, 28
years old) among five experiments with healthy ntders (3 female, 2 male, age 29+1). All
sequences were run with the fastest speed, i.esigpsshortestTR and TE, but with
reasonable contrast to offer, so that the potemtiabach technique for RT-MRI can be
explored.

Values of signal-to-noise ratio (SNR) and conttastoise ratio (CNR) were measured
from the acquired brain images with all regionsrérest (ROIs) about 50 nfmThe SNR
was defined as mean signal intensity in a unifoegian (white matter) divided by standard
deviation (SD) in a region of noise outside theechjFor the CNR, the mean difference of
the signal intensities between two areas (whitdenand CSF) was calculated and divided by
the SD of the noise measured outside the bodyetissa region free of artifacts at simple
visual inspection.

In vitro measurements with phantom had an in-plane resalat 1.0x1.0 mf with a
FOV of 256x256 mrhand an image matrix of 256x256, except for thegiesaacquired by
the signal-shot turbo-FLASH and EPI, which wereitén to 1.0x2.0 mfwith half of the
phase-encoding steps due to signal decay. To awatd limitation and also the very low SNR,
multi-shot segmented turbo-STEAM was used to aehie®x1.0 mrh spatial resolution in
the phantom measurement. However, the periodicepbasrs across thespace resulted in

ghosting artifacts in the phase-encoding directiack arrows).

-33-



Chapter 3. Development of RT-MRI: Physical Basis

TRITEITA SNR/CNR
(ms/ms/s)
240.0/6.2/4.0 97/8
500.0/24.0/0.5 183/23
10.0/10.0/4.0 78/14
12.0/1.8/1.0 394/105
3.6/1.8/0.3 578/218
(balanced SSFP)
Continued
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TR/TEITA SNR/CNR
(ms/ms/s)
500.0/24.0/0.3 271/55
800.0/2.8/0.8 119/85
Turbo-FLASH
200.0/37.0/0.2 138/42
EPI (GRE-
550.0/55.0/5.0 137/49

Figure 3.1 Experimental comparison of various rapid signaluggitjon techniques. First column: phant
measurement; second column: human brain measureBlack arrows in thgurbc-STEAM phantom
study indicateghosting artifacts due to phase errcwhite arrows in thébalanced SSFP and lti-echo
FLASH human brain studigadicate susceptibility artifacts due to ofésonance sensitivitwhite arrow
heads in the EPI studies indicgieometric distortion and signal loss due tcresonance effec Details
are in the text.

-35 -



_98_

RARE

HASTE

Turbo-STEAM

FLASH
(spoiled SSFP)

FLASH
(balanced SSFP)

Echo

SE

SE

STE

GRE

GRE/SE/STE

Simplified Sequence

{90°- [180°-SEl, ..}

rep,

90°- [180°-SE],,,

MSh:
{90°-9 Oc' [G-STE]rep }shot/segm

SSh:
90°-90°- [a-GRE]

rep.

[a-GRE]

rep

[G_GRE]rep

General Characteristics
(Speed/SAR/Continuity/Image Quality: Resolution, Artifacts, SNR)

- Not fast;

- Very high SAR;

- Delay for sighal recovery;
- High resolution;

- High SNR

- Ultra-fast;
- Very high SAR;

- Blurring due to signal decay

- Fast;

- SSh: limited resolution with very low SNR;

- MSh: ghosting artifacts with low SNR

- Fast;

- No restriction between resolution and signal;

-Low SAR;

- Susceptibility artifacts only atlong TE

- Very fast;
- High SAR;

- Susceptibility and banding artifacts;

-High SNR;
- Possible PNS

Continued

sisbg [02IsAyd :|YN-1Y Jo Juawdojanag € 421dby)H



_LS_

Multi-echo FLASH

Turbo-FLASH

EPI (GRE-EPI)

GRASE

GRE

GRE

GRE (SE)

SE/GRE

- Very fast;

[a-GRE-GRE-...].,,. - Low SAR;
- Susceptibility & ghosting artifacts

MSh:

. - Very fast;
{180°-[a-GREL4, bororsean - SSh: Limited resolution & contrast;
SSh: - MSh: ghosting artifacts & time inefficiency
180°-[a-GRE],,, due to interval time (T/)
MSh-GRE-EPI: - Very fast;
{90°-GRE-GRE-GRE-._} ... - SE-EPI: high SAR;

_ - SSh: limited resolution;
SSh-GRE-EPI: - Susceptibility & ghosting artifacts;
90°-GRE-GRE-GRE-. .. - Possible PNS
MSh: _
{90°-[180°-GRE-GRE/SE-GRE]:1}sueqm - High SAR;

- Delay for signal recovery;
SSh: - MSh: not fast, with ghosting artifacts

900-[ 1 BOO-GRE'GRE/SE'GRE]ETL/segm

Table 3.1 Analytical comparison of various rapid signal asgion techniquesSSh single-shotMSh multi-shot. PNS: peripheral nerve stimulation.
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In vivo measurements with human brain had a relativelyetawplane resolution of 1.5x1.5
mn?, with a FOV of 192x162 mfmand an image matrix size of 128x108, to mimic the
average spatial resolution desired in potentialM®RE The imaging slice was located in a
transversal plane across the eyeballs. All imaga® wcquired with a slice thicknes.{) of

3 mm using a 32-channel head coil (Siemens AGngda, Germany).

The measured brain image as well as the calcuiid®l and CNR from RARE sequence
shows that the selected shdR andTE for rapid acquisition may lead to strong saturatd
the spins and thus low SNR. Due to SAR limit, s of RARE, HASTE and GRASE
sequences had to be reduced from 180° to 153°, 4B88°148°, respectively, during the
experiments. Because of the very sensitivity tereffionance effects, even small structures
like the inner ear filled with air led to signal ido(white arrow) in the balanced SSFP
(TrueFISP) image, although it had highest SNR amRGwith a TA below one second.
Similarly, multi-echo FLASH (like multi-shot GRE-EPbut with low FAs and
segmented/interleavddspace coverage) experienced the same susceptdniiifacts due to
the accumulated phase incoherence during ldkg Single-shot EPI had the shortest
acquisition time as expected, but continuously re&ng the gradient polarity and a back-and-
forth path in thek-space coverage suffered from severe geometriort@mt and also
susceptibility artifacts (white arrow heads). Ne#ably, the blurring in the HASTE phantom
image due to fast signal decay and the “N/2” glaostacts in the gradient echo EPI phantom
image are more obvious with original image sizereHer demonstration purpose, all images
were scaled to provide a systematical overviewy@m generic FLASH technique (spoiled
version as an example here) provided images fregtibdicts or distortion in a short scan time
with reducedl'Rs. Meanwhile, a good SNR and contrast (e.g. betwdete and grey matter)
are still maintained by employing lowEAs.

In addition to the experimental results, a sumneariznalytical comparison with
simplified sequence diagrams is shown in Table B.&learly shows that almost all single-
shot techniques suffer from spatial resolution ddgtion, either blurring or limited as in
single-shot turbo-STEAM, HASTE, turbo-FLASH or EP8Il segmented multi-shot
techniques frequently experience image distortieg.(ghosting) due to phase errors as in
multi-shot turbo-STEAM, EPI and GRASE,; all techreguinvolving a series of excitation
pulses with higtFAs, either for echo refocusing as in FSE and GRASGSIBrospin excitation
as in balanced SSFP GRE, often encounter SAR pmbfeaddition, susceptibility artifacts
appear dramatic in techniques, which either hang Ikt as in EPI and multi-echo FLASH,
or require ideal homogeneity and echo alignmeim &slanced SSFP GRE.
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3.3 Further Improvements for Ultra-fast MRI

Based on the physical principles and the experiatamisults, the solution offered by the
FLASH technique best suits the prerequisites ohaligacquisition for RT-MRI: fast,
continuous, with good image quality and withoutesaiproblems to patients. Therefore, it is
further developed here toward RT-MRI. The geneiraltsgies to follow include: 1) reduction
of RF pulse duration with slightly increased slibeekness; 2) increase of receiver bandwidth
(BW) for elimination of chemical shift artifacts; 3gduction of TE for minimization of
susceptibility artifacts; 4) reduction ®R with lower FA for compensation of signal saturation,

and 5) implementation of adaptikespace filter for spike noise reduction.

3.3.1 RF Pulse Duration, Slice Profile and Partial Volume Effect

Ideally, a very thin portion of spins with a specifesonance frequency is chosen by the
application of an RF excitation pulse in conjunctigith a slice-selection gradient. However,
finite generation of a single frequeneyis in practice infeasible. It is necessary to mpiyt
the desired carrier frequenaywith a compact window function to get a suitablaveform,
which corresponds to excitation of a respectiveesfirofile, centered at the position given by
Eq 2.5. Because the sinc (isén x/x) pulse has a rect-shaped frequency spectrum arsd th
produces a rectangular profile which is desiredifieaging of an anatomic slice, common
waveforms are based on a truncated sinc functidgh some filtering. Due to the time-
frequency relationship, the width of the sinc fumet(4T) is inversely proportional to the
bandwidth of the signaliBW), i.e. the width of the slice profiléS(T), under a given slice-
selection gradient strength:

AT « 1/ABW, or AT o« 1/SLT
so that the duration of the RF excitation puld®&)(in the time domain is reciprocal to the
thickness of the selected sliceL{l) in the spatial domain.

Of course, a reduction of the RF pulse duratioddela a shortefA. However, a thicker
slice may cause unwanted partial volume effect whdarge voxel contains a mixture of
multiple tissue structures. For most of the dynasticdies employing RT-MRI such as in
abdominal or interventional imaging, it is reasdaab have a relatively thicker slice, which
also gains better SNR. Therefore, the RF pulsetidargs shortened from 2.0 ms to 0.4 ms,
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which yields a minimal slice thickness of 5.0 mm.such a way, almost half a second is

saved for 256 excitations to acquire one imagenbyRLASH technique.

3.3.2 Receiver Bandwidth, SNR and Chemical Shift Artifact

Shortening of the acquisition time can also be dbneugh increasing the temporal sampling
rate of the receiver, which is achieved by incregidhe receiver bandwidtfB\\V) because of
the following relation:

At = 1/BW (3.1)
whereAt is the sampling interval in time, i.e. dwell tingd,the receiver. For convenience, the
BW is in practice given with a normalized value by thumber of acquired samplass(
which yields the bandwidth per pix@\{V/Px):

BW /Px = BW/Ns = 1/(At - Ny) (3.2)
Because noise is proportional to the square rottebandwidth, a degradation of the signal-
to-noise ratio (SNR) is caused by higher bandwidéh higher sampling rate:

SNR o« c -1 - (voxel size)/\/[BW (3.3)
wherec is a constant factor dependent on the sequenee [fyd, 112] and; is a factor
dependent on thespace trajectory [112]. For any uniform-densigjdctoryy is one.

Figure 3.2 Reduction of chemical shift artifacts by incregsthe bandwidthBW) from 150 Hz/Pixel to
810 Hz/Pixel, for arnn vivo human brain study (healthy volunteer, male, 28ye#d) in a middle sagittal
plane. A decrease of SNR is observable, but theappce of artifacts (white arrow) is much improved
The other imaging parameters: FOV 256x256°mmmatrix size 256x256, in-plane resolution 1.0xhie?,
SLT3 mm, TRTE 20/4.9 msFA 20°.
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However, the variation in precession frequencielabénd water proton due to their different
chemical environment or chemical shiftproportional to the main magnetic field strenBgh
and expressed as parts per million (ppm), may teadertain pixel shift in the image in
frequency-encoding direction:

§/B, FOV _&-FOV
BW/Px N By - BW
Unlike the dephasing that occurs in magnetic figtddients, the chemical shifts result in

Pixel Shift (mm) =

separation of the NMR signal into distinct frequerzands. As the receiver bandwidth
determines the range of frequencies that must lgpethacross a given FOV, a higgn
can effectively eliminate chemical shift artifac$ high field strength like 3 T. This is
demonstrated by the above equation as well asi@tperiment shown in Fig 3.2, where the
artifacts in the frequency-encoding direction (héaat) was effectively removed by
increasing théandwidth from 150 to 810 Hz/Pixel.

3.3.3 Echo Time and Susceptibility Artifacts

As noted previously, several sources of local magffield distortion may result in increased

nuclei dephasing, causing an accelerated decdedfdnsverse magnetization (T2*) and thus
a signal loss in GRE images. These include fielibimogeneities, paramagnetic contrast
agents, magnetic susceptibility differences sucimatal implants or tissue boundaries (e.g.

air-tissue interfaces like sinuses, mastoids, bpargbathological tissue alterations [113].

Figure 3.3 Reduction of susceptibility artifacts by decregsiit from 10.0 ms to 2.6 ms, for an vivo
human brain study (healthy volunteer, male, 28 gyedd) in a transversal image plane. White arrows
indicate the susceptibility artifacts due to I0figs. The other imaging parameters: FOV 256x256°mm
matrix size 256x256, in-plane resolution 1.0x1.07®h T3 mm, TR 100 msFA 50°,BW810 Hz/Pixel.
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As demonstrated in Fig 3.3, the signal loss maodgurrs around the eyeballs and nasal
cavity and builds up over witRE. The resulting faintness of the normal tissuecstmes such

as the ocular muscles and the optic newfaiteé arrow) impede and diagnosis and functional
evaluation. Therefore, the shorteBE is highly demanded to eliminate the susceptibility

artifacts or signal void.

3.3.4 Repetition Time, Flip Angle and General Contrast

The total acquisition time can be directly shorter®y simply reducing thélR of the
measurement. However, since such an experimens leadheavy saturation as described

before, the resulting image has very low SNR andrest, as shown in Fig 3.4 a to d.

Spoiled a b c
S e 324/123

/,\. ~254/141

A
o~

\
"ﬁ-
‘(

d e Refocused f

Figure 3.4 Maintaining contrast and signal by loweriR§s at shorfTRs, for anin vivo human brain study
(healthy volunteer, male, 28 years old) in a midsHgittal plane(a) to (d) show the SNR and CNR as a
function of TR, (e) shows the effectiveness to maintain certain sigtrahgth and T1 contrast by lowering
the FAs from 70° to 10°(f) shows a higher achievable contrast related to 2 b\ including refocused
SSFP signal(e) and (f) were acquired under optimized conditions WRR/TE 5.4/2.4 ms,BW 930
Hz/Pixel. The other imaging parameters: FOV 256x2§6, matrix size 256x256, in-plane resolution
1.0x1.0 mrA, SLT5 mm,TA1.4 s.
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Better results can be achieved by employing smé#srto maintain certain SNR and T1-
weighting [114]. However, sometimes it is stilllrat difficult, as already stated in the theory
[59] and observed from experiment in this thesigrovide sufficient image contrast, e.g. T1
and T2, which determine the basis of all medicall dological applications of MRI.
Therefore, the general contrast insensitivity faremely short values &fRandTE (TRKT1,
TE«T2) is compensated by including the transverse wt@ation through refocusing
gradients and thus by achieving some T2 weightld]. These are well demonstrated in Fig
3.4.

Images in Fig 3.4 a to d show that the image quaidramatically degraded as thes
are shortened from 250 ms to 5.4 ms. Fig 3.4e shhbafscertain signal strength and T1
contrast is effectively maintained by lowering th&s from 70° to 10°. Fig 3.4 f shows a
higher achievable contrast related to T1/T2 byuditlg refocused SSFP signal. The ROI for
SNR calculation (about 100 nfjnwas chosen from the splenium of corpus callosand,
together with the selected ROI from cerebrospitaid$, the CNR was calculated. The
images in e and f were acquired under the aforaored optimized conditions: higBW,
shortesfTR andTE, low FA. The total acquisition time in such a case todyssh artifact-free

image with high resolution (e.g. 1.0x1.0 Aymas shortened to about 1 s.

3.3.5 Spike Noise Reduction

With much shortene@R to decrease image scan time, the rise time fogtadient amplifier

to reach its maximum output value is dramaticadtgréased. This leads to greater mechanical
stress on the gradient coil assembly and increas®dtion, which may result in increased
random spike noise [116-118]. Such spikes in the data (i.e.k-space data in the spatial-
frequency domain) may generate striation artifaotsthe final image [118-121]. Since
experiments have shown that a proper hardeningeo€oil assembly or the securing of loose
cables cannot correct such noise, a more effeatiethod is required during the acquisition
and before image reconstruction.

Although a number of techniques have already beepgsed [116, 117, 122-127] for
searching and correcting spikes, many of them asgiitable due to either the requirement of
specific hardware [123] or the infeasibility forlme processing [124, 125, 127]. Therefore, a
simple strategy based on thresholding is develapetis thesis. Compared to the previous

techniques, the current one does not involve argraming [117, 122], which avoids the

-43 -



Chapter 3. Development of RT-MRI: Physical Basis

artificial inclusion of corrupted neighboring dataints, or masking [116] and modeling [126],
which eliminates computation burden and prolongifithe processing time.

The implemented method depends mainly on two skeadrs. The first parameter
defines a radius from thlespace centeand the second paramet@ris a fraction of the
maximum amplitudéy, along each radial line éfspace across the center.

The spikes have typically very high magnitude, sames even higher than that of the
echo center region, as shown in Fig 3.5 (blackvarneads). The striation artifacts come
mainly from those spikes located in tkespace periphery where the magnitude is relatively
low. Therefore, as the first step, the thresholditrgtegy searches for spikes located outside
the radiusr from the echo centar, while all data within this radius are ignoredawoid
eliminating true data from the echo peak. Thisimsilar to applying specific thresholding
over a low-pass filter, and such filtering in aieddlirection is especially advantageous when
applying radiak-space encoding rather than rectilinear Cartesiaoding. The magnitude of
a spike usually has also very sharp character égstd abnormal height compared to the
surrounding high frequency signals with low stréngtherefore, any data point is regarded as
a spike if its magnitudé meets two conditions, which rely on the magnitwdiie of the
complexk-space data: larger tharaldf the maximum magnitude value along that radied |
(i.,e.A, > A,/a), and at the same time also larger thaa df either of the magnitude value of
its two neighboring data points (i4., > A,1,/a) to make sure that it is truly a spike rather
than large signal fluctuation. In the current inmpéntationr is chosen to be 1/4 of sampling
points ¢ = Ng/4) andA is set to be 1/10 of the maximum magnitude valoagthe radial
line (a = 10), both of which are determined empirically fronveeal trial experiments so as
to be satisfactory in minimizing false negative dal$e positive errors. Since the maximal
magnitude is determined from the raw data, thestiolel value that depends on it becomes
adaptive to each coil element, or to each signgliadion (readout) if in radial encoding
scheme. To find this real maximum of the magnitud¢éa in each radial line and avoid
locating a local minimum, it is determined among tenter 16 data points, irg.+ 8, where
ro is the echo center Ak/2.

As the second step, once a noise spike pixel iswertered, the real and imaginary parts
of that data point are replaced by zero. Aftershadding and replacement of spike noise data
points, the resulting raw data set is processeatiduin the usual way to form the final image.
For demonstration purposes, the current threshgldiathod is implemented in thRISIm
software [128]. But it should be noticed that, &ncbe easily implemented in an online

processing work frame.
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3.3 Further Improvements for Ultra-fast MRI

3.2 Magnitude (e-004) ‘
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Figure 3.5 Spike noise reduction and removal of striatioiifasts by an adaptivie-space filter based on a
thresholding strategy. Data were acquired fromdsatd=LASH RT-MRI experiment for aim vivo human
abdominal study (healthy volunteer, female, 27 yedd) in a transversal plane across the liver,\aerdk
reconstructed iMRISIim[128]. Upper left: one encoding line of tkespace with two spikes on both sides
of the echo center; Upper middle and upper righg: unfiltered and filtere#-space data of one image,
respectively; Lower middle and lower right: the responding images with and without filtering after
reconstruction; Lower left: the image reconstruaedctly from the manufacturer’s softwai®yhgo with

an applied Gaussian low-pass filter. Arrow heaggesnoises irk-space; white arrows: striation artifacts
in the reconstructed images. The imaging parametpailed radial FLASH, 16-channel body matrix coll
(Siemens AG, Erlangen, Germany), FOV 256x256°mmatrix size 128x128, in-plane resolution 2.0x2.0
mn?, SLT8 mm, TR'TE 2.02/1.30 mskA 8°, BW 1950 Hz/Pixel.

One example of applying the adaptik«space filter on the actual measured data frorman
vivo abdominal RT-MRI experiment is presented in Fif. 3 large number of such spikes
were present in the wholespace of one chosen time frame (white arrow heads)e the
striation artifact patterns were obvious in theresponding reconstructed image in both liver
and background (white arrows). After applying thregmsed filtering strategy, the striation
artifacts at these two places were successfullyovexh Only a few spikes remained in the
filtered k-space which was missed by the thresholding styatdgvertheless, considerable
improvements of the artifact reduction were visilsieghe final image. Noticeably, the pure
Gaussian low-pass filter offered by the softwaremfrthe manufacturerSyngg had the

similar effect but not efficient enough as compaxethe implemented strategy.

- 45 -



Chapter 3. Development of RT-MRI: Physical Basis

3.4 Summary

The period from the early 1980s to the late 1998s deen an explosive growth in the range
and power of high speed MR imaging techniques vafhd pulse sequences [129-133]. The
corresponding acquisition times for a complete Miage vary from sub-seconds (e.g. EPI)
to several minutes (e.g. FSE). The enormous gashortening of imaging times not only
improved patient comfort and clinical turnover, baiso allowed for imaging in three
dimensions or minimized patient motion artifactdwo dimensions. For example, “filming”
of the heart with ECG synchronization and withisiagle breath-hold became feasible [62,
68, 81, 100, 101].

Although diverse, all techniques are based on sphoes, stimulated echoes, gradient
echoes or a hybrid type. They are also relatedhat the shortened acquisition time is
achieved by a compromise, i.e. a certain penaltynage quality, either in spatial resolution,
SNR, image contrast or artifacts.

Therefore, a proper choice of the signal acquisittechnique and imaging pulse
sequence is of crucial importance for the develogroERT-MRI. As a physical principle, the
basic prerequisite is speed, continuity, image iyyahnd safety to patients. Through a
detailed theoretical and experimental comparisenRbASH technique, which generates fast
gradient echo signals with steady state precessiquisition, is chosen and further exploited.
Its advantage is the ability to shorten &R in concert with a lowFA to maintain adequate
image SNR, while still achieving ultra-fast imaging addition, and even more important
advantage is that, the measuring time is not ldnittg physical properties such as the duration
of a relaxation time. Thus, an unrestricted anck-@egpendent choice of spatial and temporal
resolution, i.e. a flexible trade-off between spesul image resolution, can be achieved.
Under such conditions, the total acquisition tiroe dn artifact-free image with high spatial
resolution was shortened to about 1 s, which ig@pjate for real-time imaging. Further
improvements in spatial encoding and correspondiegnstruction are described in the next

chapters.
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Chapter 4

Development of Real-time MRI:
k-Space Encoding

From a physics point of view, the available magraion may be efficiently utilized in the
FLASH technique with lowFAs and very shoffRs. The remaining question from an image
formation point of view is how to efficiently deaith the acquired data, i.e. encode the signal
samples in thé&-space. This is because the resulting image quaépends on how thie
space is filled. For example, the spatial resotuttoan MR image is limited by the range of
k-values covered, while the sampling density witihis range determines the image size, i.e.
FOV, which should be depicted without aliasing.

One attempt is to travel throudhspace as fast as possible for every repetition (or
readout), which corresponds to switching the graidigth a slew rate and strength as high as
possible. Unfortunately, this is restricted both tethnique and in biology, because the
available gradient performance is determined biaswlifiers and thus limited in amplitude
and in how quickly it can change, while excessivadgent switching interferes with neural
electrophysiology in biological systems and caupesipheral nerve stimulation (PNS).
Therefore, ever-faster encoding cannot be pursuechnfurther with such a concept. The
other attempt is to determine how to travel throdigé k-space with a proper choice of
specific trajectories, i.e. encoding patterns. Adog to Eq 2.11, with appropriag(t), a
particular trajectork(t), along which the sampled signal is stored, casdbected to cover the
k-space. After§k) is adequately sampled (Eq 2.12), it is transfatrbg applying desired
reconstruction algorithm to obtain an image. Suetenination of how the acquired signal is
mapped into th&-space has thus a dramatic effect on the spatthtemporal resolution, as
well as the contrast of the resulting images aedsttan duration.

In this chapter, the advantages of a radial engpsitheme are demonstrated, whereas the
problems of conventional Cartesian encoding ardéa@gxgd. In addition, specific approaches,
namely sampling pattern optimization and trajectooyrection, are implemented for the
development of RT-MRI.
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Chapter 4. Development of RT-MRI: k-Space Encoding

4.1 Spatial Encoding with Radial Trajectories

In a radial encoding scheme, thespace signal is sampled along spokes — rotates ln
instead of parallel lines as in a Cartesian sch@rhes. can be done by applying gradients in
the x- and y-direction with various amplitudes:

Gy =G-cos®, G, =G -sin@® 4.1)
where @ is the desired angle of the spoke @mdenotes the constant strength required for

sampling the centrdd-space line, which can be calculated based on Eq 1.

BW
G = —— (4.2)
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Figure 4.1 Sequence diagrams (left) akdpace trajectories (right) for radial and Carte$taASH.

Fig 4.1 illustrates the gradient waveforms of tpeiked FLASH technique using radial and
Cartesian encoding schemes. The correspondspace trajectories with one signal readout
(encoding line) are also shown on the right sidee $olid lines and arrows indicate tke
space sampling trajectory of the sequence, whiée dashed lines indicate the trajectory
before the sampling. More details of each gradseatexplained in the pulse sequence design

part of Chapter 6.
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4.1 Spatial Encoding with Radial Trajectories

Radial encoding was already proposed in 1973 gegdion reconstruction (PR) imaging
when the first spatially resolved MR image was enésd [6]. But it was soon replaced by
Cartesian encoding because the latter partiallypamsates for the off-resonance effects and
technical inadequacies in gradient performanceher darly MRI systems. In recent years
radial encoding is regaining growing interest [2@painly because of several unique
advantages relative to Cartesian encoding.

4.1.1 Undersampling beyond the Nyquist Limit

First of all, radial spokes and Cartesian lineskauth literarily called “views”, but the view
number in radial scheme is independent from tha dwtrix size, i.e. image resolution. This
offers flexibility in choosing the repetition stefs acquiring a whole image, and thus the
possibility of undersampling.

Normally, in order to make sure that the maximustatice between two samples in the
k-space Ak) does not exceed the Nyquist limit, Eq 2.14 halsetdulfilled for radial encoding
in the readout directiokt

1

Ak = Hmax o 1 (4.3)

Ny Fov

and in the azimuthal direction @, i.e. two farmssinples at the edge of tkespace:

1
kmax - A0 = kpay - NLV < — (4-4)

~ Fov

By combining the above two equations, the numbetiefs that have to be acquired in order
to fulfill the Nyquist criterion for a radial imageith the same resolution as that for a
Cartesian image with square FOV, Na.= Npg, yields:

Ny =~ Npg (4.5)
Therefore, to obtain an image with resolutionNpg XNpg, more repetitions (about 1.87g)
are requiredn radial scheme if the sampling rule is to be @ikeyHowever, different to
omitting the number of parallel sampled lines inrt€sian scheme, which corresponds to
periodic replication of the point spread functi®8¢) and wrap-around object in the image as
described before, reducing the view number in faghaoding scheme results in broadening
of the PSF main lobe and increasing of the side lafmplitudes, which corresponds to a
decrease of the effective FOV, i.e. artifact-fregaan the middle of the image around the PSF
[28]. Undersampling artifacts appear as streakiheénimage, but at the edge [27] while the

main structure of the object is maintained. Thagractice, the number of repetitions can be
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Chapter 4. Development of RT-MRI: k-Space Encoding

greatly reduced and the scan duration can there®shortened. This is well demonstrated in
the next section with experimental results.

Acquiring views below the Nyquist limit introducéblyquist holes”, i.e. unmeasured
regions in k-space, which affect the weighting function anduhlesn deviation of the
modulation transfer function in the gridding redouastion (see section 5.1). The failure of the
reconstruction algorithm then causes predominaeaking in the vicinity of the object in the
image (Fig 4.3). To control the degree of artifiestel and number of vieWy [134, 135], a
moderate undersampling with the number of viewselto the image base resolution has

always been chosen for real-time applications isttesis.

4.1.2 Free Zooming without Aliasing

The ability to perform readout oversampling indifections with rotated views, in contrast to
only one direction in Cartesian scheme, allowsifareasing the FOV in radial encoding,
which shifts away the periodic replications of tigect due to discrete sampling. In this case,
the gradients remain unchanged, while the sampétegof the receiver is doubled, so that the
spatial resolution is preserved but the apparent BEGctually doubled (according to Eq 3.1).
This can further facilitate selecting a smaller F@n the actual object size without any
signal aliasing or additional acquisition stepsike [zooming into a local area, which is
potentially useful during interventional or inteti@e imaging.

4.1.3 Intrinsic Robustness against Motion

Another advantage of radial sampling is that, duéheé absence of phase encoding, motion-
induced phase errors are greatly reduced, whichiredites the troublesome ghosting artifacts
as frequently shown in Cartesian imaging [29, 13@7]. Moreover, the intrinsic
oversampling of centde-space also contributes to reduce motion artifecégsmanner similar

to signal averaging [138]. This is at the expensenitd smearing or blurring, and in worst
cases as streaks due to motion inconsistenciescddbty, while in Cartesian encoding the
ghosting artifacts appear over the entire imagé wiiaximum intensity occurring at the
lowest order ghosts closest to the object, in fagcoding the streaking artifacts occur
perpendicular to the motion direction with loweteinsity closer to the object. Typical results

are shown in the next section where the potensiphbility for studying dynamic process is
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4.1 Spatial Encoding with Radial Trajectories

well demonstrated.

Moreover, in contrast to Cartesian scheme, eachpleaimview in radial encoding
captures an equal amount of low and high spateduency information in th&space,
offering more homogeneous image updates in dynaviiRd applications, which is to be

discussed in details in the next chapter.

4.2 Comparison of Available Encoding Schemes

Since many different trajectories can be used topsa thek-space, a few other major

schemes are discussed here. Moreover, a summaazegarison among radial, Cartesian,
and spiral encodings is given based on simulatéd, garticularly in terms of their artifact

properties due to undersampling, off-resonance muadion. At the same time, detailed

experimental comparisons are also presented to mignate the advantages of the radial
encoding scheme.

4.2.1 Brief Review

Cartesian

Cartesian is the most often used wak-gpace sampling. It encodes the acquired dataein th
k-space in a line-by-line scheme [50]. For many ye@artesiark-space encoding has been
the most popular method because it allows for ectluse of the inverse FFT. As all sampled
data lie directly on a rectilinear grid which foriine raw data matrix, by performing FFT for
each line and each column subsequently, an imagigeabbject with identical extent can be
obtained. However, such a rectilinear incrementahse encoding scheme has many
drawbacks, especially when aiming at imaging tinceeberation or imaging of dynamic
processes.

First of all, as described in Section 2.2.3, amgurtion of the number of the encoding
steps to shorten acquisition time may result ihezitdecrease of image spatial resolution or
aliasing of signal in the phase encoding directamboth illustrated in Fig 4.3 by performing
2-fold undersampling from 256 to 128 with differesttategies. Typically, these artifacts may
also occur when the selected FOV is smaller thamattiual object size. This is because the

signal originating from the anatomy outside the F@Vmis-mapped into the FOV, i.e.
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Chapter 4. Development of RT-MRI: k-Space Encoding

assigned with a phase value that has already been @ signal originating within the FOV.

Since frequency encoding is hormally carried owbading to the Nyquist theorem with
a double rate of digitizing, i.e. readout oversamgpby a factor of two, such aliasing effect is
only critical in the phase encoding direction. Mwid such an effect, oversampling in the
phase-encoding direction is necessary and thetirggutxtended portion of the FOV is
discarded during reconstruction, while only theestdd one without artifacts is displayed.
However, this is at the cost of the increased imggime.

The second disadvantage is that any motion thaireaduring scanning may produce
replications of the moving object across the image, ghosting artifacts, in the phase
encoding direction [139]. This is because the pmsithange along this direction during the
signal acquisition causes misplacement of diffephdse values in thespace assigned by
the phase-encoding gradient with different ampétérdm oneTR to another, which in turn is
converted by the Fourier transformation into thage Although experiments in this thesis
showed that with optimized pulse sequence paramatedescribed in Chapter 3 (i.e. shortest
TRandTE, low FA, with highBW), Cartesian FLASH could eliminate severe ghostingng,
for example, periodic respiration in abdominal imggor pulsatile motion of vessels in
carotid imaging, due to substantially shorteneduasition window and decreased intra-line
phase inconsistency, it still suffers from minorogting and blurring during imaging of
irregular or abrupt motions, e.g. displacementeofgoromandibular joint (TMJ) during jaw
opening or swallowing, as illustrated in Fig 4.5.

Furthermore, individual lines are not equivalenttesy encode either low or high spatial
frequencies (in the phase encoding direction). Tdasls to unwanted consequences for the
update of Cartesian images when studying movingatbj which will be described in details

in the next chapter.

Spiral

Spiral [8, 140-143] is another commonly used nont&€3an encoding scheme besides radial.
The trajectory starts from thiespace center and ends in the edge area by usengulse
sequence with two simultaneously oscillating gratii€s, and Gy. The advantage of spiral
encoding is that the center of tkespace is sampled immediately after the RF exoitatthen
very little dephasing has occurred, and kkspace trajectory is smoother than EPI and do not
require ultrafast gradient switching. The disadagetof spiral includes its high sensitivity to

off-resonance effects, as significant blurring shaw Fig 4.2, and also the limitation of the
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4.2 Comparison of Available Encoding Schemes

resolution due to T2* relaxation when using a srgot sequence or longer scan time and
more artifacts when using a multi-shot interleawediation [144, 145]. Although spiral
encoding is proved to be less sensitive to flowfeatis due to intrinsic compensation of
higher gradient moments [138, 143, 146], it remaessitive to object motion, particularly
when compared to radial encoding [147]. More imaatty, undersampling in spiral scheme
may lead to coherent artifacts throughout the imagéke the benign undersampled artifacts
in radial scheme. Similarly, more complicated foldpatterns rather than simple discrete
aliasing as in Cartesian case may be invoked iralspampling, when the FOV is selected

smaller than the imaging object. All these chanasties were demonstrated in Fig 4.2.

PROPELLER

PROPELLER (periodically rotated overlapping paialiees with enhanced reconstruction)
[148-151] is a hybrid encoding scheme combiningialadnd Cartesian sampling. The
trajectory is made up of a set of parallel Cartesiizes, termed as blades, which are rotated to
cover the entiré-space. Various pulse sequences can be used toeatttgse Cartesian lines,
such as EPI [150, 152], FSE or FLASH. Because b&ate runs through the centiaspace
and can be reconstructed separately to obtain adeulution image, the advantage of motion
artifact correction by examining this informatioashbeen demonstrated in various studies
[153-156]. Although this technique is already comeradly available on most MRI systems,
it is excluded in this work because of its remat&dbnger imaging time compared to normal
Cartesian and radial schemes, due to strong ovelseof the centrak-space area, and
because of its complicated reconstruction. Moreartgntly, it has the difficulty to combine

with sliding window technique to increase imageorestruction rate.

EPI

Echo-planar imaging (EPI) is normally also regardsda special type of encoding scheme,
because repetitive alternations of the readoutigmagbolarity is continuously applied during
the whole imaging process. It is frequently usedfést acquisition and encoding in clinical
routine examinations and research as well. Geneitatiovers the entiré&-space in either a
zigzag (with constant or non-blipped phase encodnagient) or rectilinear (with intermittent
or blipped phase encoding gradient) global trapgcédter one single RF excitation. However,
because of a number of related problems includingdd spatial resolution due to T2* decay,

predominant artifacts such as geometric distoriiod signal loss caused by phase errors that
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Radial Cartesian Spiral

Trajectory

Undersampling

Zooming

Motion

Off-resonance

000000000
00000 OONOSS
00000 O0OGODS

Figure 4.2 Comparison of radial, Cartesian and spiral enapdohemes. Thiespace trajectories are given
on top, and corresponding artifacts due to undguiag) zooming, motion and off-resonance are shown
for simulated data using a numerical phantMR[Simsoftware [128]).
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4.2 Comparison of Available Encoding Schemes

are accumulated due to off-resonance effect [158] @&r ghosting artifacts due to alternated
gradient, as described and demonstrated in Se8t@nit is also excluded here for further
discussion.

In addition, many other 2[R-space trajectories also exist, such as Lissaj69-[61],
circular [162, 163], linogram [164, 165], TWIRL (isted radial lines) [166, 167], stochastic
[168], rosette [169], WHIRL (winded hybrid interkeed radial lines) [170], and STAR [171].
Most of them are derivatives or combinations of Hasic non-Cartesian trajectories, i.e.
radial and spiral, and try to compensate for themacks such as sensitivity to the field
inhomogeneities and susceptibility differences. degr, due to their complex sampling
patterns and resulting difficulties in practical plamentation as well as in image
reconstruction, most of them are applied only iryvémited cases. Therefore, this
comparison focuses mainly on Cartesian, spiralradl encoding schemes.

Simulated data with numerical phantoms to demotestldferent artifact produced by,
undersampling, zooming, motion, and off-resonaace,presented in Fig 4.2. As discussed
above, radial encoding has more incoherent undeigagnartifacts as streaks with an
artifact-free area in the middle of the image, cameg to Cartesian and spiral encoding. And,
it is obvious that the “zooming” ability without glongation of the imaging time is a unique
property of radial trajectories while the other tvesult in in-folding artifacts similar to the
undersampling situation. For objects with motiominiy the signal acquisition, the induced
streaks around the object with highest intensitthatimage edge in radial encoding scheme
are much more benign when compared to the ovetabesl ghosts in Cartesian or
complicated artifact pattern in spiral encodingthAlgh compared to smearing and signal
loss in radial encoding, Cartesian scheme hardbyvshvisible artifacts due to off-resonance
effects, by considering the general characteristids still concluded that the advantages of
employing radial encoding scheme outweigh the taaliobtained from either Cartesian or

spiral trajectories, particularly to serve as ditieint mean for dynamic imaging.

4.2.2 Experimental Comparison

A thorough study of the undersampling artifactarfranin vivo measurement with human
brain (healthy volunteer, female, 37 years old)rissented in Fig 4.3. The Cartesian encoded
images are shown from a to d with the correspon#tisgaces below them, whereas the
radially encoded images are shown from e to h algb correspondinkrspaces. For better
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Cartesian

Continued

Figure 4.3 Undersampling effect i to d) Cartesian anée to h) radial encoding, with magnified view of
detailed part for ain vivo human brain study. Both images and the correspgrdspaces are illustrated.
The number of the phase-encoding lines (Cartesiad)views (radial), as well as tfié and SNR, are
given in the figure. In Cartesian, oversamplinghia frequency-encoding direction (left-right) resdlin a
rectangular raw data matrix. Other parameters vdenmatical for both encoding schemes: spoiled FLASH,
FOV 256x256 mr SLT3 mm, TR'TE 50/2.7 msFA 30°,BW430 Hz/Pixel.
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Chapter 4. Development of RT-MRI: k-Space Encoding

demonstration, the detailed parts are magnified. £8B a and d shown images with full
sampling for a FOV of 256x256 nfrand a matrix size of 256x256 in both cases — 2E6¢-
encoding lines in Cartesian and 403 views in ragindoding, which yield the same in-plane
spatial resolution of 1.0x1.0 nfm

In Fig 4.3b, 2-fold undersampling with 128 phaseegting steps in Cartesian by keeping
the same line space resulted in half of k&pace size and thus lower spatial resolution
(2.0x2.0 mmM). Whereas in Fig 4.3c, same undersampling but ikgethe k-space size
resulted in double line space and thus aliasingaet$ and blurring in the image. Fig 4.3d
was also 2-fold undersampled, but in this casecdmdralk-space are fully sampled with 64
lines (i.e. same line space as that in a and b)tlaadgeriphery was 1.5-fold undersampled
with the rest 64 lines (i.e. same line space as ithac). With such a variable density
undersampling scheme, the resulting aliasing washmeaker (arrog) because thi-space
center, which contains most of the signal and dmmies more to image contrast was not
undersampled. However, the artifacts are stillidiff to remove. For radial encoding,
reducing the views from full sampling with 403 viewo 6-fold undersampling with only 65
views (Fig 4.3h), while keeping the image matrzes{256x256) constant resulted in blurring,
decreased SNR and mild streaks (arrow heads) ctosé#te image object. However, the
spatial resolution and the main structure were taaied without signal aliasing. THEA is
also given in the figures, which clearly shows thaich shortened imaging time could be
achieved in radial encoding by simply reducing thember of views due to its benign
undersampling behavior.

Similarly, results from the zooming study in boticeding schemes are presented in Fig
4.4. Fig 4.4a shows the original image with a FG\266x256 mm and a matrix size of
256x256, which yielded an in-plane resolution dfxIL.0 mni. Fig 4.4b, ¢ and d show the
“zoomed-in” images corresponding to the white squara, with a smaller FOV of 64x64
mn?. To obtain the same spatial resolution, 64 phaseding steps were acquired in Fig
4.4b using Cartesian encoding. The signal fromideatsf the FOV is folded into the chosen
FOV in the phase-encoding direction, i.e. antefiop in the image) to posterior (bottom in
the image), and thus distort the image. As onénefréemedy, Cartesian encoding with 2-fold
oversampling in the phase-encoding direction whilh $ame FOV and matrix size was done,
resulting in an artifact-free image as shown in Bigc but at the cost of doubling the
measurement time compared to Fig 4.4b. In contlgsipplying radial encoding with the
same matrix size and relevant view number (i.e., @b)clear image with the same

measurement time as compared to Fig 4.4b couldbt@ned due to oversampling in all
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radial directions. The image experienced only nbldrring and decreased SNR due to
undersampling. It should be mentioned that, sudksialg artifacts can also be corrected
during image reconstruction by exploiting differegpatial sensitivity of multi-channel
receiver coils, termed as parallel acquisition teghes (PAT). More details will be discussed
in Section 5.3, but it should be noticed that, @lfh PAT reduces the amount of data to be
acquired and thus the scan time in conventionari€oencoding, the effectiveness of the
algorithms, regarding the removal of the artifaat&l the decrease of the SNR, practically
limit the reduction factor.

Figure 4.4 Zooming effect of Cartesian and radial encoding da in vivo human brain study in a
transversal planda) FOV 256x256 mrf matrix size 256x256, and in-plane resolution 1.0smnf. The
white square indicates the “zoomed-in” aredldnc andd). (b) Cartesian encoding — smaller FOV 64x64
mm? with matrix size of 64x64, same in-plane resolutas in(a) but with strong aliasing artifactéc)
Cartesian encoding — same FOV and matrix size &s)ibut 2-fold oversampling in the phase-encoding
direction.(d) Radial encoding — same FOV and matrix size &swith view number of 65.

In addition, motion robustness was investigatechwito examples shown in Fig 4.5. The
displacement of temporomandibular joint (TMJ) dgrimouth opening is an irregular
movement because both in-plane inferior and antelisplacement as well as through-plane
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medial displacement of the joint condyle (indicabgat in the figure) occur during this period.
The motion of oropharyngeal organs during swallgwia an abrupt movement because
several involuntary and synchronous actions hapggsnthan 1 s just before transporting the
saliva into larynx. In contrast to radial encodinghich gave relatively robust images,
conventional Cartesian encoding with comparablegingaparameters suffered from ghosting
and blurring which obscure normal structures (agilo®uch motion-freezing snapshots from
radial scheme could serve as a localizer technimpiere the real examination for all MRI
applications, as shown later in Fig 5.4.

Figure 4.5 Motion robustness of radial encoding (left) in garison to Cartesian encoding (right) during
temporomandibular joint (TMJ) displacement (topH awallowing of saliva (bottom). Note the motion
ghosting artifacts (arrows) around the mandibutardyle (indicated by) and in the oropharyngeal area,
as well as the signal aliasing (arrow head) in €&dah scheme. The imaging parameters: spoiledl radia
FLASH, FOV 192x192 mf) matrix size 256x256, in-plane resolution 0.7580hf, SLT5 mm for TMJ

in an oblique sagittal plane and 10 mm for swallayin a middle sagittal plan€R'TE 5.4/2.4 msFA 10°,
BW810 Hz/Pixel. For radial encoding, the view numlvaes 265 with 5 interleaves.

As almost all difficulties and limitations vanishhen replacing Cartesian with radial

encoding, some disadvantages of a rakiapace scheme remain: First, it suffers from a
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pronounced sensitivity to the susceptibility indidicgf-resonance effects, which arises from
its inherent trajectory formation with variable deat directions andk-space center
intersections that result in demodulated phaserem@ad signal inaccuracies. Second, it is
more sensitive to the deviations of the gradiemeticourses, which are caused by hardware
imperfection such as improper timing alignment autly currents, and which result in
additional phase errors. Such errors are also exEd in the conventional Cartesian scheme
but can be safely neglected because all paralteidad lines have the same error and will not

affect the image quality, as illustrated in Figal.6

Cart 256 SNR 124 | Rad 255

Figure 4.6 Comparison of SNR and off-resonance sensitivityvben Cartesian and radial encoding for a
phantom study(a) Cartesian image without correction for off-resarmeffects(b) Radial image without
correction for off-resonance effects) Radial image with trajectory corrections for ofspnance effects.
(d) Radial image with trajectory correction for ofsmance effects and with full sampling. Images were
taken from off-center position with double obligogentation. Concerning the SNR frofa) and (c), it
shows that radial encoding yielded relatively loweNR (radial/Cartesian: 100/124 0.81) with
comparable encoding views (255 for radial / 256CGartesian). But when comparifg@ and(d), it shows
that comparable SNR (122/1240.98) was obtained by radial encoding with fulhgéing (i.e. 403 views
for 256 image matrix size). Off-resonance artifate hardly visible in the Cartesian image, butsgha
errors induced by the off-center position and eddsrents cause smearing as well as signal loskein t
radial image without corrections, while they arfeetively removed after corrections.
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It should be noticed that, although they cause smgpand signal loss in the radial image and
thus may severely degrade the image quality, aarsho Fig 4.6b, both of these sources can
be effectively compensated by applying proper atiwas during the acquisition and
encoding process, as demonstrated in Fig 4.6c. ilDe@wbout the strategies and
implementation of such corrections are given inti®ac4.3.1 and 4.3.2. Third, as non-
uniform grids, a certain decrease in SNR by a fagtes applied based on the Eq 3.3. By
counting in the sampled area, total number of sasnphd the weighting function (i.e. the
inverse local density function, described in th&trehapter) to measure the homogeneity of
the sample distribution, this factor yielgls0.87 [112]. Consequently, when using the same
number of views or data points and the same pugaence (i.e. FLASH), the SNR of an
image acquired with radial trajectories will be Ewby about 13% compared to that with
Cartesian wherg=1, as shown in Fig 4.6. Further, radially sampezpace needs a more
complicated reconstruction algorithm, e.g. to perfaata gridding before applying FFT. This
will be introduced in the next Chapter.

4.3 Specific Optimization for Time-resolved MRI

Since the hardware (i.e. gradient system) and so#t\i.e. reconstruction algorithm) of most
current clinical MRI systems are primarily optimizéor Cartesian imaging, radial encoding
may arouse image artifacts due to incomplete cbofrthe measuring process. Therefore, in
order to exert all efficiency of radial encodingthviimproved image quality for the

development of RT-MRI, specific optimizations haweebe implemented, as described in the

following sections.

4.3.1 View Number, Rotational Angle and Gradient Polarity

First of all, the experimental accuracy is undex thfluence of how the entire views are
organized irk-space, namely the number of views (either oddvenkg angulation — maximal
rotational angle that spread viewskispace (either 0° to 180° or 0° to 360°), and dedout
direction of the trajectories, which correspondsh®e gradient polarity (either monopolar or
bipoloar). Fig 4.7 presents a systematic compar@fovarious combinations of these three

parameters. All images were taken at the iso-cgusition using a 32-channel head coll
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(Siemens AG, Erlangen, Germany) with applied ttajgccorrections (see Section 4.3.2).

Firstly, even view number covering 360° resultedtio-fold data redundancy and
angular undersamplingA@ = 27/Ny) in the k-space distribution, which led to streaking
artifacts in the image (black arrows) independérnhe gradient polarity (Fig 4.7c and d).

Secondly, when comparing even or odd view numberao®80° distribution with
monopolar gradient to that with bipolar gradien¢.(comparing a to b, e to f in Fig 4.%),
space distribution of 180° without gradient ostidla (i.e. mono-polarity, as in a and e)
showed smeared images while the same distributibense with gradient oscillation (i.e. bi-
polarity, as in b and f) gave a clean result, ira@ent of the view number. This can be
explained by the theory of the off-resonance semigitfrom the radial encoding. In the
conventional Cartesian case, any off-resonanceepbiasr [172] is identical for all acquired
lines because the signal is recorded during a aohstelocity movement in the readout
direction. Therefore, the resulting overall lingainase modulation, and consequently a
translation (i.e. shift) of the affected areashe tmage, will be present along this direction
[173]. But since the readout time is short, theéadtgon of the object is tiny and usually hardly
noticeable [128], as demonstrated in Fig 4.6. H@new the case of radial encoding, as the
sampled views rotate, the experienced linear phas#ulations cause a shift of the encoded
spatial information with different orientationstime k-space and result in smearing or blurring
in the image (white arrows). In this case, the @gponding point-spread-function (PSF) does
not show itself as an ideal central peak any matelbpends on the coverage scheme how the
trajectories are organized. In the caseromaximal rotational angle (i.e. 180°) without
oscillating the readout direction, the shifts ame-gided which causes smearing of the
reconstructed object (Fig 4.7 a and e); in the vagereadout direction oscillation, the fiH
space coverage yields a symmetrical distributiothefphase errors, so that the smearing is
less visible in the image (Fig 4.7 b and f). Nadigly, this desired condition can also be
achieved with a maximal rotational angle af(Zig 4.7 g and h).

Thirdly, when comparing 180° distribution with oadimber views and with gradient
oscillation (Fig 4.7f), 360° distribution with oddimber views and without (Fig 4.7g) or with
(Fig 4.7h) gradient oscillation, all three of themeld symmetric distribution of phase errors
over the entird-space. But they differ in the temporal ordering, incremental angl&@c,
of the individually sampled views. For the purpo$@ homogeneously incremented angle (to
be explained later), the 180° coverage with odd lmemviews and with gradient oscillation

(Fig 4.7f) was discarded. For the purpose of aigiefft increment, the 360° coverage with
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N Monopolar

Bipolar

Monopolar

Bipolar

Figure 4.7 Influence of the number, rotational angle and oeddlirection of views in radial imaging for a
phantom study(a) to (d) were acquired with even view numbe¥,£204) for which 14 views were
illustrated for simplicity in the corresponditkgspace trajectoriege) to (h) were acquired with odd view
number N,=205) for which 15 views were illustrated. For batses, two schemes foispace coverage
(i.e. 180° and 360°) and two readout directionadgmt polarities) were studied. Arrows in thedcapries
indicate the readout direction and angle distanetvden each viewA@). White arrows indicate
susceptibility artifacts induced by subject-relapddise errors; black arrows indicate the strea&igacts
caused by angular undersampling.

odd number views and gradient oscillation wh#yc > 180° (Fig 4.7h) was also discarded.
Therefore, an encoding scheme of either 180° cgeevath even number views combining

gradient oscillation or 360° coverage with odd nembiews without gradient oscillation is
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the optimal choice to achieve good image qualttieast in static imaging. As a matter of fact,
with respect to the trajectory, an optimal comhboratwwould be that each view possesses an

opposed encoding direction to its neighboring view.

4.3.2 Trajectory Correction

Apart from the object-related off-resonance sewisjti additional phase modulations caused
by hardware imperfections need to be separatehgciad, because they do not depend on the
gradient polarity and thus cannot be compensateaitbgnating the gradient readout direction.
These system-induced phase errors mainly arise freonsources: gradient delays due to
eddy currents, and an improper timing alignmentvbeen frequency demodulation reference
signal and the real data acquisition. Such probleresalso experienced in Cartesian imaging
[174], but can be safely ignored as explained lee{éig 4.6). In a radial encoding scheme,
they both cause trajectory deviationskispace, and correspondingly, object blurring and
signal cancelation in the reconstructed image.

First of all, gradient delays may introduce timeadepancies, for example, between
playing out gradient moments and real signal adipms They will cause a deviated time
course of the actually experienced field stren@@28] and produce substantial phase errors in
the acquired signal [175]. These lead to displacenoé views parallel to their readout
directions as well as in the perpendicular diregtso that they do not even pass kispace
center exactly [135].

Secondly, a reference sigri&ls is required for imaging off-center slices whemgsiime-
varying gradient amplitudes, as in radial imagifigis created by the system and used to
multiply the spin signal to get the actual off-camimage:

Syey = e HATtH) (4.6)
where Af is the modulated frequency, which changes accgrdin the applied gradient
waveformG and the shifty of the FOV from the gradient iso-center:

Af =y-G-d, 4.7)
assumingly is the offset along x-axis in the readout dirattiandy is the initial phase which
is calculated by the system such that the phasieeofeference signal equals zero at tigte
when the acquired data poiDbc corresponds, i.e. by FFT, to tkespace center [176]. Any
inaccurate synchronization between acquisition aeférence signal makes this phase

dependent om\f and thus on the offsek. Therefore, for imaging off-center slices in rddia
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encoding wherdy #0, this results in multiplications of each view hia different reference
signal, and such trajectory deviation and phasétan further results in artifacts in the
image.

To correct for these errors, different approachestbeen suggested, either by gridding
reconstruction [177, 178] or by adjusting each videm additional measurements for
characterization of echo shift [179, 180], basedhencalibration of the trajectories to assess
the gradient deviations [175]. Fortunately, althosgich delays are normally anisotropic and
are dependent upon different gradient axes [17%jpasbe seen from the above equations, it
has been shown that for specific MRI system, denatmainly occur as isotropic delays that
only depend upotys, which stands for the receiver dwell time incluglioversampling in ps
[176, 181]. Thus, they can be well approximated eyinear equation. For the system
described in Section 2.4, a time shift was addeddjast the readout prephase (or dephase)
gradient, and also the rephase gradient for retstuadial FLASH sequence, to compensate
trajectory errors in the first situation [181]:

At; = 0.42 - t,s — 3.90 us (4.8)
while another time shift was incorporated into gifese of reference signal to compensate
trajectory deviations in the second situation [176]

Aty = 0.5 t,s +2.0pus (4.9
In Fig 4.8, the acquired phantom images withoutexiions clearly demonstrate how these
small time delays degrade radial image quality witnificant artifacts. For both iso-center
and off-center positions, the above carefully del@eadial encoding schemes were applied.
However, images acquired at iso-center positior wignal void and also streaking (black
arrows) showed that such system-related timingrercould not be compensated by simply
using opposed encoding directions of neighboringwsi Images acquired at off-center
position showed additional smearing (white arrowag to improper timing alignment of
reference signal and receive event. To the riglg, she corresponding corrected images show
that all artifacts were successfully removed fothbrmadial encoding schemes. This could
facilitate radial imaging in applications with valbie slice positioning, e.g. in cardiac or
interventional imaging when off-center double-obbq slice orientations are often
encountered. Because this procedure is sufficierdbtain high-quality images with radial

sampling, the concept was employed in all expertmehthis thesis.
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w/o Traj.Corr. with Traj.Corr.

iso-center 180° scheme

4

360° scheme

\ 4
\ g

180° scheme

360° scheme

Figure 4.8 Trajectory corrections for radial encoding for &aptom study. Two conditions were
investigated — iso-center position in a transveptahe and off-center position in a double obliglene.
For each condition, two optimal sampling patteires,360° coverage with odd number of views and®180
coverage with alternated even number views, wepdieap Black arrows and white arrows indicate signa
void and additional smearing, respectively, bottuired by system-related phase errors.
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4.3.3 View Reordering

The impact of the view order on achieving time-tesd imaging, in dynamic studies of time-
varying processes, is discussed here. The view ardieates the order, in which sequentially
acquired views are arranged krspace. It is known that motion would be smoottihié
induced signal inconsistencies could be kept asdewossible between adjacent acquired
views. However, this is often not the case duringpainic studies with, for example,
impulsive blood flow or rapid myocardial movemeniherefore, it is recommended to
“geographically” divide, i.e. to interleave, thedimidually acquired views, with a uniform
distribution that cover the entidespace during the encoding of one image to minimize
motion artifacts.

Linear Sequential Interleaving Reordered Interleaving

10
12 " 9 8

a
AD,e 111 11-14 55-9 55 -14
A | —
L A
A2 A A i
v~ =
. v i A2
time N 2
angle “ v
N, 12345--- 1415 1,1,152,2, - - 5,5,
Tmeas.‘l Tmeas.2
d e f

Figure 4.9 Schematic diagram of different view reorderinganlial k-space encoding. For simplicity, 15
views for a 360° scheme were illustrated witli=10° distribution. In ga andd) normal linear order radial
encoding, the angle increme®\c equals the azimuthal view ga@, but has a large jump al{ -1)-AQ
from one image frame to the next. Intaande) sequential interleaving (with five interleaveadnc
within one image frame is more uniformly distribditever thek-space, but still has the same jump as in the
linear case. In th¢c andf) reordered interleaving (with five interleaves), leagew is arranged with
optimal distribution not only within the acquisiti@f one image frame, i.e. encoding of one cornedjny
k-space, but also over the entire repeated measaoteme

Several proposals have already been made to optith& view order, in order to improve

temporal fidelity of radial encoding. The most coomapproach is to simply acquire views
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Linear Reordered Interleaving

b

Figure 4.10 Experimental comparison between linear (left) antkrleaved radial encoding (right,
described as reordered interleaving in Fig 3.9),af¢a andb) phantom and &c to f) human abdomen
(healthy volunteer, male, 28 years old) in a transal plane across the liver during free breathimages

in (a, b, c andd) were acquired by 180° scheme; imageéeito f) were acquired by 360° scheme. Black
arrows indicate motion induced artifacts. Imagiaggmeters used here were identical for both appesac
refocused radial FLASH, 32-channel body array ¢8iemens AG, Erlangen, Germany), FOV 256x256
mn¥, matrix size 192x192, in-plane resolution 1.3xth8?, SLT 8, TR'TE 5.0/2.5 msFA 12°, BW 640
Hz/Pixel.
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in a segmented scheme with certain interval in attiad direction (Fig 4.9b), here termed as
sequential interleaving to distinguish it from atirgerleaving patterns [182-187].

Compared to the conventional linear order, eitheedr ascending (360° sampling
scheme with odd number views) or linear alternateesie (180° sampling scheme with even
number views), the motion discontinuities are redulsetween 0° and 360° within acquisition
of one image. However, it still remains a large pumn incremental anglé\@c from
acquisition of one image to the next. Indeed, siheeacquisition order of the first view in
each segment (e.g. from fo 5 in Fig 4.9b) is a linear order, this large jumpaisvays
experienced from the last view in the last segnoémine imagek-space) to the first view in
the first segment of the next (Fig 4.9e). Becausasecutively encoding thiespace with
multiple azimuthal segments is equivalent to reépely encoding with these multiple turns
(i.e. segments) in series, all turns not only witline acquisition of one image but also
between images are desired to be distributed umiforTherefore, an advanced interleaving
scheme, called reordered interleaving here, wasldped in this thesis. Note from Fig 4.9c
and f, the acquisition order of the first view cé segment is also interleaved. In such a way,
sequentially acquired segments in time result maxe uniform view distribution over the
entire dynamic imaging process, so that motion @edunter-view fluctuations are reduced to
minimal. It is similar to previously reversed bider [188] but is not restricted by the choice
of the number of the segments, and applies for B6@1 and 180° schemes.

Several experimental comparisons of linear anddexed interleaving approaches in
radial encoding are presented in Fig 4.10 and Fid.4The view numbelN, and the
interleaves (i.e. segment) numidgg are given directly in the figures. First of athages in
Fig 4.10 a and b show that, for static imaginghteypproaches yield same result and quality.
Second, images in 4.10 ¢ and d were acquired bg86& scheme, while images from e to f
were by the 360° scheme, according to the conalusi&ection 4.3.1. All were applied with
trajectory corrections according to the descrigionSection 4.3.2. They show that both 180°
and 360° schemes benefit from the reordering sjyateresolving small changes such as the
structures and edges of the veins (black arrowt)ertransversal liver imaging during pulsile
motion and free breathing. In addition, numerousadlyic imaging studies have shown that
image quality from the 360° scheme is slightly &etthan that from the 180° scheme,
although it is not well recognized here by compgdnl0 d and f. Third, images from 4.11 a
to d were acquired by the 360° scheme. They shaw thy employing view reordering
optimization, the robustness of the moving strueguwith large contrast changes such as
cardiac motions (white arrows), is also dramatycetiproved.
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Linear Reordered Interleaving

Figure 4.11 Experimental comparison between linear (left) anterleaved radial encoding (right,
described as reordered interleaving in Fig 3.9) donuman cardiac imaging study (healthy volunteer,
female, 28 years old) in @ andb) transversal andc andd) coronal plane during free breathing and
without ECG synchronization. Images were acquirdith @ 360° scheme. White arrows indicate motion
induced artifacts. Imaging parameters were the ssrbat in Fig 4.10, except for the use of spaisetial
FLASH.

4.4 Summary

Based on the FLASH technique, differekspace encoding schemes can be used. The
traditional Cartesian encoding with rectilinear estie has the typical disadvantages of 1)
sensitivity to undersampling with signal aliasingdablurring; 2) sensitivity to motion with
ghosting and smearing; 3) unequal encoded linds &iher low or high spatial frequencies.
This becomes a substantial problem for MRI of dyicaprocesses and with presence of
unavoidable motions from patients, which causererio the recorded signal and finally

translate as artifacts in the images that may obsthe object. On the other hand, radial
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encodings benefit from unique properties: 1) ura@ding insensitivity with mild blurring
and streaks at worst case; 2) free zooming duevéssampling in all radial directions; 3)
motion robustness due to absence of phase encaddhgtrinsic oversampling in thespace
center; 4) each acquired view with equivalent infation containing both low and high
spatial frequencies which is best suited for sgdwindow and view sharing techniques.
Therefore, it is concluded that the radial schesnesied for efficient spatial encoding and for
imaging time-varying processes. It has been shdwab the radial encoding is superior to
other trajectories based on the same imaging dongdiand this has led to applications for
motion artifact reduction and fast data acquisifiogcontrast-enhanced imaging [28, 29, 182,
183, 189-192].

For the development of RT-MRI, several specificimpations are done to compensate
for the drawbacks of radial encoding, based on wthe image characteristics were analyzed
and appraised: 1) By applying specific samplinggvatof 360°k-space coverage with odd
number views, as well as trajectory correctionsthbsubject-related (i.e. susceptibility
induced off-resonance effects) and system-related Hardware imperfection) phase errors,
which cause unneglectable trajectory deviationsradial encoding, were successfully
compensated. 2) By applying reordered interleawstrgtegy to uniformly distribute the
acquired views in th&-space to minimize motion inconsistencies and snoe&rinduced
artifacts, considerable improvements in the radmmtoded images were visible and time-
resolved MRI was achieved.

In the next chapter, the gridding algorithm, whedfectively solves the drawback of the
complicated reconstruction, is described. More irtgrdly, a comprehensive discussion of
the sliding window and view sharing techniques ombination with interleaved radial

encoding is given, to further improve the tempoeablution for the development of RT- MRI.
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Development of Real-time MRI:
Image Reconstruction

MR image reconstruction is the mathematical prodkas transforms the acquirddspace
data into the desired image. Proper algorithms havbe chosen according to the signal
acquisition and encoding schemes, in order to pbit@ages that are accurate and fast.
Therefore, at the beginning of this chapter, treotatical concepts of the gridding approach,
which was used in this thesis for radial encodisdpriefly described.

Normally, the MRI reconstruction process includesgan delays, which mainly refer to
signal acquisition if data transfer in the locatwerk is neglectable. To further accelerate this
process, the image reconstruction needs to be glstbirom the acquisition. Thus, as the
main focus of this chapter, the principle of slgliwindow with view sharing technique is
explained. It allows for an increase of the imageonstruction rate and a smooth update of
the images in real time. Practical demonstratiammfrexperimental implementations is

presented and analytical comparison with other srragonstruction strategies is also given.

5.1 Reconstruction with Gridding

To reconstruct images from tlkespace data that are radially encoded, two asglosid be
considered and properly handled: 1) the non-gridsdpling positions and their 2) varying
densities. Two different approaches that are masinconly used are filtered back-projection
(FBP) algorithm and convolution gridding reconstioe. The former is based on the
projection-slice or central-slice theorem [6, 33].3A projection is the 1D inverse Fourier
transform of a samplekispace line (radial view) with certain gradientediion (view angle
at @) and represents the line integrals along tinectibn perpendicular to that gradient
direction (projection direction at @w#2), which yield the projection profile of the objeBy
applying inverse Radon transform to the continusetsof projections at all directions after

filtering the profiles with an M- or ramp filtek|[Ns to avoid the typical blurring of a back-
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projection, an image can be obtained.

The FBP method was the only applicable techniquerdoonstructing radial MRI data
before the gridding (also called regridding) appfoavas introduced in medical imaging in
1985 [30]. Basically, the gridding method involfestly a convolution of each non-Cartesian
sampling point with a dedicated kernel and re-sargpbr interpolation at appropriate
Cartesian grid locations, and secondly a normanse 2D-FFT for the reconstruction.

As the effects of these two methods can be regaedgivalent [128], the following

section will focus on the latter, which was usethiis thesis.

Density Compensation

In the first step, the varying sampling densityradlial k-space data is compensated by the
density weighting function or density compensationction (DCF) before interpolation to
Cartesian grids. The intrinsic inhomogeneous distron of the radially acquired samples in
the k-space yields a sample density functld¢k), which describes how densely or sparsely
the samples are distributed. It can be expressditidoynverse area underlying each sample
[27, 193]:

_(2Ny/m, k=0
D) = {Nv/ﬂlkl, k%0

Therefore, the density correction is achieved bighteng each of the acquired samples with

(5.1)

a density compensation function (DCF), which isred as the inverse local density function,
i.e. the inverse density of the sampling positiomghe k-space [194]. For radial or spiral
schemes as closed-form trajectories, such a BN(l§j can be analytically derived, which
yields a Ram-Lak filter for radial [195, 196]:

zlkl/N,, k%0

DCFs for more exotic trajectories such as rosattst@chastic encoding must be determined

W (k) = Dg. () = | (5.2)

numerically [197], for example, estimated by compgita Voronoi diagram of the trajectory
[193, 198]. In this case, the choice of the DCF meaatly influence the final image, and the
convolution gridding is also non-trivial to perforfihis is another reason why the simple
radial encoding is preferable compared to thosepticated ones, besides the technical

implementation problem that has been mentionelanast chapter.

Convolution Gridding

In the second step, all density corrected or corsgienl dat&pc(K)=5Kk)-W(k) are re-sampled
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to equidistant Cartesian grids. This is achieveadayolving each sample point with a small
interpolation kerneK and then assigning the interpolated data, whehkvlthin the kernel, to
the desired grid points:

Sero (k) = XiSpc (k) * K(1k — ki) (5.3)
where k-ki| denotes the distance betweenithesample and the desired grid poidlk-ki|) is
the window function of the interpolation kerneldae®srp(K) is the resultant signal, which is a
weighted sum over all sample points within thisnedmwindow.

Because this interpolation achieved by convolutiothe frequency domain may lead to
certain modulation effect in the image domain, thierpolation kernel has to be chosen
adequately to make this effect tolerable. It isWwnahat the multiplication of a compact
signal with a rect function does not distort thgnsail (provided that the support of both
functions is equal), an optimal interpolation kérisethen described in the frequency domain
by a sinc function [30]. However, this convolutianth such an infinite sinc function with
unlimited support is computational unfeasible imgbice. Hence, a Kaiser-Bessel window
function [199] is proposed as the interpolatiomiedito approximate the properties of the sinc
function [200]:

1 ’ 2k 2 B
K(k) _ EIO <T[a 1- (E) >, |k| < E (54)
0, k| >£

2
wherely is the zero-order modified Bessel function of fingt kind, anda andf are constant

free design parameterg.is an arbitrary real number that determines thedeav shape, and
the integerp is the window width. The¢ value is usually between 3 and 5 to achieve good
compromise between interpolation accuracy and amalability [200]. The larger the value
of |a| is, the narrower the window is, whereas the wither main lobe and the lower the
amplitude of the side lobes in the FTKik) become. Therefore, it should be well determined
to control the tradeoff between main lobe width artt lobe area, for example, according to
a previous study [201]. In all reconstruction opierss in this work, a Kaiser-Bessel kernel
width £ = 3 (in units of nt for a normalized FOV of 1 m) and a shape parameter.2054

were chosen as suggested in [200].

Inverse 2D-FFT

In this step, a normal two-dimensional inverse FFThe data grid is performed as in the

Cartesian case as described in Section 2.2.3 haendetails are not repeated here.
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Roll-off Correction

As addressed above, due to the convolution witmigefinterpolation kernel, the obtained
image exhibits an undesired modulation with the rlesutransform of the kernel. This is
called roll-off effect. Therefore, a correspondirgmpensation method, also called
deapodization, which involves dividing the interrizee image by the Fourier transform of the

convolution kernel function, must be performed lbdain the final image.

Image cropping

Because the gridding process is done discretgdlicetions of the object occur in the image
domain. To avoid signal aliasing between neighlgpritbject copies (similar to the effect
when employing discrete FT reconstruction) whichymze amplified by the roll-off
correction [128], a two-fold oversampling of thedgling matrix is often used. Therefore, the
extended FOV is cropped at the end of the recoctsdruprocedure, as shown in Fig 5.1.

Figure 5.1 Radial gridding with 2-fold oversampling. The ineaggas acquired during a cardiac RT-MRI
experiment with an anatomically defined short-aséw. (a) Image with double FOV before croppir(®)
Image with selected FOV after cropping at the eingconstruction.

In generally, although the gridding process is cotafonally intensive, with reasonable
kernel window parameter values, as described altbeecomputation is fast enough to be
combined with inverse FFT to reach real-time imegmnstruction with good image quality,

as demonstrated in Fig 4.3 and Fig 6.7, in statttdynamic imaging, respectively.
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5.2 Update with Sliding Window and View Sharing

The standard reconstruction approach performsatestep — transformation from raw data to
image data — only when the whddespace is refilled by newly acquired data. In otwerds,
whenever the reconstruction buffer, correspondinthé chosen FOV de-space, is filled by
the acquired data, it is emptied by outputting dia¢a to the image archive (e.g. for offline
diagnostic usage) and is prepared for the nexnistoaction cycle.

However, for real-time reconstructions in a flu@ma@sic manner, which was employed in
this thesis, it works in a different way. The restvaction buffer contains sampléespace
data which, notably, is a mixture from the receastp(previous) acquisition and the latest
(current) one. This is to say that whenever themstuction buffer is partially replaced (i.e.
the oldest acquired data replaced by the newlyieedjdata), it outputs the data to the display
screen (e.g. for online observation and monitoriaug)d prepares for the next reconstruction
cycle (i.e. replacement of the newly acquired adth the old one), but is never emptied until
the end of the entire measurement. Thus, the cendéithe reconstruction buffer are updated,
reconstructed, and displayed continuously at adrigdie, which is described as frame rate, as
in video technique. It defines the number of imatled are reconstructed and displayed per
second and is regarded as the apparent or effdetimgoral resolution with a unit of frames
per second (fps) or hertz (Hz). It is equal tord@procal of the update tim&\) and should
be distinguished from the true temporal resolutadmnch is the reciprocal of the acquisition
time (TA) as is used before.

The most common methods are sliding window and &leytechniques, both involving
the view sharing strategy. The principles are fiegblained here, and the comparisons as well
as the experimental results are presented in tkteseetion.

5.2.1 Sliding Window and MR Fluoroscopy

The sliding window technique was originally propdd®/ Riederer in late 1980s to achieve a
so-called MR fluoroscopy effect based on a Cantesiecoding scheme [19, 202, 203]. In this
method, a “window” with a width equal to the dedirumber of phase encoding st&ps is
used to slide along the acquired data. Acquisitiaithin this window are used in the
subsequent image reconstruction. The displacemetwelen successive positions of the

window is arbitrary, with a minimum of orkR interval. Depending on the window shift (e.g.
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16 of total 256 phase-encoding steps), the imagensgruction rate is increased (e.g. 256/16=
16-fold), but the image acquisition is not affectéfith such a repeated process, the
contribution of any acquired phase encoding is niese much sooner in the reconstructed
image after it is measured (e.g. TR-rather than 258R) and a continuous sequence of MR

images can be observed when the MR data are beguiyed.

Sliding Window
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Figure 5.2 Schematic diagram of image reconstruction stragedor acceleration witlia) the sliding
window, (b) conventional Cartesian keyhole, af@ advanced Cartesian keyhole technique. The grey
arrows indicate sharing of the data from previoemsurementsay: keyhole factorfas sparse factor.

More explicitly, whenever a new segment of tkepace is sampled, it replaces the
corresponding old data which are acquired at tineespositions. The new data is combined
with the k-space data that are “shared” from the recentdesgtisitions to form a complete
data set, which is then transformed into an imageillustrated in Fig 5.2a. Therefore, the
sliding window technique is automatically integrhteith view sharing strategy, where “view”
stands for any frequency-encoding readout, eitheslin Cartesian, interleaves in spiral, or
spokes in radial encoding.

Ever since the concept of MR fluoroscopy came iisterce, numerous developments

and improvements have followed aiming at “real-tilR1 [204-209]. The advantage of this
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technique is a much higher frame rate without lafsspatial resolution, because the phase-
encoding step, i.e. window width, is always the sdar successive images. The disadvantage
is that, because the spatial information is notélgwovered by the rectilinear Cartesian lines,
the low frequency components in the centeapace, which contribute more to the gross
image contrast, are not always updated during dggiential acquisition of the segments.

Thus, the motion of the object in the reconstructedges experiences jumps whenever the

segment that corresponds to kKagpace center is newly acquired and updated.

5.2.2 Cartesian Keyhole Imaging

In contrast to the sliding window method, the kdghiechnique always measures the center
of the k-space after the initial wholke-space measurement and during the following image
acquisition, so that the changes of image contestbetter maintained. It was originally
proposed in early 1990s for monitoring of the casttragent administration [20, 21, 210]. As
it is also based on Cartesian encoding schemeunheasurek-space periphery, which
contains high spatial frequency components and adis to the image details such as object
edges, can be copied from the initial measuremeigt §.2b), or can simply be zero-filled
resulting in lower spatial resolution. The formepeoach is based on the assumption that the
high spatial frequency content of the image is tamtsin time. Therefore, this technique is
particularly suitable for dynamic contrast updatéhaut changes of the object outline and
structure, for example, monitoring of exogenousti@st bolus uptake [20, 21], and also in
3D contrast-enhanced MR angiography by using thealled TRICKS (time-resolved
imaging of contrast kinetics) method as an extensiothe 2D Cartesian Keyhole technique
[211]. Such applications may also include monitgrof brain activities from diamagnetic
deoxyhemoglobin as an endogenous contrast agéviRh[212, 213].

However, the disadvantage is also explicit: sifeehigh frequencies are seldom or never
acquired during the following measurements, thesipis change of the object edge
information is lost in successive image reconsionst [214]. For example, for dynamics,
which involve structure changes or small contrdsinges such as for interventional MRI
during operation or biopsy, it is difficult to uskis method to monitor the artificial needle

insertion with good visualization of the needlepigsition [215, 216].

-79 -



Chapter 5. Development of RT-MRI: Image Reconstruction

5.2.3 Interleaved Radial Sliding Window

The originally proposed sliding window and view s8hg technique is combined with
interleaved radial encoding scheme (i.e. reorderetieaving as described in Section 4.3.3)
in this thesis for development of RT-MRI. The vieharing is performed after completion of
each interleave of the radial views (i.e. eacharmty undersampled radial segment)kin
space. The image reconstruction and update raterisased by a factor Ofseq WhereNseqis
the number of interleaves groups, as illustrateféignb.3a.

Interleaved Radial Sliding Window

\ / \ /
\\ // -~ \\ //
\/ el \/
a N POt 13 ———— e e e e
7N et VZBN
7\ - /0N
/ \ / \
/ \ / \
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b = ; B
,z’// S ,/’//
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Figure 5.3 (a) Interleaved radial sliding window arfl) linear radial sliding window reconstruction. Dark
views indicate data from the actual measurementgry views indicate unmeasured data, which are
shared from previous measurements. For simplithiy, example contains nine views,(= 9) with 3
interleavesNseg= 3) in a 180° encoding scheme.

Because of the unique sampling patterns, eachlreiéa covers equal spatial information
containing both low and high frequency componehkte unwanted jumps observed with the
Cartesian sliding window disappear with continuaysdate during dynamic imaging.
Nevertheless, an advanced Cartesian-based keybobastruction strategy combined with
sliding window and view sharing technique (termet/aamced keyhole for simplicity) as
illustrated in Fig 5.2c, a linear radial slidingngiow technique as illustrated in Fig 5.3b, and
an advanced radial keyhole technique as illustratedrig 5.7, were developed and
implemented, respectively, for a thorough experitmlertomparison with the proposed
interleaved radial sliding window reconstructiorheTstrategies and the experimental results
are described and discussed in Section 5.3.2, afséort review of available reconstruction

methods.
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5.3 Comparison of Available Reconstruction Strategies

5.3.1 Brief Review

Reconstruction with Non-Cartesian Encoding

Other than FBP and gridding methods, a few morenscuction strategies exist that
transform non-Cartesian data to images, which aelooth FT-based [217-223] and non-FT
approaches [224-226]. Discussions of each indilidtrategy are beyond the scope of this
dissertation, but in short, all these methods fawme or less similar problems, either
difficulties in parametrization [219, 225, 226]tensive computational burdens [218, 220,
223], or complicated technical and mathematical lem@ntations, for which even the
acquisition and encoding scheme needs to be chd884d227]. Thus it is of no doubt that
they pose serious limitations for RT-MRI uses, edst with current computer techniques.
Therefore, the convolution gridding, which has beeaved accurate enough [221], was

employed in this thesis for the reconstruction @f+Cartesian data.

Reconstruction with Undersampling for Acceleration

In addition to sliding window and keyhole techniguenany other strategies have been
proposed to further accelerate the image recorigirucate by reducing the amount of the
data that are normally required (undersamplingheut significantly compromising the
image quality. The shortening of the data acquisitand the undersampling pattern is
controlled by exploiting the amount of redundancithim the data, while the proper
reconstruction is realized by applying dedicategbathms based on the assumption that the
dynamics of natural objects exhibit a high degreeoorelations irk-space (spatial-frequency
domain) and time (temporal domain). As such strategvary, the brief review and
comparison here is not meant to list and to be ecehgnsive for all possible methods, but to
address the reason why the straightforward slidimglow technique was used in this thesis.
First of all, strategies exploiting correlationsthim k-space include partial Fourier (PF)
[18, 76, 77] and parallel imaging (PAT) methods-EZ& 228], and also some other techniques
such as reduced-FOV methods [229, 230]. Noticedbéyrapid development of PAT within
the last decade has enabled considerable imagiegreduction. PAT works in either image

domain after Fourier transformation [23, 24, 228] lespace domain before Fourier
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transformation [22, 25]. Both approaches rely oritiple coil sensitivity profiles to recover
the unmeasured data points. Since the number aideny lines is reduced, it also helps to
eliminate artifacts caused by long readout sudin &I or to reduce SAR deposition such as
in FSE and TrueFISP. But reduced signal acquisaiso inevitably leads to a decrease in the
SNR, which together with the effectivity of the &épd algorithms, limit the acceleration
factor that can be achieved. This category may ewelnde non-Cartesian sampling with
variable density, such as the radial scheme, dineenterpolation of thé&-space grids is
based on the principle that eakispace point contains correlated information abmther
points (depending upon the convolution window fuorctin this case) from one time frame
independent to the other time frames.

Second, strategies based on temporal correlatiotisng dependence on other spatial
points mainly include the sliding window and keyddechniques. The recovery of the
unmeasured data points at one time frame througthsihearing — considered interpolation or
extrapolation — is from other time frames, no mdftem the nearest neighbor (i.e. in sliding
window) or from the much earlier measurement (ne&keyhole). Some similar methods use
more sophisticated interpolators or modeling budidzaly rely on the same principle [231-
233]. Noticeably, to trade for undersampling withgaisition reduction, the UNFOLD
(unaliasing by Fourier-encoding the overlaps usithg temporal dimension) method
purposely eliminates half of the encoding lines aneiates typical aliasing artifacts in an
alternating manner by shifting the sampling paterary other time frame. Thus, the aliased
component can be removed from the desired (nosealjacomponent by applying a low-pass
filter along the temporal axis [234, 235]. Howewe proper selection of the FOV to avoid
the true dynamic object or dynamic areas of theeabpverlapping in the replications (i.e.
FOV at least as large as the dynamic region) andngure two components encoded at
different locations in the temporal frequency dameaestrict the undersampling factor. In
addition, the difficulty to choose proper parametier the filter (e.qg. filter width) also limits
the use in practice. Furthermore, the approacippdydilter along temporal axis implies the
need to acquire a series of data before image s&emtion, which is not feasible for real-
time imaging. Although certain improvement was ®gjgd for RT-MRI, the reconstruction
scheme was only implemented off-line with a limifeine rate [236].

Third, strategies trying to utilize correlationsboth k-space and timek{t) [231], are a
combination of the two above approaches. The tymgigample is the so-callekit BLAST
(broad-use linear acquisition speed-up techniquek-b SENSE [237]. The techniques
improve the estimation of the unmeasured data tyrporating a set of low spatial frequency
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training data combined with a temporally averageddge over the whole acquisition stage,
which are sparsely sampled. The proposal of thagegjy was followed by a couple of similar
techniques [238-242] that all exploit the tempa@irelations based on the UNFOLD method
and the spatial correlations based on the PAT, aaithcertain individual improvements in
the reconstruction algorithms. Although these Gaatebased techniques are compatible with
non-Cartesian schemes including radial encodin§][2#he extended reconstruction time due
to much more intensive computation hinders it fiommediate update and display. A highly
undersampled radial scheme wikat reconstruction termed HYPR (highly constrained
backprojection) was proposed particularly for MRgiagraphy [244]. This FBP-based
technique is able to reconstruct images with gaaality from only 10 radial views per frame
(corresponding to about 100-fold undersamplingzimathal direction). However, similar to
k-t BLAST, the requirement to combine all of the acgdidata to obtain a time-averaged
“composite image” for reduction of undersamplingegking artifacts and increase of SNR
excludes HYPR from being applied for prospectiveéadaaansformation. Although it is
possible to employ progressive updated compositgéwith reduced average window and
thus shortened reconstruction delay, it is limit@djilar to 2D keyhole or 3D TRICKS [211]
techniques, to the situations in which the objetges and structure information remain
stationary during acquisition (e.g. vessel posjtievhile only the rapidly changing contrast is
involved (e.g. blood flow, first-pass contrast tgldiffusion, ECG-gated myocardial motion)
[191, 245, 246].

Although the methods differ significantly in theibility to recovery or compensate the
unmeasured data, for image reconstruction stregegigh highly undersampled data in
general, 1) averaging approaches (e.g. HYRRBLAST) are not suitable for dynamics
involving many structural changes such as duringllewing or speaking; 2) reference or
base-image approaches can lead to artifacts asé fagnal representation due to mis-
registration (e.g. keyhole, RIGR) or spatial ca@hsitivity miscalculation (e.g. SENSE-based
methods) such as during musculoskeletal kinetidisty 3) prior knowledge or training data
approaches (e.g. UNFOLIR;t BLAST, feature-recognizing MRI [217]) are limitethd may
fail when the assumption is not met. As these esfiiat are proposed to address specific
guestions for particular applications, they are algie to provide a generic solution for real-
time imaging of dynamic physiological processesadidition, the much longer time required
for image reconstruction, despite the acceleratgdiaition due to large undersampling factor,
is not able to achieve true real-time data proogsand online image update, which includes
the recently proposed compressed sensing (CS) pbfi247-250]. Therefore, the original
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sliding window technique with view sharing strategyas implemented in this thesis in
combination with interleaved radial FLASH for theveélopment of RT-MRI.

5.3.2 Experimental Comparison

Interleaved Radial Sliding Window vs. Advanced Cartesian Keyhole

In order to compensate for the drawback of the entiwnal Cartesian keyhole imaging, a
different approach was implemented combining theirgl window and view sharing
technique. It frequently acquires the high freqyermomponent in a homogeneously
incremented way. As shown in Fig 5.2c, the cerktrgppace area is always acquired and the
exact number of lines in this area is controlledthy keyhole factofax. Meanwhile, the
peripheralk-space area is acquired in a homogeneously intedemanner and is updated in
an incremented way. The number of lines in this @asecontrolled by the sparse factag In
such a way, both high and low frequency componargsfrequently acquired and updated,
and acceleration can be flexibly achieved by selgalifferent combination ofax andfas.
Extensive experiments have been done to test thebiéty of this advanced Cartesian
keyhole reconstruction. Fig 5.4 present experimemtsults of monitoring volunteer’s head
rotation. Images in Fig 5.4 a, b and ¢ were acduing using the advanced Cartesian keyhole
reconstruction, while images in d were acquiredubing the interleaved radial sampling in
combination of sliding window reconstruction. Theete chosen frames in each row were
three subsequent images during head rotation. &mparison, the speed of the movement
was controlled by the visual stimuli and was thlmad identical for each experiment. The
imaging slice was selected across the cerebrosflinds (CSF) and sinus, to mimic the
extreme case of motion, which involves changes fomth contrast and structures, and with
large amplitude following an irregular track. Eachage was composed of 128 phase-
encoding lines in advanced Cartesian keyhole casdsof 135 views in interleaved radial
sliding window case with 5 interleaves (i.e. 5 &ec®ions). FOVs were all 192x192 rim
yielding 1.5x1.5 mrhin-plane resolution with all other parameters it for both methods
(TR'TE 5.3/2.6 msFA 15°, BW 810 Hz/Pixel, SLT6 mm). A 12-channel head coil (Siemens
AG, Erlangen, Germany) was used in all studies.

In the first examination, only 1/10 of tkespace in the middl€gx=1/10) and every 20
line in the periphery f@s=20) were always measured and continuously upddtethg
dynamic imaging. That is to say, instead of 128djronly 18 lines (12 lines in the middle and
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6 lines in the periphery on both sides) were aegufor every new image frame. Thus, a 7-
fold acceleration was achieved. However, the olttrest and edge information from the large
data set, which was previously measured, overlapgidthe current information, which was
represented by only a small portion of data. Thesulted in severe artifacts in the
reconstructed images as shown in Fig 5.4a. In ¢sersl examination, the middle part was
increased to half of thkespace (i.e. 128/2=64 lines) withk=1/2, so that the gross contrast
was better maintained — noticed from the CSF ahddatained scalp with high intensity. But
the edge residual due to still less updated highuency component remained dominant, as
shown in Fig 5.4b. In order to further improve timage quality, based on the second
examination, every other line in thespace periphery was continuously (alternativelyhis
case) updated in the third examination. Notinggbsition of the sinus, this indeed showed
better representation of the motion, but neversl®bvious ghosting artifacts were still
present in most of the images as shown in Fig &xkthe acceleration that could be achieved
was limited in this case to 1.3-fol@y~500 ms, 2 fps). In the last examination shown o Fi
5.4d, with unique radial encoding characteristiss discussed before, and with further
combination of sliding window reconstruction, musimoother update of the moving object
with 5-fold accelerationTU=143 ms, 7 fps) was achieved. Only mild undersamgpénd
motion induced streaks were present in some ohthges.

The results clearly show that, for Cartesian keghmokthods, it is very difficult to choose
adequate parameters of how much should be measutkd middle and in the periphery of
the k-space, respectively, in order to achieve smootthatgp of the dynamic changes with
satisfactory image quality. Second, although sudtaaced scheme has been applied for
monitoring contrast agent uptake in dynamic conteahanced MRI (DCE-MRI) [251] and
for investigation of brain activities in fMRI [252¢ombined with EPI acquisition, it is,
however, similar to conventional Cartesian keyholery difficult to observe structural
changes, which are inevitably involved in mostle# physiological dynamic processes (joint
movements, swallowing, speaking, etc.). As a mattéact, it is very sensitive to such gross
motions, during which the phase and amplitude discaoities can induce severe ghosting

artifacts, as demonstrated here.
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Figure 5.4 Comparison of(a, b, ¢) Cartesian keyhole anfl) the interleaved radial sliding window
technigue for observing head rotation in real tiffiee frames represent three sequntial images fawh e
examination, during which keyhole factda{) and sparse factofag) in (a, b, andc) were 1/10 and 20, 1/2
and 20, 1/2 and 2, respectively. Imagegdnwere acquired with 135 views for a complete imdgt set
and 5-fold acceleration with 5 interleaves. Arroindicate slight streaking artifacts caused by under
sampling.
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Interleaved Radial Sliding Window vs. Linear Radial Sliding Window

Although it has been demonstrated in the last @najbtat the interleaved radial encoding
scheme offers better image quality concerning mmotiobustness than the linear radial
encoding scheme, for better understanding of tlegsties of sliding window technique in
combination with radial encoding, two sampling aadonstruction schemes were compared
here — besides the proposed interleaved radiahglidindow technique, the linear radial
sliding window reconstruction was implemented &asstrated in Fig 5.3b. The experimental
results from a cardiac experiment in a transvegkale are shown in Fig 5.5. For linear radial
sliding window, dynamic changes of the object, wh@re normally simultaneous in all
directions during the acquisition of an entkspace data are only covered over a certain
angular segment. Such update pattern results snobmformation over a wide angular range
and causes strong degradation of the robustnesliail imaging [183, 185, 253, 254], and

the motion appears discontinuous and asynchromsudemonstrated in Fig 5.5a.

Figure 5.5 Comparison of(a) the linear andb) the interleaved radial sliding window techniquéneT
frames in each row represent three consecutive dmdigm one cardiac series at diastole, with free
breathing and without ECG synchronization. Notedisgontinuous intensities {@). Imaging parameters:
spoiled radial FLASH, 16-channel body matrix c&ligmens AG, Erlangen, Germany), FOV 256x256
mn¥, matrix size 128x128, in-plane resolution 2.0x2@¢, SLT8 mm, TRTE 2.02/1.3 msFA 8°, BW
1950 Hz/Pixel, 205 views with 5 interleaves, i.dingar segments i(a) and 5 interleaved segmentg(r),
effective temporal resolution 12 fps.
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As for interleaved radial sliding window, becaubke k-space is continuously updated in all
directions, the motion appears to be smooth duhegmaging process [254], as seen in Fig
5.5b. However, because each interleaved segmean isndersampled data set (or more
precisely, sub-data set), the desired segment nustimild not be too large. Otherwise,
increased streaking artifacts may be easily indimediscrepancies between segments due to
severe undersampling [28], as demonstrated frond hetation experiments in Fig 5.6. It
should be noted that, first, such streaks weréefs obvious in cardiac imaging as shown in
Fig 5.5b, because the gross motion in this caseertrated in the middle of the FOV with a
relatively limited area, not like the head rotatmase with a large movement extent. Second,
although such a desired segment number puts a éimithe acceleration rate that sliding

window can achieve, in fact, it is proved to befisignt to have a moderate segment number

(sliding window acceleration factor). This will bisscussed in detail in the next chapter.

Figure 5.6 Influence of the number of interleaves on theahsdiiding window reconstruction for a head
rotation study. Experimental parameters were theesas that in Fig 5.4d except for 195 views. Thages

in (a, b, ¢) were acquired with 1 (i.e. no acceleration), 5d d3 interleaves, respectively. Note the
discontinuity (arrows) irfa) and increased streaks (arrow head$g)in

Interleaved Radial Sliding Window vs. Advanced Radial Keyhole

The interleaved radial sliding window techniqudugher compared with an advanced radial
keyhole reconstruction. The latter was originallyggested for contrast weighted imaging
with FSE acquisition, so-callddspace weighted image contrast (KWIC) [255] methidae
oversampling in the centrispace is exploited to enhance the contributioni@fs that are
acquired at specifidE in the FSE echo train. And by weighting views witifferent TE,
respectively, multiple T2-weighted images can lmnstructed from a single image data set.
It was later combined with an interleaved schen&3]Xor dynamic contrast-enhancement

studies of breast lesions using gradient echo aitiqui and contrast agent injection [256].
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2" time frame 3" time frame 4™ time frame

Figure 5.7 Schematic diagram of the advanced radial keytedbriique. The algorithm was implemented
in the MRISim software [128] to compare the image quality witiattof the interleaved radial sliding
window technique from the same data set.

Similarly, for the dynamic physiological processiésyas expected that, by adapting the same
strategy — weighting the chosen segment in theralekispace region — to constrain the
contrast change during motion to the correspongdivgkighted segment instead of the
complete data set and thus to improve the tempiidelity. Furthermore, rather than
combining the current segment with all previousty@red ones to yield the current image
frame, it was also expected to represent the matiore faithfully if the segments that were
acquired afterwards were combined as well. The empinted reconstruction algorithm for
offline post-processing is illustrated in Fig 5l7is based on the sliding window technique,
but the two differences are: first, for each timenie during the dynamic study, only the data
from the segment of interest was used in the cekspace region (e.g. views of, 3, and 3

in the 3" segment). Depending on number of views withingégment, a distance parameter
was calculated to determine the radius fromkidspace center to meet the Nyquist sampling

criterion according to Eq. 4.4:

__ Ak-Ny

p1 = (5-5)

TNgeg
Thus, data from other segments were set to zetonnthis circle (Nyquist circle) so that only
the segment of interest contributed to the conirashe corresponding image (e.d” 8me

frame). To avoid sudden change in signal intengibych would lead to artifacts in the image,
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Figure 5.8 Advanced radial keyhole technique applied to aieardata set in an anatomically defined 4-
chamber view. Images frofa to d) on the right side show reconstructed results udifigrent parts of the
acquired data as illustrated. The line thickneshicates the weighting of each segment, while thaey gr
circles indicate the calculated Nyquist circles.



5.3 Comparison of Available Reconstruction Strategies

a second circle with a radius gf;2was determined, and the sampling density compensat
was also changed correspondingly as suggestedbb].[3econd, once the current segment
(i.,e. segment of interest) was acquired, the cpmeding image was not immediately
reconstructed by combining with previous segmeats. (segment 1, 2 and 3 fof 3ime
frame). Instead, it did not take place until thetneegment was acquired and then included
for the reconstruction of the current time frameréglacing the oldest one (e.g. segment 2, 3
and 1’ for & time frame). In such a manner, the reconstrudioffer contains a mixture of
data from both the previous and following measur@siemore information regarding
temporal process was involved to represent indalidiime frame. Of course a short
reconstruction delay due to waiting for the nexgrsent was introduced which equaled

TR-(NV/Nseg. This implemented strategy was termed here asgchradial keyhole.

Figure 5.9 Comparison ofa-c) the interleaved radial sliding window afatif) the advanced radial keyhole
reconstruction. The imaging parameters: spoileél&d ASH, 16-channel body matrix coil (Siemens AG,
Erlangen, Germany), FOV 256x256 mrmatrix size 128x128, in-plane resolution 2.0xm0r, SLT 8
mm, 85 views with 5 segmentSRTE 2.02/1.3 msFA 8°, BW 1950 Hz/Pixel. Arrows indicate smearing
and streaking artifacts, which were induced by oroihconsistencies.

One example from the validation studies of thisorstruction strategy is shown in Fig 5.8
using images from a cardiac RT-MRI measuremente [Sggments were used during the

radial sampling and 85 views were employed for mmlete image data set. For offline
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reconstruction within vivo data, correspondings=3p; and ps = 4p; were applied. For
simplicity, only three segments were illustratedha figure. Fig 5.8a was reconstructed from
a complete image data set in advanced radial keyhmanner. Fig 5.8b was reconstructed
only from the main segment (i.e. segment of intenegh 85/5=17 views shown as straight
lines). The bold lines within the first circle ild centralk-space region represent proper
density weighting to avoid abrupt intensity chandég 5.8c and Fig 5.8d were reconstructed
from adjacently acquired segments — before (dakhesl) and after (dotted lines) the segment
of interest. Note that the gross image contrast masly contributed by the segment of
interest which was expected to more faithfully egent the motion changes at corresponding
time point, while the image details were contrilsubem the neighboring segments acquired
which was expected to include more temporal infdioma

A comparison between the straightforward radialis window reconstruction and the
advanced radial keyhole reconstruction is show®ign5.9, by applying both of these two
strategies to the same cardiac experiment data.atheired data were from a healthy
volunteer (female, 35 years old) during free briegtland without ECG synchronization. The
imaging parameters were the same as in Fig 5.8, avit6-channel body coil (Siemens AG,
Erlangen, Germany). Images with the straightforwadial sliding window method (a to c)
were obtained directly from real-time online redomstion, while those with the advanced
radial keyhole method (d to f) were obtained froffliree reconstruction. For the latter,
although the segment of interest was weighted & déntralk-space region to be more
dominant in the image contrast, and although mafermation regarding the temporal
process was included in each reconstructed tinmefyghe smearing caused by sharing of the
data at different time points during rapid objeabtion, for example, at cardiac wall and
septum (arrows), was not improved as expectedddiitian, weighting of particular segment
and zero-setting of the others led to loss of ttheaatage of oversampling in the centkal
space, although the Nyquist criterion was fulfilldthis caused a decrease in the SNR and
more streaking artifacts in the resultant imagdgeréfore, the straightforward radial sliding
window method, as proposed, is concluded to bergup® the advanced radial keyhole

method.
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5.4 Summary

Fourier transformation is the most commonly usedomstruction method that can be
efficiently applied when th&-space data is sampled in a rectilinear fashioh pitase- and
frequency-encoded acquisitions, as described inid®el.2.2. But for radial imaging with
non-gridded positions and varying sampling dersitspecific procedures are required. These
include: 1) density correction by density compeiosatunction; 2) convolution gridding by
interpolation (i.e. Kaiser-Bessel window functioB); 2D inverse fast Fourier transformation;
4) roll-off correction and image cropping.

In order to further increase temporal resolutiopdoel the physical (e.g. gradient strength
and slew rate) and physiological (e.g. nerve stathomh) constraints, image reconstruction
approach uses the strategy of updating, rather taiting to refill, the k-space image
reconstruction buffer, so that fast computing hanvcan reconstruct and display images
(from the mixture of image data in the buffer) gak time without delay of the standard
acquire-delay-reconstruct-display paradigm. Theirslj window with view sharing technique
was implemented for interleaved radial FLASH segesn which allows for reconstruction
update periods shorter than the acquisition time fofll dataset and achieves better temporal
resolution for the development of RT-MRI.

The effectiveness was demonstrated by comparitogtitree other advanced approaches:
1) the advance Cartesian keyhole reconstructioresithe motion sensitivity with Cartesian
encoding scheme and is similar to conventional &ytechnique, in which a smooth update
of structural changes is difficult to achieve; B¢ tinear radial sliding window reconstruction
has continuous update of only a partkespace with limited angle and direction, and thus
cannot faithfully represent the motion to be imgg&dthe advanced radial keyhole suffers
from decreased SNR and increased streaking agithet to the loss of oversampling in the
centralk-space region.

The proposed RT-MRI technology was implemented &igh field (3T) human MR
system, which will be described in the next chapi&e practical realization regarding the
achievable spatial and temporal resolution wilbdle discussed. Furthermore, specific results
from individual applications of potential clinicalr biomedical interest will be given in
Chapter 6.
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Chapter 6

Realization of Real-time MRI on 3T
Human MRI System

Based on the methodological development of RT-M&dadibed in the previous chapters, this
chapter focuses on the practical realization of gh@posed method in a real environment.
Implementation work has been done on a conventicivatal MRI system with a magnetic
field strength of 3T, as described in Section Bigh field imaging is attractive, because it
has the potential to improve the SNR due to in@éa®larization of spins [257]. With proper
pulse sequence design, the effects of increasexbmtifsility and off-resonance resonance
effects can be managed, and the SNR increase carsdakto improve spatial resolution
and/or temporal resolution. The image quality awodtiasts for RT-MRI as well as the

achievable spatial and temporal resolution are raxatally evaluated in this chapter.

6.1 Radial FLASH — Pulse Sequence Design

6.1.1 Pulse Sequence Design

The implemented radial FLASH sequences are illtedran Fig 6.1, with gradient waveforms
as described in Eq 4.1 to achieve ralliapace trajectories. Directly after the RF exadtatin

the presence of the slice selection gradient, samesin different precessing phases. This
decreases the amplitude of the total signal. Towtaen phase coherence, a reverse (refocusing)
gradient, i.e. with negative polarity for compemsat is applied after the slice-selection
gradient. Generally, the RF pulse occurs at thdeceof the slice-selection gradient and
dephasing occurs only during the second half ofgtalient. Ideally then, the refocusing
gradient has only half of the duration (at the satnength) of the slice-selection gradient.
Starting from this point, the phase of all spinghwi the selected 2D slice is equal, which

corresponds to the center position in the REpace, wheré, = k, = 0 ¢; in Fig 4.1). The
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dephasing (sometimes also called prephasing) graitiehe frequency-encoding directi@q
causes the magnetization to be dephased and tinesponds to a movement away from the
k-space center in thlkg direction. At the same time, the switching of {hlease-encoding
gradient in the orthogonal directid®, corresponds to a shift in the direction. Thus in
conjunction, they cause a shift from thepace centet;) to the outmosk-space margint{ in

Fig 4.1) and the strength and length of them deterthek-space location, as described in
Section 2.2. Up to this point in the measuremeng magnetization has been properly
prepared. A single line (radial view) of tkespace is then sampled by switching the readout
gradients under the presence of b@hand Gy, which cause the magnetization to rephase.
This corresponds to a constant movement in thesgpdirection towards thespace center.

_RF Echo
AV[\V. AVAVAVI\V,.
= TE >
Spoiled Gs 7
Gx / A
Gy s N
L — R i
~ RF Echo ~
Av/\v.\ .\VI\VAUI\V,\
TE >
G, A
Refocused s \ /
R A
Gy T—— 7]
- TR -
RF Echo i
"v[\v“ ,.VI\VAVI\V,.
TE
Balanced Gs \_/
G " A
Gy 1 S 7]
- TR -

Figure 6.1 Sequence diagram of spoiled, refocused and balaadéal FLASH RT-MRI techniques.
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6.1 Radial FLASH — Pulse Sequence Design

A complete rephasing of the spins results in ametgnal when the momentum of the first
gradient is exactly cancelled by that of the seconé (; in Fig 4.1). The continuing
application ofG results in a further dephasing of the spin$n(Fig 4.1) until finally they are
spoiled or rewinded (rephased). For spoiled FLASH, spoiling with incremented pulse
phase of 50° is used to destroy the residual texssevmagnetization. On the contrary, to
achieve refocusing effect, a gradient of the satrength but of opposite polarity is applied
after data acquisition and before the next RF ekoih pulse, to incorporate residual
transverse magnetization directly into the refoduS8FP (Fig 6.1). In refocused FLASH, the
next phase perRis constant. Further, to realize balanced conditrchich has zero phase per
TR, a dephasing/ prephasing gradient along the sétection direction with the same strength
and direction as the slice selection refocusingligra is applied before each RF excitation
(Fig 6.1), so that the gradient effects undergonsgins are fully balanced. In such a manner,
through repetition of gradient switching with variamplitude, all trajectories across the
space center are sampled.

6.1.2 Image Contrasts

Examples demonstrating the obtainable image cdntrasn all three FLASH variants are
presented in Fig 6.2. Images were acquired fromimate phantoms with aqueous solutions
of different paramagnetic ion concentrations, all asgfrom the brain in a transversal plane,
the head and the knee in a middle sagittal plané,the heart in an anatomically defined
short-axis plane. For comparison, all images with same object were acquired with an
identical slice and with comparable imaging pararse{shor{fTR andTE, high BW, low FA

for spoiled FLASH and relatively high&A for refocused and balanced FLASH, 3&8pace
coverage with odd number of views, with trajectooyrections applied). The phantom, brain,
head and knee images were taken during static iexgets, while the heart images were
taken from a real-time dynamic study during freedbhing of the subject and without ECG
synchronization. The mean signal intensity for SM& calculated from white matter in the
brain image and blood of the left ventricle (whateow head) in the heart image. The CNR
was calculated from the mean signal intensity difiee between white matter and CSF in the
brain image, or from blood and septum in the hisaage. The ROIs for signal amplitude and

noise measurements were all 50 mm
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o

(L\\, __
SNR/CNR:214/73

SNR/CNR: 292/96
o~ ﬂ \

Figure 6.2 Experimental results ¢&) spoiled,(b) refocused, an¢t) balanced radial FLASH RT-MRI for a
phantom and different parts of the human body:bifzén in a transversal and a middle sagittal plémne,
knee in a middle sagittal plane, and the heartiramatomically defined 4-chamber plane. Black arrow
indicates the contrast offered by refocused FLASHg tb T1/T2-weighting; white arrow head indicates
distortion of the SSFP signal due to motion in cefed FLASH; white arrows indicate the susceptibili
artifacts in balanced FLASH.
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6.1 Radial FLASH — Pulse Sequence Design

Spoiled FLASH showed typical T1 weighted contr&sg (6.2a) — low signal intensities from
long T1 tissues (e.g. CSF, muscles) with dark arghe images, and high signal intensities
from moving fluids (e.g. small vessels in the bramd blood in the heart), described as in-
flow effect in the subchapter 3.1.

For refocused FLASH at relatively largeAs and shorlTRs (i.e. TR« T2), the signal
contrast is related to T1/T2-weighting, causinguaires with long T2, such as CSF, to
become bright (black arrow). Generally, as a mattdact, any kind of phase instability from
one repetition interval to the next, e.g. the rapidvement of the heart, precludes the
generation of transverse coherences and does tatilisls an SSFP signal [57], which yields
motion-related distortion in the image (white arrbeadin Fig 6.2b).

The balanced case shows the highest SNR and CNRinethe static brain image, as
expected. However, because of the artifacts artdrtd@ns (white arrows), this technique is
fundamentally restricted in practice by severatdex: First, the higlirAs (normally between
50°-90°) may easily exceed the SAR limits, paraciyl at the high field of 3 T, although
certain reduction approaches have been propos&d289]. Second, more critically, the ideal
steady state is disturbed by small local differsnoeprecession frequency, which cause small
deviations from the ideal case of zero net phasieeagnd of eaciR When the phase angle
approaches 180°, there is a rapid loss of the gtstatle and a decrease in signal. Therefore,
areas of imperfect magnet uniformity or susceptibdhanges in the tissue can cause the off-
resonance precession angléo approach 180° and finally introduce dark ssipe‘banding
artifacts” in the image. This becomes a fundameptablem at high fields as the off-
resonance effects increase linearly with field rgitk, although principally it is possible to
reduce such problems by keepifgs so short that less time is given for dephaging
develop [66, 67]. Noticeably, at low fields up td IT, similar artifacts due to concomitant
gradient field effects [260] are independentTdls, because the phase accrual occurs only
when the gradients are active, and therefore willoe weakened by shortening fhigs alone
[261]. Other remedies to overcome the banding aatsf are either to simulate different
imaging frequencies during a few preparation sdzefere the real measurement in order to
determine the central frequency, so-called frequesout imaging [262], or to apply subject-
related fine shimming by using local shim coils aodntrol software before the real
measurement. However, results from both previoudies [263, 264] and the presented work
(Fig 6.2) have shown that these measures arenstilfficient to produce artifact-free images.
Especially during real-time imaging which aims tomitor dynamic processes, the movement

of the object through areas of different local metgnfield strengths dramatically abates the
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effect from such approach, which results in diffi@s in interpretation of valuable functional
or diagnostic information, as shown in Fig 6.3. labne in, for example, advanced
cardiovascular real-time study, such adjustmentgs® (normally on the order of tens of
seconds) due to need of interactive imaging ortemtachange during fast heart movement
and irregular flow will predictably interrupt the hele imaging process. Therefore, the
balanced version is discarded for the purposeshisfthesis, and the developed RT-MRI

sequences use relatively |dws in the range of 5° to 30°.

Figure 6.3 Banding artifacts from balanced SSFP (TrueFISPihduaingulation of the tibiofemoral joint.
The four frames (from upper left to lower right) iechosen from a sequence of radial real-time serie
during voluntary knee flexion. The first frame (@ppeft) was taken before the start of the movemetit
proper magnetic field homogeneity, and is free wifaets. During the movement, the motion-induced
susceptibility changes caused a failure of theiptesvshimming. Strong banding artifacts occurreldictv
were also moving (white arrow) with the motion.
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Figure 6.4 In-phase (left) and opposed-phase (right) conpestided by radial FLASH RT-MRI. Images
of the knee in lateral-sagittal plane (top), mididal plane (middle) and abdomen in a transveptahe
(bottom) were acquired by refocused radial FLASKhWIE at 2.5 ms for in-phase contrast and at 3.5 ms
for opposed-phase contrast. Patellar tendons (b&oéw), cruciate ligaments (white arrow head),
meniscus (black arrow head) are better displayaéad-phase images, whereas the articular cartilagettze
border of viscera such as kidneys (white arrows)oetter delineated in opposed-phase images.
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In addition, because of the chemical shift of fiadl avater (as described in Section 3.3.2), i.e.
slightly different precession frequencies and ttifferent phases, their transverse vectors fall
in and out of phase periodically. Therefore, forels in which fat and water co-exist, specific
TEs can be selected to offer in-phase contrast witinger signal or opposed-phase contrast
with partially cancelled signal (Fig 6.4). As thiear visualization of the water contents may
facilitate the diagnosis of pathology, such quagipsession of fat signals is often very helpful.
For example, in musculoskeletal and abdominal im@gis shown in Fig 6.4, patellar tendons,
cruciate ligaments, meniscus were better display&uphase images. On the contrary, due to
partially cancelled signal of fat and water, arfeicartilage and the border of viscera such as
kidneys were better delineated in opposed-phasgama

The implemented radial FLASH real-time MRI pulseqsences and algorithms were
integrated to the manufacture defined software éwmork and structure (Siemens AG,
Erlangen, Germany) under C++ (v6.0: Microsoft IneRedmond, WA) environment. The

workflow chart is shown in Appendix A.

6.2 Radial FLASH - Image Quality

Experimental comparisons that are given in Chaptdemonstrate the effectiveness of the
proposed RT-MRI technology. Here the image qualitg the achievable spatial and temporal
resolution are further discussed.

Extensivein vivo tests have shown that normally three to six-faldeteration (i.e. three
to six radial interleaves) with 30 to 300 ms updétee and correspondingly 3 to 30 fps
effective temporal resolution are efficiently enbutp resolve most of the physiological
changes. This makes the proposed method highlybfeexn selecting different spatial and
temporal resolutions. For example, for joint movatseor interventional processes (e.g.
biopsy needles and catheters insertion), whichredatively slow and controllable but involve
motions of small structures, an effective tempoeslolution of 3-10 fps with higher spatial
resolution is suitable for online monitoring andhdtional evaluation. On the other hand, for
cardiovascular motions or swallowing processes,ciwtdare rapid and involuntary, higher
temporal resolution of at least 20 fps is desirablg 6.5 is an example of using moderate
spatial resolution (2.0x2.0x8.0 myrand high temporal resolution (20 fps) in thoraaiw
upper abdominal imaging. 125 views were used witht&leaves, andRTE=2.02/1.3 ms.

Multiple motions such as from rapid heartbeat, tldlow in large (e.g. aorta) and small
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vessels (e.g. in lung), periodic movement of limad chest wall, are involved. However, the
artifact-free images with good contrast demonstifaeehigh ablity of this proposed method in

dynamic imaging of time-varying objects in real ¢éimMore examples of achievable spatial

and temporal resolution and its high adaptabibtyniotions are given below.

Figure 6.5 Radial FLASH RT-MRI of thorax and upper abdomersagittal (left), coronal (middle) and
transversal (right) planes. Spatial resolution 2.0x8.0 mri. Such images may serve as localizer scans.

6.2.1 Spatial Resolution

Fig 6.6 shows an example that increases the spatialution by a larger image matrix size
and smaller slice thickness, while decreasing the wumber to maintain the same temporal
resolution. All images were acquired with the sa@ (256x256 mrf) during a real-time
study of the cardiac motion with free breathing anthout ECG synchronization by using a
32-channel body coil (Siemens AG, Erlangen, Germdmages at both systolic and diastolic
phases from an anatomic short-axis plane were ohfoselemonstration.

Fig 6.6 a and b were acquired with an image maig& of 128x128 and a slice thickness
of 8 mm, which resulted in a spatial resolutionxglosize) of 2.0x2.0x8.0 minTogether
with 125 views, 5 interleaves for sliding windowcoastruction, and R TE=2.02/1.30 ms, an
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effective temporal resolution of 20 fp§Y=50 ms) was achieved. At such an imaging speed
and image resolution, the myocardial contractiod @ickening during the cardiac cycle can
be very well resolved and represented, and theggerpf online monitoring and functional
evaluation can be achieved. In Fig 6.6 ¢ and datyuiring with a larger matrix size of
160x160 and smaller slice thickness of 6 mm, a lemabxel size of 1.6x1.6x6.0 nimm- a
typical spatial resolution for clinical diagnosieirpose — was reached. Together with 115
views, 5 accelerations, affdRTE=2.20/1.40 ms, the same temporal resolution ofpd0was
maintained. Decrease of SNR can be observed irddatue to smaller voxel size, but all
main tissue structures remain clear. In future,e@®dicated receive coils should be able to
further enhance the SNR.

Figure 6.6 Radial FLASH RT-MRI of the human heart with diet spatial resolution and 20 fps temporal
resolution (short-axis view)a) and(b) 2.0x2.0x8.0 mr (c) and(d) 1.6x1.6x6.0 mrh (a) and(c) were
taken from the cardiac diastolic phade); and(d) were taken from the systolic phase. The other ingag
parameters: spoiled radial FLASH, FOV 256x25671fA 8°, BW 1560 Hz/Pixel.
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6.2.2 Temporal Resolution

Fig 6.7 shows an example that increases the tempesgalution by fewer view numbers,
while keeping the image matrix size constant tomaan the spatial resolution. The frames
presented here were chosen from six independehtimea cardiac image series with free
breathing and without ECG synchronization, all freystolic phase. A FOV of 256x256 m
a matrix size of 128x128, and a slice thicknes8 ofm, were remained constant throughout
the whole measurements. This resulted in the sgagabresolution of 2.0x2.0x8.0 nim
Whereas the number of views was reduced from 2@6gdmpling) to 125, 85, 65, 45, and

even to an extreme case of only 35 with 6-fold usa®pling, which resulted in an increasing

effective temporal resolution from 12 fps to 70 fasrespondingly.

Figure 6.7 Radial FLASH RT-MRI of the human heart with diféeit temporal resolution and 2.0x2.0x8.0
mm® spatial resolution (short-axis view). Reducing thember of views resulted in blurring, decreased
SNR and gradually stronger streaking artifactsofarheads), while maintaining most of the object
information and the contrast. Imaging parametasilad radial FLASH, FOV 256x256 nfinmatrix size
128x128,TRITE 2.02/1.3 msFA 8°, BW 1560 Hz/Pixel.

In the full sampling case, the update tiri&JY was 83 ms, which is comparable to the normal
cardiac phase (e.g. the QRS-complex and the ertdlisyghase is normally about 60 to 100
ms, while the end-diastolic phase is slightly lang®m which the presented image in Fig 6.7
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was chosen), and is not efficient to update thelevhepid motion process. At the same time,
the image acquisition tim&@4) of 414 ms in this case is also too long compé#oetie object
movement, which often causes smearing of struct(ires myocardium). With increased
temporal resolution, especially in the extreme cagle highly undersampling, it resulted in
blurring, decreased SNR and gradually strongerlkimng artifacts (arrow heads). However,
most of the object information and the contrastMeen blood and myocardium still remain
visible. Furthermore, the rapid dynamic process lwarbetter delineated with shortened
andTU. This is better demonstrated in Fig 6.8, where t&oporal resolutions — 20 fps and

38 fps — are compared in an anatomically definetiamber view.

Figure 6.8 Radial FLASH RT-MRI of the human heart with ditéeit temporal resolution and 2.0x2.0x8.0
mm?® spatial resolution (4-chamber viewd) and(c) at 20 fps(b) and(d) at 38 fps(a) and(b) were taken
from the end-systolic phasg) and(d) were taken from the diastolic phase. The othegintaparameters
were the same as that in Fig 6.7. Black arrow hea@® and(b) indicate the closure of the tricuspid valve
at the end-systolic phase; small black arrow@)nindicate the visibility of the tricuspid valve tite end-
diastolic phase at a temporal resolution of 38 White arrow heads indicate streaking artifacts tiue
undersampling that do not interfere the monitooht¢he cardiac motion.
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In Fig 6.8, a and ¢ were acquired at 20 fps, wi2b ¢iews and &A about 250 ms; b and d
were acquired at 38 fps, with 65 views anffeabout 130 ms. At end-systolic phase (a and b)
when the ventricles contract and the atrioventaicublves close, the closure of the tricuspid
valve (right atrioventricular valve) can be seethvidoth temporal resolutions, as indicated by
the black arrow heads. However, during the diagibi@se when the atria and ventricles are
relaxed, the atrioventricular valves are openvalg blood to flow to the ventricles. This is
hardly observable at 20 fps wilfU 50 ms, but at 38 fps (even higher than the nokntkdo
data stream at about 24 fps) wilk 26 ms, the tiny valves with very fast motions ¢smn
captured, as indicated by the black arrows. Stngpd&rtifacts due to both undersampling and
motions are also visible in this case (white arrbeads), but do not interfere with the
monitoring of the cardiac motion.

This proposed RT-MRI method applies also to theasibn at higher spatial resolution
with relatively slower motion speed. In Fig 6.9tba and b were acquired during the mouth
opening of a volunteer to study the displacementeaiporomandibular joint (TMJ). The
movement speed was controlled by presenting a Msigaand was almost identical for both
examinations (about 20 s for the opening periadades in Fig 6.9a were acquired at 3 fps
(385 views and 5 interleaves) using a 192x192°nm@V and a 256x256 matrix size,
resulting in an in-plane spatial resolution of @55 mni. To increased the temporal
resolution, Fig 6.9b were acquired with 235 views & interleavesat at 5 fps. At the same
time, a slightly smaller FOV of 120x120 rirand a matrix size of 160x160 were used to
avoid strong undersampling, and to yield the sam@ane resolution. The presented frames
in Fig 6.9a were eight neighboring images withametinterval, while the eight frames in Fig
6.9b were chosen from 14 images with roughly omeetframe interval for correspondingly
the same motion period as that in Fig 6.9a. Allgesshown here were zoomed into the same
area of interest for demonstration. In this subjatthigher temporal resolution of 5 fps, the
smearing and jumping of the mandibular condyle sspgily due to a potential pathological
reason — is better resolved.

All these results demonstrate the high capabilitthe developed radial FLASH RT-MRI
method in achieving rapid signal acquisition, e#it¢ encoding, fast reconstruction and
smooth image update. More specific results fromviddal applications are presented and

discussed in the next chapter.
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Figure 6.9 Radial FLASH RT-MRI of the TMJ movement with difésmt temporal resolution and
0.75x0.75x5 mrhspatial resolution(a) at 3 fps;(b) at 5 fps. The smearing of the condyle (arrows) tdue
data inconsistencies and sharing during abruptamati (a) was markedly improved ifb). The other
imaging parameters: refocused radial FLASH, FOVXI®2 mnf, matrix size 256x256[R'TE 4.33/2.20
ms, FA 20°,BW810 Hz/Pixel.

6.3 Receiver Channel Compression

The increasing use of receiver coils with very highmbers of independent elements
considerably increases the computational loadrfage reconstruction. In fact, when taking
advantage of 32-element receive coils for the MBtem used here, it will cause a noticeable

delay between the end of signal acquisition anglaysof the last image. Therefore, this
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section describes a software-based receive chaongbression method [265, 266] that has
been implemented to solve this problem. Accordinglgoming signals from the individual
coil elements are combined into a small set of ceisged channels. Because this
combination is much faster than a full processihthe signals from all receive channels, the
images are reconstructed and displayed in real Hivith negligible latency as evident from
the synchrony with the acoustic gradient sounds.

Figure 6.10 Receiver channel compression for spoiled radiaA$# RT-MRI of the heart (short-axis
view). The images refer to reconstructions withalmannel compression or the use of 32, 10, 8, and 6
principal components and the corresponding diffeeeimages (Diff) to the 32-channel reconstruction
(individual windowing to emphasize the small signalmaging parameters were the same as in Fig 6.7.
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Briefly, channel compression is achieved by gemsgdinear combinations of the incoming
signals, where the complex-valued combination wsighary for every input and output
channel. These weights are estimated using a pahcomponent analysis (PCA) using data
acquired during a few preparation scans (typicahlyployed for steady-state equilibration)
and kept fixed afterwards. For the PCA, a covaeamatrix is constructed by calculating the
covariances of the received signals among all coatigins of channels. In the case of the 32-
element receiver coil, this yields a 32x32 mathattdescribes the inter-channel correlations.
By conducting a singular value decomposition (SVDBf) the covariance matrix, a
transformation matrix is obtained that containsdksired weights for combining the receive
channels into uncorrelated eigenmodes. The weiglgdirectly sorted in descending order
according to the energy content of the correspandigenmodes. Because most coil arrays
carry a certain degree of redundancy due to spatedap of the sensitivities from individual
coil elements, the higher eigenmodes contain ordygmal image information. Therefore, a
compression without a recognizable loss in imagdigumay be achieved by restricting the
combination to only a limited number of channelsieTperformance of the implemented
channel compression technique is demonstratedyi6.ED.

In general, the degree of usable compression depemdhe object under investigation
and, more importantly, on the geometry of the eorhy. The channel compression method
was therefore integrated into the system’s softvimework and the feature provided as a

user-selectable tool for radial FLASH real-time MiRjuences.
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Biomedical Applications of Real-time MRI

Ever since the conception of RT-MRI [19, 203, 2@d¢ technical development has been
driven by specific applications [202, 205-207, 2X3he basic use is to improve the efficiency
of MRI examinations, in which the reconstructiordatisplay can proceed without delay to
the signal acquisition and continuous sampling loé itmaging object. Moreover, as
demonstrated during the experimental implementatiora 3T MRI system in the previous
chapter, the proposed method based on the FLASHKighyradialk-space encoding, and
sliding window with view sharing reconstruction,pports and opens up a wider range of
applications to various dynamic processes.

In this chapter, a few selected applications ofepbél clinical interest are presented,
namely the functional assessment of the ocular mewg, the temporomandibular joint, the
musculoskeletal system, speech production, swatipwprocess and the cardiovascular
system. Other more preliminary trials ranging freomgue movement during chewing to
abdominal imaging during free breathing have alsenbcarried out, but are not shown here.
Each subchapter begins with background informatiout the currently applied MRI
techniques. Afterwards, RT-MRI results are preserite demonstrate the strength of the
proposed method and its significance to addressifgpassues of these applications.
Furthermore, comparisons with the available litgnatare offered, and the potential uses in
each application are also discussed.

7.1 Ocular Movement

Over a lifetime, movements of the eyes performedabyaverage human can be literally
billions of times — even during sleep. Muscles sunding the eye are among the most active
in the body, making possible some one hundred Hrausnovements a day. If any one of the
muscles is not sufficiently precise, e.g. undemhplaigical conditions, and cannot function

coordinately, numerous symptoms may occur affectmg eye movement as well as the
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vision. The facial expression may also be distosiede the harmony between the muscles is
gone as in the case with squinting (strabismus).

Surrounding each eyeball are six muscles (so-calkbichocular muscles): one pair each
for horizontal, vertical, and side-to-side obligoeovements (Fig 7.1). For example, the
primary function of the medial rectus muscle (MRigXo move the eye towards nose, while
the lateral rectus muscle (LRM) is to move the ay&y from nose. Superior rectus muscle
(SRM) and inferior rectus muscle (IRM) mainly seste raise and lower the eye, respectively.
Superior obliqgue muscle (SOM) and inferior obligmeiscle (IOM) are to rotate the eye.
However, each member of the pair, as well as akethgroups, must work together in
coordination to control the eye movement, so tludh leyes turn to the object of interest and

its image falls on both retinas.

SRM SRM

\
SOM \ SOM

MRM : , LRM
) 3

LRM J IOM MRM il
7 1I0M
a d IRM b IRM
Figure 7.1 Anatomy of the eye (right) muscles irfa front view and gb) back view, respectively.
MRM: medial rectus muscle LRM: lateral rectusstie
SRM: superior rectus muscle IRM: inferior rectugscle
SOM: superior obliqgue muscle IOM: inferior obleEjmuscle

For ocular imaging, many modalities have been uBegk to its better contrast in the soft
tissues than computerized tomography (CT), andhigber precision in qualitative studies
over ultrasound [267], MRI is always preferable ifmaging extraocular muscles in clinic. It
has been used for observing changes in muscle sisapl as atrophy and hypertrophy and
for monitoring eye movement and muscle contradticthe orbit [268, 269].
However, imaging of the ocular movement has sobfen applied almost only with

pseudo-dynamic MRI, so-called cine mode MRI. Irs tlmethod, a strip of paper or card with
separate, normally equidistant, marks (eitherandwersal or in sagittal plane) was suspended

in front of patients. Each mark provided a pointfigation for the eyes, while a still image
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7.1 Ocular Movement

frame was acquired. The patient was requested mdtlink during imaging. Finally, all
images were subsequently played as a cine loopoidth different acquisition techniques
have been employed, such as spoiled FLASH [270, 2&fbcused FLASH [272-274], T1W-
SE [275, 276] or TSE [277], the in-plane spatiaotation was limited around 1.2x1.2 rim
to 1.5x1.5mmh, and the acquisition time of one imad&) was about 15-30 s, which means
that the patients must fix their eyes for such r@opeof time. Thus, the total imaging time for
one pseudo-dynamic cycle was about 3-4 min. Althoting latest work with such kind of
approach employed turbo-FLASH sequence for sigo@igition which shortenetiAto 1-5 s
due to fewer RF excitations [278, 279] as describesubchapter 3.2, it was still unfeasible
for true dynamic imaging and real-time monitorifidne only one under the true dynamic
condition that is available in the publications éoypd Cartesian FLASH to investigate
nystagmus [280]. It reached a temporal resolutibd.d4 fps, but at the expense of lower
spatial resolution of 2.5x2.0 nfinand also larger slice thickness of 5.0 mm to ireGR,
which was not suitable for imaging the tiny struetuin obit.

As a short summary, the studies of the ocular me@viwith the currently available MRI
techniques suffer from the following disadvantadesst, overall image quality depends on
how well the patient can control head movementgceantrate on the fixation point, and avoid
blinking. In a few cases [275], local anesthetie elyops were even required to inhibit the
blink reflex. Second, long imaging times and prefdrmore fixation points for smoother
video loop or the eye movement may lead to pafeigue. Third, each cine video is simply
a series of static images viewed sequentially aapidly; therefore, appreciation of true
physiological eye movements and voluntary pursggtmovements is not possible.

All these difficulties are bypassed when applyihg proposed radial FLASH real-time
MRI. Fig 7.2 shows an example of studying oculaveroent (healthy volunteer, female, 30
years old) in three different imaging planes. Baseaaf the small anatomical structures that
need to be imaged, a high spatial resolution d§%0775 mn with a relative thin slice of 4
mm was used for a FOV of 192x192 fmamd an image matrix size of 256x256. This led to a
relatively low temporal resolution of 3 fps with 8%iews and 5 interleaves. During the
dynamic measurement, the volunteer was asked &bertihe eye at a slow but continuous
speed, resulting in about 7-10 s for a movememh fultimate left to ultimate right. Fig 7.2a
and b were acquired in the transversal and oblgaggttal plane respectively, passing along
the central axis of the optic nerve (ON), when ¥bkinteer rotated the eyes, from left end-
point to right end-point position (i.e. transversege movement) and from up end-position to
down end-position (i.e. vertical eye movement)peesively. Fig 7.2c was acquired in the
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coronal plane behind the globe when the volunteas asked to do a 360° rotation from
extreme medial gaze to extreme lateral gaze (loekwise movement). A 32-channel head
coil was used for all the examinations, so thahleytes could be studied at the same time. All
images were zoomed to the left eye.

In all studies presented here, first of all, theiiors of the globe, optic nerve and muscles
in the corresponding movement, i.e. MRM, LRM, SOMt(presented here) in transversal
movement, SRM and IRM in vertical movement, MRM, MRSRM and IRM in 360°
rotation, were clearly delineated throughout theolhprocess. Second, the dark area
obscuring the lens in Fig 7.2a (white arrow head$ waused by blinking of the eye. It is well
demonstrated here that with the present technitpeetissues of interest, i.e. ON, MRM and
LRM in this case, was not affected by such unavd&anotion, which is not achievable by
the conventional static or pseudo-dynamic MRI. @hiid movement (white arrows) with
different vertical positions of the globe was seerthe oblique sagittal plane in Fig 7.2b
during vertical movement of the eye. With propeacesipositioning, the tarsus and the lid
retractors could also be assessed (not presenteyl Feurth, the contractility of individual
muscles was also seen, for example, the thickesfitige SRM (black arrows) as the result of
muscle relaxation and the thinning of the IRM (Blacrow head) as the result of contraction
when the eye moved to the extreme downward positiding 7.2c.

Although more experiments are required, for exanpleassess the evalutation of
saccadic eye movements, the results already deratengihe feasibility of the radial FLASH
RT-MRI to observe and pursuit voluntary eye moversieBy monitoring the anatomical
changes, different dynamic disorders can be inyat&d, for example, the impaired function
of muscles as seen in many diseases such as stmbiR275, 276] or posttraumatic
detachment of eye muscles. When taking the comedhe lens as landmarks, the movement
of the globe, and the length as well as the thiskrehanges of the antagonistic and agonistic
muscles during true physiological movement can bantfied. In addition, it may also be
useful for eye surgery planning (e.g. the decongioesof the orbit by enlarging the orbit into
the paranasal sinus) [271], as well as selectioth iamplementation of therapy for eye

movement disorder.
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Figure 7.2 Radial FLASH RT-MRI of ocular movement (magnifiedthe left eye)(a) Left-and-right transversal movement with transakimage plane.
(b) Up-and-down vertical movement with oblique sagittaage plane(c) Media-and-lateral clockwise movement with coroimahge planeWhite
arrow in(a) indicates the moment when the volunteer was bigkwhite arrow heads ifb) indicate the lid movement; black arrow and blaolowa
head in(c) indicate the thickening and thinning of the SRM #RM respectively.

MRM: medial rectus muscle LRM: lateral rectusstia ON: optical nerve
SRM: superior rectus muscle IRM: inferior rectugscle
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Chapter 7. Biomedical Application of RT-MRI

7.2 Temporomandibular Joint

The temporomandibular joint (TMJ) is the joint bktjaw located in front of the ear. It is a
hinge and gliding joint and is the most constantigd joint in the body. At the same time, it is
also considered the most complex joint in the hulmadly because the related bones, joints,
and muscles provide for an infinite range of comdirmovements and functions (e.qg.
rotational movements, sliding movements), unlikg atiner joint in the body. Fig 7.3a shows
the normal TMJ anatomy with enlarged region ofrnesé The round upper end of the lower
jaw, or the movable portion of the joint, is callesandibular condyle (5). It is elliptically
shaped with its long axis oriented mediolaterallize socket is called articular fossa (3).
Between the condyle and the fossa is the artialilsr (2), also called meniscus, made of
cartilage. It is a fibrous, saddle shaped structheg acts as a cushion to absorb stress and
allows the condyle to move easily when the moutlenspand closes during chewing,
speaking and swallowing. The disc varies in thidenghe thinner, central intermediate zone
separates thicker portions called the anterior lzanttithe posterior band. Anteriorly, the disc
Is connected with the lateral pterygoid musclew#jch acts to lower the mandible, open the
jaw, and help in moving the jaw from side to siaeastication). Posteriorly, the disc is
contiguous with attached posterior ligament (1) &ssues called the bilaminar zone which

plays an important role in allowing the condylarove forward.

2

Figure 7.3 Anatomy of the temporomandibular joif) Schematic illustration with region of interefi)
Static image acquired with PDW-TS(E) real-time image acquired with refocused radial BEA In both
(b) and(c), a very high in-plane resolution of 0.4x0.4 mmith a slice thickness of 2.5 mm was used.

1. posterior ligament 2. articular disc 3.@rar fossa
4. muscle 5. mandibular condyle
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Normally, the disc and the condyle fit in the sdckéen the jaw is closed. As the jaw opens,
the condyle moves forward and the disc slides foivearrespondingly. Pathology of TMJ is
often called temporomandibular joint disorder (TM&) TMJ syndrome, which refers to a
group of acute or chronic problems involving themjadhemselves and the tissues associated
with them. The disorder and resultant dysfunctian aesult in significant pain and
impairment, such as a jaw that is locked in posito difficult to open, biting problems, and
popping sounds when biting.

Because of the advantages that were mentionedehefaiuding the non-invasiveness
comparing to arthrography, arthroscopy and CT irdioa examination of joints, MRI is
frequently used to study the disc position and rolpgy. Fig 7.3b shows a typical PD-
weighted (PDW) TSE image of the TMJ, at a sliglofhened mouth position. As the standard
imaging protocol that is often used in clinic, hawe it took approximately 20 s to acquire a
whole image. From the late 80s, with the inventbthe FLASH technique, various imaging
studies have been carried out in cine mode MRI utite pseudo-dynamic condition [281-
295]. In such studies, a bite block or device wsesduto open the mouth step by step or the
subject was asked to simply open the mouth incréaignand to hold for a typical time of 20
to 30 s for each position for imaging. Thus a vehopen- and close cycle took about 4 to 6
minutes and the acquired images were retrospegtoaghbined. As discussed for imaging of
the ocular movement, such passive movement is mggiglogically equivalent to the active
movement, besides its long measurement time. Ithetefore, preferable to apply true
dynamic imaging.

Numerous tests of the proposed RT-MRI variants destnated that refocused FLASH
with T1/T2 contrast is superior to the spoiled w@nsn terms of SNR and tissue contrast, for
better definition of disc shape and location. Tikisvell demonstrated in Fig 7.3c, with very
high spatial resolution of 0.4x0.4 rArfl28x128 mrh FOV and 320x320 image matrix) and
2.5 mm slice thickness, which served as a locabeéore the dynamic study. In all studies, a
bilateral 4 array coil (CPC coil with two indepentlg and freely movable 4-element coils,
NORAS MRI Products, Hochberg, Germany) was usedghasvn in Fig 1.4. Noticeably,
compared to the image quality from static or psedgltamic image as shown in Fig 7.3b at
the same mouth opening position, all tissues dafr@st are clearly presented, despite an
overall SNR descrease due to the fast acquisition.

Fig 7.4 shows an example of normal TMJ displacenteiming mouth opening and
closing by employing the proposed radial FLASH RRMrom a healthy volunteer (female,
30 years old). Fig 7.4a demonstrates the positgpafrihe imaging slice. It was oriented in an
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Figure 7.4 Radial FLASH RT-MRI of normal TMJ movement at 0s0575x5 mni spatial resolution and 3
fps temporal resolution(a) and(b) Slice positioning(c) Obtainable FOV(d) Normal TMJ movement
during the opening of the mouth. Arrows indicate #imterior displacement of the mandibular condyhel
arrow heads indicate the corresponding movemetiteoérticular disc. The imaging parameters: refedus
radial FLASH, FOV 192x192 mMmmatrix size 256x256IR'TE 4.33/2.20 msFA 20°, BW 810 Hz/Pixel.
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oblique sagittal plane and perpendicular to thézbatal long axis of the mandibular condyle.
The resultant slice was shown in Fig 7.4b, anddb&inable FOV as well as the general
image quality was shown in Fig 7.4c. Imaging paramsewerelR 4.33 ms,TE 2.10 msBW

of 810 Hz/Pixel, andFA of 20° for RF excitation. The images covered axli®92 mnf FOV
with a matrix size of 256x256, which resulted iniafplane spatial resolution of 0.75x0.75
mn?. The slice thickness was 5 mm and 385 views wee wcorresponding to a fully
sampled dataset. The views were arranged in aridated 5 segments radial scheme, so that
image updates were reconstructed every 385 / 5 sp@kes corresponding to a frame rate of
3 fps. Images in d are magnified to the regionntérest, indicated by the white rectangle in
Fig 7.4c. They were selected about every 3 s frioenitnage series from the mouth close
position to the full open position. The originalidy was about 55 s duration and covered a
full cycle of slowly and voluntary mouth openingdagiosing.

Apart from showing the anterior displacement of¢badyle as well as the corresponding
forward movement of the disc relative to the coedgnd the fossa during the entire
movement, two phases or two distinct motions ofdigmeamic process were well visualized.
The three images in the first row of the Fig 7.édresent the first phase when the condyle
(white arrow) rotates around a horizontal axis digto the condylar head, while its position
and that of the disc (white arrow heads) hardlyngea The rest of the images represent the
second phase when the mouth is wider opened, thdylm and the disc move together
anteriorly. When the mouth is fully open, the cdiedies beneath the disc.

From the late 90s, a few dynamic studies basedaste§ian encoding were applied with
different pulse sequences [296-302]. When comptarélde experimental findings from these
previous studies, the present results show supienage quality, with respect to the technical
imaging parameters like spatial and temporal reswiuand to the visualization of the TMJ
structures during movement.

Fig 7.5 presents the study results from a volunfeaite, 23 years old) with TMJ disorder.
The imaging parameters were the same as in Fig Figd.5a shows the TMJ movement on
the asymptomatic left side, while Fig 7.5b shows T™J movement on the right side with
mouth opening restriction and grinding noises. bdeAbly in b, as the disc translates
anteriorly, the whole disc remains in front of tbendyle (black arrows) and the ligament
becomes abnormally stretched and attenuated. Atnfiouth opening, the disc remains
anteriorly displaced, which is termed anterior thspment without reduction. In the first
image of Fig 7.5a at the mouth close stage, the already shows an anterior displacement
(white arrow head) as frequently described in teakis [303], when compared to the disc
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Figure 7.5 Radial FLASH RT-MRI of TMJ with internal derangemg(a) and(b) are two studies from the
asymptomatic left side and the symptomatic righe sirespectively. White arrow head (&) and white
arrow in(b) indicate the close mouth position of the disc fleftiand right side, respectively; black arrow
heads in(a) and black arrows ifb) indicate the displacement of the disc from leftl aight side,
respectively, during TMJ movement. The imaging peaeters were the same as that in Fig 7.4.
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location relative to the condyle in the first imagfé=ig 7.4d and the symptomatic right side in
Fig 7.5b (whitearrows). However, starting from the mouth openthg,disc was captured and
remained in the right position relative to the cgedand the fossa (black arrow heads),
therefore, no clinical symptoms had shown on thi®.sIn short, for the other cases of
anterior displacement with reduction in the intérde@rangement of the TMJ, the displaced
disc will return to its normal position when thendyle reaches a certain point, and when the
reduction of the disc happens, the patient oftetsfa pop or click in the joint.

As presented above, radial FLASH (refocused) RT-MRinonstrates a high capability to
provide the clinician with additional information the evaluation of functional movement

disorders, potential pre- or post-surgery plannamgl diagnosis of joint pathology.

7.3 Musculoskeletal System

Muscles, bones, joints and tendons work in concedreate precise movements. As having
been demonstrated in the TMJ case, a functionduatian of the musculoskeletal system
may arise as another application of radial FLASHNRI. Typically, for a given joint,
interactions of the soft tissues and bony anatdnfeaures that comprise this joint are
studied through a specific range of motion, e.qudi®y of the knee. So far a variety of pulse
sequences and joint positioning strategies have beed in joint MRI, either during passive
movement [304-311] as in pseudo-dynamic studiemctive movement [183, 312-318] as in
dynamic studies, both of which are also termedtjtkmematic” MRI [319, 320]. Since the
value of the motion imaging lies in the need tocpely identify the position and
morphological changes of particular anatomicaldtnes with physiological relevance, only
the active movement is addressed in the presenrtimeafunctional joint MRI.

Because a joint normally involves tissues withtreédy small size and complex anatomy,
and on the other hand, its movement is voluntarth vaontrolled speed, the imaging
parameters and protocols employed in this apptinaéiim at a high spatial resolution with
relatively low temporal resolution, similar to th&1J application. Furthermore, in-phase and
opposed-phase imaging based on the chemical skifthamism offer different contrasts for
specific tissues, as already shown in Fig 7.3. &pthe developed RT-MRI technique has
been applied to assess various joints in the huooaly including the ankle, cervical spine,
knee, shoulder, wrist, and TMJ as already discuss#tk previous section.

Fig 7.6 presents examples from three real-time ghynaneasurements. Flexion of the
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Figure 7.6 Radial FLASH RT-MRI duringa) flexion of the knee with in-phase contradf) {ibiotalar rotation of the ankle with opposed-trast, and ¢) radial-
ulnar deviation of the wrist with opposed-phaseti@st. White arrows irfa) indicate patellar displacement relative to the dgnthe anterior cruciate ligament
(black arrow heads), and the posterior cruciatantignt (black arrows); white arrow head and whitevarin (b) indicate the talus and calcaneus, respectively.
relative to the tibia (small white arrow); arrow (i¢) indicates the carpal bones and intercarpal spddesimaging parameters: radial refocused FLASHY FO
192x192 mrf, matrix size 256x256, in-plane resolution 0.75800nf, SLT5 mm, TR'TE 4.33/2.3 (in-phase) or 5.63/3.5 (opposed-phd#eR0° (in-phase) or
25° (opposed-phase@W 810 Hz/Pixel, number of views 385 (in-phase) i @§pposed-phase), effective temporal resolutibtz.3
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knee (healthy volunteer, male, 30 years old) withiesistance to stress in a mid-sagittal plane
with in-phase contrast was accomplished by usingmall flexible coil (Siemens AG,
Erlangen, Germany). The results are shown in Fga.7Tibiotalar rotation of the ankle
(dorsiflexing and plantarflexing, associated with law degree external and internal talar
rotation) in a mid-sagittal plane (healthy volumidemale 27 years old) with opposed-phase
contrast was acquired with the use of a CPC car@d MRI Products, Hochberg, Germany)
and the results are shown in Fig 7.6b. Radial-ufleation of the wrist in the coronal plane
(same volunteer as in Fig 7.6b) with opposed-plasgrast using a small flexible coil is
shown in Fig 7.6c.

During the experiment, the subject was placed pmome (knee and ankle measurement)
or supine (wrist measurement) position with theiahilimbs extended. Foam padding was
placed at various sites for support and comforttidéably, the position and morphological
changes of the interested anatomical structure cargal bones as well as intercarpal spaces
in Fig 7.6¢, were all clearly presented throughdizgamic imaging.

The results illustrate the usefulness of the predaadial FLASH RT-MRI for functional
evaluation of the musculoskeletal kinematics, fagdosis of pathological conditions, for
example, soft tissue impingement syndromes andraiaiibies such as tendon subluxation,
and also for therapeutic assessments during rédasibih.

7.4 Speech Production

Human speech arises from orchestrated activitiegghohatory and articulatory organs and
reflects human-specific characteristics in anat@ng physiology. From a technical point of
view, the production of speech is described asoadtage process [321, 322]. In the first stage
the sound or human voice is initiated in the lungpsoducing adequate airflow and air
pressure, while in the second stage it is furtieréd by the vocal tract, which consists of the
laryngeal cavity, the pharynx, the oral cavity, déinel nasal cavity. Specifically, the vocal folds
(vocal cords), which are a vibrating valve and chpghe airflow from the lungs into audible
pulses, in combination with the articulators (toegpalate, cheek, lips, etc.), which interact
with the laryngeal airflow, are capable of prodggidistinct and highly intricate sounds.
These biological specificities provide aerodynasmuncl acoustic bases of speech production
and contribute to generating a parallel time-patt#r gradually changing vocal signals with
ripples in amplitude and spectrum due to rapiccalditory movements [323].
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Understanding human speech production is of gmgatrdast from phonetic, linguistic,
engineering, and several other research aspect&arSmany approaches have been used to
obtain relevant information, for example, electiapagraphy (EPG) or electromagnetic
articulography (EMA) examining linguapalatal contaad ultrasound for examining tongue-
surface contours. But none of them yields real-tmm&vies of articulators along the entire
length and diameter of the vocal tract. Althougthea fluoroscopy technique does permit this,
it involves x-ray radiation and is thus limiteduse.

Here the proposed real-time MRI method is appleethvestigate the rapid and complex

movements of the vocal tract.

11

12
13

Figure 7.7 Anatomy of the throafa) Schematic illustration (modified from [324]b) Image acquired by
using the spoiled radial FLASH RT-MRI technique.

1. Hard palate 6. Blade of the tongue 10. Ahary

2. Teethridge 7. Vocal ford 11. Epiglottis
3. Teeth 8. Soft palate 12. Trachea
4. Lips 9. Uvula 13. Esophagus

5. Tip of the tongue

During the examination, a mid-sagittal image of lead is acquired. The vocal tract from the
vocal folds (glottis) to the lips is covered asslirated in Fig 7.7b. In this image, the air-tissue
boundaries of the anatomical components that arentefest as shown in Fig 7.7a are
represented and can be traced during the produatispeech. The imaging parameters were:
spoiled radial FLASH, FOV 192x192 nfrmatrix size 112x112, in-plane resolution 1.7x1.7
mn?¥, slice thickness 10 mnT,R'TE 2.2/1.5 msFA 8°, BW 1540 Hz/Pixel, number of views
93 with 3 interleaves, effective temporal resolnti® fps. A small flexible coil in front of the
subject’s fact and a 4-cm diameter surface cadichied to subject’s neck were used (Siemens
AG, Germany). It can also be seen from this imdge the improved acquisition technique
with such a shorTE offers excellent robustness against magnetic ptibdey differences
between air and human tissue, which is a typicablem of the upper airway imaging.
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Continued
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Figure 7.8 Radial FLASH RTMRI of speech production with logatom words. Expamnt was done with
healthy volunteer (male, nati@erman, 24 years old) in a midcsagittal planeDetails of thefigure and
the arrow indications are in the te
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Two experiments were performed. In the first expent, a sequence of meaningless logatom
words adapted from [325] was used to study theticodation effect of a vowel with an
adjacent consonant. Each logatom word was in aot@amg-vowel-consonant-vowel (CVCV)
structure, all beginning with the consonant b. €wewels ([a], [i], [u]) and 12 consonants
were tested. Fig 7.8 shows an example of four togatvords “biti”, “butu”, “bata”, and
“bada” (healthy volunteer, male, 24 years old). Phesented frames in each row were nine
consecutive images from measurement of each indwvigdvord. They covered the whole
transition period from the vowel to the consonam & the vowel again, e.g. [iti] as directly
indicated in the figure, with the middle one (B¥.frame) representing the exact time point of
the production of the consonant [t] or [d].

When comparing [iti], [utu], and [ata] (i.e. Fig87a, b, and c correspondingly), the
position of the tongue differed remarkably in thestfor the last two frames, due to the
pronunciation of three different cardinal vowelsr lExample, [i] is produced with the tongue
as far forward and as high in the mouth as is ptessju] is produced with the tongue as far
back and as high in the mouth as is possible, putised lips; [a] is produced with the tongue
as far back and as low in the mouth as possibles ddn also be captured in the static MRI
studies. During the production of the consonanin[gach word (comparing within the same
row), the shape of the lips hardly changed. Thiseisause, as an alveolar plosive, the shape
of the lips has no influence on the productionhef ft]. However, the movement of the tongue
was obvious, particularly, the raised tip and tlalé of the tongue against the alveolar ridge
(hollow white arrows), which helped to produce dueind of [t]. Comparing Fig 7.8c and d,
although both [t] and [d] are alveolar plosives dhds no big difference were seen in the
formation of the lips and the tongue, as a voicekseolar plosive, [t] requires opening of
the vocal folds to allow the production of the sdunrepresented by the decreased intensity
of the larynx from [a] to [t] which increased agdmom [t] to [a] (white arrow heads), also
observable in Fig 7.8a and b. On the contrary, asieed alveolar plosive, [d] is produced
with vibrations of the vocal cords — representedthry high intensity of the larynx (white
arrows). These are the specific features providetheé RT-MRI technique which cannot be
obtained by the static or pseudo-dynamic studies.

In the second experiment, the test material indu@al German words also with CVCV
structures, in a context of consonant-[a]-consofignto study the consonant articulation. In
these chosen words, most of the lingual consonahtshe Standard Modern German
(Neuhochdeutsch) are represented. The details mafpound in [326]. Fig 7.9 shows an
example of 10 consonant articulations from a naideeman (male, 24 years old). For the
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- alveolar
- plosive

-voiceless

- alveolar
- plosive
-voiced

-velar
- plosive

-voiceless

-velar
- plosive
- voiced

- alveolar
- fricative

-voiceless

- alveolar
- fricative
- voiced

Continued
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- labiodental
- fricative
- voiceless

- labiodental
- fricative
- voiced

- bilabial
- nasal
- voiced

- alveolar
- nasal
- voiced

Figure 7.9 Radial FLASH RT-MRI of speech production with Gamwords. Same volunteer and imaging
parameters as that in Fig 7.8. Text to the rigie sif the images indicate the area of articulatanner of
articulation, and whether the consonant is voicetesvoiced, respectively. Details of the fig ahd arrow
indications are in the text.

purposes of demonstration , the presented imageacdin row were all chosen with about 300
ms time interval (4-frame interval), so that theldie image represents the production of the
corresponding consonant, while the first and lasiges represent the production of [a] and
[a], respectively.

First, when comparing voiceless and voiced congsniamdependent of the articulation
manner (i.e. whether plosive or fricative), i., [K], [s], [f] and [d], [g], [z], [V], the slighly
decreased intensity of the larynx from the firsaga to the second, which increased again
from the second image to the third in the voicetesse, is observable (white arrow heads).

This indicates that during the production of thecetess consonant, the vocal folds in the
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larynx are apart and air is able to flow quite fyefieom the lungs into the mouth cavity. On
the contrary, the almost unchanged intensity inviieed case (white arrows) indicates that
the vocal folds are in a position close togetheedaoh other. Provided the air pressure in the
lungs is sufficient, the vocal folds will be causedvibrate against each other, in order to
produce voiced consonants, as also demonstratedesedbed in the first experiment above.
Second, depending upon different articulation @adke formation of the tongue and lips
differed remarkably. When the articulation placeligeolar, as in the case of [t], [d] and [n],
the consonants are articulated with the tongueotiphe blade against the alveolar ridge
(teethridge); when the articulation place is vedar,n the case of [k] and [g], the consonants
are articulated with the back part of the tongues (orsum) against the soft palate (the
velum); when the articulation place is labiodents, in the case of [f] and [v], they are
articulated with the lower lips and the upper teathen the articulation place is bilabial, as in
the case of [m], it is articulated with both ligsshould be noticed that, due to the extremely
short T2 of the teeth, the touching of the lowps land the upper teeth in the labiodental case,
as well as the narrowing of the upper and lowethtée constrict air flow in the fricative case,
is not well recognized.

Third, the open of the nasal cavity through the galatal (small white arrows) in the
case of nasal consonant, as in [m] and [n], indg#bat the air is allowed to escape through
the nose to produce the sound. This is a disteetiufe in comparison to the oral consonant,
as in the other cases shown in the figure, thei#tal is seen in contact with the pharynx
(small white arrow heads) so that the air is alldweescape through the mouth.

The above examples demonstrate the capability efraldial FLASH real-time MRI in
offering excellent spatiotemporal information abothlie coordination of articulator
configurations and the shape changes of the voaat. tAlthough MRI has already been
applied in various studies of speech productiotieeiin a cine mode [327, 328] or in a true
dynamic manner [329-331], either in studying thevels with static imaging [332, 333] or
also the stop consonants with signal triggering![3%e present preliminary results generally
show superior image quality. Moreover, they alsorpequantitative analyses and modeling
of the time-varying vocal tract shape for the pwgof gaining deeper understanding of the
underlying principles that govern the speech prtadoc process. Further technical
developments may include visualization of the tealll simultaneous noise-robust audio

recording during real-time MRI.
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7.5 Swallowing Process

Swallowing, known scientifically as deglutition, maally occurs as an orderly physiologic
process that transports ingested material andasdifivm the mouth to the pharynx, the
esophagus, and into the stomach [335, 336]. Althaihg majority of swallowing happens
subconsciously in response to salivation, whichuogcat about 0.5 ml/min initiating
spontaneous swallowing at about 1/min [337] or &adAO0 swallows per day in awake
subjects [338], it is generally considered to buntary and is evoked with conscious input
(e.g. during eating). The whole swallowing sequenaee complex neuromuscular activity
involving both skeletal muscle (tongue) and smaootlscles of the pharynx and esophagus.

Earliest MRI study of the act of swallowing and goe movements was based on the
realization of the Cartesian FLASH technique [33@th gadolinium-diethylenetriamine
pentaacetic acid (Gd-DTPA) as a contract agentrdsiyicing the phase-encoding steps, an
effective temporal resolution of 5 fps was achievétbwever, the obtained images had the
very low spatial resolution of 3.0x3.0 rinand were significantly degraded by motion
artifacts. Later on, with the development of otregid pulse sequences in clinic, the EPI and
turbo-FLASH techniques became the most used metimodwallowing MRI studies [340-
345], with spatial resolution at about 3.0x3.0 frand temporal resolution ranging from 3 fps
to 15 fps. However, the obtained images still seffefrom distortion induced by the
physiological motion, either from the anatomicalistures which are involved in the act of
swallowing, or from pulsatile blood flow, or everoin concurrent head movement during
swallowing. Some recent studies employed the sisigté FSE technique [346, 347]. But due
to long acquisition time (700 ms) which was jusgigly less than the whole duration of one
swallow process (1-1.5 s), only one or two imagadd be obtained per swallow. Therefore,
the swallowing process had to be repeated manystifag. at least 10 times) in order to
acquire multiple images. During post-processingzheanage was sorted retrospectively
according to its moment in the swallowing cycle #imel whole image series was played in the
cine mode to give a “dynamic” view. Although suclpseudo-dynamic method in this case
does reflect the true physiological process, coeghan the similar approach in TMJ studies
with bite device, the imaging time is prolonged. istaver, because the images are acquired
during different swallows, an analysis of the tigmof swallowing events was not possible.

In this thesis, the proposed RT-MRI is applied tadg the process and effect of

swallowing, particularly, the movement changes lo¢ arynx and the pharynx during
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swallowing. Two experiments were performed: dry lfavang with saliva and swallowing of
pineapple juice as an oral contrast agent, which lbeen proved to offer the best positive
contrast in T1W images due to the high concentnatib the paramagnetic substance (i.e.
manganese) by previous studies [348]. This observatas confirmed by the experiments
during this work in comparison to water, milk anther fluids. For both studies, a small
flexible coil (Siemens AG, Erlangen, Germany) wasdiin front of the subject’s lower face.
For the swallowing study with pineapple juice, agtic infusion tube was used with one end
connected to the subject's mouth and the otherexied to a plastic bag placed outside the
magnet bore at about the same level as the exaarinaéd, so that the subject can freely
adjust the flow volume and speed. During real-timaging, the subjects were instructed to
swallow in a natural manner and with a comfortabte and bolus volume continuously. One
single slice is chosen in the mid-sagittal plareeslaown in Fig 7.7b in the previous section,
covering the area of interest including the mogptimarynx, larynx and the upper part of the
esophagus.

Fig 7.10 shows the results of a swallowing studthwiineapple juice from a healthy
volunteer (female, 34 years old). The imaging patens were: spoiled radial FLASH, FOV
220x220 mrfi, matrix size 128x128, in-plane resolution 1.7xhi?, slice thickness 10 mm,
TRITE 2.1/1.3 msFA 8°, BW 1560 Hz/Pixel, number of views 93 with 3 interleayTA'TU
195/65 ms, effective temporal resolution 15 fpsg Fil0 a, b, ¢ and d represent four
physiological phases that the whole swallowing psscis normally divided into: preparatory,
oral, pharyngeal and esophageal phase. Due toefaitanovement in the pharyngeal phase,
the three images in Fig 7.10c were chosen withri8Q@ime interval, while the images in the
other phases were chosen with about 250 ms tireevadt First, in the preparatory phase, the
bolus was taken into the oral cavity and masticébegrepare for swallowing. Second, in the
oral phase, the bolus was propelled from the aaity into the pharynx by voluntary tongue
movement. Third, in the pharyngeal phase, sevavaluntary and synchronous actions were
involved, including palatal closure to prevent nas#ux (white arrows), glottal closure with
larynx elevation to prevent aspiration (white arrbeads), esophageal opening (small white
arrow) and bolus transport into the esophagus.plieapple juice gave very bright signal in
the above three phases and offered excellent abritrahe anatomical tissues. Fourth, in the
esophageal phase, the function-related anatonticadtsre (i.e. soft palate, tongue, pharynx
and hyoid bone) were back to the original posi@onl the bolus was hardly visible due to

compressed contrast agent and low coil sensitivity.
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Figure 7.10 Radial FLASH RT-MRI of the swallowing process. lyeg were acquired from a healthy
volunteer (female, 34 years old) in a middle sabjitane.(a, b, ¢, andd) represent the four physiological
phases of the whole swallowing process: preparatmngl, pharyngeal, and esophageal phase. High
intensity areas irfa, b, andc) indicate the pineapple juice as the contrast adeetails of the imaging
parameters and the arrow indications are in thie tex

-133 -




Chapter 7. Biomedical Application of RT-MRI

The results demonstrate the feasibility and effggtof the developed radial FLASH RT-MRI
in investigating swallowing functions and morphaologxtension to the other imaging planes,
e.g. in oblique coronal plane to study deglutitixacal fold motion, is possible. It is also
expected to be of value in better understanding shallowing mechanism of the
collaborative work among the anatomical apparahgsia clinical diagnosis and evaluation
of patients with oropharyngeal pathology or compHlisorders such as aspiration and
dysphagia.

7.6 Cardiovascular Motion

MRI of cardiovascular structures provides a nonsmnwe method of viewing the heart and
major vessels. It is always of great interest, bseait serves as a very important tool in
clinical diagnosis for evaluating conditions sushheart failure and congenital heart disease,
as well as for determining the damage caused bgad lattack or progressive heart disease.
Recent progress in MRI techniques [19, 205], faregle in fast imaging techniques such as
parallel imaging [234] and non-Cartesian imagin§42349] or in black blood imaging
techniques [85, 350], has led to a rapid increagbe number of clinical applications. At the
same time, MR also always faces the challenge tterapid and complex movement of the
anatomical structures that are to be imaged. Cormymioicardiovascular MR, the problem of
cardiac motion is addressed by synchronizing the Mieasurements with the
electrocardiogram (ECG) [62], while the respiratanption is controlled by performing
breathhold [351] or placing a respiratory navigaiarthe diaphragm for movement tracking
[352, 353]. However, this causes several new probland becomes a current limitation of
cardiovascular MRI. First, both cardiac and regpmamotion compensation techniques can
suffer from inaccuracies. ECG triggering is susitdptto radiofrequency and gradient
interferences, which may lead to trigger detecfiooblems, while extracting the displacement
data from respiratory navigators may not reflectioroof the heart accurately. In addition,
image acquisition with ECG synchronization oftercamters problem for patients with
arrhythmia. Second, patients with cardiac disedseguently have difficulty sustaining
repeated, long breathholds, or even one breathbbltl0 to 20 s. In addition, repeated
breathhold can yield poor image quality due to imsistency, while extended breathholds may
lead to changes in flow and pressure in the regfdhe heart. Third, placing ECG electrodes
and handling the connections as well as the nee@réathhold increase the complexity of
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cardiac imaging and reduce patient comfort. Otlpgar@aches to overcome these problems
employ self-gating techniques that extract the amtilata for measurement triggering or
gating directly from the acquired MR signals, mp&ilited in a retrospective manner [354-
356] and in a few cases also in a prospective \8ay][ However, while the sophisticated
algorithms have been used, resolving cardiac matitim high effectivity remains difficult to
achieve. In addition, in most of the techniquegnsentedk-space acquisition requires
retrospective reconstruction and display offlineemathe whole examination. For all these
approaches, the entire imaging time is prolongéteebecause the signal acquisition time is
constrained to specific window (as in breathhoégpiratory or ECG gating cases) or because
many acquired data points are discarded in reamtsin depending on the gating and
filtering algorithm (as in the self-gating caseherfefore, continuous MR imaging of the
cardiovascular system for multiple cardiac phasiisont breathhold or any synchronization
and with simultaneous online image display is hyglédmanded.

Examples of the proposed RT-MRI method in cardmaging have already been shown
in Fig 4.10, Fig 6.4, Fig 6.5, and Fig 6.7 of the\pous chapters, with a series of consecutive
images acquired without ECG synchronization andatbieold, making such examinations
feasible in a greater number of patients. Fig 6vw@ne demonstrates that real-time
cardiovascular imaging could be accomplished wildate timesTU) of 30 ms per image
corresponding to a frame rate beyond those commorthe clinical ultrasound examinations,
and even below — witfU of 14 ms (acquisition times 70 ms per image). Mexamples
from systematic studies are shown in Fig 7.11,vwath standard clinical image plane
orientations. These images represent spoiled r&diAlSH acquisitions with a 32-channel
body array coil (Siemens AG, Erlangen, Germany}hat shortest possibl€R and with
moderate undersampling and update time. The detameging parameters were: FOV
256x256 mrf, image matrix size 128x128, in-plane resolutior?2 2anf with 8 mm slice
thickness, TR'TE 2.02/1.30 msFA 8°, BW 1950 Hz/Pixel, number of views 125 with 5
interleaves. While the acquisition tim&A]j for a single image was 250 ms, image updates
were reconstructed every 25 interleaved spokesesponding to an effective temporal
resolution of 50 ms (20 fps). The selected imagesaich row cover half of the cardiac cycle
from end-diastole to end-systole. The visualizedt@mical structures, including cardiac

chambers, valves, and vessels, are also indicatibe ifigure.

-135 -



Chapter 7. Biomedical Application of RT-MRI

i\ i\ i\
1
4

2

8
AZNAN T

Continued

-136 -



7.6 Cardiovascular Motion

Figure 7.11 Radial FLASH RT-MRI of the cardiovascular systen2#x2.0x8 mrfi spatial resolution and
20 fps temporal resolution, in an anatomically wedi(a) 2-chamber view(b) 4-chamber view(c) left
ventricular inflow/outflow long-axis view(d) short-axis view ande) oblique plane through aortic arch or
so-called “candy cane view(a, b andd) were from one healthy volunteer (male, 28 yead$; ¢¢ andd)
were from another volunteer (female, 35 years ditle imaging parameters: spoiled radial FLASH, FOV
256x256 mm, matrix size 128x12&8LT8 mm, TRTE 2.02/1.30 msFA 8°, BW 1950 Hz/Pixel.

1. Left ventricle (LV) 9. Main pulmonary anefMPA)
2. Left atrium (LA) 10. Right pulmonary artefigPA)
3. Right ventricle (RV) 11. Superior vena cava

4. Right atrium (RA) 12. Left subclavian artery

5. Interventricular septum 13. Left common catatitery
6. Ascending aorta 14. Aortic valve

7. Aortic arch 15. Mitral valve

8. Descending aorta 16. Papillary muscles
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Normally, in cardiac MRI, best results are obtairedlate diastole, whereas very rapid
myocardial wall movements during late systole yieldacceptable image distortions,
particularly in anatomical planes other than slaait view due to the complex structures and
movements. In contrast, the results presented demeonstrate the effectivity of the radial
FLASH RT-MRI in resolving the cardiovascular motidaring the whole cardiac cycle.

All these preliminary results presented above destrate clearly that the proposed radial
FLASH RT-MRI technique offers an unique ability fdne investigation of anatomical
structures as well as the functional performancéhefheart and thoracic great vessels. In
addition, the absence of smearing and blurringlifat@s the assessement of quantitative
functional indexes, e.g. ventricular volumes, bivienlar ejection fractions, biventricular

stroke volumes, cardiac output, radial shortenamgl systolic wall thickening in the analysis.
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Chapter 8

Conclusion and Outlook

8.1 Conclusion

Real-time magnetic resonance imaging (RT-MRI) isa@articular pulse sequence or image
reconstruction algorithm but rather a technical repph and measurement strategy that
markedly differs from conventional MRI. It presa#) acquires, encodes, reconstructs, and
displays images without noticeable delay. Accordinghe physical nature of MRI, which
involves a time-consuming acquisition process, diqudar challenge of this thesis was to
achieve both high spatial and temporal resolutiwhile maintaining a sufficiently high
signal-to-noise ratio (SNR). This particularly nefeto the monitoring of physiological
processes, where small anatomical structures uodgggificant movements. Despite the fact
that rudimentary RT-MRI sequences have been aveifab some time, they do not offer a
general solution for continuous online imaging anaboth monitoring with sufficient image
guality and robustness.

My solution for RT-MRI as developed in this thesibased on the following aspects:

(i) First, the FLASH technique is selected as the moisable rapid imaging pulse sequence
after experimental comparisons with alternativeuseges. This choice is motivated by
several advantages: the technique allows for bafiidrand continuous MRI signal
acquisition without compromising image quality, latt limitations due to physical
properties such as the duration of a relaxatior tiamd without safety problems due to
excessive RF power deposition to the patient. Factgal optimizations, the shortest
acquisition times with adequate SNR and avoidam@atidacts or distortions is achieved
by utilizing shortened RF excitation pulses, thersdst possible repetition tim&R) and
echo time TE), very low flip angles KA), and high receiver bandwidth8W{). In
addition, the variants of the FLASH technique, $goiled, refocused and balanced SSFP,
which handle the residual magnetization in différeays, offer complementary image
contrasts for applications to different tissuegti@rmore, variations of the gradient-echo

time allow for in-phase and opposed-phase conditiemphasizing water and/or fat
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(ii)

(iii)

signals, which provide another contrast optionipaldrly suitable for the abdomen and
musculoskeletal system.

Second, the proposed method employs a r&déglace trajectory as an efficient spatial
encoding scheme that, together with the physicapgies of the FLASH technique,
solves the conflict between spatial and temposditgion. This selection is based on the
advantageous property that the spatial resolutibnthe radial image is largely
independent from the number of spokes, which mekaisl acquisitions more tolerant to
undersampling. The absence of a phase-encodingegtaaloids signal aliasing in the
image (in-folding artifacts in Cartesian schemesrencomplex distortions in spiral
schemes) and the possibility of oversampling in (a#ldial) directions allows for
unrestricted zooming. Even more importantly, theenent oversampling in the centkal
space area offers unique robustness against matioich supports dynamic imaging.
The only remaining problem stems from the sensytito phase differences between
individual spokes that result from the overlap lbkaho centers in the middle kfspace.
Here, a suitable solution is presented that raies full 360° coverage dfspace with
an odd number of radial views and without osciiigtgradient polarity, because in such a
way, a symmetric distribution of susceptibility-unced phase errors is obtained over the
entirek-space. At the same time, simple trajectory coivastare applied to compensate
for hardware-related imperfections such as deldygradient switching. Furthermore, a
reordered interleaving strategy is developed taena uniform distribution of spokes in
k-space, which further reduces remaining motionmsciencies by smearing out residual
artifacts.

Third, image reconstruction is accomplished by djrig to a rectilinear data space
followed by 2D inverse fast Fourier transform. Watproper choice of the interpolation
window, radially encoded data are decoded and strarted into images, and are
displayed with minimal temporal delay. In additidine adaptation of sliding window and
view sharing techniques decouples data acquisét@himage reconstruction and allows
for a further acceleration of image updates. Bezaech acquired view in the radial
encoding scheme contains equivalent informationegog both low and high spatial
frequency components, its combination with intereghradial sampling is ideally suited

to achieve a smooth updating of the representationoving objects.

The radial FLASH RT-MRI technique is implemented anvhole-body MRI system at

3T and experimentally validated on healthy humarjestis. Though principally attractive for
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SNR reasons, the balanced SSFP variant is exclioteickal-time imaging, because of its
inherent sensitivity to magnetic field inhomogeigsitand magnetic susceptibility differences.
Most robust results were achieved using spoiledefocused FLASH variants for RT-MRI.
These latter methods resulted in high spatial antporal resolution at the same time, a good
SNR, and variable image contrast as demonstratea \mriety of biomedical applications.
Proof-of-principle studies include a functional essment of the temporomandibular joint as
well as other joints of the musculoskeletal systeith high (submillimeter) spatial resolution
and relatively low temporal resolution (3 to 5 fpay well as the monitoring of speech
production and swallowing, and motions of the cawdscular system with moderate spatial
resolution (1.5 to 2 mm) and high temporal resoluijeven above 30 fps). These preliminary
results indicate a tremendous potential of RT-M&ddxl on radial FLASH with a wide range

of applications in both diagnostic imaging and béalical research.

8.2 Future Work

The main technical issues that need to be addrasstdure work are residual streaking
artifacts that are related to severely undersamiadal encodings as well as the occurrence
of temporal image blurring due to data sharing aweasuring times that are relatively long
compared to motional displacements.

First of all, streaking artifacts in radial RT-MRirise from both undersampling and
motion. Experiments in this thesis have shown #ithier increasing the number of views or
slowing down the motion speed (if controllable) makhe streaking artifacts weaker in the
image. On the other hand, moderate or even strowigrsampling, as required for much
shorter acquisition times for processes such adiaramotions (Fig 6.8) or abrupt joint
movements (Fig 6.9), induces intolerable strealantifacts that interfere with the image
quality. In the first case, the gridding algorittiails to handle highly undersampled data and
the interpolation window is not able to recover @atesian grids from the sparsely sampled
k-space. In the second case, a fast and abrupt mioiluces phase modulations that cause
errors when the data along radial views are intatpd into a rectilinear grid. In both
situations, the reconstructed image (the inversari€otransform) is distorted by artifacts.
More investigations are required to study the ierfice of individual views on the resulting
image and to look for possible corrections or aliive reconstructions [128, 358].

The temporal blurring effect is caused by shariatadvhich may be inconsistent due to
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the presence of ultra-fast motions as in the h&agperiments in this thesis have shown that
the blurring can be eliminated when fewer viewswsed in the acquisition, because less data
are shared. However, this may lead to more strga&itifacts as it enhances the degree of
undersampling. On the other hand, experiments atic@e5.3.2 revealed that sharing only the
high frequency components in tkespace periphery is inefficient for improving ttesriporal
accuracy. Therefore, more studies are requireclice ghe inconsistent data sharing during
image reconstruction and update, possibly with dempntary information offered from the
use of multiple coil profiles [358].

A further line of future developments and potentsgdplications emerges from the
combination of RT-MRI with means for interactiventm| of imaging parameters including
the position and orientation of the imaging pla®@y, slice offsets, flip angle, and others that
affect the image contrast. This may dramaticallyrove the efficiency in cardiovascular
studies [206, 207] and facilitate RT-MRI in planginguiding, monitoring and controlling
therapeutic interventions during surgery [359, 360]

The access to T1 contrast in spoiled FLASH versiagsshown for the bright signals
from inflowing (unsaturated) blood in cardiac MRidds potential for the use of a T1-
shortening contrast agent in “late enhancementissuof patients where myocardial tissue
with compromised perfusion causes a delayed signélancement due to a slower or
restricted uptake of the contrast agent after baljection. This may help in a functional
assessment of the myocardium and distinguish desuktfrom damaged tissue [361].

Furthermore, a radial trajectory with a signal madhat starts directly from the center of
the k-space will allow for ultra-short echo time (UTEhaging [362], and may be used to
better delineate structures like bone or cartitaggies with short T2 relaxation times [363].
In functional MRI of human human brain activatidre tapplication of RT-MRI is motivated
by the desire to quickly capture and characterieefugion changes in the brain. The
sensitivity of the gradient echo employed in theABH technique to magnetic field
inhomogeneities or tissue susceptibilities is usefiMRI of brain activations, since regional
increases of cerebral blood flow associated wish f@erformance result in a decrease of the
concentration of paramagnetic deoxyhemoglobin id dood cells. Therefore, further
experiments are needed to investigate whetherethg@tsvity of radial trajectories to such off-
resonance effects would have additional influemceneasuring the small signal changes in
functional brain imaging, even though Section 4.B& shown that with respect to
morphological or anatomical imaging, they are dffety corrected.

In summary, the results of this thesis demonstthée the developed radial FLASH
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technique with interleaved sampling and slidingdaw reconstruction adequately addresses
the fundamental challenges of real-time MRI. Basedhe implementation on a conventional
3T MRI system and the experimental evaluation warety of settings, the proposed RT-MRI
method not only outperforms most of the currendgdiapproaches, but also demonstrates its
high potential in a wide range of applications. Mgbntinuing improvements in engineering
and computer technology (to reduce the computdtiademand imposed by more
sophisticated mathematical algorithms), the imagality of the proposed method will be
further strengthened with regard to both spatialieeccy and temporal fidelity. It is expected
that radial FLASH RT-MRI will become a routine teifjue for clinical applications and
biomedical research.
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Appendix B

Quantum Mechanical Description of the
NMR Phenomenon

As described in Chapter 2.1, the spin angular maoummeh of any system is characterized by
the spin quantum numbeéralso called the nuclear spin or simply spin, Wwhig assigned to
each subatomic particle including the entire nusleu

L=h-I0+1)
where7 is Planck’s constant divided bytand| is either a non-negative integer or half-
integer (0, 1/2, 1, 3/2, 2, etc.), which only degieion the type of particle. The possibility of
half-integer quantum numbers is a major differefmween spin and orbital angular
momentum because the latter can only take integantgm numbers. The measurable z-
component of the angular momentum is given by:

L,=h-m,

wherem, is a quantum number and may taker@@ values froml-to H. As can be seen here,
this spin quantum number is directly proportional the measured particle’s angular
momentum and thus its ability to undergo NMR. ##ation with the magnetic momennj,
which arises from it as a result of the nucleargbacan be described as:

tz =vyL, = yhm,
wherey is the gyromagnetic ratio - a constant specifie fgarticular nucleus (approximately
2.674-18 rad/Ts for protons) - which depends on the sigge,sand distribution of charge
within the material. A random alignment of the widual magnetic moments results in zero

total magnetic moment or bulk magnetization.

Nuclei with an even number of both protons and mst such as heliunfHe) and carbon
(**C) havel = 0 and therefore possess no net angular momentumcamabt experience
NMR under any conditions; nuclei with odd numbefrdath protons and neutrons have spin
quantum numberisthat are positive integers, such as nitrogén,( = 1) and deuterium?H,

I = 1); other nuclei have spins that are half integrailiding hydrogen*d, I = 1/2),
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fluorine ¢°F, I = 1/2), sodium t*Na, I = 3/2), phosphorus*{P,I = 1/2), among which
hydrogen nuclei (commonly referred to as protons) raost suitable for MRI due to their
sensitivity and biological ubiquity.

When placed in a constant magnetic fi&s the magnetic moments will polarize and the
energy of interaction of a nucleus depends on tkeasarable component of the magnetic
momentsu, along the magnetic field:

E = —u,By = yhm,B,
whereBy is taken to be alongdirection. As can be seen here, the directiorhefprecession
axis # and thus the sign of the spin angular momen8invhich describes the energy state

occupied by a spin, is determined by the dpigiven as +1/2, for the hydrogen proton, i.e.

m= {—% +%} (spins align with / against the field). Therefatee potential energy states are:

E —{ hBO +hB°}
z y 2’ y 2

and the energy between states is then:

AE = yiB,
Transitions between the different energy states lmannduced by the application of an
oscillating magnetic field. Quantum mechanical cib® rules dictate that transitions can
only take place between adjacent energy levels;enéimere is a single energy of transition.
Because the energy of radiation of frequewndg:

E =hw

the frequency of oscillating magnetic field, i.earinor frequencw,, required to excite the
spins is given by:

wo =YBy
This explains the reason why the NMR resonance gghenon occurs only at this discrete
frequency. Analysis of the expectation value of thagnetic moment reveals that the z-
componeny, remains fixed in the static field, while the traessal component rotates in the
xy-plane at angular frequenay,. Therefore, the vector acts like a precessing spope (or
“spinning-top” in most of the classical descripgdnThen if an additional time-varying field
with frequencyw, is created in the xy-plane, the expectation veejas tilted with respect to
the z-axis. In the NMR experiment, this additiori@ld is generated by the RF pulse.
Derivation of the expectation vector with respectine yields:

du
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which obeys the classical equation of motion opmrsng top and holds true for the static
and time-dependent magnetic field. It shows thatakpectation vector for a single proton
can take an arbitrary orientation — regardlesshefdpin quantization, and it is also valid for

the bulk magnetizatio = ) u if assuming that the protons do not interact.

For a system (ensemble) of nuclear spins in theegallibrium, the population density of
each spin statg; is given by the Boltzmann distribution:

Ey
P(E,) x e kT
wherek is the Boltzmann constant afidis temperature. Considering the energy state of

hydrogen protons, the relative populations of tretates can be calculated as:

YhBg
N, e 2KkT yhBo
—_—= = e kT
N_ _YhBy
e 2kT

At room temperature the energy of thermal vibragiGmmuch greater than the separation of
the spin energy levels, i.giB, < kT, which results in near-equal populations in twates.
By using power series expansion for an exponential:

N, YhBy
N

and the fractional difference in population is #fere:
N, — N_ yhB,
N_ kT

In a 3 T magnet at room temperature this populatiifference is about10°, a very small
amount. It can be increased, based on the equaltiove, either by reducing the temperature,
which is not realistic in clinical use, or by inasing the main static magnetic fieRd.
Because the observed signal is proportional tontbie magnetization, i.e. this population
difference between these states, it explains Hegecuse of fundamentally low signal in

NMR and also the motivation for higher magnetiddige

Finally, the aggregate magnetization can be giweaveraging over all possible spin energy

states:
5 _Ez
m,e kT
¥ ek

wherep is the number of nuclei per unit volume, i.e. protdensity.My points to the z-

direction ofBy. Considering room temperature and the approximaifdhe exponential terms
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by (1 — E,,,/kT), the magnetization for nuclei with sdican thus be approximated as:

I+ 1)
3kT 0

Mo~py?h? [

For nuclei withl =1/2 andn = {—% +§} the magnetization vector is:
y2h’

P akr
This relation shows that the magnetization dep@miisarily on the quantum spin stateshe

M, B

applied magnetic field,, the temperaturé of the system, and the distributiprof the spins
in the volume [364].

In summary, compared to the mechanical model friassecal physics, i.e. the “spinning-top”
concept, the quantum mechanical model offers a asdapic view of the dynamics of
individual nuclear magnetic moments: (1) spin isir@ninsic property of matter, observable
only at the atomic level; (2) each particle hasagnetic moment that is directly proportional
to both spin and particle composition (gyromagngdimy); (3) an ensemble of spins can be
approximated by a bulk magnetization, which is esislely exploited in MRI to non-

invasively construct tomographic image (refer baxiChapter 2.2).
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Appendix C

Mathematical Description of the Fourier
Transform & Nyquist Criterion in MRI

In MR, there is usually more than one resonanegquency in a sample due to the presence
of spatially dependent magnetic field gradientstHis case, the signal resulting from the
precessing magnetization is a combination of thesguencies weighted by their respective
amplitudes. In order to obtain a spectrum to colieformation about the sample, the signal
must be de-convolved into its component frequendéiesrier transform (FT) is the ideal tool
to accomplish this task.

First of all, the continuous Fourier Transfofv) of a functiong(t) and its reciprocal, the

inverse Fourier transform, can be written as foow

Fo) = | poemiae

+o0

#(t) = f}"(v)eiz’“’tdv

Assuming# (t) to represent a signal in time, however, unlike @heve equation, the data
acquired or sampled in practice is discrete wiiméed (finite) duration. Given, for example,
a number ofNs data points collected at intervals, by simply considering the Shannon
sampling theorem [365], which states that a cowtususignal can be properly reconstructed
from a discretely sampled function when the sangptate is at least equal to two times the
highest frequency of the signal being sampled,\tiaisis:

1
|Umax| = E

Then to examine the discrete Fourier transform (DiyTapplying this theorem and replacing
t with NgAt:

M-1
2Tiv
Fo@) = ) fo(Nsbtye s "2

Ng=0
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it shows that only frequencies, which fall betwetie range of fv,,4x Vmax], Can be
uniquely distinguished due to the periodicity of #xponential function, and any frequencies
that appear outside of this range will be replidate aliased, in this interval. This maximum
sampling frequency is often called the Nyquist slamgprate [366], and the sampling law is

also known as the Nyquist criterion.

Now considering more specifically MR, it is alrgakihown from Section 2.2.2 that the spin
density of the tissue, the 2D Fourier domain datal the MRI signal are mutually related.
The acquired raw data signal directly yiefjs(v), which becomes the starting point from
this spatial frequency domain. The discrete sargpbhF,(v), with an intervalAk, is
described mathematically as a multiplication witBieac comb or shah function (a periodic
train of 6 functions). The Fourier transform, i.e. discretgtiency FT, of the sampled
function, according to its fundamental propert@syesponds to the convolution in the image
domain of the transform of the function and thensfarm of the comb function, with a
reciprocal interval widtd /Ak. This results in the occurrence of periodic objempies, i.e.
replication, off(t) in the image domain, where the distance betweertdpies is reciprocal
to the sample distandsk in k-space:
FOV =1/Ak

which yields the same result as Equation 2.16 ctiG@e2.2.3.

Therefore, in conventional cases where the dataargpled at Cartesian grid points over
a rectangular region déspace domain, if the sampling distancekispace and the chosen
FOV to be imaged disobey the above rule, so thatNiquist criterion is violated, the
replications of the original object will not be perly distinguished, which then leads to

aliasing.

Furthermore, since thespace is only sampled with a finite extent, suchrication” effect in
the spatial frequency domain is mathematically dieed as the convolution &, (v) with a
sinc-like function. The Fourier transform into themage domain corresponds to the
multiplication of#(t) with a top hat function, which places a limit dmetresolution and
induces certain blurring. This also explains tlneat periphery ok-space, i.e. high frequency

component, contributes to the image details.

-152 -



Bibliography

[1] S. Zhang, K.T. Block, and J. Frahm. Magnetisamance imaging in real time -
Advances using radial FLASH.Magn Reson Imagingccepted, 2009.

[2] F. Bloch. Nuclear inductiorPhys Rey70:460-474, 1946.

[3] E.M. Purcell, H.C. Torrey, and R.V. Pound. Remioce absorption by nuclear magnetic
moments in a solid?hys Rey69:37-38, 1946.

[4] E.L. Hahn. Nuclear induction due to free larnpyecessionPhys Rey77:297-298,
1950.

[5] R. Damadian. Tumor detection by nuclear magnedsonanceScience 171:1151—
1153, 1971.

[6] P.C. Lauterbur. Image formation by induced locgeractions: Examples employing
nuclear magnetic resonand&ature 242:190-191, 1973.

[7] A. Kumar, D. Welti, and R.R. Ernst. NMR fourigeugmatographyl Magn Resan
18:69-83, 1975.

[8] S. Ljunggren. A simple graphical representatajrfourier-based imaging methods.
Magn Reson54:338-343, 1983.

[9] D.B. Twieg. The k-trajectory formulation of th& MR imaging process with
applications in analysis and synthesis of imagimghodsMed Phys10:610-621, 1983.

[10] P. Mansfield and A.A. Maudsley. Planar anceistan spin imaging by NMR. roc
Soc Mag Reson Medolume XIXth Congress Ampere, pages 247-252, 19i&delberg,
Germany.

[11] E.R. Andrew, P.A. Bottomley, W.S. Hinshaw, G.MWolland, W.S. Moore, and
C. Simaroj. NMR images by the multiple sensitiveinbomethod: application to larger
biological systemshys Med Biql22:971-974, 1977.

[12] H.Clow and I.R. Young. Britain’s brains prazhufirst NMR scansNew Scientist
80:588, 1978.

[13] R.Damadian. NMR in cancer: Xvi. Fonar imagetloe live human bodyPhysiol
Chem Phys9:97-100, 108, 1977.

[14] P. Mansfield, I.L. Pykett, and P.G. Morris. @dand re human whole body line-scan
imaging by NMRBrit J Radiol 51:921-922, 1978.

[15] P. Mansfield. Multi-planar image formation ngi NMR spin echoes] Physics C:
Solid State Physi¢40:55-58, 1977.

[16] A.Haase, J. Frahm, D. Matthaei, W. Hanicked &. Merboldt. FLASH imaging:
Rapid NMR imaging using low flip-angle pulsdsMagn Reson67:258—-266, 1986.

[17] J. Hennig, A. Nauerth, and H. Friedburg. RAREaAging: A fast imaging method for

-153 -



Bibliography

clinical MR. Magn Reson Me®:823-833, 1986.

[18] D.A. Feinberg, J.D. Hale, J.C. Watts, L. Kaaim and A. Mark. Halving MR imaging
time by conjugation: Demonstration at 3.5 Rgudiol 161:527-531, 1986.

[19] S.J. Riederer, T. Tasciyan, F. Farzaneh, Ug¢, R.C. Wright, and R.J. Herfkens. MR
fluoroscopy: Technical feasibilitfdagn Reson Med:1-15, 1988.

[20] R.A. Jones, O. Haraldseth, T.B. Mueller, PRinck, and A.N. Oksendal. K-space
substitution: A novel dynamic imaging techniqgiagn Reson Me®9:830-834, 1993.

[21] J.J. Van Vaals, M.E. Brummer, W.T. Dixon, H.Fuithof, H. Engels, R.C. Nelson,
B.M. Gerety, J.L. Chezmar, and J.A.D. Boer. Keyhalethod for accelerating imaging of
contrast agent uptaké Magn Reson Imagin@®:671-675, 1993.

[22] M.A. Griswold, P.M. Jakob, R.M. Heidemann, Mittka, V. Jellus, J. Wang, B. Kiefer,
and A. Haase. Generalized autocalibrating partiplyallel acquisitions (GRAPPAMagn
Reson Meg47:1202-1210, 2002.

[23] M.A. Griswold, P.M. Jakob, M. Nittka, J.W. Gifarb, and A. Haase. Partially parallel
imaging with localized sensitivities (PILSYlagn Reson Medt4:602—609, 2000.

[24] K.P. Pruessmann, M. Weiger, M.B. Scheidegged P. Boesiger. SENSE: Sensitivity
encoding for fast MRIMagn Reson Med2:952—-962, 1999.

[25] D.K. Sodickson and W.J. Manning. Simultane@gcsjuisition of spatial harmonics
(SMASH): Fast imaging with radiofrequency coil aisaMagn Reson Med38:591-603,
1997.

[26] J. Frahm, A. Haase, and D. Matthaei. Rapid NhAfaging of dynamic processes
using the FLASH techniqu&lagn Reson Me®:321-327, 1986.

[27] M.L. Lauzon and B.K. Rutt. Effects of polarnggling in k-spaceMagn Reson Med
36:940-949, 1996.

[28] K. Scheffler and J. Hennig. Reduced circulaldfof-view imaging.Magn Reson Med
40:474-480, 1998.

[29] G.H. Glover and J.M. Pauly. Projection reconstion techniques for reduction of
motion effects in MRIMagn Reson Med®8:275-289, 1992.

[30] J.D. O’Sullivan. A fast sinc function griddinglgorithm for Fourier inversion in
computer tomographyEEE T Med Imaging4:200-207, 1985.

[31] M.A. Bernstein, K.F. King, and X.J. Zhoudandbook of MRI Pulse Sequences
Elsevier Academic Press, 2004.

[32] E.M. Haacke, R.W. Brown, M.R. Thompson, andht#esan RMagnetic Resonance
Imaging: Physical Principles and Sequence DesWilley-Liss, 1999.

[33] Z.P. Liang and P.C. Lauterbirinciples of Magnetic Resonance ImagifigEE Press
Series on Biomedical Engineering, 2000.

[34] FW. Wehrli, J.R. MacFall, G.H. Glover, N. @sby, V. Haughton, and J. Johanson.
The dependence of nuclear magnetic resonance (NM&)e contrast on intrinsic and pulse
sequence timing parametekéagn Reson Imagin@:3-16, 1984.

[35] T. Villafana. Fundamental physics of magnetesonance imagingRadiol Clinics

- 154 -



Bibliography

North Am 26:701-715, 1988.
[36] E.L. Hahn. Spin echoeBhys Rey80:580-594, 1950.

[37] J. Frahm, K.-D. Merboldt, W. Hanicke, and Aa#&te. Stimulated echo imaging.
Magn Reson64:81-93, 1985.

[38] W. Sattin, T.H. Mareci, and K.N. Scott. Exglog the stimulated echo in nuclear
magnetic resonance imaging. I. methddlagn Resor64:177-182, 1985.

[39] D.E. Woessner. Effects of diffusion in nuclearagnetic resonance spin-echo
experimentsJ Chem Phys34:2057, 1961.

[40] S.Hofer and J. Frahm. Topography of the huntampus callosum revisited -
comprehensive fiber tractography using magnetiomasce diffusion tensor imaging.
Neurolmage32:989-994, 2006.

[41] K.-D. Merboldt, W. Hanicke, and J. Frahm. Sdiffusion NMR imaging using
stimulated echoed.Magn Reson64:479-486, 1985.

[42] U.G. Nolte, J. Finsterbusch, and J. Frahm.i®R&wtropic diffusion mapping without
susceptibility artifacts. Whole brain studies usthijlusion-weighted single-shot STEAM MR
imaging.Magn Reson Medt4.:731-736, 2000.

[43] S. Rieseberg, M. Kuentzel, K.D. Merboldt, addFrahm. Diffusion tensor imaging
using partial Fourier single-shot stimulated echmussition mode magnetic resonance
imaging with projection onto convex subsets reaoiesion. Magn Reson Medb4:486—490,
2005.

[44] J.E. Tanner. Use of the stimulated echo in NMiRusion studiesJ Chem Phys
52:2523, 1970.

[45] J. Frahm, W. Haenicke, and K.-D. Meroldt. Tsa@rse coherence in rapid FLASH
NMR imaging.J Magn Reson/2:307-314, 1987.

[46] J.Frahm and F. Hanefeld. Single voxel protEiiR spectroscopy. methods and
applications in neuropediatrid?ivista di Neuroradiologial3:7-15, 2000.

[47] B. Wilken, P.Dechent, J.Herms, C.Maxton, Markakis, F.A. Hanefeld, and
J. Frahm. Quantitative proton magnetic resonaneetspscopy of focal brain lesioriBediatr
Neurol 23:22-31, 2000.

[48] A. Abragarm.The principles of nuclear magnetis@xford, England: Clarendon Press,
1961.

[49] E.L. Hahn. Detection of sea-water motion byclear precession] Geophys Res
65:776—777, 1960.

[50] W.A. Edelstein, J.M.S. Hutchison, G. Johnsand T. Redpath. Spin warp NMR
imaging and applications to human whole-body imggihys Med Biql25:751-756, 1980.

[51] J.K. Mai, G. Paxinos, and T. Vogstlas of the human brairElsevier Academic Press,
3rd edition, 2008.

[52] J. FrahmToward rapid NMR imaging. Encyclopedia of Nucleaagvietic Resonance.
Historical Perspectivesvolume 1. Willey, 1996.

[53] R.E. Hendrick, J.B. Kneeland, and D.D. StaMaximizing signal-to-noise and

- 155 -



Bibliography

contrast-to-noise ratios in FLASH imagirgagn Reson Imagind:117-127, 1987.
[54] W.T. Dixon. Simple proton spectroscopic imagiRadiol 153:189, 1984.

[55] H.Y. Carr. Steady-state free precession inlearc magnetic resonac®€hys Rey
112:1693, 1958.

[56] C. Westbrook, C.K. Roth, and J. TalbbtRI in Practice Blackwell Publishing, 3rd
edition, 2005.

[57] J. Frahm and W. Haenick®apid Scan Techniques. Magnetic resonance imaging
volume 1. Mosby, 3 edition, 1999.

[58] A.P. Crawley, M.L. Wood, and R.M. Henkelm. figlnation of transverse coherences
in FLASH MRI. Magn Reson Imaging:248-260, 1988.

[59] A. Haase. Snapshot FLASH MRI. ApplicationsTib, T2 and chemical-shift imaging.
Magn Reson MedL3:77-89, 1990.

[60] M.L. Gyngell, G.L. Nayler, N. Palmer, and MIBya A comparison of fast acquisition
modes in MRIMagn Reson Imagingt:101, 1986.

[61] M.L. Gyngell. The application of steady-stdtee precession in rapid 2DFT NMR
imaging: Fast and CE-FAST sequenddagn Reson Imaging:415, 1988.

[62] G.H. Glover and N.J. Pelc. A rapid-gated cMRI technique.Magn Reson Annual
pages 299-333, 1988.

[63] A. Oppelt, R. Graumann, H. Barfuss, H. Fisgchét Hartl, and W. Schajor. FISP: a
new fast MRI sequencg&lectromedica54:15-18, 1986.

[64] J.L. Duerk, J.S. Lewin, M. Wendt, and C. Psilge. Remember true FISP? A high
SNR, near 1-second imaging method for T2-like asitin interventional MRI at .2 T
Magn Reson Imagin@:203-208, 1998.

[65] K. Scheffler. A pictorial description of steadtates in rapid magnetic resonance
imaging.Concept Magnetic Re$1:291-304, 1999.

[66] K. Scheffler and J. Hennig. Is TrueFISP a ggatlecho or a spin-echo sequence?
Magn Reson Med19:395-397, 2003.

[67] K. Scheffler and S. Lehnhardt. Principles apglications of balanced ssfp techniques.
Eur Radio| 13:2409-2418, 2003.

[68] J.Barkhausen, S.G. Ruehm, M. Goyen, T.BuBklaub, and J.F. Debatin. MR
evaluation of ventricular function: true fast imagiwith steady-state precession versus fast
low-angle shot cine MR imaging: feasibility stu@adiol 219:264-269, 2001.

[69] V.S. Deshpande, S.M. Shea, G. Laub, O.P. SettiopnJ.P. Finn, and D. Li. 3D
magnetization-prepared True-FISP: A new techniqureirhaging coronary arteriedlagn
Reson Meg46:494-502, 2001.

[70] A.Huber, K.Bauner, B.J. Wintersperger, S.Reeder, F. Stadie, E. Mueller,
M. Schmidt, E. Winnik, M.F. Reiser, and S.O. Schmerg. Phase-sensitive inversion recovery
(PSIR) single-shot TrueFISP for assessment of mgaadanfarction at 3 tesldnvest Radigl
41:148-153, 2006.

[71] H.Y. Carr and E.M. Purcell. Effects of diffasi on free precession in nuclear magnetic

- 156 -



Bibliography

resonance experimenhys Rey94:630-638, 1954.

[72] S. Meiboom and D. Gill. Modified spin-echo rhetl for measuring nuclear relaxation
times.Rev Sci Instrument29:688-691, 1958.

[73] Young I.R. Bydder G.IM. MR imaging: clinicake of the inversion recovery sequence.
J Comput Assist Tomgd?:659-675, 1985.

[74] R. Golfieri, H. Baddeley, J.S. Pringle, andS®uhami. The role of the STIR sequence
in magnetic resonance imaging examination of bameours.Brit J Radio| 63:251-256,
1990.

[75] B. De Coene, J.V. Hajnal, P. Gatehouse, Ddhdmore, S.J. White, A. Oatridge, J.M.
Pennock, I.R. Young, and Bydder G.M. MR of the brasing fluid-attenuated inversion
recovery (FLAIR) pulse sequencésn J Neuroradigl13:1555-1564, 1992.

[76] G. McGibney, M.R. Smith, S.T. Nichols, and @rawley. Quantitative evaluation of
several partial Fourier reconstruction algorithnseduiin MRl.Magn Reson Med30:51-59,
1993.

[77] P. Margosian, F. Schmitt, and D. Purdy. Fa$f® imaging: imaging with half the
data.Healthcare instrumentatigrpages 195-197, 1986.

[78] D.G. Norris. Ultrafast low-angle RARE: U-FLARBMagn Reson Medl7:539-542,
1991.

[79] D.G. Norris, P. Bornert, T. Reese, and D. fitib. On the application of ultrafast
RARE experimentdVlagn Reson Med®7:142-164, 1992.

[80] J. Frahm, A.Haase, D. Matthaei, K.-D. Merlipldnd W. Haenicke. Rapid NMR
imaging using stimulated echodsMagn Reson65:130-135, 1985.

[81] J. Frahm, W. Haenicke, H. Bruhn, M.L. Gyngadind K.-D. Merboldt. High-speed
STEAM MRI of the human hearfilagn Reson Med®2:133-142, 1991.

[82] A. Haase, J. Frahm, D. Matthaei, W. HaenidkeBomsdorf, D. Kunz, and R. Tischler.
MR imaging using stimulated echoes (STEARadiol 160:787-790, 1986.

[83] A.Haase and J. Frahm. NMR imaging of spitidat relaxation using stimulated
echoesJ Magn Reson65:481-490, 1985.

[84] J. Finsterbusch and J. Frahm. Half-Fourieglgirshot STEAM MRI.Magn Reson
Med 47:611-615, 2002.

[85] A. Karaus, K.-D. Merboldt, J. Graessner, andérahm. Black-blood imaging of the
human heart using rapid stimulated echo acquisitimue (STEAM) MRI.J Magn Reson
Imaging 26:1666-1671, 2007.

[86] P. Mansfield and I. Pykett. Biological and nwd imaging by NMR.J Magn Reson
29:355-373, 1978.

[87] L. Pykett and R.R. Rzedzian. Instant imagéshe body by magnetic resonance.
Magn Reson Meb:563, 1987.

[88] P.Ordidge, R.Coxon, A.Howesman, B.Chapm&h,Turner, M. Stehling, and
P. Mansfield. Snapshot head imaging at 0.5T udnegeicho planar techniquklagn Reson
Med, 8:110, 1988.

- 157 -



Bibliography

[89] P. Ordidge, A. Howesman, R. Coxon, R. TurerChapman, P. Glover, M. Stehling,
and P. Mansfield. Snapshot imaging at 0.5 T uscig elanar techniqgueMagn Reson Med
10:227-240, 1989.

[90] J.G. Ojemann, E.Akbudak, A.Z. Snyder, R.C.Kistry, M.E. Raichle, and T.E.
Conturo. Anatomic localization and quantitative lgs@ of gradient refocused echo-planar
fMRI susceptibility artifactNeurolmage6:156-167, 1997.

[91] C.P. Davis, G.C. McKinnon, L.E. Debatin, andkGvon Schulthess. Ultra-high-speed
MR imaging.Eur Radio| 6:297-311, 1996.

[92] K.Oshio and D.A. Feinberg. GRASE (gradientd apin-echo) imaging: A novel fast
MRI technique Magn Reson MedL0:344—-349, 1991.

[93] K.Oshio and D.A. Feinberg. GRASE (gradientd apin-echo) MR imaging: A new
fast clinical imaging techniqu®adiol 181:597-602, 1991.

[94] K.Oshio and D.A. Feinberg. Single-shot GRASHaging without fast gradients.
Magn Reson Me®6:355-360, 1992.

[95] D.A. Feinberg, B. Kiefer, and G. Johnson. GHA®nproves spatial resolution in
single shot imagingMagn Reson Me®83:529-533, 1995.

[96] W. Umek, A. Ba-Ssalamah, R.Prokesch, R. MallékHeimberger, and K. Hittmair.
Imaging of the brain using the fast-spin-echo aratlignt-spin-echo techniqudsur Radiol
8:409-415, 1998.

[97] A.Ba-Ssalamah, S. Schick, K. Heimberger, KLFhnau, N. Schibany, R. Prokesch,
and S. Trattnig. Utrafast magnetic resonance intagfrthe brainMagn Reson MedL8:237—
243, 2000.

[98] A. Haase, D. Matthaei, R. Bartkowski, E.Duhlemkand D. Liebfritz. Inversion
recovery snapshot FLASH MR imaginpComput Assist Tomogt3:1036—-1040, 1989.

[99] D. Chien, D.J. Atkinson, and R.R. Edelman.afigies to improve contrast in
turboFLASH imaging: reordered phase encoding amspdce segmentatiod. Magn Reson
Imaging 1.63-70, 1991.

[100] J. Frahm, K.-D. Merboldt, M.L. Gyngell, W. Hake, and D. Chien. 0.3-second
FLASH MRI of the human heafilagn Reson Med.3:150-157, 1990.

[101] D.J. Atkinson and R.R. Edelman. Cineangiobsapf the heart in a single breath hold
with a segmented turboFLASH sequeriRadiol 178:357-360, 1991.

[102] M. Brant-Zawadzki, G.D. Gillan, and W.R. NifZIP-RAGE: a three-dimensional, T1-
weighted, gradient-echo sequence initial experiémtlee brainRadiol 182:769-775, 1992.

[103] E.E. de Lange, S.R. Urbanski, J.P. Mugler &ihd J.R. Brookeman. Magnetization-
prepared rapid gradient echo (MP-RAGE) magnetionmasce imaging of morgagni’s hernia.
Eur J Radio) 11:196-199, 1990.

[104] J.P. Mugler 1l and J.R. Brookema. Three-dusienal magnetization-prepared rapid
gradient-echo imaging (3D MP-RAGHJlagn Reson Medl5:152-157, 1990.

[105] J. Hennig and M. Meuri. Fast imaging using B®J excitation pulses. IRroc Soc
Magn Reson Med’:238, 1988.

- 158 -



Bibliography

[106] J. Hennig and M. Hodapp. BURST imagimdagma Magn Reson Mater Phys Biol
Med, 1:39-48, 1993.

[107] P.Le Roux, J. Pauly, and A. Macovski. BUR&Xcitation pulses. Iffroc Soc Magn
Reson Med10:269, 1991.

[108] G.A. Morris and R. Freeman. Selective exmtatin Fourier transform nuclear
magnetic resonancé.Magn Reson29:433, 1978.

[109] IJ. Lowe and R.E. Wysong. Dante ultrafastgimg sequence (DUFIS). Magn
ResonB101:106-109, 1993.

[110] L. Zha, R..E Wysong, and I.J. Lowe. Optimiadttafast imaging sequence (OUFIS).
In Proc Soc Mag Reson Metl0:471, 1993.

[111] A. Macovski. Noise in MRIMagn Reson Me®6:494—-497, 1996.

[112] C.M. Tsai and D.G. Nishimura. Reduced aligsantifacts using variable-density k-
space sampling trajectoriddagn Reson Medt3:452-458, 2000.

[113] J.F. Schenck, O.M. Mueller, and et al. Solg#. Iron-dependent contrast in NMR
imaging of the human brain at 4.0 teslaPhac Soc Magn Reson Mggt9, 1989.

[114] F.W. Wehrli. Fast-scan magnetic resonanceiciies and applicationdlagn Reson
Q, 6:165-236, 1990.

[115] FW. Wehrli, T.G. Perkins, A. Shimakawa, aRdRoberts. Chemical shift induced
amplitude modulations in images obtained with geatlirefocusingMagn Reson Imaging
5:157-158, 1987.

[116] M.J. Sanz and E.M. Haacke. Extraction of aa@pike in MR imaging] Magn Reson
Imaging 2:91, 1992.

[117] T.K.F. Foo, N.S. Grigsby, J.D. Mitchell, aIE. Slayman. SNORE: Spike noise
removal and detectiofEEE T Med Imagingl13:133, 1994.

[118] M. Brown, C. Gustafson, R. Ray, and R.E. Heskd MRI: Principles and Artifacts
New York: Raven, 1993.

[119] L. Watson, J. P. Mugler, L. Morris, and J.BRookeman. Investigation into the effects
of static electrical discharge on MR imageadiol 161:511, 1986.

[120] R.M. Henkelman and M.J. Bronskill. Artifacts magnetic resonance imagingev
Magn Reson Me®:26-27, 32—-34, 77-84, 1987.

[121] R.M. Henkelmanlmage artifacts. Magnetic Resonance Imagiktpsby-Year Book,
1992.

[122] T.A. Spraggins. Spike removal from MR raw alaets. InProc Intl Soc Mag Reson
Med, 8:789, 1987.

[123] C.R. Crawford, D.S. Small, D.G. DallaPiaz2d,G. Eash, and R.S. Stormont.
Transient noise suppression using common modeta@teand receiver blanking. roc Intl
Soc Mag Reson Me®@:939, 1995. Nice, France.

[124] J.W. Goldfarb and F. Schmitt. A robust methodemove spike artifacts through HPF-
post-processing. IRroc Intl Soc Magn Reson Meghat1646, 1996. New York, USA.

- 159 -



Bibliography

[125] Y.-H. Kao and J.R. MacFall. Restoration ofrapted k-space raw data for removing
striation artifacts on images. Rroc Soc Magn Reson Mggt760, 1995. Nice, France.

[126] M. Staemmler and K. Gersonde. Echo shapeysisahnd image size adjustment on
the level of echoes: Improvement of parameter-see@roton imagesMagn Reson Med
3:418-424, 1986.

[127] Y.-H. Kao and J.R. MacFall. Correction of kispace data corrupted by spike noise.
IEEE T Med Imaging19:671, 2000.

[128] K. T. Block. Advanced Methods for Radial Data Sampling in MaignBesonance
Imaging PhD thesis, University Goettingen, 2008.

[129] E.M. Haacke and J.A. Tkach. Fast MR imagihechniques and clinical applications.
Am J Roentgenpll55:951-964, 1990.

[130] M. Cohen and R. Weisskoff. Ultra-fast imagipgn Reson Imagin®:1-37, 1991.

[131] M. Cohen. Rapid MR Imaging: techniques and performance charastics.
Radiology.Lippincott. New York, 1992.

[132] J. Petersein and S. Saini. Fast MR imagireghhical strategiesAm J Roentgenpl
165:1105-1109, 1995.

[133] M. Reiser and S.C. Faber. Recent and futuheamces in high-speed imagingur
Radiol 7(Suppl. 5):166-173, 1997.

[134] J.G. Pipe. Reconstructing MR images from usa@pled data: data-weighting
considerationgMlagn Reson Med3:867-875, 2000.

[135] S. WinkelmannThe exploration of radial trajectories in real-timMdRI. PhD thesis,
University Karlsruhe, Germany, 2006.

[136] T.P. Trouard, Y. Sabharwal, M.I. Altbach, aAd~. Gmitro. Analysis and comparison
of motion-correction techniques in diffusion-weigttimaging.J Magn Reson Imaging
6:925-935, 1996.

[137] P.M. Bansmann, A.N. Priest, K. Muellerleil&, Stork, G.K. Lund, M.G. Kaul, and
G. Adam. MRI of the coronary vessel wall at 3 T:n@xarison of radial and Cartesian k-space
sampling Am J Roentgenpl88:70-74, 2007.

[138] D.G. Nishimura, P. Irarrazabal, and C.H. Meye velocity k-space analysis of flow
effects in echo-planar and spiral imagiMagn Reson Me®3:549-556, 1995.

[139] D.G. Kruger, G.S. Slavin, R. Muthupillai, R.Grimm, and S.J. Riederer. An
orthogonal correlation algorithm for ghost reducstia MRI. Magn Reson Med8:678—-686,
1997.

[140] D.C. Noll, J.D. Cohen, C.H. Meyer, and W. Belder. Spiral k-space MR imaging of
cortical activationJ Magn Reson Imaging:49-56, 1995.

[141] C.B. Ahn, J.H. Kim, and Z.H. Cho. High-spesairal-scan echo planar NMR imaging.
IEEE T Med Imaging5:2—7, 1986.

[142] E. Yudilevich and H. Stark. Spiral samplintipeory and application to magnetic
resonance imaging. Optical So Amerigab:542-553, 1988.

[143] C.H. Meyer, B.S. Hu, D.G. Nishimura, and Aasbvski. Fast spiral coronary artery

- 160 -



Bibliography

imaging.Magn Reson Me®8:202—-213, 1992.

[144] K.T. Block. Spiralfoermige Abtastung des ktRzes bei der Magnetresonanz-
Tomographie. Diplomarbeit, University Goettingerer@any, 2004.

[145] K.T. Block and J. Frahm. Spiral imaging: Atical appraisalJ Magn Reson Imaging
21:657-668, 2005.

[146] R. Van Tyen and D. Saloner.Pmoc Intl Soc Mag Reson Mg@, 1998.

[147] M. Katoh, E. Spuentrup, A. Buecker, W.J. Miaagn R.W. Guenther, and R.M. Botnar.
Mr coronary vessel wall imaging: Comparison betweshal and spiral k-space samplidg.
Magn Reson Imagin@3:757-762, 2006.

[148] K.P.N. Forbes, J.G. Pipe, C.R. Bird, and Heiserman. Propeller MRI: Clinical
testing of a novel technique for quantification aswimpensation of head motiod.Magn
Reson Imagingl4:215-222, 2001.

[149] J.G. Pipe. Motion correction with PROPELLERRM Application to head motion and
free-breathing cardiac imaginiglagn Reson Med12:963-969, 1999.

[150] J.G. Pipe and N. Zwart. Turboprop: Improved@PELLER imagingMagn Reson
Med 55:380-385, 2006.

[151] B.J. Wintersperger, V.M. Runge, J. BiswaB.Q\Nelson, A. Stemmer, A.B. Simonetta,
M.F. Reiser, L.G. Naul, and S.O. Schoenberg. Braagnetic resonance imaging at 3 tesla
using blade compared with standard rectilinear gat@apling.Invest Radigl 41:586-592,
2006.

[152] S. Skare, R.D. Newbould, D.B. Clayton, andB&mmer. PROPELLER EPI in the
other directionMagn Reson Meb5:1298-1307, 2006.

[153] J.G. Pipe, V.G. Farthing, and K.P. Forbes.ltMhot diffusion-weighted FSE using
PROPELLER MRIMagn Reson Medi7:42-52, 2002.

[154] T. Chuang, T. Huang, F. Lin, F. Wang, C. JudnChung, C. Chen, and K.K. Kwong.
PROPELLER-EPI with parallel imaging using a cirelyasymmetric phased-array RF coil at
3.0 T: Application to high-resolution diffusion ®or imaging.Magn Reson Medb6:1352—
1358, 2006.

[155] S. Naganawa, H. Satake, S. lwano, H. KawaKubota, T. Komada, M. Kawamura,
Y. Sakurai, and H. Fukatsu. Contrast-enhanced M&ying of the brain using T1-weighted
FLAIR with blade compared with a conventional spohio sequencdéur Radio| 18:337—
342, 2008.

[156] Y. Hirokawa, H. Isoda, Y.S. Maetani, S. Az K. Shimada, and K. Togashi. MRI
artifact reduction and quality improvement in theper abdomen with PROPELLER and
prospective acquisition correction (PACE) techniqd@ J Roentgenpll91:1154-1158, 2008.

[157] R.R. Edelman, P.Wielopolski, and F. Schmitho-planar MR imagingRadiol
192:600-612, 1994.

[158] H. Zeng and R.T. Constable. Image distortomrection in EPI: Comparison of field
mapping with point spread function mappiMpagn Reson Medt8:137-146, 2002.

[159] H. Moriguchi, M. Wendt, and J.L. Duerk. Applg the uniform resampling (URS)
algorithm to a lissajous trajectory: Fast imageonstruction with optimal griddingMagn

-161 -



Bibliography

Reson Meg44:766—781, 2000.
[160] R.S. Likes. Moving gradient zeugmatograp881.

[161] C.J. Hardy, H.E. Cline, and P.A. Bottomleyorf2cting for nonuniform k-space
sampling in two dimensional NMR selective excitatid Magn Resar87:639-645, 1990.

[162] Y. Ogura and K. Sekihara. A new method fatistimaging of a rotating objecd.
Magn Reson83:177-182, 1989.

[163] X. H. Zhou, Z. P. Liang, S. L. Gewalt, G.Gdfer, P. C. Lauterbur, and G. A. Johnson.
Fast spin-echo technique with circular samplidggn Reson Med9:23-27, 1998.

[164] L.Axel, G.T. Herman, D.A. Roberts, and L.@herty. Linogram reconstruction for
magnetic resonance imaging (MREEE T Med Imaging9:1990, 1990.

[165] N. Gai and L. Axel. Elimination of nyquist gbts in MRI by using fast linogram
imaging.J Magn Reson Imagin@:1166-1169, 1997.

[166] J.l. Jackson, D.G. Nishimura, and A. Macov3kvisting radial lines with application
to robust magnetic resonance imaging of irregutaw.fMagn Reson Me®5:128-139, 1992.

[167] H.T. Nielsen, E.W. Olcott, and D.G. Nishimurdmproved 2D time-of-fight
angiography using a radial-line k-space acquisitidagn Reson Med7:285-291, 1997.

[168] K. Scheffler and J. Hennig. Frequency resolv&@ngle-shot MR imaging using
stochastic k-space trajectoriddagn Reson MedB5:569-576, 1996.

[169] D.C. Noll. Multishot rosette trajectories fepectrally selective mr imagingEEE T
Med Imaging 16:372-377, 1997.

[170] J.G. Pipe. An optimized center-out k-spaegettory for multishot MRI: Comparison
with spiral and projection reconstructidviagn Reson Medt2:714—720, 1999.

[171] G.E. Sarty. Single trajectory radial (STAR)aging.Magn Reson Medb1:445-451,
2004.

[172] L.Li. Magnetic susceptibility quantificatiorfor arbitrarily shaped objects in
inhomogeneous fieldélagn Reson Medl6:907-916, 2001.

[173] J.R. Reichenbach, R. Venkatesan, D.A. Yallynd/1.R. Thompson, S. Lai, and E.M.
Haacke. Theory and application of static field imomeneity effects in gradient-echo imaging.
J Magn Reson Imagin@:266—-279, 1997.

[174] M.T. Alley, G.H. Glover, and N.J. Pelc. Gradt characterization using a Fourier-
transform techniquévlagn Reson Med®9:581-587, 1998.

[175] Y. Jung, Y. Jashnani, R. Kijowski, and W.Ho&k. Consistent non-Cartesian off-axis
MRI quality: Calibrating and removing multiple sees of demodulation phase errdviagn
Reson Med57:206-212, 2007.

[176] P. Speier and F. Trautwein. A calibration fadial imaging with large inplane shifts. In
Proc Intl Soc Mag Reson Mgeti3:2295, 2005.

[177] J.H. Duyn, Y. Yang, J.A. Frank, and J.W. \dmn Veen. Simple correction method for
k-space trajectory deviations in MRIMagn Resonl32:150-153, 1998.

[178] B.M. Dale and J.L. Duerk. The use of measucebace trajectory for reconstruction

-162 -



Bibliography

of radial MRI data. IrProc Intl Soc Mag Reson Metl0:2334, 2002.

[179] O. Wieben, E. Brodsky, C.A. Mistretta, andRABlock. Correction of trajectory errors
in radial acquisitions. IRroc Intl Soc Mag Reson Meil1:298, 2003.

[180] D.C. Peters, J.A. Derbyshire, and E.R. Mc¥eigCentering the projection
reconstruction trajectory: Reducing gradient deagrs.Magn Reson Medb0:1-6, 2003.

[181] P. Speier and F. Trautwein. Robust radial gimg with predetermined isotropic
gradient delay correction. Froc Intl Soc Mag Reson Mgti4:2379, 2006.

[182] V. Rasche, D. Holz, and W. Schepper. Radiabd spin echo imagingMagn Reson
Med, 32:629—638, 1994.

[183] V. Rasche, R.W. Boer, D. Holz, and R. ProkSantinuous radial data acquisition for
dynamic MRI.Magn Reson Me®4:754-761, 1995.

[184] V. Rasche, D. Holz, and R. Proska. MR fluomgsy using projection reconstruction
multi.gradient-echo (prmGE) MRMagn Reson Medi2:324-334, 1999.

[185] A. Shankaranarayanan, M. Wendt, A.J. Aschdf§. Lewin, and J.L. Duerk. Radial
keyhole sequences for low field projection recamgton interventional MRIJ Magn Reson
Imaging 13:142-151, 2001.

[186] M.I. Altbach, E.K. Outwater, T.P. Trouard, A.Krupinski, R.J. Theilmann, A.T.
Stopeck, and M. Kono. Radial fast spin-echo metfad T1-weighted imaging and T2
mapping of the liverJ Magn Reson Imagind6:179-189, 2002.

[187] R.J. Theilmann, A.F. Gmitro, M.l. Altbach,&i.P. Trouard. View-ordering in radial
fast spin-echo imagindgdagn Reson Medb1:768-774, 2004.

[188] H.K. Song, L Dougherty, and M.D. Schnall. Sitaneous acquisition of multiple
resolution images for dynamic contrast enhancedyiingaof the breastMagn Reson Med
46:503-509, 2001.

[189] Y. Cremillieux, A. Briguet, and A. Deguin. &fection-reconstruction methods: Fast
imaging sequences and data proces$itagn Reson Me®B2:23-32, 1994.

[190] D.C. Peters, F.R. Korosec, T.M. Grist, W.kodk, J.E. Holden, K.K. Vigen, and C.A.
Mistretta. Undersampled projection reconstructipplie@d to MR angiographyagn Reson
Med 43:91-101, 2000.

[191] K.K. Vigen, D.C. Peter, T.M. Grist, W.F. Blocand C.A. Mistretta. Undersampled
projection-reconstruction imaging for time-resohashtrast enhanced imagingagn Reson
Med, 43:170-176, 2000.

[192] A.C. Larson and O.P. Simonetti. Real-timedeae cine imaging with spider: Steady-
state projection imaging with dynamic echo-traiadeut.Magn Reson Med46:1059-1066,
2001.

[193] V Rasche, R Proksa, R Sinkus, P Bornert, lrighgers. Resampling of data between
arbitrary grids using convolution interpolatidBEE T Med Imaging18:385—-392, 1999.

[194] H. Sedarat and D.G. Nishimura. On the optityabf the gridding reconstruction
algorithm.IEEE T Med Imaging19:306-317, 2000.

[195] GN Ramachandran and AV Lakshminarayanan. é&Hdmnensional reconstruction

-163 -



Bibliography

from radiographs and electron micrographs: apptiinadf convolutions instead of Fourier
transforms. IrProc Natl Acad Sci USA8:2236-2240, 1971.

[196] P.M. Joseph. Sampling errors in projectionorestruction MRI.Magn Reson Med
40:460-466, 1998.

[197] J.G. Pipe and P. Menon. Sampling density camsption in MRI: Rationale and an
iterative numerical solutioiMagn Reson Mead}1:179-186, 1999.

[198] F. Aurenhammer. Voronoi diagrams - a survdyaofundamental geometric data
structure ACM Computing Survey23:345-405, 1991.

[199] J.F. Kaiser. Nonrecursive digital filter dgsiusing thelp-sinh window function. In
Proc IEEE Int Symp on Circuits and Systges 20-23, 1974.

[200] J. Jackson, C.H. Meyer, D.G. Nishimura, andMacovski. Selection of a convolution
function for Fourier inversion using griddingcEEE T Med Imagingl10:473-478, 1991.

[201] P.J. Beatty, D.G. Nishimura, and J.M. Pattapid gridding reconstruction with a
minimal oversampling ratidEEE T Med Imaging24:799-808, 2005.

[202] F. Farzaneh, S.J. Riederer, J.N. Lee, T.iyas¢c R.C. Wright, and C.E. Spritzer. MR
fluoroscopy: Initial clinical studiefRadiol 171:545-549, 1989.

[203] R.C. Wright, S.J. Riederer, F. Farzaneh, Rdssman, and Y. Liu. Real-time MR
fluoroscopic data acquisition and image reconsoacMagn Reson Medl2:407—-441, 1989.

[204] A.F. Gmitro, A.R. Ehsani, T.A. Berchem, andJRSnell. A real-time reconstruction
system for magnetic resonance imagiMggn Reson Me®5:734—740, 1996.

[205] J.P. Debbins, S.J. Riederer, P.J. RossmdD, &imm, J.P. Felmlee, J.F. Breen, and
R.L. Enman. Cardiac magnetic resonance fluorosddpgn Reson Me®6:588-595, 1996.

[206] A.E. Holsinger, R.C. Wright, S.J. RiederetCRGrimm, and J.K. Maier. Real-time
interactive magnetic resonance imagiMgagn Reson Medl 4:541-553, 1990.

[207] C.J. Hardy, R.D. Darrow, E.J. Nieters, P.BeRier, R.D. Watkins, W.J. Adams, N.R.
Hattes, and J.K. Maier. Real-time acquisition, @igpand interactive graphic control of NMR
cardiac profiles and imagdglagn Reson Me®9:667-673, 1993.

[208] K. Kose, T. Haishi, A. Caprihan, and E. Fukunsa. Real-time NMR imaging systems
using personal computetsMagn Resonl24:35-41, 1997.

[209] T. Haishi and K. Kose. Real-time image red¢arion and display system for MRI
using a high-speed personal compuitevlagn Resonl34:138-141, 1998.

[210] X. Hu. On the "keyhole" technique (letterthe editor).J Magn Reson Imaging:231,
1994.

[211] FR. Korosec, R. Frayne, T.M. Grist, and CMistretta. Time-resolved contrast-
enhanced 3D MR angiograpiyagn Reson Med6:345-351, 1996.

[212] J.H. Gao, J. Xiong, S.Lai, E.M. Haacke, M.®/oldorff, J.Li, and P.T. Fox.
Improving the temporal resolution of functional mmaging using keyholeMagn Reson Med
35:854-860, 1996.

[213] J. Xiong, P.T. Fox, and J.H. Gao. The effeatsk-space data undersampling and
discontinuities in keyhole functional MRMlagn Reson Imagind.7:109-119, 1999.

- 164 -



Bibliography

[214] C. Oesterle, R. Strohschein, M. Koehler, Mh&ell, and J. Hennig. Benefits and
pitfalls of keyhole imaging, especially in firstgsmperfusion studies.Magn Reson Imaging
11:312-323, 2000.

[215] M. Busch, A. Bornstedt, M. Wendt, J.L. Duedk$. Lewin, and D. Groememeyer. Fast
"real time" imaging with different k-space updateagegies for interventional procedurds.
Magn Reson Imagind:944-954, 1998.

[216] J.L. Duerk, J.S. Lewin, and D.H. Wu. Applicet of keyhole imaging to
interventional MRI: A simulation study to predicécgience requirementd. Magn Reson
Imaging 6:918-924, 1996.

[217] Y. Cao and D.N. Levin. Feature-recognizing MRlagn Reson Med30:305-317,
1993.

[218] H. Moriguchi and J.L. Duerk. Iterative nexgighbor regridding (INNG): improved
reconstruction from nonuniformly sampled k-spacedsing rescaled matricddagn Reson
Med, 51:343-352, 2004.

[219] R.E. Gabr, P.Aksit, P.A. Bottomley, A.-B.MYoussef, and Y.M. Kadah.
Deconvolution-interpolation gridding (DING): accteareconstruction for arbitrary k-space
trajectoriesMagn Reson Meb6:1182-1191, 2006.

[220] G.E. Sarty, R. Bennett, and R.W. Cox. Dinaxtonstruction of non-Cartesian k-space
data using a nonuniform fast Fourier transfokfagn Reson Med5:908-915, 2001.

[221] L. Sha, H. Guo, and A.W. Song. An improveddding method for spiral MRI using
nonuniform fast Fourier transford.Magn Resonl62:250-258, 2003.

[222] J.A. Fessler. On nufft-based gridding for f@artesian MRIJ Magn Resonl88:191—
195, 2007.

[223] K.T. Block, M. Uecker, and J. Frahm. Undergded radial MRI with multiple coils.
Iterative image reconstruction using a total vasiatconstraintMagn Reson Medb7:1086—
1098, 2007.

[224] J.B. Weaver, Y. Xu, D.M. Healy, and J.R. Ro. Wavelet-encoded MR imaging.
Magn Reson Me®4:275-287, 1992.

[225] D. Rosenfeld. An optimal and efficient newdgling algorithm using singular value
decompositionMagn Reson Medt0:14-23, 1998.

[226] D. Rosenfeld. New approach to gridding usiagularization and estimation theory.
Magn Reson Med!8:193-202, 2002.

[227] L.P. Panych, P.D. Jakab, and F.A. Jolesz.ldmpntation of wavelet-encoded MR
imaging.J Magn Reson Imagin®:649—-655, 1993.

[228] W.E. Kyriakos, L.P. Panych, D.F. Kacher, Offestin, S.M. Bao, R.V. Mulkern, and
F.A. Jolesz. Sensitivity profiles from an array adils for encoding and reconstruction in
parallel (SPACE RIPMagn Reson Medt4:301-308, 2000.

[229] X. Hu and T. Parrish. Reduction of field aew for dynamic imagingMagn Reson
Med 31:691-694, 1994.

[230] T. Parrish and X. Hu. A hybrid technique fdynamic imagingMagn Reson Med
44:51-55, 2000.

- 165 -



Bibliography

[231] Q.S. Xiang and R.M. Henkelman. Dynamic imageonstruction: MR movies from
motion ghosts) Magn Reson Imagin@:679-685, 1992.

[232] Z.P. Liang, H. Jiang, C.P. Hess, and P.C.térowr. Dynamic imaging by model
estimationlInt J Imag Syst Technd®:551-557, 1997.

[233] Z.P. Liang, T. Constable, E.M. Haacke, F. &maM. Smith, and P.C. Lauterbur.
Constrained reconstruction methods in MR imagiey Magn Reson Med:67-185, 1992.

[234] B. Madore, G.H. Glover, and N.J. Pelc. Urgllig by Fourier-encoding the overlaps
using the temporal dimension (UNFOLD), applied éodtac imaging and fMRMagn Reson
Med 42:813-828, 1999.

[235] J. Tsao. On the UNFOLD methddagn Reson Med7:202—-207, 2002.

[236] P. Kellman, J.M. Sorger, F.H. Epstein, anB.BMcVeigh. Low latency temporal filter
design for real-time MRI using UNFOLDagn Reson Med4:933-939, 2000.

[237] J. Tsao, P. Boesiger, and K.P. PruessmanBUAST and k-t SENSE: dynamic MRI
with high frame rate exploiting spatiotemporal etations.Magn Reson Meb0:1031-1042,
2003.

[238] P. Kellman, F.H. Epstein, and E.R. McVeigh.daptive sensitivity encoding
incorporating temporal filtering (TSENSHJlagn Reson Med!5:846-852, 2001.

[239] B. Madore. UNFOLD-SENSE: A parallel MRI methawith self-calibration and
artifact suppressioMagn Reson Me®b2:310-320, 2004.

[240] F.A. Breuer, P. Kellman, M.A. Griswold, andvP Jakob. Dynamic autocalibrated
parallel imaging using temporal grappa (TGRAPMAagn Reson Mecb3:981-985, 2005.

[241] F Huang, J. Akao, S. Vijayakumar, G.R. Duegsand M. Limkeman. k-t grappa: A
k-space implementation for dynamic MRI with highduetion factor.Magn Reson Med
54:1172-1184, 2005.

[242] D. Xu, K.F. King, and Z.P. Liang. ImprovingtkKSENSE by adaptive regularization.
Mag Reson Medb7:918-930, 2007.

[243] M.S. Hansen, C. Baltes, J. Tsao, S. Kozekk®, Pruessmann, and H. Eggers. k-t
BLAST reconstruction from non-Cartesian k-t spaamgling. Magn Reson Medb5:85-91,
2006.

[244] C.A. Mistretta, O. Wieben, J. Velikina, W.dgk, J. Perry, Y. Wu, K. Johnson, and
Y. Wu. Highly constrained backprojection for timesolved MRI.Magn Reson Medb5:30—
40, 2006.

[245] P.A. Turski, F.R. Korosec, T.J. Carroll, DWIillig, T.M. Grist, and C.A. Mistretta.

Contrast-enhanced magnetic resonance angiograpimg afarotid bifurcation using the time-
resolved imaging of contrast kinetics (TRICKS) teicue. Top Magn Reson Imaging

12:175-181, 2001.

[246] C.A. Mistretta. Undersampled radial MR acdios and highly constrained back
projection (HYPR) reconstruction: Potential medigalaging. Applications in the post-
Nyquist eraJ Magn Reson Imagin@9:501-516, 2009.

[247] D. Donoho. Compressed sensili€EE T Inform Theory52:1289-1306, 2006.

- 166 -



Bibliography

[248] M. Lustig, D. Donoho, and J.M. Pauly. SpaMRI: The application of compressed
sensing for rapid MR imaginylagn Reson Me®8:1182-1195, 2007.

[249] U. Gamper, P. Boesiger, and S. Kozerke. Cesgad sensing in dynamic MRAagn
Reson Med59:365-373, 2008.

[250] M. Lustig, D.L. Donoho, J.M. Santos, and J.Mauly. Compressed sensing MRI.
IEEE Signal Proc Mag25:72-82, 2008.

[251] J.A. d’Arcy, D.J. Collins, I.J. Rowland, A.Radhani, and M.O. Leach. Applications
of sliding window reconstruction with Cartesian gdimg for dynamic contrast enhanced
MRI. NMR Biomed15:174-183, 2002.

[252] M. Zaitsev, K. Zilles, and N.J. Shah. Shakeshace echo planar imaging with keyhole.
Mag Reson Med#5:109-117, 2001.

[253] V. Rasche, D. Holz, J. Koehler, R. Proksal BnRoeschmann. Catheter tracking using
continuous radial MRIMagn Reson Me®7:963-968, 1997.

[254] A. Shankaranarayanan, O.P. Simonetti, G. lLadls. Lewin, and J.L. Duerk.
Segmented k-space and real-time cardiac cine MRjimgawith radial trajectoriesRadiol
221:827-836, 2001.

[255] H.K. Song and L. Dougherty. k-space weighite@ge contrast (KWIC) for contrast
manipulation in projection reconstruction MRIagn Reson Medi4:825-832, 2000.

[256] H.K. Song and L. Dougherty. Dynamic MRI wiphojection reconstruction and KWIC
processing for simultaneous high spatial and tealpesolutionMagn Reson Meb2:815—
824, 2004.

[257] K.S. Nayak, C.H. Cunningham, J.M. Santos, &\l Pauly. Real-time cardiac MRI at
3 teslaMagn Reson Medb1:655-660, 2004.

[258] J. Hennig, O. Speck, and K. Scheffler. Optiatin of the signa behavior in the
transition to driven equilibrium in steady-statedrprecession sequenchtagn Reson Med
48:801-809, 2002.

[259] T. Schaeffter, S. Weiss, and P. Boernert. ARSeduced steady-state free precessing
(SSFP) acquisition. IRroc Intl Soc Magn Reson Mgolage 2351, 2002.

[260] K.F. King, A. Ganin, X.J. Zhou, and M.A. Betein. Concomitant gradient field
effects in spiral scandlagn Reson Med1:103-112, 1999.

[261] C.T. Sica and C.H. Meyer. Concomitant gratliezid effects in balanced steady-state
free precessioMagn Reson Medb7:721-730, 2007.

[262] V.S. Deshpande, S.M. Shea, and D. Li. Artifieduction in true-FISP imaging of the
coronary arteries by adjusting imaging frequendggn Reson Med!9:803-809, 2003.

[263] H-L. Lee, G.M. Pohost, and K.S. Nayak. Gaaed real-time wideband SSFP cardiac
imaging at 3T. IrProc Intl Soc Mag Reson Mgti4:143, 2006.

[264] R.S. Saleh, D.G. Lohan, K. Nael, M. Groverfi&y, and J.P. Finn. Cardiovascular
MRI at 3T.Applied Radigl pages 10-26, 2007.

[265] F. Huang, S. Vijayakumar, Y. Li, S. HertehdaG.R. Duensing. A software channel
compression technique for faster reconstructior wiany channeldMlagn Reson Imaging

- 167 -



Bibliography

26:133-141, 2008.

[266] M. Buehrer, K.P. Pruessmann, P. Boesiger, 8ndozerke. Array compression for
MRI with large coil arraysMagn Reson Mecb7:1131-1139, 2007.

[267] J.L. Derner and B.M. Kerman. Comparison ahslardized echography with magnetic
resonance imaging to measure extraocular musaeAsiz J Ophthalmgl118:351-361, 1994.

[268] L.T. Bilaniuk, S.W. Atlas, and R.A. ZimmernmanMagnetic resonance imaging of the
orbit. Radiol Clin North Am25:509-528, 1987.

[269] N. Yasuhiro. MRI for eye movemepn Orthopt J28:1-9, 2000.

[270] J.L. Demer, J.M. Miller, E.Y. Koo, and A.L.0Renbaum. Quantitative magnetic
resonance morphometry of extraocular muscles: adi@gnostic tool in paralytic strabismus.
J Pediatr Ophthalmol Strabismu31:177-188, 1994.

[271] J.M. Miller, J.L. Derner, and A.L. Rosenbauiaffect of transposition surgery on
rectus muscle paths by magnetic resonance ima@jpigthalmo) 100:475-487, 1993.

[272] C.C. Bailey, J. Kabala, R. Laitt, M. Westdd,Goddard, H.B. Hoh, M.J. Potts, and
R.A. Harrad. Cine magnetic resonance imaging ofregeementskEye 7:691-693, 1993.

[273] F.M. Jewell, R.D. Laitt, C.C. Bailey, C.J. W&ey, M.J. Potts, R.J. Harrad, M.Weston,
J.Kabala, and P. Goddard. Video loop MRI of ocutsotility disorders.J Computer Assis
Tomogr 19:39-43, 1995.

[274] R. Ghabrial, M.J. Potts, R.A. Harrad, J. Huntl. Kabala, and D. Macey. Assessment
of the anophthalmic socket with dynamic cine-M&bit, 16:207-216, 1997.

[275] W. Cadera, E. Viirre, and S. Karlik. Cine magjc resonance imaging of ocular
motility. J Pediatr Ophthalmol Strabismu®9:120-122, 1992.

[276] J.N. Bloom, W. Cadera, E. Heiberg, and SliKarA magnetic resonance imaging
study of horizontal rectus muscle palsidsPediatr Ophthalmol Strabismu80:296-300,
1993.

[277] C. Scheiber, C. Speeg-Schatz, and J. Chambeamhnical note. technique for MRI of
ocular motility.J Computer Assis Tomqt1:442—-446, 1997.

[278] T.Littan, M. Bendszus, E. Hofmann, and W.Hi.i®ynamische MRT-Darstellung von
Orbitaerkrankungen und Augenmotilitaetsstoerun@hthalmologe98:86—-87, 2001.

[279] M.D. Abramoff, Ad P.G. van Gils, G.H. Jansand M.P. Mourits. MRI dynamic color
mapping: A new quantitative technique for imagiraft g2issue motion in the orbitnvest
Ophthalmol Vis S¢i1:3256-3260, 2000.

[280] L. Jaeger, U. Welge-Luessen, I. Lanzl, andRdiser. Imaging of eye movement with
fast MRI.J Computer Assis Tomqd21:447-451, 1997.

[281] J.-H. Lee, K.-I. Yun, 1.-W. Park, H.-M. Chaand M.-S. Park. Comparison of static
MRI and pseudo-dynamic MRI in tempromandibular fjaisorder patientsKorean J Oral
Maxillofacial RPdd 36:199-206, 2006.

[282] W.F. Conway, C.W. Hayes, R.L. Campbell, andVDLaskin. Temporomandibular
joint motion: efficacy of fast low-angle shot MR aging.Radiol 172:821-826, 1989.

[283] M. Maeda, S. Itou, Y. Ishii, K.Yamamoto, Yawamura, T. Matsuda, N. Hayashi, and

- 168 -



Bibliography

Y. Ishii. Temporomandibular joint movement. evalaatof protrusive splint therapy with
GRASS MR imagingActa Radiologica33:410-413, 1992.

[284] Y.-F. Ren, P.L. Westesson, and A. Isberg. Mdig resonance imaging of the
temporomandibular joint: Value of pseudodynamicgewOral Surg Oral Med Oral Pathol
Oral Radiol Endo¢g81:110-123, 1996.

[285] K.A. Burnett, C.L. Davis, and J. Read. Dynandisplay of the temporomandibular
joint meniscus by using "fast-scan" MR imagiAgn J Roentgenpll49:959-962, 1987.

[286] K.P. Schellhas, H.M. Fritts, K.B. Heithoff,Al Jahn, C.H. Wilkes, and M.R. Omlie.
Temporomandibular joint: MR fast scannif@yanio, 6:209-216, 1988.

[287] K.P. Schellhas, C.H. Wilkes, H.M. Fritts, M.®mlie, K.B. Heithoff, and J.A. Jahn.
Temporomandibular joint: MR imaging of internal degements and postoperative changes.
Am J Roentgenpll50:381-389, 1988.

[288] W.F. Conway, C.W. Hayes, and R.L. Campbelin@mic magnetic resonance imaging
of the temporomandibular joint using FLASH sequendéral Maxillofac Surg46:930-938,
1988.

[289] J.M. Fulmer and S.E. Harms. The temporomauidibjoint. Top Magn Reson Imag
1:75-84, 1989.

[290] T.J. Vogl, D. Eberhard, C. Bergman, and 3sher. Incremental hydraulic jaw opener
for MR imaging of the temporomandibular joidtMagn Reson Imagin@:479-482, 1992.

[291] K.A. Bell, K.D. Miller, and J.P. Jones. Cimaagnetic resonance imaging of the
temporomandibular jointl Craniomandibular Practicel0:313-317, 1992.

[292] J.C. Quemar, S.Akoka, H. Romdane, and J®Celtaines. Evaluation of a fast
pseudo-cinematic method for magnetic resonanceinmgagf the temporomandibular joint.
Dento Maxillo Facial Radiql22:61-68, 1993.

[293] M. Behr, P. Held, A. Leibrock, C. Fellner, darG. Handel. Diagnostic potential of
pseudo-dynamic MRI (cine mode) for evaluation déinal derangement of the TVBur J
Radiol 23:212-215, 1996.

[294] D. Eberhard, H.P. Bantleon, and W. Stegencdiional magnetic resonance imaging of
temporomandibular joint disordeisur J Orthodontics22:489-497, 2000.

[295] H. Yoshida, H. Hirohata, K. Onizawa, M. Niitsand Y. Itai. Flexure deformation of
the temporomandibular joint disk in pseudodynamagnetic resonance imagé3tal Surg
Oral Med Oral Pathol Oral Radiol Endo@9:104-111, 2000.

[296] A. Beer, A.Kolk, A. Neff, T.Treumann, and.JE Rummeny. Cine-MRT des
Kiefergelenks im Vergleich zur konventionellen MRUind Achsiographie.Fortschr
Roentgenstrl76:506-512, 2004.

[297] T.J. Vogl and N. Abolmaali. Magnetresonanzogmaphie des Temporomandibular-
gelenkes: Untersuchungstechnik, Ergebnisse, IndiksdtellungAm J Roentgenpll 73:969—
979, 2001.

[298] A. Maniere-Ezvan, T. Havet, J.-M. FranconkCJ Quemar, and J.-D. de Certaines.
Cinematic study of temporomandibular joint motioring ultrafast magnetic resonance
imaging.J Craniomandibular Practicel7:262—-267, 1999.

- 169 -



Bibliography

[299] Y.-J. Chen, L.M. Gallo, D. Meier, and S Pallzynamic magnetic resonance imaging
technique for the study of the temporomandibulartjd Orofacial Pain 14:65—73, 2000.

[300] N.D. Abolmaali, J. Schmitt, W. Schwarz, D.®ll, S. Hinterwimmer, and T.J. Vogl.
Visualization of the articular disk of the temporamdibular joint in near-real-time MRI:
feasibility studyEur Radio| 14:1889-1894, 2004.

[301] E.Y. Wang, T.P. Mulholland, B.K. Pramanik,@\. Nusbaum, J. Babb, A.G. Pavone,
and K.E. Fleisher. Dynamic sagittal half-Fourieqaiced single-shot turbo spin-echo MR
imaging of the temporomandibular joint: Initial exgnce and comparison with sagittal
oblique proton-attenuation imagésn J Neuroradiql28:1126-1132, 2007.

[302] Y. Shimazaki, K. Saito, S. Matsukawa, R. @wa, F. Kotake, R. Nishio, and K. Abe.
Image quality using dynamic mr imaging of the temgmoandibular joint with True-FISP
sequenceMagn Reson Med S@&:15-20, 2007.

[303] A.Bumann and U. Lotzmann.Funktionsdiagnostik und Therapieprinzipien.
Farbatlanten der ZahnmediziGeorg Thieme Verlag Stuttgart, 2000.

[304] P.M. Bonutti, J.F. Norfray, R.J. FriedmandaB.M. Genez. Kinematic MRI of the
shoulderJ Comput Assist Tomagdl7:666—-669, 1993.

[305] N. Sans, G. Richardi, J.-J. Railhac, J. AssoD. Fourcade, M. Mansat, J. Giron,
H. Chianassa, T. Jartaud, and J.-J. Paul. Kinemrmatiamaging of the shoulder: Normal
patternsAm J Roentgenpll67:1517-1522, 1996.

[306] T.Imaeda, R. Nakamura, K. Shionoya, and MkiMo. Ulnar impaction syndrome:
MR imaging findingsRadiol 201:495-412, 1996.

[307] V. Vedi, A.Williams, S.J. Tennant, E. Spous2M. Hunt, and W.M.W. Gedroyc.
Meniscal movement. An in-vivo study using dynamiBMJ Bone Joint Surg [B]81:37-41,
1999.

[308] S. Nakagawa, Y. Kadoya, A.Kobayashi, I. Tatg N. Nishida, and Y. Yamano.
Kinematics of the patella in deep flexion. Analygish magnetic resonance imagingBone
Joint Surg Am85:1238-1242, 2003.

[309] M.A.R. Freeman and V. Pinskerova. The movenaérihe knee studied by magnetic
resonance imaging:lin Orthop Relat Res110:35-43, 2003.

[310] A. Williams. Understanding knee motion - tgplication of "dynamic MRI"J Bone
Joint Surg [Br], 86(Supp 4):471, 2004.

[311] M.C. Logan, A.Williams, J. Lavelle, W. Gegy and M. Freeman. What really
happens during the lachman test? A dynamic MRIyaimlof tibiofemoral motionAm J
Sports Med32:2, 2004.

[312] F.G. Shellock, T.K. Foo, A.L. Deutsch, andl.JMink. Patellofemoral joint: evaluation
during active flexion with ultrafast spoiled GRASR imaging.Radiol 180:581-585, 1991.

[313] C. Muhle, J. Brossmann, U.H. Melchert, C. dder, R. de Boer, R.P. Spielmann, and
M. Heller. Functional MRI of the patellofemoral i comparison of ultrafast MRI, motion-
triggered cine MRI and static MREur Radio| 5:371-378, 1995.

[314] C. Muhle, G. Brinkmann, F. Wesner, and M.IeelKinematic MR imaging of the
ankle: initial results with ultra-fast sequence gimg. Acta Radio] 38:885—-889, 1997.

- 170 -



Bibliography

[315] C.M. Powers, F.G. Shellock, and M.Pfaff. Qufecation of patellar tracking using
kinematic MRI1.J Magn Reson Imagin@:724—-732, 1998.

[316] D. Witonski and B. Goraj. Patellar motion biza&d by kinematic and dynamic axial
magnetic resonance imaging in patients with antekicee pain syndromeArch Orthop
Trauma Surg119:46-49, 1999.

[317] H.H. Quick, M.E. Ladd, M. Hoevel, S. BoskFJDebatin, G. Laub, and T. Schroeder.
Real-time MRI of joint movement with TrueFISPMagn Reson Imagind5:710-715, 2002.

[318] C.E. Draper, J.M. Santos, L.C. Kourtis, Blesier, M.Fredericson, G.S. Beaupre, G.E.
Gold, and S.L. Delp. Feasibility of using real-tildR| to measure joint kinematics in 1.5T
and open-bore 0.5T systenddVlagn Reson Imagin@8:158-166, 2008.

[319] F.G. Shellock, J.H. Mink, A.Deutsch, and B.BPressman. Kinematic magnetic
resonance imaging of the joints: Techniques amdceli applicationMagn Reson Quarter]y
7:104-135, 1991.

[320] Functional evaluation of joints using kinema¥RI. Website, October 24 2000.
[321] G. FantAcoustic Theory of Speech Productitfouton, The Hague, 1960.

[322] J. Koreman.Decoding Linguistic Information in the Glottal Awiv. PhD thesis,
Nijmegen University, 1996.

[323] K. Honda, S. Maeda, and M. Sugito. Articudatichanges in different voicing patterns.
In International Congress of Phonetic Sciences (ICPB&arbrueckenl6:237-240, 2007.

[324] B. Pompino-MarschalEinfuehrung in die Phonetilde Gruyter, Berlin, 2nd edition,
2003.

[325] B.J. Kroeger, P.Hoole, R.Sader, C.Geng, P@&@npino-Marschall, and
C. Neuschaefer-Rube. MRT-Sequenzen als Datenbimss gisuellen Artikulationsmodells.
Hals Nasen Ohrerb2:837—-851, 2004.

[326] J. Roemer. RT-MRI der Sprechbewegungen. BHacke thesis, University of
Wuerzburg, 2009.

[327] T. Baer, O.C. Gore, L.C. Gracco, and P.W. N&aalysis of vocal tract shape and
dimensions using magnetic resonance imaging: Vo@élsoust Soc An®0:799-828, 1991.

[328] K. Mathiak, U. Klose, H.Ackermann, |. Hedh, W.-E. Kincses, and W. Grodd.
Stroboscopic articulography using fast magnetiomaace imaginglnt J Lang Comm Dis
35:419-425, 2000.

[329] K. Mady, R. Sader, A. Zimmermann, Ph. Hooke,Beer, H.F. Zeilhofer, and Ch.
Hannig. Use of real-time MRI in assessment of caasbarticulation before and after tongue
surgery and tongue reconstruction, 2001.

[330] S. Narayanan, K. Nayak, D. Byrd, and S. LAe. approach to real-time magnetic
resonance imaging for speech productibAcous Soc Ayi15:1771-1776, 2004.

[331] E. Bresch, Y.-C. Kim, K Nayak, D. Byrd, andarayanan. Seeing speech: Capturing
vocal tract shaping using real-time magnetic resoeamaginglEEE Sign Proc Magazine
pages 123-132, 2008.

[332] A.V. Lakshminarayanan, Sungbok Lee, and Ntaiti McCutcheon. MR imaging of

-171 -



Bibliography

the vocal tract during vowel productiachMagn Reson Imaging.:71-76, 1991.

[333] D. Demolin, V. Delvaux, T. Metens, and A. $et} Determination of velum opening
for French nasal vowels by magnetic resonance mgadiVoice 17:454-467, 2002.

[334] S. Masaki, M.K. Tiede, K.Honda, Y.Shimadh,Fujimoto, Y. Nakamura, and
N. Ninomiya. MRI based speech production study gigsirsynchronized sampling methad.
Acoust Soc JprR0:377-381, 1999.

[335] A.J. Miller. Deglutition.Physiol Rey62:129-184, 1982.
[336] W.J. Dodds. The physiology of swallowirigysphagia 3:171-178, 1989.

[337] J. Dent, W.J. Dodds, R.H. Friedman, T. Sekilgiy W.J. Hogan, and R.C. Arndorfer.
Mechanisms of lower gastroesophageal reflux inmdmnt asymptomatic human subjeds.
Clin Invest 65:256—-267, 1980.

[338] W.J. Dodds, E.T. Stewart, and J.A. LogemaRhysiology and radiology of the
normal oral and pharyngeal phases of swallowfirg.J Roentgenpl54:953-963, 1990.

[339] R.Hagen, A.Haase, D. Matthaei, and D. Hdnri Oropharyngeale Funktions-
diagnostik mit der FLASH-MR-Tomographidals Nasen Ohrer88:421-425, 1990.

[340] R.J. Gilbert, S.B.S. Daftary, P. Woo, S. &t S.M. Shapshay, and R.M. Weisskoff.
Echo-planar magnetic resonance imaging of deglatitrocal fold closure: Normal and
pathologic patterns of displacemelmdryngoscopgel06:568-572, 1996.

[341] Y. Suto, M. Kamba, and T. Kato. Technical e@otlynamic analysis of the pharynx
during swallowing using turbo-FLASH magnetic resoce imaging combined with an oral
positive contrast agent - A preliminary stuByit J Radiol 68:1099-1102, 1995.

[342] R.F. Flaherty, S. Seltzer, T. Campbell, R.Weisskoff, and R.J. Gilbert. Dynamic
magnetic resonance imaging of vocal cord closureingudeglutition. Gastroenteral
109:843-849, 1995.

[343] R.J. Gilbert, S. Daftary, T.A.C., and R.M. Mé&koff. Patterns of lingual tissue
deformation associated with bolus containment amdpuyision during deglutition as
determined by echo-planar MRIMagn Reson Imagin@:554-560, 1998.

[344] J.M. Foucar, P. CaqgOentierl, D. Pajoni, FhiRehong, and C. Pharaboz. Kinetic
magnetic resonance imaging analysis of swallowéngew approach to pharyngeal function.
Surg Radiol Anat20:53-55, 1998.

[345] A.Anagnostara, S. Stoeckli, O.M. Weber, a8dS. Kollias. Evaluation of the
anatomical and functional properties of deglutitiarth various kinetic high-speed MRI
sequencesl Magn Reson Imaging4:194-199, 2001.

[346] D.M. Hartl, M. Albiter, F. Kolb, B. Luboinskiand R. Sigal. Morphologic parameters
of normal swallowing events using single-shot fagin echo dynamic MRIDysphagia
18:255-262, 2003.

[347] D.M. Hartl, F. Kolb, E. Bretagne, P. Marandard R. Sigal. Cine magnetic resonance
imaging with single-shot fast spin echo for evalwabf dysphagia and aspiratiddysphagia
pages 156-162, 2006.

[348] R.D. Riordan, M. Khonsari, J. Jeffries, GMraskell, and P.G. Cook. Pineapple juice
as a negative oral contrast agent in magnetic sss@n cholangiopancreatography: a

-172 -



Bibliography

preliminary evaluationBrit J Radiol 77:991-999, 2004.

[349] K.S. Nayak, B.A. Hargreaves, B.S. Hu, D.GsiNimura, J.M. Pauly, and C.H. Meyer.
Spiral balanced steady-state free precession camhaging.Magn Reson Med53:1468—
1473, 2005.

[350] O.P. Simonetti, J.P. Finn, R.D. White, G. haand D.A. Henry. "black blood" T2-
weighted inversion-recovery MR imaging of the heRediol 199:49-57, 1996.

[351] R.R. Edelman, W.J. Manning, D. Burstein, @&dPaulin. Coronary arteries: breath-
hold MR angiographyRadiol 181:641-643, 1991.

[352] V.M. Runge, J.A. Clanton, C.L. Partain, andEA James. Respiratory gating in
magnetic resonance imaging at 0.5 teRkdiol 151:521-523, 1984.

[353] R.L. Ehman, M.T. McNamara, M. Pallack, H. ¢k, and C.B. Higgins. Magnetic
resonance imaging with respiratory gating: techesgand advantagesm J Roentgenpl
143:1175-1182, 1984.

[354] T.A. Spraggins. Wireless retrospective gatiagplication to cine cardiac imaging.
Magn Reson Imagin@:675-681, 1990.

[355] A.C. Larson, R.D. White, G. Laub, E.R. McMejgD. Li, and O.P. Simonetti. Self-
gated cardiac cine MRMagn Reson Medb1:93-102, 2004.

[356] E. Heijman, W. de Graaf, P. Niessen, A. N#ueB. van Eys, L. de Graaf, K. Nicolay,
and G.J. Strijkers. Comparison between prospeehnek retrospective triggering for mouse
cardiac MRILNMR Biomed20:439-447, 2007.

[357] M. Buehrer, J. Curcic, P.Boesiger, and Széfke. Prospective self-gating for
simultaneous compensation of cardiac and respyratotion.Magn Reson Med0:683—-690,
2008.

[358] M. Uecker. Nonlinear Reconstruction Methods for Parallel MatioeResonance
Imaging PhD thesis, University of Goettingen, 2009.

[359] C.L. Dumoulin, S.P. Souza, and R.D. DarroweaRtime position monitoring of
invasive devices using magnetic resonaMagn Reson Med®9:411-415, 1993.

[360] S.R. Yutzy and J.L. Duerk. Pulse sequencessystem interfaces for interventional
and real-time MRIJ Magn Reson Imagin@7:267-275, 2008.

[361] R.J. Kim, D.S. Fieno, T.b. Parrish, K. Hajris.-L. Chen, O. Simonetti, J. Bundy,
J.Paul. Frahm J. Klocke, and R.M. Judd. RelatignshiMRI delayed contrast enhancement
to irreversible injury, infarct age, and contraefiinction.Circulation, 100:1992—-2002, 1999.

[362] J.M. Wild, M.N.J. Paley, L. Kasuboski, A. StyiS. Fichele, N. Woodhouse, P.D.
Griffiths, and E.J.R. van Beek. Dynamic radial patjon MRI of inhaled hyperpolarized 3He
gas.Magn Reson Med}9:991-997, 2003.

[363] J. Brossmann, L.R. Frank, J.M. Pauby, R.DutBg R.A. Pedowitz, P. Haghighi, and
D. Resnick. Short echo time projection reconstarctiR imaging of cartilage: Comparison
with fat-suppressed spoiled grass and magnetizatasfer contrast mr imagingradiol
203:501-507, 1997.

[364] C. P. SlichterPrinciples of Magnetic Resonancgpringer, 1996.

-173 -



Bibliography

[365] C.E. ShannonCommunication in the presence of noigelume 37. Proc Institute of
Radio Engineers, 1949.

[366] H. Nyquist.Certain topics in telegraph transmission theovglume 47. Trans AIEE,
1928.

- 174 -



Abbreviations

Abbreviations

ADC analog-to-digital converter

Bo main magnetic field

BW bandwidth

CNR contrast-to-noise ratio

CSF cerebrospinal fluid

CS compressed sensing

CT computed tomography

DCF density compensation function

DCE-MRI dynamic contrast enhanced MRI

DFT discrete Fourier transformation

ECG electrocardiography

EPI echo planar imaging

ETL echo train length

FA flip angle )

fak keyhole factor

fas sparse factor

FBP filtered back-projection

FFT fast Fourier transformation

FID free induction decay

FISP fast imaging with steady-state precession
FLASH fast low angle shot

fMRI functional MRI

FOV field of view

fps frames per second

FSE fast spin echo

Gd-DTPA gadolinium-diethylenetriaminepentaaceticac
GRASE gradient- and spin-echo

GRASS gradient-recalled echo in the steady state
GRE gradient echo
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HASTE
HYPR

I

IR
KWIC

MRI

NMR
Ns
Nave
Npe
Nseg
A\
PAT
PCA
PD
PF
PNS
ppm
PR
PSF
RARE
RF
ROI
SAR
SD
SE
SENSE
SLT
SNR
SSFP

half-Fourier acquisition single-shot turbarspcho
highly constrained back-projection

spin quantum number

inversion recovery

k-space weighted image contrast
angular momentum

magnetic resonance imaging
magnetization

longitudinal magnetization
transversal magnetization

nuclear magnetic resonance

number of samples

number of signal/acquisition averages
number of phase encoding steps
number of (radial) segments/interleaves
number of views

parallel acquisition technique / parallel inmeggtechnique / parallel imaging
principal component analysis

proton densityp]

partial Fourier

peripheral nerve stimulation

parts per million

projection reconstruction

point spread function

rapid acquisition with relaxation enhancement
radio frequency

region of interest

specific absorption rate

standard deviation

spin echo

sensitivity encoding

slice thickness

signal-to-noise ratio

steady state free precession
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STE
STEAM
T1

T2

T2*

TA

TE

TEert

Tl

™

T™MJ

TR

TU
TureFISP
UNFOLD
Ak

At

AD
ADine

o

stimulated echo

stimulated echo acquisition mode
spin-lattice relaxation time
spin-spin relaxation time
effective spin-spin relaxation time
acquisition time

echo time

effective echo time

inversion time

middle time

temporomandibular joint
repetition time

update time

true fast imaging with steady state pigoas

unaliasing by Fourier-encoding the overlapsg the temporal dimension

distance betweédkspace data samples

dwell time

angular distance betwekispace (radial) views

incremental angle betweé&rspace (radial) views

Larmor frequency
Planck’s constant
gyromagnetic ratio
magnetic moment

chemical shift
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