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Abstract

Cardiovascular disease, which can manifest as heart attack and stroke,
is the leading cause of death in industrialized nations. Magnetic resonance
imaging (MRI) allows minimally-invasive detection of the effects of
cardiovascular disease such as narrowing of blood vessels by atherosclerotic
plaque and the resulting changes in blood velocity. MRI is routinely
employed for imaging problems of the central nervous system and the
musculoskeletal system, such as brain tumors and knee-ligament tears.
However, MRI is not yet widely accepted for imaging the cardiovascular
system because image quality can be severely compromised by a number of
motion sources such as patient fidgeting, breathing and cardiac motion.

Fast MRI, which can acquire a two-dimensional image in less than one
second, can avoid these motion problems. However, fast MRI can be crippled
by artifacts from blood flow and imperfections in the magnetic fields used for
imaging. In this thesis, a linear-systems approach to MRI was used to obtain
novel fast-MRI techniques for which these artifacts are negligible. This
linear-systems approach is based in the frequency domain since the

underlying physical phenomenon is a resonant frequency of the hydrogen
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nucleus which depends on the maénetic—ﬁeld strength, allowing us to say that
MRI data is acquired in the Fourier domain.

This thesis offers three contributions to cardiovascular MRI: (i) Echo-
planar imaging (EPI) is a popular fast MRI technique that suffers from signal
dropouts and ghosting in the presence of blood flow. By exploiting the
relative importance of the low spatial frequencies in the image, EPI was
modified to dramatically reduce these artifacts. In particular, partial-flyback
EPI reduces sensitivity to flow in one direction and inside-out EPI reduces
sensitivity to flow in the orthogonal direction. (ii) Velocity imaging can have
long scan times because three or more dimensions are required: two spatial
dimensions and one or more velocity dimensions. Previous incarnations of
a fast technique that acquires velocity images in real time, with typical frame
rates of 30/s, suffer from excessing blurring caused by magnetic-field
imperfections. This technique was modified so that field imperfections cause
a simple shift of the image instead of blurring. (iii) Atherosclerotic-plaque
imaging currently uses techniques that focus on the degree of narrowing of
the blood vessel. However, it is believed that the internal structure of the
lesion can be a more useful predictor of which lesions will rupture and
thereby cause sudden events such as stroke. Imaging the internal structure of
plaque lesions is challenging because they have irregular geometries and
widths of only a few millimeters. Moreover, signal from flowing blood can
obscure signal from the lesion since it is typically much brighter. A novel
imaging technique was designed, combining signal-excitation methods and
fast-imaging methods to produce three-dimensional images with sub-

millimeter resolution and flow suppression, all in a reasonable scan time.
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Chapter 1

Introduction

1.1 Imaging of cardiovascular disease

Cardiovascular disease is the leading cause of death in industrialised
nations. For example, in the United States in 1994, cardiovascular disease
claimed over 955,000 lives, or 42% of all deaths [1]. In comparison, the second
leading cause of death, cancer, claimed 537,000 lives, or 24% of all deaths [1].
Cardiovascular disease affects the heart and blood vessels. Its major
consequences include congestive heart failure, heart attack, stroke and
ruptured aneurysms.

In general, imaging of the human body is important for the diagnosis
and prognosis of disease and for treatment planning. Imaging goals for
cardiovascular disease can be illustrated by considering congestive heart
failure, where the objective might be to detect abnormal cardiac-wall motion
or deficiencies in the volume of blood output during each cardiac cycle.
Imaging goals for cardiovascular disease can also be illustrated by considering
stroke, where the objective might be to estimate the narrowing of the carotid

arteries or the resulting changes in blood velocity through the carotid bulb.
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For imaging of cardiovascular disease, current clinical practice employs
X-ray angiography, ultrasound and, to a limited extent, nuclear medicine.
While X-ray angiography has good contrast and excellent spatial and temporal
resolution, it requires invasive catheterization for the introduction of
contrast dye and exposure to potentially-harmful doses of ionizing radiation.
Also, it can produce misleading images since it forms two-dimensional
images by projecting through a three-dimensional object. Ultrasound
imaging is inexpensive and also has excellent spatial and temporal
resolution. However, its view of the body is limited by the available acoustic
windows wherein, for example, the heart may be occluded by the lungs. Also,
it suffers from considerable operator dependence and from speckle noise
which is correlated to the image. Nuclear medicine directly shows disease
since the administered radioactive material is mostly absorbed by either the
diseased areas or, in some regions of the body such as the heart, the non-
diseased areas. Unfortunately, it has coarse spatial resolution, a poor signal-
to-noise ratio and requires a linear accelerator to produce the necessary
radioactive material.

MRI is a promising alternative for cardiovascular imaging. It has
relatively high resolution and excellent soft-tissue contrast, can image nearly
all parts of the body and is non-toxic. Also, through various natural and
external contrast mechanisms, it can produce several types of images. MRI is
routinely employed for imaging problems of the central nervous system and
the musculoskeletal system, such as brain tumors and knee-ligament tears.
From 1991 to 1995, the annual number of MRI studies in the United States
was 7 million or more [2]. Unfortunately, MRI examinations are relatively
expensive, with the cost of an examination ranging from $300 to $1000 [2].

Furthermore, conventional techniques are not optimal for cardiovascular
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imaging. This thesis addresses the second problem, as outlined in the next

section.

1.2 Fast MRI of cardiovascular disease

Conventional MRI, which requires up to several minutes for a two-
dimensional image, works well for imaging the central nervous system and
the musculoskeletal system. However, for imaging the cardiovascular
system, there are a number of motion sources such as respiratory and cardiac
motion which can severely compomise the image quality of conventional
MRI. Indeed, the resulting ghosting and blurring may render the image
useless. Fast MRI, which can acquire a two-dimensional image in less than
one second, can avoid these motion problems. However, blood flow and
imperfections in the magnetic fields used for imaging can produce ghosting,
blurring and signal loss which may render fast MRI useless. This thesis will
present novel imaging techniques for which these artifacts are negligible.

In general, an MRI technique consists of two phases: signal excitation
and data acquisition. The design of imaging techniques in this thesis will
explore both the data-acquisition phase and, to a lesser extent, the signal-
excitation phase.

It can be said that data acquisition occurs in the frequency domain
because the fundamental physical phenomenon is a resonant frequency of the
hydrogen nucleus which depends on the magnetic-field strength. From this
frequency-domain perspective, data acquisition in MRI can be analyzed using
a linear-systems approach. Now all of the tools of linear systems [3] such as
Fourier transforms and sampling theorems can be used in the analysis of

MRI. Linear-systems analysis of MRI is typically restricted to the spatial
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dimensions of the image. In this thesis, artifacts caused by blood flow and
magnetic-field imperfections will be analyzed by considering velocity and
resonant-frequency dimensions of the image. In general, artifacts are
produced because data is acquired in a multi-dimensional Fourier space and
images are made by projecting that data onto only a few of those dimensions.
It is this collapse of many dimensions into a few dimensions which results in
artifacts. Following this analysis, data-acquistion schemes will be designed to
make these artifacts negligible.

While signal excitation is, in general, a non-linear process, there are
excitation schemes based on exact descriptions and linear approximations of
the excitation process. This thesis employed such excitation schemes to
reduce imaging time and to suppress unwanted signal, even in the presence

of magnetic-field imperfections.

1.3 Outline

The rest of this thesis is structured as follows. The specific contributions of
this thesis, as achieved through imaging-technique design, are described in

this section.

hapter 2: i f MRI
A description of nuclear magnetic resonance (NMR) is followed by its
generalization to MRI. The equations describing the excitation and
acquisition of the MR signal are presented and the applicability of linear-

systems analysis is demonstrated.
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r3: ing fl if; in echo-planar imagin

The first contribution of this thesis is showing how to avoid signal
dropouts and ghosting caused by blood flow in echo-planar imaging (EPI),
which is a popular fast MRI technique. By exploiting the importance of low
spatial frequencies in the image, the data-acquisition technique will be
modified to virtually eliminate these artifacts. Portions of this chapter have
previously been published in Luk Pat et al. [4].

r 4: Real-tim locity i in

The second contribution of this thesis is showing how to avoid
blurring caused by magnetic-field imperfections in a velocity-imaging
technique which produces images in real-time at a rate of 30 frames/s. For
velocity imaging, scan times can be long since three or more dimensions are
required: two spatial and one or more velocity dimensions. A fast technique
will be described that acquires velocity images in real time, that is, with
temporal resolutions of about 30 frames/sec. This technique was designed to
avoid blurring from magnetic-field imperfections. Portions of this chapter

have been accepted for publication as Luk Pat et al. [5].

h r5: Ath lerotic-pl imagin
The third contribution of this thesis is showing how to acquire images
of the internal structure of atherosclerotic-plaque lesions in a reasonable scan
time. For imaging of atherosclerotic plaque, current techniques focus on the
degree of narrowing of the blood vessel. However, it is believed that the
internal structure of the lesion can be a more useful predictor of which
lesions will rupture and thereby cause sudden events such as stroke. Imaging

the internal structure of plaque lesions requires high-resolution, three-
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dimensional imaging because the lesions have widths of only a few
millimeters and irregular geometries. This can mean long scan times since a
three-dimensional image can be thought of as a number of two-dimensional
images. Moreover, signal from flowing blood can obscure signal from the
lesion since it is typically much brighter.

Signal-excitation techniques will be used to (i) restrict the signal-
producing region to a cylinder, reducing the scan time, and (ii) suppress the
signal from flowing blood. These excitation techniques will be combined
with a fast image-acquisition technique which experiences negligible
distortion from magnetic-field imperfections. The end result is a technique
that acquires three-dimensional images with sub-millimeter resolution and
flow suppression, all in a reasonable scan time. Portions of this chapter have

been submitted for publication as Luk Pat et al. [6].
h r 6: Summar

The contributions of this thesis are summarized and conclusions and

suggestions for future work are presented.
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Chapter 2

Introduction to MRI

This chapter provides a brief introduction to MRI with the simple goal
of providing a context for the rest of this thesis. A brief historical overview is
presented first. The physics of magnetic resonance are described followed by
an explanation of how images are formed. Some of the additional
complexities introduced by human physiology, non-ideal instruments and
the need to distinguish among different types of tissue are discussed. This
chapter owes a great deal to similar tutorials by Walter Block [7] and Adam
Kerr [8] as well as to the textbook that is in preparation by Dwight
Nishimura [9], the last of which provides a detailed introduction to MRI.

2.1 Historical overview

The physical phenomenon underlying MRI is nuclear magnetic
resonance (NMR). Nuclei with an odd number of nucleons, where a nucleon
is a proton or a neutron, possess a net magnetic moment and consequently
exhibit a resonant frequency in the presence of an external magnetic field.

This was discovered independently by research groups led by Purcell [10] and

7
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Bloch [11]. NMR is an important technique in its own right and is widely
used to examine molecular structures in physics, chemistry and biology since
it does not destroy the object being studied.

It can be considered that MRI came into being in 1973 when Lauterbur
showed how NMR could be used to make images by making the resonant
frequency different for each spatial location in the object [12]. The doorway for
engineering analysis of MRI was opened in 1974 when Fourier transforms
were used to reconstruct MR images based on Lauterbur's technique [13].
During the 1970s, MRI was mostly developed in academic institutions, in the
United Kingdom. In the 1980s, as clinical uses of MRI became economically
promising, the combined resources of industry and academia spurred
dramatic improvments in image quality which continue to this day.

Today, MRI is used for non-destructive imaging of humans, animals
and excised specimens. In the laboratory, its uses include chemical analysis
and the interrogation of biological processes. In the clinic, it is routinely
employed for imaging problems of the central nervous system and
musculoskeletal system, such as brain tumors and knee-ligament tears. For
abdominal and cardiovascular imaging, clinical use is not as widespread and

these are active areas of research.

2.2 Physical basis for MRI

As stated above, the physical phenomenon underlying MRI is NMR.
While a complete description of NMR requires quantum mechanics, a
classical-mechanics treatment is adequate for our discussion. Nuclei which
exhibit NMR can be visualized as spinning charged spheres that give rise to a

small magnetic moment; we will often refer to them as “"spins." For
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biological specimens, interesting nuclei are 1H, 13C, 19F, 23Na, and 31P. In the
human body, the population of 1H is the most abundant species, because the
body consists largely of water, and the most sensitive species, because it
produces the largest signal per nucleus. Since the imaging of 1H protons

forms the basis of clinical MR]I, it will be the sole concern of this thesis.

2.2.1 Resonance condition

In the absence of any external magnetic field, the magnetic moments of
water 1H protons are randomly aligned, as shown in Fig. 2.1a, and no net
macroscopic magnetic moment exists. However, in the presence of an
external field Bg, the spins align in parallel and antiparallel states, as
illustrated in Fig. 2.1b. This results in a net magnetic moment, M, pointing in
the direction of the external field. According to MR convention, this
direction is referred to as the longitudinal axis or z axis.

If this moment, M, is perturbed from its equilibrium position, it will

Figure 2.1: (a) Protons in the absence of an external field align randomly.
(b) In an external field, protons align in two states with a net magnetization,
My, parallel to the external field, Bg.
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Figure 2.2: RF perturbation applied at the resonant frequency, ®g, in the
transverse plane tips the magnetization into the transverse plane where it
rotates at the resonant frequency, wo.

precess around the z axis at a resonant frequency,
g =Y Bo. (2.1)

This is known as the Larmor frequency. The gyromagnetic ratio, vy, is a
constant for each species, measuring 42.57 MHz/T for 1H.

This perturbation can be accomplished by applying a radiofrequency
(RF) magnetic pulse, By, rotating in the x-y plane at the resonant frequency,
oo, as shown in Fig.2.2. This RF pulse can be configured to tip the
magnetization, M, into the x-y plane, also known as the transverse plane.
Such an RF pulse is referred to as a 90° pulse since it rotates the
magnetization through 90° in, for example, the y-z plane. In the transverse
plane, the magnetization, M, continues to rotate at the Larmor frequency and
produces a signal in a receiver coil through Faraday induction, as shown in

Fig. 2.3.

10
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Figure 2.3: Rotating transverse magnetization creates a time-variant magnetic
field which induces an electric signal in a receiver coil.

2.2.2 Signal relaxation

After the magnetization, M, is perturbed, it will eventually return to its
equilibrium position. Suppose the magnetization has an initial amplitude,
My, and is perturbed or excited by a 90° RF pulse. The transverse component,
shown as Myy in Fig. 2.4, decays exponentially to zero with time constant, T,

as described by this equation:

My=M, e 22)

T2 decay is produced by the interaction of the nuclear spins with each other. It
does not change the energy of the spin system but rather increases its disorder,
reducing its ability to produce a coherent signal [14]. This T, decay means that

we cannot observe the signal forever after just one perturbation; typically,

11
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multiple perturbations are needed for one image. The observation time after
a given perturbation is typically on the order of T>. For human tissue that is
of clinical interest, T can be less than 1 ms but typically is on the order of 10
ms to 100 ms. In addition, the longitudinal component, shown as M; in
Fig. 2.4, recovers exponentially with time constant, Ty, as described by this

equation:

M,=M, (1 —e ) 2.3)

This T; recovery arises because the nuclear spin interacts with the entire solid
or liquid lattice; energy that was absorbed by the spin system from the
perturbing RF source is transferred to the lattice [14]. This T; recovery means
that, if one perturbation follows too closely after another, there may be
insufficient signal. The time between perturbations is typically on the order
of T1 and, for human tissue that is of clinical interest, T1 is on the order of 100
ms to 1 second. T; and T2 decay are also significant in distinguishing tissue
types which have different T1 and T2 values, such as muscle versus blood or
healthy tissue versus malignant tumor.

The perturbation and relaxation behavior of the magnetic moment is

A
Mo

-
time

Figure 2.4: Transverse magnetization, [Myxyl, and longitudinal
magnetization, Mz, following a 90° pulse.
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nicely described by the Bloch equation given below:

(M.)=M,)k (M ()i+M,®)])
T T

1

dM(t)

- (2.4)

=M()x B -

where M(#) =M, (2)i+ M, (t)j+ M, (t)k and M, is the initial magnitude of the
moment. The cross-product term on the right-hand side of Eq. 2.4 describes
how external magnetic fields, such as RF fields, can change the direction of
the magnetization vector. The second and third terms of this equation
describe how the longitudinal and transverse components of M return to

equilibrium with time constants T1 and T, respectively.

2.3 Forming images

In both NMR and MRI, the static magnetic field, Bg, and the RF field,
B1, are used to create and perturb the spins so we can record their signals as
they return to equilibrium. However, unlike in NMR, MRI uses additional
magnetic fields to distinguish spins in different spatial locations, thereby

creating images.
2.3.1 Fourier space

The additional magnetic fields used in MRI are known as gradient
fields and they make the resonant frequency vary linearly in space. For
example, Fig. 2.5 demonstrates the total external magnetic field without and
with an x gradient. Without the x gradient, the resonant frequency is
independent of x and is given by Eq. 2.1. For the two objects shown in Fig. 2.5,

the received signal consists of a single frequency and its Fourier transform

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L ™
}L I 'y
Sk ‘
I ¢ ‘
G =0 P G %20
X X

amumssnlly- ———

time time

Fourier transform Fourier transform

Figure 2.5: When a gradient is applied, the frequency of a spin becomes
dependent on spatial position. A Fourier transform decodes phase
information into positional information.

therefore consists of only a single peak. With the x gradient turned on, the

resonant frequency depends linearly on x as follows:

0 =7y(B,+G.x) (2.5)

where Gy is the slope of the applied gradient field. Now, the spins in the two
objects resonate at two different frequencies, the received signal displays an
interference pattern of these two frequencies and its Fourier transform shows
two peaks.

Now consider an ensemble of spins distribute over multiple x
locations. The received signal consists of many frequencies and is given

below:

14
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s@)= [ m(x) e T dx (2.6)
where m(x) is the number of spins at x, f(x) is the resonant frequency at x and
signal relaxation has been ignored. Inserting Eq. 2.5, we get

s(t) = [m(x) e B CH gy 27)

. = e—i"s°'fm(x) e YO gy (2.8)

After demodulating the received signal to remove the ¢ 7" term, we can

write the demodulated signal as

5,(t) = j m(x) e 10 gx (2.9)

This can be re-written as

5(1) = Jm(x) g i2mke (DX (2.10)

where

4
kx(’)'iz‘z? Gx t (2.11)

Equation 2.10 is very similar to the following equation,

M) = I m(x) e 2<% dx (2.12)
which introduces M(kyx) as the Fourier transform of m(x) where x is the
spatial variable and ky is the spatial-frequency wvariable. By comparing
Egs. 2.10 and 2.12, we can say that sampling s;(f) in time is equivalent to

sampling M(ky) in ky. Therefore, it can be said that MRI data is acquired in

the Fourier domain, or "k-space” as it is known in the MRI literature [15, 16].

15
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This Fourier-space interpretation allows a linear-systems approach to
MRI. It can be generalized to include multiple spatial dimensions since, in
general, MRI systems use three gradient fields, one each for the x, y and z
directions. It can also be generalized to include a resonant-frequency
dimension, which is the spectroscopic dimension used in NMR, and motion
dimensions which describe, for example, velocities in the x,y and z

directions.

2.3.2 Gradient-recalled-echo imaging

The simplest MR imaging technique is gradient-recalled-echo imaging.
It acquires an image of a slice by first exciting that slice then acquiring a two-
dimensional (2D) image of that slice.

An RF pulse that excites only a slice is used to reduce the imaging task
from three dimensions to two dimensions. For example, to selectively excite
the spins in a thin slab perpendicular to the z axis, as shown in Fig. 2.6, we use
an amplitude-modulated RF pulse accompanied by a field gradient in the z
direction [17]. To an approximation, the shape of the slab along z, or the slice
profile, is the Fourier transform of the RF envelope [18, 19].

Once we have excited the desired slice along z, we use gradient fields in
the x and y directions to acquire an image in the x-y plane. The demodulated

received signal can be written as follows:
—i27t[ ke () x+ky (1)
s()= Hm(x, ye l [ Y y] dx dy (2.13)

where signal relaxation has been ignored and k and ky are the time integrals

of the x and y gradients, respectively:
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Figure 2.6: A gradient applied simultaneously with an RF pulse limits
excitation to those spins resonating at frequencies within the bandwidth of
the RF pulse. Spins made to resonate by the gradient at frequencies outside
the RF pulse bandwidth are left unaffected.

k@)= % Gi(r)dr (2.14)
(=] % G,@)dr (2.15)

In gradient-recalled-echo imaging, a rectangular region of k-space is used to
produce an image. As shown in Fig. 2.7, this rectangular region is acquired
one line at a time. For each line, we begin at the origin of k-space and travel
along a diagonal path to the left edge of that line. Data acquisition occurs as
we move from the left edge of that line to the right edge. This sequence of
events in k-space is reflected in the waveform diagram of Fig. 2.8:

(a) For each line, RF and G, waveforms similar to those in Fig. 2.6 are used

to excite the same slice.

17
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Figure 2.7: The k-space trajectory for gradient-recalled-echo imaging.
One line of constant ky is acquired after each excitation.

(b) The diagonal path is produced by the Gy waveform and the negative-
amplitude portion of the Gx waveform. For each excitation, the Gy
waveform has a fixed amplitude and moves the k-space trajectory
vertically. In Fig. 2.8, the step-ladder appearance of the Gy waveform is
meant to connote that different Gy amplitudes are used for different
excitations. The negative-amplitude portion of the Gx waveform
moves the k-space trajectory to the left edge of the desired line.

(c) The positive-amplitude portion of the Gx waveform moves the k-space
trajectory from left to right. During this time, data acquisition occurs as
shown by the 'DAQ’ line in Fig. 2.8.

In the MRI literature, G, is known as the slice-selection gradient, Gy as the

phase-encode gradient and Gy as the readout gradient.
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Figure 2.8: The gradient recalled echo imaging sequence. The RF and Gz
waveforms excite a slice in z. Data is acquired while Gy is positive. This
sequence is repeated at intervals of TR, with a different amplitude for Gy in
each interval. The gradient-recalled echo occurs at a time, TE, after the RF
excitation.

This imaging technique is known as gradient-recalled-echo imaging for
the following reasons. In Fig. 2.8, the received signal has two peaks. The first
peak is discarded because it does not occur along the desired k-space line.
However, data is acquired during the second peak which is formed when the
trajectory passes through ky = 0. That is, it is formed at that instant in time
when the area under the negative-amplitude portion of Gx exactly matches
the area under the positive-amplitude portion of Gy; these matching areas are

shaded in Fig. 2.8. This second peak is known as a gradient-recalled echo or
gradient echo since the signal peak has been recalled by manipulating the x

19

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



gradient. The time at which the gradient echo occurs is called the echo time
or TE.

2.3.3 Sampling requirements

As described in Section 2.3.1, data is acquired in k-space and then
Fourier transformed to produce an image. This section discusses two aspects
of the k-space data sampling that affect image formation, using the gradient-

recalled-echo imaging of the previous section as an example.

The spatial resolution of an image is determined by the width of the
region acquired in k-space. For example, Fig. 2.7 shows that a rectangular
region of k-space is acquired. Spatial resolution in the y direction is
determined by the width of that rectangle in the ky direction. Similarly,
spatial resolution in the x direction is determined by the width of that
rectangle in the ky direction. Limiting data acquisition to a rectangular region
in k-space is equivalent to multiplying M(kx,ky), the two-dimensional

Fourier transform of m(x,y), by a rectangle which can be written as

r{ ky Jn[ & J (2.16)
W, ) | W

where
1 for|q|<1/2
T(q)= la]; (2.17)
0 otherwise
W, = width of the rectangle in the kx direction

ka = width of the rectangle in the ky direction
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This is further equivalent to convolving m(x,y) with the two-dimensional

Fourier transform of that rectangle as given by

sinc(W,“ x)sinc(Wk’ y) (2.18)

This can be regarded as an impulse response since it would be the image
produced by a single spin which was located at (x,y) = (0,0). By convention,
spatial resolution in the x or y direction is defined as the distance from the

center of this impulse response to the first zero in that direction and is given

by
Ar=_L (2.19)
W, ’
Ay =— (2.20)
Y= .
y

Because of the sampling of M(kx.ky), there is replication of m(x,y). The
distance between two adjacent replications of m(x,y) is the field-of-view. If
m(x,y) is wider than the field-of-view then replications of m(x,y) will overlap
and aliasing is said to occur. The field-of-view is determined by the sampling
density in k-space. For example, Fig. 2.7 shows that the rectangular region of
k-space is sampled in the ky direction. Although not shown, sampling also
occurs in the ky direction; this was alluded to in the discussion of Eq. 2.12
which remarked that sampling s;(t) in time is equivalent to sampling
M(ky,ky) in kx. This k-space sampling is equivalent to multiplying M(ky,ky)

by an impulse train which can be written as
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11/("—*]11 % (2.21)
A, A,

1 when gis an integer
0 otherwise

where

m(q)={ (2.22)

Ak,= distance between samples in the kx direction
Ak, = distance between samples in the ky direction

This is further equivalent to convolving m(x,y) with the two-dimensional

Fourier transform of that impulse train which is given by

111, <), y) (2.23)

The field-of-view is then given as

FOV, = (2.24)
A
Fov, = (2.25)
Ak
y

An anti-aliasing filter can be used during data acquisition. In gradient-
recalled-echo imaging, data is acquired while travelling in the kx direction.
Therefore, the anti-aliasing filter will limit the field-of-view in the x
direction. This may be more easily understood by considering the physical
situation. During data acquisition, the resonant frequencies of the spins
depend only on x location because only the x gradient is active. Since the
anti-aliasing filter only passes a certain range of frequencies, spins that are at

distant x locations will not be seen in the acquired data.
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2.4 Imaging in the real world

There are a number of factors affecting the quality of MR images that

are introduced by human physiology and by imperfections in the magnetic

fields used for imaging.

2.4.1 Off-resonance effects

Thus far, we have assumed a perfectly uniform magnetic field, Bg, and

thus, in the absence of gradient fields, a perfectly uniform resonant frequency.

In practice, resonant frequencies will vary across a human subject for three

reasons: (i) inhomogeneities in the main field, which for current

superconducting 1.5-T magnets, produce maximum frequency offsets of about

21 Hz; (ii) differences in bulk magnetic susceptibility, in particular, air-tissue

interfaces which produce a frequency offset of 800 Hz in a 1.5-T magnet; and

(iii) chemical shift differences between the hydrogen nuclei in water and the

hydrogen nuclei in fat, which is generally considered to be 220 Hz in a 1.5-T

magnet.

Off-resonance can have a significant effect on magnetic resonance

images. It causes unwanted phase to accumulate in k-space which can

produce signal loss, geometric distortion, ghosting or blurring.

After

demodulation, the phase of the signal received from an on-resonant spin

located at x = xg is given by:

bon (1) =[7G.(T)x, dr
= xo_.:yG,(t) drt
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This phase is used to encode position. However, for an off-resonant spin

whose frequency is offset by Aw, the phase is given by

Do (1) = J:[ny(T) X, +Aw]dr (2.28)
=x, I;yG,(r) dt + j;Aco dt (2.29)

While the first term is used to encode position, the second term is unwanted
and can produce artifacts in the image.

More formally, the second term in Eq. 2.29 can be used to add a
resonant-frequency dimension to the k-space description of MRI. Let us

define

f = resonant frequency
which is related to Aw by

Aw=2rf (2.30)
We can now write the received signal after demodulation as

—i2n(k () x+k f(t)f]

s(1) = j m(x, f) e dx df (2.31)

where the magnetization, m, is now a function of x and f. The k-space duals

of x and f are given as

t
ke (t)=- _[o G.(1) dt (2.32)
k()= 1 (2.33)
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The effects of the unwanted phase produced by off-resonance will be

examined more closely in succeeding chapters.

2.4.2 Flow effects

Until now, we have also assumed stationary spins but, in practice,
there is motion of spins since various fluids circulate throughout the human
body including blood, cerebrospinal fluid and extra-cellular fluid. In
cardiovascular imaging, we are mainly concerned with the flow of blood.
Since blood flow is driven by the cardiac cycle, it is pulsatile: a plot of velocity
versus time shows a peak associated with systolic contraction and a period of
slow flow associated with diastolic expansion. The velocity-time profile can
be affected by the geometry of the vascular system and the elasticity of the
blood vessels; all of which can be affected by disease. Typical velocities in
healthy subjects are 100 cm/s for peak flow in the carotid artery [20] and
25 cm/s for peak flow in the popliteal artery [21].

Like off-resonance, flow causes unwanted phase to accumulate in
k-space which can produce signal loss, geometric distortion, ghosting or
blurring. The phase of a stationary spin located at x = xg is given by Eq. 2.27.
This phase is used to encode position. However, for a spin which starts at
x = x0 but which moves with a velocity, v, in the x direction the phase is

given by

¢m0ving (2) = J:y G (T)(x, +VvT)dr (2.34)
=X, j;ny(r) dt + v J';yt G.(T)dz (2.35)

While the first term is used to encode position, the second term is unwanted

and can produce artifacts in the image.
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More formally, the second term in Eq. 2.35 can be used to add a velocity
dimension to the k-space description of MRI [22] . We can write the received

signal after demodulation as
5(1) = Im(x, v) e~ 2k Ok (V] gy oy (2.36)

where the magnetization, m, is now a function of x and v. The k-space duals

of x and v are given as

ky(t) =2 L’ G,(1) dt (2.37)
k(8) =L j‘: tG.(1) dt (2.38)

The effects of the unwanted phase produced by velocity will be examined
more closely in succeeding chapters. It should be noted that the Doppler shift
is negligible for velocities encountered in the human body.

It should also be noted that, in general, the location, x, of a spin at a

time, £, can be written as

x(=x,+vt+at*+...+x"t"+... (2.39)

where a is acceleration and x(" is the nth order of motion. For x(n), the

k-space dual can be written as
I d
kw®)=2% fo 1" G (7) dT (2.40)
This is called the nth gradient moment. As noted in Section 2.2.2, data-

acquisition times in MRI are usually on the order of milliseconds, that is,

t « 1, so that gradient moments diminish as the order of motion increases.
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Therefore, in this thesis, we will focus on the first order of motion, which is

velocity.

2.4.4 SNR

As we will see in Chapter 5, image SNR becomes scarce as we strive for
sub-millimeter resolution. In MRI, noise has two main sources: (i) thermal
noise in the receiver coil and (ii) thermal noise from fluctuating magnetic
fields in the body since the body is a conductive medium. In the MRI
literature, the signal-to-noise ratio (SNR) is defined as follows:

signal amplitude
standard deviation of noise

SNR = (2.41)

While a complete description of noise in MR is beyond the scope of this
chapter, it is useful to summarize the analysis presented by Nishimura [9].
Both instrument and image-sequence parameters affect the resultant
SNR of an image. Instrument parameters affecting SNR can be simplified to
expressions involving only Bg. If, as in most situations, body noise

dominates coil noise, we have
SNR o< By (2.42)

Image-sequence parameters affecting SNR are more relevant to this thesis
since these are more easily changed than the strength of the main field, Bo.
Analysis of the SNR for a particular volume element of the image, or voxel,

yields this expression [23]:

SNR o< (Ax) (Ay) (Az) VTpaq f(p,T1,T2) (2.43)
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where Ax, Ay and Az are the voxel widths in each dimension and TpAQ is the
total data-acquisition time for the entire image. The final term, f(p,T1,T2), is
an image-sequence-dependent function of the spin density, p, and the
relaxation properties of the spins in the voxel. Some of the image-sequence
parameters affecting this function are the excitation flip angle, echo time and
repetition time. Equation 2.43 shows that SNR decreases as the image

resolution increases, that is, as the voxel widths decrease.

2.5 Image contrast

Image contrast is useful in distinguishing tissue types such as muscle
versus blood or healthy vessel wall versus diseased vessel wall. This section
introduces techniques that will be used for atherosclerotic-plaque imaging in

Chapter 6.

2.5.1 T; and T, contrast

In addition to the spatial concentration of IH protons, differences in Ty
and T values can also be used to generate contrast. For the gradient-recalled-
echo imaging sequence, image contrast is affected by two parameters. The first
is repetition time or TR, the delay between succesive excitations. Differences
in Ty are amplified by using shorter values for TR, allowing less T recovery,
as shown in Fig. 2.9a. The second is echo time or TE, the delay between the
excitation and the instant at which the gradient echo forms. Differences in T2
are amplified by using longer values for TE, allowing more T2 decay, as

shown in Fig. 2.9b.
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Short T,
T, Contrast

T, Contrast

a) TR b) TE

Figure 2.9: T1 and T, contrast: (i) T1 contrast between two species with
different T1s depends on TR and (ii) T2 contrast between two species with
different T>s depends on TE.

2.5.2 Spin-echo imaging

For a given value of T2, adequate T2 weighting requires a TE on the
order of Tp. However, some T; values may be long enough that, at the
appropriate TE, off-resonance causes excessive signal loss in a gradient-
recalled-echo sequence. This signal loss can be avoided by using spin-echo
imaging which records spin echoes [24] rather than gradient echoes.

To consider how spin echoes are formed, it is first useful to visualize
how off-resonance causes signal loss. This can be done with a rotating-frame
model in which the frame of reference rotates at the Larmor frequency. In the
laboratory frame which we have been using, the frequency of rotation is

given by

®lab_frame = W + A® (2.44)
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where A® is the deviation of the resonant frequency from the Larmor
frequency. In the rotating frame, the Larmor frequency is ignored and the

frequency of rotation is given by
Orotating_frame = A® (2.45)

Therefore, in the rotating frame, when spins are tipped into the transverse
plane, those that are exactly on-resonance remain stationary while those that
are off-resonance rotate at a frequency, A®. We will denote the transverse
axes in this rotating frame by x' and y'.

Consider a number of spins with a range of resonant frequencies all

a) 90° x b)
—TE/2—~
* t=0 ' ) IF S
d) c) 180"y
g , . 1

t=TE

Figure 2.10: This sequence illustrates the principles of spin-echo formation in
the rotating frame. (a) At time, t = 0, a 90° RF pulse tips the magnetization
into the transverse plane. (b) At time, t = TE/2, variations in resonant
frequency cause the spins to disperse. This dispersion decreases the net
magnetic moment. (c) An additional 180° RF pulse rotates the spins about the
x' axis. (d) At time, t = TE, the spins re-align, forming a spin echo.
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higher than g, as shown in Fig. 2.10. In this illustration, all gradient fields
have been turned off. Immediately after a 90° RF excitation about the x' axis,
all spins are aligned, as shown in Fig. 2.10a. After a time, TE/2, the spins are
dispersed, as shown in Fig. 2.10b. The spins rotate in the clockwise direction
with the spin labelled 'F' rotating faster than the spin labelled 'S.' If data is
acquired at this time, there will be signal loss. Because MR images consist of
macroscopically-sized voxels or volume elements, the signal from a
particular voxel is given by the vector sum of the spins in that voxel. Phase
variations in that voxel will reduce the magnitude of the vector sum.

To avoid this signal loss, a spin echo can be formed by using an
additional 180° RF pulse to refocus off-resonant spins. Between Fig. 2.10b and
Fig. 2.10c, this additional RF pulse rotates the spins 180° about the y' axis.

180 °

(o]
o
o

By
M

®
L

.

N

|

DAQ

-

0 TE/2 TE time

Figure 2.11: The gradient-recalled-echo imaging sequence shown earlier is
transformed into a spin-echo sequence through the addition of a 180° RF
pulse which refocuses off-resonant spins.
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Between Fig. 2.10c and Fig. 2.10d, the spin labelled ‘F' catches up to the spin
labelled 'S." Finally, in Fig. 2.10d, the spins are again aligned. This event is
known as a spin echo and it occurs at a time, TE, after the initial 90° RF
excitation.

The additional RF and gradient waveforms necessary in spin-echo
imaging are shown in Fig. 2.11. An extra G; lobe is used to make the 180° RF
pulse slice-selective. Note that the Gy waveforms and the initial Gg
waveform have been inverted. Since the 180° RF pulse flips the spins,
gradients occuring before this 180° pulse must be inverted relative to their

amplitudes in gradient-recalled-echo imaging.

2.5.3 Inversion nulling

Inversion nulling is a particular form of T1 weighting which voids the
signal from species with a given value of Tj. It uses a preparatory 180°
excitation prior to the 90° excitation, as shown in Fig.2.12. In spin-echo
imaging, a 180° excitation is used to refocus magnetization already in the
transverse plane. However, in inversion nulling, the 180° excitation is used
to invert the longitudinal magnetization. A delay of TI between the 180°
excitation and the 90° excitation allows the magnetization to recover along z,
as shown in Fig.2.12. Signal is produced when the 90° excitation tips the
longitudinal magnetization into the transverse plane. However, for the
value of T; that is to be nulled, the value of TI is chosen so that the
longitudinal magnetization is zero at the time of the 90° excitation.
Therefore, for this value of Ti, no magnetization is rotated into the
transverse plane and no signal is produced. The 90°-180° sequence is repeated

at intervals of TR.
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Figure 2.12: Inversion nulling: (a) A 180° pulse inverts the longitudinal
magnetization, M. A time, TI, elapses for M, recovery. At the time of the
90° pulse, Mz is zero. (b) Time course of M.

For example, it is often desirable to suppress the signal from fat because
fat is rarely of clinical interest and its large chemical shift can produce
artifacts. This can be done using inversion nulling since, at a field strength of

1.5 T, the T of fat is about 260 ms while the T; of muscle is about 800 ms.

2.6 Summary

In summary, for 'H protons, an external magnetic field creates a
physical state for which there is a resonant frequency. If this state is disturbed
by an RF pulse, signals are induced in a receiver coil at that resonant
frequency. By using additional magnetic fields, we can make the resonant
frequency vary linearly with position. Thus, MRI data is acquired in
frequency space with spatial position being mapped to frequency. In other
words, MRI data is acquired in frequency space or in the Fourier domain,

allowing a linear-systems approach to MRI. This Fourier domain can be
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expanded to include not only spatial position but also motion and resonant

frequency.
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Chapter 3

Reducing Flow Artifacts In Echo-Planar
Imaging

3.1 Introduction

Echo-planar imaging (EPI) is a fast imaging technique that was first
proposed in 1977 [25]. Unlike the 2DFT imaging depicted in Fig. 2.7, EPI
acquires several lines in k-space after each RF excitation by connecting the
horizontal lines of Fig. 2.7 with vertical segments, as shown in Fig.3.1.
Therefore, EPI has a shorter scan time than conventional 2DFT imaging since
it needs fewer excitations to acquire an image. However, because it was
conceived as a single-shot technique which acquires all of its data after only a
single RF excitation, its early use was hampered by poor spatial resolution,
poor off-resonance properties and obtrusive ghosting [26].

Spatial resolution and off-resonance properties have been improved
through the development of multi-shot or interleaved EPI [27-30], more
powerful gradient systems and faster data sampling. Ghosting in EPI has been
largely eliminated through the development of calibration techniques, as will
be described in Appendix A, and through the use of shielded gradients [31].
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The use of EPI for cardiac imaging revealed a sensitivity to flow
artifacts [32, 33]. Even with interleaved EPI, the long data acquisition after
each RF excitation encourages flow artifacts [34]. Using a multi-dimensional
k-space which has velocity and resonant-frequency dimensions in addition to
spatial dimensions, we analyzed these flow artifacts then searched for
modifications of the EPI trajectory that would significantly reduce these
artifacts. We will present two ways to improve the flow properties of EPI that
exploit the relative importance of the data at the center of k-space.

First, we addressed artifacts due to flow in the readout direction or x
direction. These can be reduced by using a “flyback” trajectory [35], which uses
only the even echoes from the EPI echo train. Unfortunately, this
approximately doubles the imaging time. We propose “partial-flyback”
where, at the center of k-space, only even echoes are used and, elsewhere,
both even and odd echoes are used. By adjusting the fraction of k-space
acquired with flyback (the flyback ratio), we gained improved flow properties
at the expense of slightly worse off-resonance properties and longer imaging
time. We note that partial-flyback is similar in spirit to the work presented by
Cao et al. [36] which addresses flow compensation in the phase-encode
direction for 2DFT imaging.

Second, we addressed artifacts due to flow in the phase-encode
direction or y direction. These can be reduced by using a partial k-space
acquisition, which uses less phase-encoding before the center of k-space is
acquired [33, 37]. Unfortunately, with partial k-space acquisition, synthesis of
the missing data produces its own artifacts [38]. As an alternative, we used
"inside-out” EPI where data collection begins at the center of k-space, with
separate interleaves to acquire the top and bottom halves of k-space. This has

better phase-encode flow properties than a partial k-space acquisition since
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there is less phase-encoding before the center of k-space is acquired. We note
that some early EPI sequences began data acquisition at the center of k-space
but only acquired one half of k-space [25, 39].

This chapter examines the flow and off-resonance properties of partial-
flyback EPI and inside-out EPL. Section 3.3 defines the k-space trajectories
discussed in this chapter and Section 3.2 presents the multi-dimensional
k-space used to analyze flow and off-resonance properties. Sections 3.4, 3.5
and 3.6 respectively analyze the effects of readout flow, phase-encode flow and
off-resonance. The choice of flyback ratio is discussed in Section 3.7. In
Section 3.8, our implementation of the EPI trajectories is described and
phantom and in-vivo results are shown in Section 3.9. The discussion in

Section 3.10 includes a comparison of EPI and spiral imaging.

3.2 k-space trajectories

This section presents k-space diagrams of the EPI trajectories that will
be considered in this chapter. These diagrams are intended as definitions of
these trajectories. We note that interleaved EPI is used throughout this
chapter and that our discussions are easily extended to single-shot EPL
Figures 3.1-3.2 show these trajectories. All trajectories start at the k-space
origin, indicated by the black dot. The arrows indicate the kx-direction during

data acquisition.
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Figure 3.1: Partial-Fourier EPI trajectories that acquire 75% of k-space. Two
interleaves are used with one interleaf drawn as a solid line and the other as a
dashed line. The black dot indicates the k-space origin and the arrows
indicate the kx-direction during data acquisition. (a) No flyback. (b) 100%
flyback. (c) More detailed look at how one interleaf of the 100% flyback
trajectory acquires its first two data lines. tl to t2: Trajectory moves to top-
right corner of acquired k-space. t2 to t3: Flies back to left edge of k-space. t3 to
td: Acquires first data line. t4 to t5: Blips down, skipping a line which is
acquired by the other interleaf. t5 to t6: Flies back to left edge of k-space. t6 to
t7: Acquires second data line. (d) 50% flyback.
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"Partial-Fourier EPI" denotes the use of partial k-space acquisition with
EPIL. A two-interleaf partial-Fourier EPI trajectory is depicted in Fig. 3.1a. One
interleaf is drawn as a solid line and the other as a dashed line. Compared to
a full k-space acquisition which begins at a corner of k-space, phase-encode
flow artifacts are reduced because there is less phase-encoding before the
center of k-space is acquired.

Flyback partial-Fourier EPI, depicted in Fig. 3.1b, reduces artifacts due to
readout-flow by acquiring data in only one kx-direction [35]. Note that all of
the arrows in Fig. 3.1b point in the same direction. This trajectory is referred
to as a flyback trajectory since, after acquiring one line of data, it "flies back”
before acquiring another line of data. The even echoes are used since they
enjoy far more velocity-compensation than the odd echoes. Figure 3.1c
provides a more detailed look at how one interleaf acquires its first two data
lines. From points t1 to t2, the trajectory moves to top-right corner of
acquired k-space. From t2 to t3, it flies back to left edge of k-space. From t3 to
t4, it acquires the first data line. From t4 to t5, it blips down, skipping a line
which is acquired by the other interleaf. From t5 to t6, it flies back to left edge
of k-space. From t6 to t7, it acquires the second data line.

The use of flyback with EPI approximately doubles the time to acquire
an image. Therefore, we propose using "partial-flyback” where flyback is used
only near the center of k-space. Figure 3.1d shows partial-flyback partial-
Fourier EPI. In the bottom-half of k-space, Ny /2 data lines are acquired
with flyback and the rest are acquired without flyback. Note that the top-half
of k-space is a truncated reflection of the bottom half about ky =0. By

adjusting Ny, imaging time can traded for reductions in flow artifacts.
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Figure 3.2: Inside-out EPI trajectories. Two interleaves are used with one
interleaf drawn as a solid line and the other as a dashed line. One interleaf
acquires the top-half of k-space and the other interleaf acquires the bottom-
half. The black dot indicates the k-space origin and the arrows indicate the
kx-direction during data acquisition. (a) No flyback. (b) 50% flyback.

One problem with partial-Fourier EPI is that the missing data has to be
synthesized, producing artifacts. We use "inside-out EPI" as an alternative to
partial-Fourier EPI that does not require data synthesis. Furthermore,
compared to partial-Fourier EPI, there is less phase-encoding before the center
of k-space is acquired, reducing the phase-encode flow artifacts. As depicted in
Fig. 3.2a, inside-out EPI begins data acquisition at the center of k-space, using
separate interleaves to acquire the top and bottom halves of k-space. As with
partial-Fourier EPI, artifacts from readout flow can be a problem. Partial-
flyback is also applied to inside-out EPI and is shown in Fig. 3.2b. In each half
of k-space, Ny /2 data lines are acquired with flyback and the rest are

acquired without flyback.
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3.3 Multi-dimensional k-space

For the analysis of flow and off-resonance properties, we used a multi-

dimensional k-space which has spatial dimensions, velocity dimensions and

a resonant-frequency dimension, as described in Section 2.4.

For flow

properties, only velocity effects are shown although we will briefly discuss the

effects of higher-order flow. Following Section 2.4, in the presence of flow [22]

and off-resonance, the MRI signal equation can be written as:

—i2nlk, (Dx+k, ()y + k, (Ou+ k, (v + k(1) f]

s(t)= Im(x.y.u, v,f)e dx dy du dv df
where
x = readout-direction location u = x-direction velocity
y = phase-encode-direction location v = y-direction velocity

f = off-resonant frequency,

and

kx(t)=%;[0,(r) dr,
lg(t):%iG,(t) dt,
k@)= 2_);-:[ tG, (1) dz,
k,(5) = %! tG,(7) d,

ko(8)=t.
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a) 3

Figure 3.3: Ideal versions of the objects used to demonstrate flow and off-
resonance properties. (a) A tube with readout-direction velocity, u, as
indicated by the arrow. (b) A tube with phase-encode-direction velocity, v, as
indicated by the arrow. (c) A square with an off-resonant frequency, f (no
flow).

For each trajectory considered in this chapter, we will examine ky, ky
and kf and simulate their effects on simple objects. For reference, ideal
versions of these objects are shown here. Figure 3.3a shows a tube with flow
in the readout direction. It will be used to demonstrate readout-flow
properties. Figure 3.3b shows the tube used to demonstrate phase-encode-
flow properties; it has flow in the phase-encode direction. A square with no

flow is shown in Fig. 3.3c and is used to demonstrate off-resonance properties.

3.4 Readout-flow properties

This section examines the artifacts due to readout flow in (i) partial-
Fourier EPI with no flyback, (ii) partial-Fourier EPI with partial-flyback and
(iii) inside-out EPI with partial-flyback. The number of interleaves is kept
constant. For the partial-Fourier trajectories, the image-reconstruction

method is described in Appendix B.
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We will see why readout-direction flow produces ghosting and signal
loss. Then we will then show how partial-flyback reduces these artifacts by

being more careful about acquiring the important low spatial-frequency data.

3.4.1 Partial-Fourier EPI with no flyback

For EPI, ky varies with both kx and ky. However, the effects of the kx
variation are negligible compared to those of the ky variation. This is because
the time required to traverse the desired ky width is much longer than the
time required to traverse the desired ky width. Therefore, we can analyze the
effects of ky by examining its profile along the ky-axis. For partial-Fourier EPI
with no flyback, Fig. 3.4a shows ky along the ky-axis for a sixteen-interleaf
sequence. There are three effects:

1. The periodicity of ky produces ghosting in the image. This periodicity is
due to the left-right alternation of the kx-direction.

2. The non-zero values of ky produce signal loss. There is intra-voxel
dephasing when a range of velocities is present in one voxel.

3. The non-zero values of ky produce ghosting. Velocity variations from
TR to TR produce phase variations in ky which result in ghosting.

Figure 3.5a shows a simulated image of a tube in the readout direction
with constant-velocity flow of 25 cm/s. Since only one velocity is simulated,
signal loss due to velocity dephasing and ghosting caused by TR-to-TR
velocity variations are not revealed. However, the ghosting is very evident.

Higher-order flow such as acceleration and jerk also causes ghosting
and signal loss. Along the ky-axis, the higher-order moments of the readout
gradient also oscillate. For example, along ky, the second moment oscillates
between positive and negative values while its absolute value increases

linearly with ky.
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Figure 3.4: Readout-flow properties: ky vs. ky for kx=0. Simulation
parameters are: image size of 128x128, 16 interleaves, 80 lines acquired for the
two partial-Fourier trajectories, 64 flyback lines for the two partial-flyback
trajectories. (a) No-flyback partial-Fourier EPI: The periodicity of ky produces
ghosting and signal loss in the image. (Since this is a partial-Fourier
acquisition, ky does not have values for all of ky < 0.) (b) Partial-flyback
partial-Fourier EPI: Partial-flyback reduces the periodicity of ky near the
center of k-space and thus reduces ghosting in the image. (c) Partial-flyback
inside-out EPI: Partial-flyback reduces the periodicity of ky near the center of
k-space.

- |
X

b) c)
Figure 3.5: Readout-flow properties: Simulated images of a tube with
constant-velocity flow of 25 cm/s in the readout direction. The ideal object is
shown in Fig. 3.3a. Simulation parameters are the same as in Fig. 3.4. (a) No-
flyback partial-Fourier EPI: The image shows severe ghosting. 11.0 ms
readout per interleaf. (b) 50% flyback partial-Fourier EPI: Partial-flyback
reduces ghosting in the image. 16.5 ms readout per interleaf. (c) 50% flyback

inside-out EPI: Partial-flyback reduces ghosting in the image. 26.4 ms readout
per interleaf.

a) .
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3.4.2 Partial-Fourier EPI with partial-flyback

For partial-Fourier EPI where 50% of k-space is acquired with flyback,
Figure 3.4b shows ky along the ky-axis. Near the center of k-space, ky is not
periodic and is almost zero. This reduces all three effects described in
Section 3.4.1:

1. ky is not periodic for low values of ky. Hence, for the low spatial
frequencies, readout-flow causes no ghosting.

2. ky is almost zero for low values of ky. Hence, for the low spatial
frequencies, readout-flow causes negligible signal loss.

3. ky is almost zero for low values of _ky. Hence, for the low spatial
frequencies, TR-to-TR variations in readout-flow cause negligible
ghosting.

In Fig. 3.5b, the simulated-tube image shows that ghosting is greatly
reduced. There is some ghosting of the high-spatial frequencies but no
ghosting of the important low spatial frequencies. Since only one velocity is
simulated, the reduction in signal loss and the reduction in ghosting from
TR-to-TR velocity variations are not revealed.

For the tube in Fig. 3.5b, ninety-five percent of the energy in k-space is
contained within the flyback region. Therefore, to reduce readout-flow
artifacts, it is sufficient to use a flyback ratio of less than 100%. The choice of
flyback ratio will be discussed in Section 3.7.

Partial-flyback also reduces the ghosting due to higher-order flow since,
at the low spatial frequencies, there is no oscillation of the higher-order

moments along the ky-axis.
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3.4.3 Inside-out EPI with partial-flyback

One problem with partial-Fourier EPI is that the missing data has to be
synthesized as described in Appendix B, producing artifacts. As an alternative
to partial-Fourier EP], inside-out EPI has two advantages. First, it does not use
partial k-space acquisition and so does not require data synthesis. Second, and
more significantly, it has superior phase-encode flow properties. The phase-
encode flow properties will be discussed in Section 3.5.3. This section
examines the readout flow properties.

As with partial-Fourier EPI, the use of partial-flyback with inside-out
EPI can significantly reduce the ghosting and signal loss due to readout-flow.
For inside-out with 50% flyback, Fig. 3.4c shows ky along the ky-axis for a
sixteen-interleaf sequence. Figure 3.5c shows the simulated image of the tube
with readout flow. As in Section 3.4.2, the ghosting is virtually eliminated
with 50% flyback. Again, since only one velocity is simulated, the reduction
in signal loss and the reduction in ghosting from TR-to-TR velocity
variations are not revealed.

For higher-order flow properties, the comparison between partial-
Fourier EPI and inside-out EPI is similar to the comparison for velocity

properties.

3.5 Phase-encode-flow properties

This section examines the artifacts due to phase-encode flow for the
three trajectories used in Section 3.4. We will show why flow in the phase-
encode direction produces signal loss. Then we will show that inside-out EPI

has less signal loss because it begins data acquisition at the center of k-space.
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3.5.1 Partial-Fourier EPI with no flyback

For EPI, kp varies only with ky. and not at all with kx. This is because
the y gradient is inactive while kx is changing. For partial-Fourier EPI with
no flyback, Fig. 3.6a shows ky versus ky. There are three effects:

1. The curvature of ky produces some blurring and ringing.
2. The non-zero values of kp produce signal loss when a range of velocities
is present in one voxel.
3. The non-zero values of ky produce ghosting. Velocity variations from
TR to TR produce phase variations in ky which result in ghosting.
There are small discontinuities in ky because of differences between the
interleaves. However, the resulting ghosting is negligible since the
discontinuities have been greatly reduced by the sliding readout delays used
to avoid off-resonance ghosting, as described in Section 3.8.1.

Figure 3.7a shows a simulated image of a tube in the phase-encode
direction with constant-velocity flow of 25 cm/s. The blurring and ringing
are visible only at the y-edges of the tube. Within the tube, these effects are
inconspicuous since they are in the direction of the flow. Velocity
compensation is used to make kp=0 at ky=0 which would minimize signal
loss due to velocity dephasing and ghosting caused by TR-to-TR velocity
variations. However, the effect of velocity compensation is not demonstrated
since only one velocity is simulated.

In more realistic situations, while velocity-compensation reduces
signal loss due to velocity, it worsens the artifacts from higher-order flow.
Because of interleaving, the higher-order moments have discontinuties
which produce ghosting. With velocity-compensation, the discontinuties are

larger and produce more ghosting.
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Figure 3.6: Phase-encode-flow properties: kp vs. ky.  Simulation parameters
are the same as in Fig. 3.4. (a) No-flyback partial-Fourier EPI: The curvature
of kp produces blurring and ringing in the image but these effects are
inconspicuous. (Since this is a partial-Fourier acquisition, kp does not have
values for all of ky < 0.) (b) Partial-flyback partial-Fourier EPI: There is more
curvature of kp than with no-flyback. (c) Partial-flyback inside-out EPI: There
is even more curvature of ky than with partial-Fourier EPIL

c)

Figure 3.7: Phase-encode-flow properties: Simulated images of a tube with
constant-velocity flow of 25 cm/s in the phase-encode direction. The ideal
object is shown in Fig. 3.3b. Simulation parameters are the same as in Fig. 3.4.
(a) No-flyback partial-Fourier EPI: The blurring and ringing are
inconspicuous except at the y-edges. (b) Partial-flyback partial-Fourier EPL:
Slightly more blurring and ringing than with no-flyback. (c) Partial-flyback
inside-out EPI: Somewhat more blurring and ringing than with partial-
Fourier EPL
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3.5.2 Partial-Fourier EPI with partial-flyback

While partial-flyback improves the readout flow properties, for a
constant number of interleaves, it increases the data acquisition time per
interleaf. This slightly worsens the phase-encode flow properties.

For partial-Fourier EPI with 50% flyback, Fig. 3.6b shows kp versus ky.
Because of the longer data acquisition time, ky has greater curvature and a
larger maximum value. This produces slightly more blurring and ringing, as
shown in Fig. 3.7b.

The longer data acquisition time also increases the curvature and
amplitude of the higher-order moments, producing more blurring and
ringing. Second, the longer TE increases the size of the discontinuities in the
moments, producing more ghosting. Therefore, as the flyback ratio increases,

flow in the phase-encode direction produces worse artifacts.

3.5.3 Inside-out EPI with partial-flyback

Compared to partial-Fourier EPI, inside-out EPI suffers less from phase-
encode flow artifacts because there is less phase-encoding before the center of
k-space is acquired.

For inside-out EPI with 50% flyback, Fig. 3.6c shows kp versus ky.
Compared to Fig. 3.6b, ky has greater curvature and a larger maximum value.
Consequently, Fig. 3.7c shows more blurring and ringing at the y-edges of the
tube than Fig. 3.7b.

This is because inside-out EPI has a longer "effective readout time"
than partial-Fourier EPI. We define the effective readout time as the time to
travel from the top of k-space to the bottom of k-space. For our 50% flyback
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inside-out sequence, each interleaf has a data acquisition time of 26.4 ms.
This is the time to traverse 50% of k-space. Hence the éffective readout time
from top to bottom is (2 x 26.4) or 52.8 ms. For our 50% flyback partial-Fourier
sequence, each interleaf has a data acquisition time of 16.5 ms. This is the
time to traverse 62.5% of k-space. Hence the effective readout time is
(100/62.5 x 16.5) or 26.4 ms.

A consideration of the higher-order flow is important. For partial-
Fourier EPI, there is more gradient action before the center of k-space is
acquired. This increases the values of the higher-order gradient moments at
ky=0, producing more signal loss. The extra gradient action also increases the

size of the discontinuities in the moments, producing more ghosting.

3.6 Off-resonance properties

This section examines the artifacts due to off-resonance in partial-
Fourier EPI with no flyback, partial-Fourier EPI with partial-flyback and
inside-out EPI with partial-flyback. We will see off-resonance causes a
shifting of the image for partial-Fourier EPI and blurring or ghosting for

inside-out EPL

3.6.1 Partial-Fourier EPI with no flyback

For EPI, kf varies with both kx and ky. However, the time required to
traverse the desired ky width is much longer than the time required to

traverse the desired ky width. Therefore, we can usually ignore the kf

evolution along kx since this produces x-shifts of much less than one
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pixel [40]. For partial-Fourier EPI with no flyback, Fig. 3.8a shows k¢ versus ky.
There are two effects:
1. The slope produces shifts and density changes in the phase-encode
direction.
2. The non-zero values of kfproduce signal loss when there is a range of off-
resonances in one voxel. This is more commonly described as T>" decay.
Figure 3.9a shows a simulated image of a square with 30 Hz off-
resonance. The shift of the square is a fairly benign effect. Since only one off-
resonant frequency is simulated, signal loss due to off-resonance is not

revealed.

3.6.2 Partial-Fourier EPI with partial-flyback

With partial-flyback, off-resonance properties worsen because of the
abrupt change between the flyback region and the non-flyback region.

For 50% flyback partial-Fourier EPI, Fig. 3.8b shows kf versus ky. The
most obvious feature is the change in slope where the flyback region ends.
This occurs because, in the flyback region, we travel along ky at half the speed
that we do in the non-flyback region. There are three effects on the image:

1. The slope change produces blurring since the high spatial-frequencies are
shifted by half as much as the low spatial frequencies.

2. The larger slope of k¢ in the flyback region produces larger shifts in the
phase-encode direction.

3. The larger values of kr can produce more signal loss (more T2* decay).

Figure 3.9b shows a simulated image of a square with 30 Hz off-
resonance. For this amount of off-resonance, there is little difference from

Fig. 3.9a.
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Figure 3.8: Off-resonance properties: krvs. ky. Simulation parameters are the
same as for Fig. 3.4. (a) No-flyback partial-Fourier EPI: The slope of kf
produces a shift of the image in the phase-encode direction - a fairly benign
effect. (b) Partial-flyback partial-Fourier EPI: The change in slope of kf causes
slight blurring in the image. (c) Partial-flyback inside-out EPI: The change in
slope at ky =0 causes blurring in the image.

a)

Figure 3.9: Off-resonance properties: Simulated images of a square with 30 Hz
off-resonance. The ideal object is shown in Fig. 3.3c. Simulation parameters
are the same as for Fig. 3.4. (a) No-flyback partial-Fourier EPI: The shift of the
image in the phase-encode direction is inconspicuous. (b) Partial-flyback
partial-Fourier EPI: For this amount of off-resonance, there is little difference
from the no-flyback case. (c) Partial-flyback inside-out EPI: The image shows
blurring.
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With a larger flyback ratio, the values of kf are larger, producing more
signal loss. However, there may be less blurring if the slope-change moves

out of the high-amplitude part of k-space. See Section 3.7 for more details.

3.6.3 Inside-out EPI with partial-flyback

For inside-out EPI, off-resonance produces worse geometric distortion
but less signal loss than partial-Fourier EPI. Starting data acquisition at the
center of k-space produces an abrupt change at the center of k-space but also
results in a shorter TE.

For 50% flyback inside-out, Fig. 3.8c shows that kf versus ky resembles a
'v' shape. This is because the inside-out k-space trajectory travels in both the
positive and negative ky directions. Consequently, one half of k-space forms
an image which is shifted in one y-direction while the other half of k-space
forms an image which is shifted in the other y-direction. Figure 3.9c shows
the resultant blurring of the image.

Hence, for inside-out EPI, off-resonance produces more annoying
geometric distortion than for partial-Fourier EPI. It is imperative to reduce
this distortion during image reconstruction. Traditional correction schemes
[41] cannot be applied since the artifacts are not simple shifts in the
y-direction. Instead, we apply the method proposed by Noll et al. [42] for
trajectories such as circular spirals and projection reconstruction. For each
image voxel, a field map is used to estimate the resonant frequency and any
off-resonant phase in k-space is removed. Following Noll et al. [42], the
reconstruction time is reduced by ignoring the off-resonant phase evolution

along kx. Further details can be found in Luk Pat ef al. [43].
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On the other hand, inside-out’s off-resonance properties are superior to
partial-Fourier’s in one respect. A comparison of Fig. 3.8¢c with Fig. 3.8b shows
that inside-out’s shorter TE produces a smaller value of kfat ky =0. This
means that off-resonance produces more signal loss for partial-Fourier than

for inside-out.

3.7 Choosing the fiyback ratio

The flyback ratio should be just large enough to yield good readout-
flow and off-resonance properties but no larger; otherwise, the phase-encode-
flow properties will be unnecessarily degraded. For good readout-flow and
off-resonance properties, the flyback region should acquire a large fraction of
the energy in k-space. Fortunately, most of the energy in k-space is typically
found near the k-space origin.

It is difficult to quantify the effect of the flyback ratio. One possibility is
to measure the difference between an ideal object and an object imaged with
partial-flyback EPI. However, this can be misleading since the results depend
on the object, the imaging trajectory and the sequence parameters.
Nevertheless, some insight can be gained by simulating the simple tube of
Fig. 3.4 with readout flow.

For the simulated tube of Fig. 3.4, a plot of the k-space energy within
the flyback region versus the flyback ratio is shown in Fig. 3.10a. Figure 3.10b
shows the relative error-energy versus flyback ratio for the simulation
parameters of Section 3.4.3. The error-energy, ¢, for a given flyback ratio, , is

defined as

g(r)= I(Im,,.,,m,a,,d —gu))® dx dy (3.7)
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where
m; ... =Simulated image of tube with x-velocity artifacts,

My = ideal image of tube.

The relative error-energy is defined as

&(r)
prs (3.8)

We found that a relative error-energy of 15% represents an image with
very little artifact from readout flow and off-resonance. Figure 3.10 shows
that the relative error-energy is reduced to 12% when the flyback region
contains 95% of the energy in k-space. This corresponds to a flyback ratio of
50%.

For images of a tube, we propose the following criterion for choosing
the flyback ratio: The flyback region should contain 95% of the energy in
k-space. For a tube-width of 3 pixels, Figs. 3.10a-3.10b validate this criterion.
For tube-widths of 8 pixels or less, we found that the proposed criterion limits
the relative error-energy to 15%. Figure 3.10c shows the flyback ratios for
various tube-widths as selected by the proposed criterion.

For general images, we argue that the criterion still applies: For a
general image, the flyback ratio should depend on the object that is narrowest
in the phase-encode direction. For this narrowest object, a tube of similar
width is a reasonable model. Since the narrowest widths are typically 8 pixels

or less, our proposed criterion applies to general images.
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Figure 3.10: Effect of the flyback-ratio on the readout flow properties of partial-
flyback inside-out EPI. Simulation parameters are the same as in Fig. 3.4.
Tube-width in the phase-encode direction is 3 pixels in a and b and variable
in c. (a) Fraction of the total k-space energy in the flyback region versus the
flyback ratio. 95% of the energy in k-space is contained within the central 50%
of k-space. (b) The relative error-energy versus the flyback ratio. For a flyback
ratio of 50%, the relative error-energy is reduced to 12%. See Egs. 3.7-3.8 for a
definition of the relative error-energy. (c) The flyback ratio versus the tube
width. The flyback ratio is chosen so that 95% of the k-space energy is in the
flyback region.

Throughout this chapter, we assumed our images contained objects
that were no narrower than 3 pixels. Consequently, Fig. 3.10c indicated a

flyback ratio of 50%.

3.8 iImplementation

We implemented the various EPI sequences on a GE Signa 15T
system. We used a gradient amplitude of 15 mT/m and a slew rate of
20 mT/m/ms. For all sequences, we used exponential ramps [44] and
sampling on the Gx ramps to achieve shorter scan times than with linear
ramps and no sampling on the Gx ramps. With exponential ramps, we

achieved an average slew rate of 20 mT/m/ms which is about 50% greater
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Figure 3.11: Pulse sequence diagram for no-flyback partial-Fourier EPI. This
diagram corresponds to one interleaf of the trajectory in Fig. 3.1a. Six echoes
are acquired after the RF excitation.

than with linear ramps. With sampled exponential ramps, our scan times
were about 65% of the scan times with non-sampled linear ramps. We note
that sampling on the ramps requires k-space interpolation. However,
interpolation techniques are well understood and are computationally

inexpensive [45].

3.8.1 No-flyback partial-Fourier EPI

Figure 3.11 shows the pulse sequence diagram for partial-Fourier EPI
with no flyback. The RF and G; axes depict the spectral-spatial RF excitation
used for fat-suppression [46]. The waveform on the Gy axis begins with the
bipolar lobe used for velocity compensation [32]. The DAQ axis shows that

data is acquired during both positive and negative Gx trapezoidal lobes. A
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Figure 3.12: Pulse sequence diagram for 50% flyback partial-Fourier EP1. This
diagram corresponds to one interleaf of the trajectory in Fig. 3.1d. Six echoes
are acquired after the RF excitation, four with flyback.

single readout delay is used to reduce ghosting due to off-resonance [27, 30]
and phase-encode flow. This delay occurs just after the spectral-spatial
excitation and its duration is given in Appendix C. Transverse coherence

artifacts are minimized by the use of a Gy rewinder, Gx and G; killers and RF

spoiling [47].

3.8.2 Partial-flyback partial-Fourier EPI

Figure 3.12 shows the pulse sequence diagram for partial-Fourier EPI
with 50% flyback. The RF and G; axes are the same as in Fig. 3.11. However,
the DAQ axis now indicates a distinction between the flyback and non-flyback
regions. For the flyback region, data is acquired only during the positive Gy

trapezoids. A Gy blip occurs only after a positive Gx trapezoid. For the non-
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Figure 3.13: Pulse sequence diagram for 50% flyback inside-out EPI. This
diagram corresponds to one interleaf of the trajectory in Fig. 3.2b. Eight
echoes are acquired after the RF excitation, four with flyback.

flyback region, data is acquired during both positive and negative Gy
trapezoids. A Gy blip occurs after every Gy trapezoid. For partial-flyback, two
readout delays are used. The first delay occurs between the RF excitation and
the readout waveforms. The second readout delay occurs between the last Gy
flyback lobe and the first Gx non-flyback lobe. These delays are given in
Appendix C. Note that a Gy blip occurs between the last G flyback lobe and

the second readout delay. This makes ky smoother than if the blip were

placed after the second readout delay.

3.8.3 Partial-flyback inside-out EPI

Figure 3.13 shows the pulse sequence diagram for inside-out EPI with
50% flyback. Again, the RF and G; axes are the same as in Fig. 3.11. The Gx
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and DAQ axes are similar to those in Fig. 3.12, showing the flyback and non-
flyback regions. However, the waveform on the Gy axis begins with a small
unipolar lobe. Since data acquisition begins near the center of k-space, no
velocity compensation is used. Again, two readout delays are used. Their
durations are somewhat different than for partial-flyback partial-Fourier EPI

and are given in Appendix C.

3.8.4 Positive-negative lobe ghosting

For any EPI trajectory, differences between the positive and negative
gradient lobes can cause ghosting. To reduce this ghosting, we acquire
calibration data with an RF excitation that precedes the imaging interleaves.
This calibration acquisition uses the imaging pulse waveforms with the Gy
waveform turned off [48]. Our use of this calibration data is described in detail
in Appendix A.

For inside-out EPI requires not only correction of the differences
between the even and odd echoes but also correction of the differences
between the top and bottom halves of k-space. This top-bottom correction is
described in Appendix A.

For partial-Fourier EPI, we observed that number of interleaves should
exactly divide both the the number of phase encodes actually acquired and the
number of phase encodes desired. For example, for the parameters given in
the caption of Fig. 3.4, the number of interleaves, 16, exactly divides both the
the number of phase encodes actually acquired, 80, and the number of phase
encodes desired, 128. If either requirement is unsatisfied, there will be

ghosting.
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3.8.5 Field-map acquisition

With all sequences, a field map is derived from two low-resolution
images each with different TEs. These images are acquired using the
excitations preceding the imaging interleaves. This does not increase the scan
time since these excitations are normally used to establish magnetization
equilibrium. The field map sequence is partial-flyback inside-out EPI with
two interleaves. The use of inside-out avoids spatial misregistration between
the field map and the uncorrected image. The use of partial-flyback avoids
signal loss due to flow. In all, four excitations are required for the field map:

two for the first map image and two for the second map image.

3.9 Resulits

Here we present both flow-phantom images and cardiac images.
Figure 3.14 shows images of two tubes and two bottles. In the tubes, there is
pulsatile flow in the directions indicated by the arrows. In the bottles, there is
no flow but there are signal voids caused by an air bubble in the center of each
bottle. Data acquisition was gated to the pulsatile flow. Figure 3.14a was
acquired with no-flyback partial-Fourier EPI. Flow ghosting replaces each tube
with two strong ghosts and a number of weaker ghosts. In Fig. 3.14b, the use
of 50% flyback effects a dramatic reduction in the flow ghosting. This shows
that, for flow in the readout direction, partial-flyback reduces ghosting for
higher-order flow as well as constant-velocity flow. Figure 3.14c was acquired
with 50% flyback inside-out EPI. The Bg-inhomogeneity correction described
in Luk Pat et al. [43] works well here but still leaves some blurring of the
bottle corners. These results correspond well with the simulations of

Section 3.4.
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Figure 3.14: Images of two tubes and two bottles. In the tubes, there is
pulsatile flow in the directions indicated by the arrows. In the bottles, there is
no flow but there are signal voids caused by an air bubble in the center of each
bottle. The use of 50% flyback dramatically reduces the flow ghosting. (a) No-
flyback partial-Fourier EPI. (b) 50% flyback partial-Fourier EPI. (c) 50% flyback
inside-out EPI. For each image, in-plane resolution is 1.2 mm, slice thickness
is 10 mm and 16 interleaves were used with effective readout times per
interleaf of 17.6 ms, 26.4 ms and 52.8 ms respectively. For the partial-Fourier
images, 62.5% of k-space was acquired.

Figure 3.15 shows breath-held axial images of the heart of a normal
volunteer acquired in late diastole. Figure 3.15a was acquired with no-flyback
partial-Fourier EPI. Readout-flow artifacts appear as signal loss and ghosting
along the septum and just inferior to the mitral valve. Figure 3.15b was
acquired with 50% flyback partial-Fourier EPI. Here, the ghosting is
eliminated and the signal loss is reduced. However, around the posterior
edge of the heart, there is some ghosting and more signal loss than with no
flyback. This is because of the worsened phase-encode flow properties.
Nevertheless, the overall image quality improves with partial-flyback.
Figure 3.15¢ was acquired with 50% flyback inside-out EPI and shows less
signal loss than in Fig. 3.15b. This is due to the superior phase-encode-flow
properties of inside-out EPL

Figure 3.16 shows breath-held axial images of the heart of another

normal volunteer; also acquired in late diastole. Figure 3.16a was acquired
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with no-flyback partial-Fourier EPL. In this image, readout flow is responsible
for acute signal loss in the heart in the region just inferior to the mitral valve.
In Fig. 3.16b, the use of 50% flyback dramatically eliminates this signal loss.
Figure 3.16c was acquired with the 50% flyback inside-out sequence and shows
even less signal loss than Fig. 3.16b.

a) b) c)

Figure 3.15: Breath-held, axial images of the heart of a normal volunteer.
Data acquisition was gated to late diastole. Signal loss is reduced by the use of
50% flyback and inside-out. (a) No-flyback partial-Fourier EPIL. (b) 50% flyback
partial-Fourier EPI. (c) 50% flyback inside-out EPI. The image parameters are
the same as in Fig. 3.14.

a) b) c)

Figure 3.16: Breath-held, axial images of the heart of a normal volunteer.
Data acquisition was gated to late diastole. Signal loss is reduced by the use of
50% flyback and inside-out. (a) No-flyback partial-Fourier EPI. (b) 50% flyback
partial-Fourier EPI. (c) 50% flyback inside-out EPI. The image parameters are
the same as in Fig. 3.14.
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3.10 Discussion

3.10.1 Comparing the three sequences

With the number of interleaves constant, Table 3.1 summarizes the
differences among the three sequences considered in this chapter.

For no-flyback partial-Fourier EPI, off-resonance produces a benign
shift in the phase-encode direction. However, readout flow produces
ghosting and signal loss since data is acquired in both the positive and
negative kx-directions. Phase-encode flow mostly produces signal loss since
the phase-encoding gradients are active before the center of k-space is
acquired.

For partial-flyback partial-Fourier EPI, off-resonance causes some
blurring. This is because partial-flyback puts a 'knee’ in the off-resonant
phase. Readout-flow artifacts are less severe than for no-flyback
partial-Fourier EPI since, for the important low spatial frequencies, data is
acquired in only one kx-direction. Phase-encode-flow artifacts are slightly
worse than for no-flyback partial-Fourier EPI because the phase-encoding
gradients are active for a longer time before the center of k-space is acquired.

For partial-flyback inside-out EPI, off-resonance produces blurring or
ghosting. Starting data acquisition at the center of k-space puts another knee
in the off-resonant phase at the center of k-space. However, it results in less
signal loss from off-resonance since the TE is shorter. The readout-flow
properties of partial-flyback inside-out EPI are essentially the same as those of
partial-flyback partial-Fourier EPI. Phase encode flow properties are superior
to those of no-flyback partial-Fourier EPI and partial-flyback partial-Fourier

EPI since there is much less phase-encoding before the center of k-space is
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acquired. Finally, we emphasize that inside-out EPI does not use partial

k-space acquisition and so is not susceptible to imperfections in data synthesis.

Sequence Advantages Disadvantages
No-flyback Off-resonance produces a Partial-Fourier
partial-Fourier EPI benign shift reconstruction

produces artifacts

Partial-flyback Partial-flyback reduces Partial-Fourier
partial-Fourier EPI readout-flow artifacts reconstruction
produces artifacts

Partial-flyback Partial-flyback reduces Off-resonance causes
inside-out EPI readout-flow artifacts ghosting
Inside-out reduces phase-
encode-flow artifacts

Table 3.1: Advantages and disadvantages of the three EPI trajectories.

In summary, partial-flyback should be used in situations where there is
significant flow in the readout direction. Inside-out EPI should be used in
situations where there is significant flow in the phase-encode direction.
However, in situations where the artifacts from conjugation reconstruction
are tolerable, the superior off-resonance properties of partial-Fourier EPI are

recommended.

3.10.2 EPI versus spiral imaging

In general, spiral imaging demonstrates better flow properties than
echo-planar imaging [22]. This is because the spiral trajectory never ventures
near the edges of k-space until it has acquired the central regions. In

comparison, EPI collects kx-edges of k-space very soon after the RF excitation.
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Therefore, near the center of k-space, the gradient moments are smaller for
spiral imaging than for EPI. Additionally, for a given field of view and spatial
resolution, a spiral trajectory has a shorter data acquisition time. It makes
more effective use of the gradient amplifiers since there are no sharp turns in
k-space.

However, there are three scenarios in which EPI may offer advantages
over spiral imaging. First, commercially-available gradient hardware now
offers significant increases in slew rate which is more beneficial to EPI than to
spiral imaging. Second, for imaging regions with significant Bg
inhomogeneity, the off-resonance artifacts of partial-Fourier EPI are less
obtrusive than those of spiral imaging. Third, in the readout direction, it may
be desirable to limit the field of view with the anti-aliasing filter. This is
possible with EPI but not with spiral imaging.

3.10.3 Higher-performance gradients

Higher-performance gradients than the cnes we used in acquiring our
images are becoming available, for example, gradients with an amplitude of
40 mT/m and a slew rate of 150 mT/m/ms. These higher-performance
gradients would have improved our imaging performance in the following
ways.

For a given spatial resolution, the gradient waveform duration could
have been shortened, increasing the number of number of images that could
be acquired in a breath-hold. For example, for the 50% flyback inside-out
parameters given in the caption of Fig. 3.4, the total data-acquisition time for
all 16 interleaves could have been reduced from 420 ms to about 150 ms.
Alternatively, for a given data-acquisition time, the resolution could have

been increased; this is particularly significant for breath-held scans.
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Continuing the example of the 50% flyback inside-out parameters given in
the caption of Fig. 3.4, for a total data-acquisition time of 420 ms, the
resolution could have been increased from about 1.6 mm to about 0.8 mm.
Whether the waveform duration was shortened or the resolution was
increased, these gradients would have provided greater speed through
k-space, allowing less evolution of spurious phase produced by off-resonance
and flow and therefore reducing the resulting artifacts.

For trajectories that use flyback, the higher-performance gradients may
yield positive Gy lobes whose durations are too short to provide adequate
SNR. Therefore, we may want to limit the amplitude of the positive Gy lobes,
producing a gradient waveform where the negative Gy lobes are taller and
thinner than the positive Gy lobes [49]. This would have changed the off-
resonance behavior shown by Figs. 3.8b-3.8c: the slope change between the
flyback region and the non-flyback region would have decreased, reducing the
off-resonance blurring. Furthermore, with sufficient asymmetry between the
durations of positive and negative Gy lobes, full flyback may make more

sense than partial flyback.

3.11. Conclusions

Partial-flyback EPI allows significantly improved readout-flow
properties at the expense of slightly worsened phase-encode-flow properties
or increased imaging time, along with slightly worsened off-resonance
properties. We recommend that the flyback region acquire 95% of the energy
in k-space.

Partial-flyback was shown to improve partial-Fourier EPI and inside-

out EPI. Indeed, it can be applied to any EPI trajectory. Inside-out EPI was
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shown to be a viable alternative to partial-Fourier EPI. Although it has worse
off-resonance properties than partial-Fourier EPI, it demonstrates better flow
properties. Furthermore, it does not suffer from the artifacts of partial k-space

reconstruction.
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Chapter 4

One-Shot Spatially-Resolved Velocity Imaging

4.1 Introduction

Quantitative velocity MRI can provide valuable information in many
situations [50]. In cases of severe aortic stenosis, flow velocities approaching
6 m/s have been measured [51]. In evaluating left ventricular diastolic
function and mitral valve disease, flow through the mitral valve and in the
pulmonary vein are important [52, 53]. In normal peripheral vessels, flow is
triphasic or biphasic whereas, in diseased peripheral vessels, flow can be
monophasic with reduced maximum velocity [21, 54].

In MRI, quantitative velocity measurement can be achieved with
Fourier-encoded velocity imaging (FEVI) which uses "velocity phase-
encoding” in addition to encoding in two spatial dimensions [55, 56].
However, since it acquires a three-dimensional data set, acquisition times are
long. Acquisition times can be reduced by using a cylindrical excitation [19] to
restrict imaging to one spatial dimension [57, 58]. However, cardiac gating is

still necessary.
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Acquisition times can be further reduced by using phase-contrast
imaging [59-61] with a cylindrical excitation [58, 62], eliminating the need for
cardiac gating. However, since phase-contrast imaging produces only a single
velocity value for each spatial location, velocity measurements are inaccurate
when several velocities are present in one voxel.

Full velocity spectra without cardiac gating can be obtained with a
technique which we call "bowtie imaging" because of the shape of the k-space
trajectory. It employs a cylindrical excitation followed by data acquisition
during a time-variant gradient [63, 64]. The time-variant gradient combines
the full k-space coverage of FEVI with the short acquisition times of phase-
contrast imaging. After each excitation, an image of velocity versus spatial
location is obtained. For a given spatial location, a series of these images can
be used to form an image of velocity versus time. We note that bowtie
imaging can be viewed as an MRI equivalent of Doppler ultrasound imaging.

For bowtie imaging, the two-shot version of Irarrazabal et al. [64] is
sensitive to off-resonance. This chapter presents a one-shot version of bowtie
imaging which achieves better off-resonance properties and obtains higher
temporal resolution for a given velocity resolution. In Section 4.2, the
k-space trajectory of this technique is described. Section 4.3 presents our
implementation of this technique and Section 4.4 presents phantom and
in-vivo results. The discussion in Section 4.5 includes a comparison of

bowtie imaging with other velocity-imaging techniques.
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4.2 Theory

4.2.1 Velocity k-space trajectory

Bowtie imaging exists in a k-space which has one spatial dimension
and one velocity dimension, as described in Section 2.4. For a constant

velocity, v, in the x direction, the MRI signal equation for bowtie imaging is:

s(6)= [[m(x,v),eq e PEOHEEN g gy, (4.1)

where the magnetization, m, is a function of x and v as defined at a time, {=0,

and

_ry
k(D)= L Gy(7) dr (4.2)
_ ’y 3
k()= Lat G, (7) dt (4.3)

where Gy(t) is a time-variant gradient and f{, is the time when this gradient is
turned on. In general, the gradient waveform is turned on before the instant
at which we define m so that £, < 0.

Using Eqs. 4.2-4.3, we can plot the trajectory in kx-ky space for a given
gradient waveform. Figure 4.1 shows an oscillating Gy waveform, its zeroth
moment, ky, and its first moment, k;, and a plot of k; versus kx. The kx-kp
trajectory starts at the origin then traces the sequence of points from 'tl' to
‘t6,' corresponding to the time labels on the plots of Gy, kx and ky. The
trajectory oscillates about the k-space origin with the ky amplitude remaining

constant and the k, amplitude increasing with time.
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Figure 4.1: Time-variant gradient, Gx, zeroth moment, kx, and first moment,
ky. The ky-ky trajectory starts at the k-space origin and traces the sequence of
points from 'tl’ to 't6’. These points correspond to time instants on the plots
of Gy, kx and kp.

The bowtie shape of the trajectory can be explained by the following

observation. At any given time, the slope of the trajectory is t’ as given by

Irarrazabal et al. [64]:

dk,

=1. 4.4
de. 44

X

This can be derived by differentiating Eqgs. 4.2 and 4.3 then dividing. If we
choose to define t1 as t = 0 then the first oscillation of Gx produces a 'spoke'
whose initial slope is 0. Since time increases with each successive oscillation,
the slope of each spoke increases. Near-vertical spokes will only appear as

time approaches infinity and are therefore not achievable in practice.
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Figure 4.2: Two-shot imaging kx-ky trajectory corresponding to the Gy
waveform in Fig. 4.6. The first shot acquires the bottom-half of k-space while
the second shot acquires the top-half. Image reconstruction uses data from
the rectangular region shown.

The bowtie shown only occupies two quadrants of k-space. The other
two quadrants could have been filled with data acquired during 'negative
time'. For example, if we had chosen t4 = 0 then the spokes joining t1 to t2, t2
to t3 and t3 to t4 would have negative slopes. This concept of negative time

could be used to make a bowtie that is symmetric about k;=0. However, for

the one-shot imaging that we propose, this concept is not needed.

4.2.2 Two-shot imaging
Irarrazabal et al. [64] used two-shot imaging in which two excitations
achieved full k-space coverage. The 1st excitation acquires, for example, the

bottom half of k-space and the 2nd excitation, with the polarity of the readout

gradient reversed, acquires the top half of k-space. Figure 4.2 shows the
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k-space trajectory and the rectangular region from which data are taken for
image reconstruction. The first excitation’s trajectory is drawn in a solid line
while the second excitation's is drawn in a dashed line. This trajectory
corresponds to the Gy waveform in Fig. 4.6. This waveform is similar to that
in Fig. 4.1 except that it is preceded by a small prewinder lobe. This prewinder
shifts the bowtie along ky so that the rectangle is centered on the k-space
origin.

With this technique, a velocity image requires data from two
excitations. By using the two most recent excitations, a velocity image can be
produced after every excitation. Whiles this doubles the display rate, it does
not double the temporal resolution. For improved temporal resolution and

better off-resonance properties, we propose one-shot imaging.

4.2.3 One-shot imaging

In one-shot imaging, each excitation uses partial k-space coverage
where only part of the k; information is acquired. Figure 4.3 shows the
k-space trajectory and the rectangular region corresponding to the Gy
waveform in Fig. 4.7. The unipolar prewinder of Fig. 4.6 is replaced by a
bipolar prewinder, whose net area is non-zero, which shifts the bowtie along
both kx and kp. This kp-shift allows 63% of the desired rectangle to be
acquired.

Compared to two-shot imaging, one-shot imaging requires partial-
Fourier reconstruction, such as described in Appendix B. However, one-shot
imaging also has important advantages over two-shot imaging. First, it has

superior off-resonance properties. Second, because it synthesizes part of the k-
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Figure 4.3: One-shot imaging ky-kp trajectory corresponding to the Gy
waveform in Fig. 4.7. It acquires only part of the desired rectangular region.
The unacquired data are synthesized using partial-Fourier reconstruction.

space data, it achieves higher temporal resolution for a given velocity

resolution. These disadvantages and advantages will be discussed later.

4.2.4 Resolution and field-of-view

Image reconstruction uses data from a rectangular region of k-space.
Since the data are not acquired on a Cartesian grid, gridding [45] is used to
reconstruct the image. The spatial resolution is determined by the width of
the rectangular region in the k, direction. Similarly, the velocity resolution is
determined by the width of the rectangle in the k; direction. The velocity
field-of-view is given by the largest k,-spacing between the spokes. This
typically occurs at the ky-edge of the bowtie. The spatial field-of-view is given

by the largest ky-spacing between samples. This occurs when the gradient
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Figure 4.4: Anti-aliasing filter effects on the bowtie-imaging FOV. (a) kx-kp
space: simplified trajectory with three spokes labelled ‘1’ to ‘3’. (b) x-v space:
filter limits the FOV of each spoke in the direction of that spoke. The darker
shaded area is the intersection of the FOVs of all the spokes. The lighter
shaded area plus darker shaded area is the union of the FOVs of all the
spokes. Only the intersection of the FOVs contains useful signal.

amplitude is largest. We refer to the field-of-view defined by the k-space
sampling density as the 'sampling-density FOV.'

Besides the maximum spacing between k-space samples, the field-of-
view can also be limited by the anti-aliasing filter. These filter effects are
analyzed in detail in Appendix D and the results are merely stated here. For
each spoke, applying the anti-aliasing filter limits the field-of-view in the
direction of that spoke, as shown in Fig. 4.4. The intersection of the fields-of-
view of all the spokes in Fig. 4.4a is the darker shaded area in Fig. 4.4b and is
referred to as the 'intersection FOV.' Only signal in this intersection FOV
comes from a complete set of k-space data. The union of the fields-of-view of
all the spokes in Fig. 4.4a consists of the lighter and the darker shaded areas in
Fig. 4.4b and is referred to as the 'union FOV.' Signal in the lighter shaded

area (inside the union FOV but outside the intersection FOV) represents spins
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which were within the filter bandwidth for only some of the spokes.
Therefore, this signal comes from an incomplete set of k-space data and is not
useful. If Ax and Av are the dimensions of the intersection FOV as labelled in
Fig. 4.4b, we can write Ax = FOVy and Av = FOVy/tpao where FOVy is
determined by the filter bandwidth and fpsg is the length of the data-
acquisition period.

Therefore, the field-of-view can be limited by the k-space sampling
density or by the anti-aliasing filter. If the object being imaged is smaller than
the intersection FOV then the anti-aliasing filter is irrelevant and the field-of-
view is limited by the k-space sampling density. However, if the object being
imaged is larger than the intersection FOV then the field-of-view is limited to
the intersection FOV. In this case, we note that (a) the k-space sampling
density should be large enough to prevent aliasing in the intersection FOV
and (b) the velocity field-of-view varies with x-location and is diminished if

tpag is lengthened.

4.2.5 Off-resonance

In previous chapters, we analyzed the effects of off-resonance by adding
a resonant-frequency dimension to k-space. While this works well for
stationary spins, we need to be more careful when considering moving spins.
For a spin moving through a region of space where the off-resonance is
spatially-variant, the resonant frequency of that spin varies with time. For a
spin moving with constant velocity, v, the phase induced by the spatially-

variant off-resonance, f(x), can be expressed as 274(x,v,f,t) where

2 2 2 3 3 2
00 v, £, =(t—1,) f(x) + L) ’)g (’3!’)16{ . (a5)
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Figure 4.5: Off-resonant phase vs. kp; when kx=0 and the off-resonant
frequency is spatially invariant. (a) For two-shot imaging, the v-shaped
profile results in blurring or ghosting along the v-direction of the image. (b)
For one-shot imaging, the linear profile results in shifting along the v-
direction of the image.

K,

and £s is the effective center of the excitation pulse. This equation is derived

in Appendix E. The MR signal equation then becomes

S(t)__.J._Um(x’v’f)t:O g2k (DX +k, (WX V.S 1o 1y, df (4.6)

Since we cannot write the 274 (x,v,f,t) term in the form of 2mkdt)f, our
previous addition of a single resonant-frequency dimension to k-space is
inadequate to analyze the effects of off-resonance on moving spins. Perhaps it
is possible to use multiple resonant-frequency dimensions in k-space such
that the k-space variables are {t, t2, t3, ...} and the image-space variables are {f,
df/dt, d2f/dt2, ...} but this is a subject for future work.

For the present, we can gain some understanding of the effects of off-
resonance in bowtie imaging by considering a situation in which f is constant.

In such case, Eq. 4.5 reduces to the familiar form:

p)=0¢-t)f. 4.7)
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If we further assume that fT << 1, where T is the duration of one readout lobe,
we can neglect the off-resonant-phase evolution along ky and consider only
its evolution along k;. Under these conditions, Fig. 4.5 sketches the off-
resonant phase against kp for kx=0. For two-shot imaging, Fig. 4.5a shows a
'v' shaped plot because one of the shots travels from the k-space origin to +kp
while the other shot travels from the k-space origin to -k;. Consequently,
there is blurring along the v direction as shown in Fig. 4.11b. For one-shot
imaging, Fig. 4.5b shows a linear plot since travel is only in one k,-direction.
Consequently, there is shifting along the v direction as shown in Fig. 4.11c. In
general, the fT << 1 condition is usually satisfied. However, f is not usually
constant. Therefore, in addition to the first-order effects discussed above,
there can be smearing of the signal in the v direction.

It is possible to reduce off-resonance artifacts using a field map and the
time-segmented deblurring of Noll et al. [42]. However, it is difficult to obtain
a field map of flowing material. We estimated a field map from the phase
difference of two x-v images with different TEs. However, manipulation of
Eq. 4.5 shows that such a map is corrupted by velocity effects. Using only the
v=0 signal can avoid these velocity effects but this strategy has two problems.
First, the resonant frequency of the static material may not be that of the
flowing material. Second, if a particular x-location contains static material
with a range of off-resonant frequencies, the field map may be invalid at that
x-location.

Section 4.4 shows some images with off-resonance correction.
However, we found that such correction could be futile for two-shot imaging

and was not necessary for one-shot imaging.
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Figure 4.6: Pulse sequence diagram for two-shot imaging showing cylindrical

excitation and oscillating readout gradient, Gy. The polarity of the readout
gradient is alternated for each excitation.

4.3 Method

We implemented the one-shot and two-shot velocity imaging
sequences on a GE Signa 1.5T system. The gradient subsystem has a
maximum amplitude of 22 mT/m and a slew rate of 20 mT/m/ms. The
maximum sampling rate for data acquisition is 125 kHz.

Figures 4.6 and 4.7 show the pulse sequence diagrams for two-shot and
one-shot velocity imaging, respectively. The RF, Gy and G axes depict the
cylindrical RF excitation. In Fig. 4.6, the imaging waveform on the Gy axis
begins with a unipolar prewinder used to appropriately center the k-space
rectangle. In Fig. 4.7, a bipolar prewinder is used. For both imaging
techniques, the G, crusher was essential in providing a steady signal level

from excitation to excitation. RF-phase spoiling was not required.
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Figure 4.7: Pulse sequence diagram for one-shot imaging showing cylindrical

excitation and oscillating readout gradient, Gx. In contrast to two-shot
imaging, the prewinder before the oscillating readout gradient is bipolar.

For all of the one-shot images shown, the image-reconstruction
method is described in Appendix B. This method assumes a real-valued
object in x-v space and attempts to correct for off-resonance- and motion-
induced phase which can compromise this assumption. We note that this
same algorithm, when used to reconstruct partial-Fourier EPI, produces
artifacts since the velocity-induced phase in EPI is usually severe. We did not
encounter such artifacts with one-shot bowtie imaging because the

acceleration-induced phase was not severe.

4.3.1 Readout-gradient waveform

The design of the readout-gradient waveform involves tradeoffs
among spatial resolution and field-of-view, velocity resolution and field-of-

view, and temporal resolution. We used exponential ramps [44] and
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sampling on the Gy ramps to achieve greater resolution and field-of-view
than with linear ramps and sampling only on the G, plateaus. With
exponential ramps, we achieved an average slew rate of 29 mT/m/ms which
is about 50% greater than with linear ramps. We want to emphasize that
bowtie imaging will work with any unipolar shape for the Gy lobes.

We designed gradient waveforms for imaging a flow phantom and the
aorta. Readout-waveform parameters and performance measures are listed
in Table 4.1 for flow-phantom imaging and in Table 4.2 for aorta imaging.
The dx and dv performance measures are simply the inverse of the kx et and
ko,rect parameters respectively but are listed for convenience. The tpagQ
performance measure gives a lower limit on the temporal resolution. The
intersection FOV, is the x-width of the intersection FOV at v=0 calculated
using the largest Gy amplitude. The intersection FOVy is the v-width of the
intersection FOV at x=0 again calculated using the largest Gy amplitude.

We now consider the effects of the anti-aliasing filter. In the v
direction, we don't expect any signal outside the sampling-density FOVy.
Therefore, the object being imaged is smaller than the intersection FOVy and
the anti-aliasing filter is irrelevant. In the x direction, however, the object
being imaged is larger than the intersection FOVy and we need to ensure that
the sampling-density FOVy is large enough to prevent aliasing into the
intersection FOV. The extreme x values of the union FOV can be calculated
by noting that we don't expect any signal outside the sampling-density FOVy.
Therefore, the extreme x values of the union FOV are at

v=f(sampling-density FOV3)/2 and, with reference to Fig. 4.4b, are given by

union FOVy = (intersection FOVy) + 2 tpap (sampling-density FOVy)/2. (4.8)
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In all four cases in Tables 4.1-4.2, the union FOV, is smaller than the
sampling-density FOVy so there will be no aliasing into the intersection FOV.

For flow phantom imaging, between one-shot and two-shot imaging,
we kept the same data acquisition time per excitation, velocity field-of-view,
spatial field-of-view and spatial resolution. Under these conditions, one-shot
imaging has twice the temporal resolution as two-shot imaging but slightly
worse velocity resolution. The velocity resolution would be the same if one-
shot imaging only acquired 50% of k-space. However, slightly more than 50%
of k-space has to be acquired otherwise the partial-Fourier reconstruction
would not work well.

Imaging the aorta requires a velocity field-of-view of about 180 cm/s in
normal subjects. It also requires high temporal resolution since systolic flow
produces an abrupt peak in the velocity-time profile. Between one-shot and
two-shot imaging, we kept the same spatial field-of-view, velocity field-of-
view, spatial resolution and velocity resolution. Under these conditions,
one-shot imaging achieves better temporal resolution than two-shot imaging.

The sampling-density velocity field-of-view, FOVy, was reduced by
allowing aliasing in the velocity direction. This works well in the case of
aorta imaging since the maximum antegrade velocity is much larger than the
maximum retrograde velocity. This aliasing was unwrapped by gridding to a
larger FOVy. Unwrapping should not use a circular shift in the velocity
direction because the variable kp-spacing between the spokes of the trajectory

yields a sampling-density FOV7 that varies with kx.
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Parameter Description Two-shot imaging One-shot imaging
value value

Niobes no. lobes in sawtooth 25 25
portion of waveform

kx,l0be area of each lobe in 3.6 3.6
sawtooth (1/cm)

kx,rect kx-width of rectangular 0.67 0.67
k-space region (1/cm)

ko,rect kp-width of rectangular 0.065 0.053
k-space region (s/cm)

sampling-density sampling-density spatial 32 32

FOV, field-of-view (cm)

intersection FOV intersection spatial 17 17
field-of-view (cm)

Performance Description Two-shot imaging One-shot imaging

measure value value

dv velocity resolution (cm/s) 154 18.7

ox spatial resolution (cm) 1.52 1.52

tDAQ duration of data-acq. 27.2 27.2
window (ms)

sampling-density sampling-density velocity 255 255

FOVy, field-of-view (cm/s)

intersection intersection velocity 618 618

FOV, field-of-view (cm/s)

ot time resolution (ms) 100 50

ky fraction fraction of k-space acquired 100% 58%

Table 4.1: Parameters and performance measures of the readout gradient
waveforms used for imaging a flow phantom.
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Parameter Description Two-shot imaging One-shot imaging

value value

Niobes no. lobes in sawtooth 15 17
portion of waveform

kx,10be area of each lobe in 2.25 225
sawtooth (1/cm)

kx,rect kx-width of rectangular 0.68 0.68
k-space region (1/cm)

ko,rect kp-width of rectangular 0.052 0.052
k-space region (s/cm)

sampling-density sampling-density spatial 33 33

FOV, field-of-view (cm)

intersection intersection spatial 19 19

FOV, field-of-view (cm)

Performance Description Two-shot imaging One-shot imaging

measure value value

v velocity resolution (cm/s) 19.2 19.2

ax spatial resolution (cm) 1.47 1.47

tDAQ duration of data-acq. 18.2 20.7
window (ms)

sampling-density sampling-density velocity 182 182

FOVyp field-of-view (cm/s)

intersection intersection velocity 1050 928

FOVy field-of-view (cm/s)

ot time resolution (ms) 56 33

ky fraction fraction of k-space acquired 100% 63%

Table 4.2: Parameters and performance measures of the readout gradient
waveforms used for imaging the aorta.
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4.3.2 Cylindrical excitation

In designing the cylindrical excitation, the most important goal is to
maximize the signal from the vessel lumen while minimizing unwanted
signal. Figure 4.8 shows the profile of the cylindrical excitation we used.
Unwanted signal arises from two sources: (i) portions of the cylinder that are
outside the vessel lumen and (ii) the sidelobes of the cylindrical excitation.
Ideally, we want a cylinder diameter equal to the that of the vessel lumen and
sidelobes that occur outside the body or the range of the receiver coil.
However, because of the limitations of the gradient subsystem, there are
tradeoffs among pulse duration, cylinder diameter and sidelobe proximity
[19]. A shorter pulse reduces sensitivity to off-resonance and increases
temporal resolution. However, it also means a larger diameter or closer
sidelobes. For a given pulse duration, a smaller diameter requires larger
spacing between the spiral turns which produces closer sidelobes.

We used a Gaussian-shaped cylinder whose diameter can be
characterized by its full width at half-maximum (FWHM). For imaging the
aorta, we used a FWHM of 2.0 cm which was reasonably close to the lumen
diameters we encountered. To avoid placing the sidelobes in the cardiac
chambers, we used a sidelobe distance of 16 cm. The resulting pulse duration
was only 6.6 ms. Because of inflow effects, the optimal flip angle depends on
several factors, two of which are velocity and how much upstream flow is
excited by the cylinder. We empirically chose a flip angle of 30 degrees.

Even if unwanted signal is unavoidable, it can usually be distinguished
from the desired velocity signal. Since the sidelobes can usually be placed to
avoid flowing material, unwanted signal is typically from static tissue.

Therefore, in the v-t images, it shows no time-variance and can be
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Figure 4.8: Excitation profile of cylindrical pulse used for imaging the aorta.
Flip angle is 30 degrees. Full-width at half-maximum is 2.0 cm. First sidelobe
ring begins at about 16 cm from the center. Pulse duration is 6.6 ms.

distinguished from the time-variant velocity signal. We note that static
signal is not necessarily confined to v=0 since it can be off-resonant.
Nevertheless, we want to emphasize the importance of the cylindrical
pulse design in suppressing unwanted signal. A badly designed cylindrical
pulse can make the unwanted-signal amplitude much larger than the flow-

signal amplitude, obscuring the flow signal.

4.3.3 Positive-negative lobe ghosting

In both one-shot and two-shot imaging, differences between the
positive and negative gradient lobes can cause ghosting, as in echo-planar
imaging [48]. These differences arise from infidelity in the gradient subsystem
and asymmetry in the data acquisition filters and are described in

Appendix A. To avoid this ghosting, we used only the positive-lobe data.
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The resulting decrease in the velocity field-of-view is negligible since the
negative-lobe trajectory is almost identical to the positive-lobe trajectory. The
resulting decrease in SNR is tolerable since we can achieve adequate SNR
with only the positive-lobe data.

Even when only the positive-lobe data are used, two-shot imaging
presents a further complication. Because the polarity of the gradient
waveform is reversed between the two shots, gradient subsystem infidelity
produces differences in the prewinder lobe, as described in Appendix A. As a
result, between the top and bottom halves of k-space, there is a difference in
the phase and ky location of the gradient echoes. In echo-planar imaging,
these differences are corrected using calibration data that is acquired with the
phase-encoding turned off [48]. In velocity imaging, we can "turn off the
velocity phase-encoding” by imaging an object that has no flow. Our use of

this calibration data is described in detail in Appendix A.

4.4 Results

Images of phantoms and the aortas of normal volunteers were
obtained with the head coil and body coil respectively. The images were
interpolated in two dimensions by zero-filling in k-space. We note that the
bowtie technique has been validated by Hu et al. [63] who compared their

velocity measurements with those from a calibrated flow pump.
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Figure 4.9: Images of pulsatile flow in a tube. (a) Coronal image with the
white rectangle showing the placement of the cylindrical excitation. (b) Two-
shot image of velocity vs. position. (c) One-shot image of velocity vs.
position.

Figure 4.10: Velocity-time images at the spatial centers of the images in
Figs. 4.9b and 4.9c. They show the pulsatile-flow pump initially off, being
turned on and then settling into periodic behavior. (a) Two-shot image with
100 ms temporal resolution. (b) One-shot image with 50 ms temporal
resolution.
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Figure 4.9a is a coronal image of water flowing in a tube, as driven by a
pulsatile pump. The white rectangle indicates the placement of the
cylindrical excitation. Figures 4.9b and 4.9c show x-v images obtained with
two-shot and one-shot imaging, respectively. The expected parabolic-flow
profile would be discernible with better velocity resolution. The two-shot
image shows blurring caused by off-resonance. In the one-shot image, this
same off-resonance causes a shift along the v direction.

From the series of x-v images, we compiled v-t images for x=0, as
shown in Fig. 4.10a and 4.10b. They show the flow pump initially off, then
being turned on and settling into its steady-state pulsatile behavior. Under
these ideal conditions of no extraneous static signal and good By
homogeneity, the two-shot and one-shot images are not very different. There
is ringing or ghosting along the v direction because inadequate velocity
resolution causes truncation of the k-space data.

Figure 4.11a shows a sagittal image of the thorax of a normal volunteer.
The white rectangle indicates the placement of the cylindrical excitation on
the descending aorta. Figures 4.11b and 4.11c show x-v images obtained with
two-shot and one-shot imaging, respectively. Again, off-resonance has a
much greater effect on the two-shot image than on the one-shot image.

From the series of x-v images, we compiled v-t images for x=0, as
shown in Fig. 4.12a and 4.12b. Here, the adverse effects of off-resonance on
two-shot imaging are shown. Both images show the periodic behavior of
blood flow in the aorta. However, the one-shot image is much better at
resolving the peak antegrade flow and showing the slight retrograde flow

caused by the distensibility of the aortic wall.
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Figure 4.11: Images of the aorta of a normal volunteer. (a) Sagittal image of
the thorax with the white rectangle showing the placement of the cylindrical
excitation. (b) Two-shot image of velocity vs. position. (c) One-shot image of
velocity vs. position.

Figure 4.12: Velocity-time images at the spatial centers of the images in
Figs. 4.11b and 4.11c. They show the peak flow during systole and retrograde
flow during diastole. (a) Two-shot image with 56 ms temporal resolution.
(b) One-shot image with 33 ms temporal resolution.
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These results demonstrate that good By homogeneity is essential for
two-shot imaging. Unfortunately, for in-vivo situations, this is difficult to
achieve and obtaining a field map for deblurring is also difficult, as described
previously. On the other hand, one-shot imaging is much more tolerant of

Bo inhomogeneity, making off-resonance deblurring unnecessary.

4.5 Discussion

4.5.1 Distortion of the cylindrical pulse

The profile of the cylindrical excitation can be distorted by several
sources of artifact. Tz-decay effects were minimized by keeping the pulse
duration much shorter than the T»-relaxation times of blood, muscle and fat.
Bi-inhomogeneity effects are fairly benign, changing the flip angle but
preserving the pulse shape. However, flow and off-resonance can have
significant effects.

Flow effects were minimized by orienting the flow along the x
direction which is the long axis of the cylinder. Displacement artifacts [65]
along x are benign unless the readout field-of-view contains an abrupt change
in vessel direction. Flow in the y-z plane is only significant inside the cardiac
chambers. The resultant blurring of the profile [66] can be minimized by
keeping the pulse duration short. The displacement artifacts can be
minimized by keeping the TE short.

Off-resonance can cause blurring of the profile, increasing the amount
of unwanted signal from outside the vessel lumen. For example, at 50 Hz off-
resonance, the FWHM increases to 2.1 cm and, more significantly, the full-

width-at-10%-of-maximum increases from 3.3 cm to 4.8 cm. At 220 Hz off-
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resonance, the resonant frequency of fat, the FWHM is 9 cm. A good shim
can reduce blurring near the water frequency but cannot prevent blurring
near the fat frequency. Therefore, excitation of the periadventitial fat seems
inevitable, increasing the importance of the Bg insensitivity of one-shot

imaging.
4.5.2 Resolving along the spatial dimension

We found the velocity-time images to be the most useful way to view
the bowtie-imaging data. It might therefore be considered unnecessary to
resolve along the spatial dimension. However, spatial resolution is useful in
distinguishing spatial variance of the velocity-time behavior and of the
resonant frequency. When the resonant frequency is spatially variant, signal
is presented with different v-shifts for one-shot imaging or different v-
blurring for two-shot imaging. This effect can be particularly annoying when

it is manifested by static signal with a large amplitude.

4.5.3 Acceleration

Acceleration effects can be analyzed by examining the 2nd moment of
the readout-gradient waveform. There are two possible effects: (i) signal loss
because the second moment is non-zero and (ii) ghosting because, along ky=0,
the second moment alternates polarity. In Hu et al. [63], the first effect is
shown to be negligible when there is no prewinder. Even with prewinders,

we did not observe this first effect. Neither did we observe the second effect.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.5.4 Comparison of one-shot and two-shot imaging

Compared to two-shot imaging, one-shot imaging requires partial-
Fourier reconstruction. However, it has important advantages over two-shot
imaging. First, off-resonance causes a shift instead of blurring. This means
that blurring will not compromise velocity resolution. It also means that off-
resonant static signal will not obscure the v=0 region. Second, for a given
velocity resolution, it has better temporal resolution. Third, it does not
require correction for differences between the top and bottom halves of k-
space. During the partial-Fourier reconstruction, application of the phase

map corrects any differences between the acquired and synthesized data.

4.5.5 Comparison of bowtie imaging with other velocity-imaging
techniques

There are some disadvantages to using the cylindrical excitation in
bowtie imaging. First, only one spatial dimension is acquired. This makes it
impossible to measure flow profiles that are spatially-variant in two
dimensions or volumetric flow rates. Second, the minimum cylinder
diameter is limited by the gradient subsystem. A cylinder diameter similar to
the vessel diameter minimizes the static signal, improving the dynamic
range of the flow signal. With current gradient performance, bowtie imaging
may be unsuitable for small vessels such as the coronary arteries.

Nevertheless, data acquisition during a time-variant gradient invests
bowtie imaging with compelling advantages over other velocity-imaging
techniques. First, its short imaging time provides high temporal resolution

without the use of cardiac gating. Second, it acquires a full velocity spectrum
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which, unlike in phase-contrast imaging, can show a range of velocities at
each spatial location. Therefore, with sufficient velocity resolution, static

signal will not corrupt the velocity measurement.

4.5.6 One-shot imaging with higher-performance gradients

Higher-performance gradients than the ones we used in acquiring our
images are becoming available, for example, gradients with an amplitude of
40 mT/m and a slew rate of 150 mT/m/ms. These higher-performance
gradients would have improved our imaging performance in three ways.
First, since less time would have been required to reach a given point in
k-space, off-resonance and flow effects would have been reduced since off-
resonance- and flow-induced phase would have had less time to evolve.
Second, for a given pulse duration, the cylinder diameter could have been
reduced or the sidelobe distance increased. Alternatively, for a given
cylindrical-excitation profile, the pulse duration could have been shortened,
increasing temporal resolution. Third, for a given data-acquisition time, the
field-of-view or resolution could have been increased. For example, for the
one-shot imaging sequence in Table 4.2, the velocity field-of-view could have

been increased from 189 cm/s to 589 cm/s.

4.6 Conclusions

We have presented a velocity imaging technique, which we call one-
shot bowtie imaging, that can produce a full velocity spectrum in real time

with spatial resolution in one-dimension.
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Compared to two-shot bowtie imaging, one-shot bowtie imaging
requires partial-Fourier reconstruction. However, it offers superior off-
resonance properties, higher temporal resolution for a given velocity
resolution, and does not require correction for differences between the top
and bottom halves of k-space.

Compared to other velocity-imaging techniques, bowtie imaging does
not provide images with two spatial dimensions. Furthermore, since the
diameter of the cylindrical excitation should be similar to that of the vessel
being imaged, it is unsuitable for small vessels such as the coronary arteries.
However, unlike Fourier velocity-encoding, it has a short imaging time, and,
unlike phase-contrast imaging, it can image a range of velocities at each
spatial location. Finally, bowtie imaging requires only one excitation per

image, allowing high temporal resolution without cardiac gating.
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Chapter 5

High-Resolution Three-Dimensional In-Vivo
Imaging of Atherosclerotic Plaque

5.1 Introduction

Atherosclerosis is the leading cause of death in the United States and
other industrialized nations. In the United States in 1994, cardiovascular
diseases claimed over 955,000 lives, or 42% of all deaths [1], of which
atherosclerosis is believed to account for a very large fraction.

Clinical assessment of atherosclerosis primarily involves estimates of
the degree of stenosis using ultrasound or X-ray angiography. Ultrasound
requires suitable acoustic windows and it suffers from speckle noise and
considerable operator dependence. X-ray angiography requires ionizing
radiation and invasive catheterization. Furthermore, a significant degree of
stenosis is not necessarily a good predictor of myocardial infarction or stroke
[67, 68]. These acute clinical events occur when atherosclerotic lesions

rupture or are eroded, producing thrombus which leads to vessel occlusion.
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An alternative assessment of atherosclerosis is to distinguish between
vulnerable and stable lesions by examining their internal structure and
contents. While X-ray CT can elucidate the surface morphology of a lesion, it
cannot provide sufficient contrast to distinguish among the various plaque
components [69, 70]. Ultrasound imaging has also been used in attempts to
characterize plaque lesions but can be compromised by the echogenicity
(acoustic opacity) of calcium which is a common component of plaque [71].
Furthermore, the signal processing required to reliably discriminate plaque
components is still the subject of ongoing research [72, 73].

MRI is a promising method for interrogating the internal structure and
contents of atherosclerosis. In the early 1980s, it was shown that black-blood
MRI demonstrates atherosclerosis as wall thickening, luminal narrowing and
discrete lesions [74, 75]. Post-mortem studies which showed increasing lipid
content with disease progression [76, 77] motivated lipid imaging of plaque
using NMR or chemical-shift MRI [78-84]. However, such lipid imaging has
much lower SNR than water imaging because the water signal of plaque is
much larger than its lipid signal [79, 82, 85, 86]. It also has poor spectral
resolution and low SNR because plaque lipids have Tps of less than 20 ms [79,
80, 82-84].

As an alternative to chemical-shift imaging, several studies have
shown that plaque components such as the vessel wall, cap and lipid, fibrous
or calcified core can be distinguished with contrast generated by T1, T2 and
proton-density weighting [85-93]. In particular, it was shown that T2-weighted
imaging of the water signal can distinguish plaque components [85, 86, 92].
Such morphological imaging achieves better SNR than chemical-shift
imaging and can distinguish various types of atherosclerotic lesions. For

example, it is believed by some investigators that lesions with large lipid-rich
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cores and thin caps are unstable, with rupture leading to thrombosis, whereas
lesions with thick caps and calcified cores tend to be stable [67].

In-vivo characterization of plaque lesions using T>-weighted imaging
of the water signal presents several challenges. First, high spatial resolution
is required since plaque components can have sub-millimeter dimensions.
This means that SNR must be carefully managed since it decreases as
resolution increases. Second, three spatial dimensions are required because of
the typically irregular geometry of the blood vessels and their lesions. Third,
excellent off-resonance properties are necessary to avoid compromising the
high spatial resolution. Fourth, a long TE is necessary for T contrast. Multi-
slice 2D RARE [94] has been found to satisfy most of these requirements [89,
92, 93]. Unfortunately, its resolution in the slice-select direction is limited by
the profile of the selective excitation. Therefore, we employed 3D GRASE [95]
because it offers better resolution in the slice-select direction, better SNR
efficiency, arbitrarily-oriented views and better flow suppression.

Two important aspects of our imaging sequence are flow suppression
and cardiac gating. Flow suppression is important in preventing flow artifacts
which can severely affect image quality. Cardiac gating is important in
avoiding systolic vessel motion which can compromise high spatial
resolution. Unfortunately, with high resolution and three spatial
dimensions, cardiac gating can make the imaging time very long. Therefore,
to obtain imaging times of about 10 minutes, we restricted the FOV in all
three dimensions: in the x direction, a lowpass filter was used and, in the y
and z directions, a rectangular excitation [96] was used.

This chapter presents high-resolution, three-dimensional in-vivo
imaging of atherosclerotic plaque using a rectangular excitation pulse to

achieve reasonable scan times. Section 5.2 describes the 3D GRASE trajectory,
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the rectangular excitation used to reduce the imaging time, the flow-
suppression technique and our careful management of SNR. Section 5.3
presents ex-vivo and in-vivo results. The discussion in Section 5.4 includes a

comparison of 3D GRASE and 2D RARE.

5.2. Method

We implemented our sequence on a GE Signa 1.5 T system with a
maximum gradient amplitude of 22 mT/m, a slew rate of 20 mT/m/ms and a

maximum data-acquisition sampling rate of 125kHz. The pulse sequence
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Figure 5.1: Pulse sequence diagram showing the two flow-inversion pulses,
the fat-inversion pulse, the rectangular-tip-down pulse and the 3D GRASE
readout. The long inversion times do not increase scan time since cardiac
gating is used.
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diagram in Fig. 5.1 shows (i) the two inversions used for flow suppression,
(ii) the single inversion used for fat suppression, (iii) the tip-down pulse with
a rectangular excitation profile used to reduce imaging time and (iv) the 3D
GRASE waveforms. The 'theta' axis shows the phase of the RF pulses. The
long inversion times did not increase the imaging time since we used cardiac
gating with a TR of 1 to 2 cardiac cycles. This section describes the pulse
sequence diagram, our careful management of SNR and the reduction of

artifacts from EPI, RARE and transverse coherence.

5.2.1 3D GRASE imaging

We found the following observations useful in choosing a k-space
trajectory. First, excellent resistance to off-resonance artifacts are provided by
trajectories that acquire data on a Cartesian grid. Second, for imaging with a
long TE, spin-echoes are needed to refocus the signal. Third, to achieve a
reasonable scan time with high-resolution 3D imaging, a fast imaging
trajectory is need to acquire the desired k-space region efficiently. Because of
these three observations, we chose 3D GRASE because it acquires k-space
more efficiently than 3D spin-echo imaging or 3D RARE. Originally
conceived as a 2D trajectory, GRASE [97] is a combination of RARE and
EPI [25]. While 2D GRASE [97] is sensitive to ghosting caused by off-resonance
or by T2 decay, this 3D version of GRASE [95] suffers from neither since it
decouples the off-resonant phase evolution and T decay.

Figure 5.2 shows that, in the kx-ky plane, the 3D GRASE trajectory is
similar to EPI where off-resonant phase evolution is significant only along ky,
producing shifts along the y direction [40]. Two interleaves are shown: the 1st

as a solid line and the 2nd as a dashed line. As shown in Fig. 5.1, the ky and
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Figure 5.2: 3D GRASE k-space trajectory as viewed from kx-ky plane resembles
EPL. Two interleaves are shown: the 1st as a solid line and the 2nd as a dashed
line. Each interleaf begins with a refocusing pulse then acquires several lines
in a given ky-ky plane. After another refocusing pulse, it jumps to a kx-ky
plane with a different k; value and acquires several lines in that plane, and so
on.

k; phase-encoding is rewound just before each refocusing 180° pulse to avoid
transverse-coherence artifacts [97].

Figure 5.3 shows that, in the ky-k; plane, 3D GRASE is similar to RARE
imaging where T2 decay is significant only along k;. The 1st and 2nd
interleaves of an eight-interleaf sequence are shown. The 3rd and 4th
interleaves acquire the rows in the bottom half of k-space not acquired by the

1st and 2nd interleaves. The 5th through 8th interleaves acquire the top half.

To avoid accumulation of B inhomogeneity effects on the refocusing 180s,
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Figure 5.3: 3D GRASE k-space trajectory as viewed from ky-k; plane resembles
RARE imaging. The 1st and 2nd interleaves of an eight-interleaf sequence are
shown. After each refocusing pulse, one row is acquired from left-to-right.
The 1st interleaf acquires all echoes labelled '1'. The 2nd interleaf acquires all
echoes labelled '2". The 3rd and 4th interleaves acquire the rows in the
bottom half of k-space not acquired by the 1st and 2nd interleaves. The 5th
through 8th interleaves acquire the top half.
the rotation axis of the tip-down pulse is oriented 90° with respect to the axis
of rotation of the refocusing 180s; this is the well-known CPMG prescription
[97]. An even-symmetric kz-ordering is used to avoid amplitude
discontinuities along k; and the T, weighting can be altered by a circular shift
of this k;-ordering [98].

For the data-acquisition gradients, Fig. 5.1 shows that the Gx prewinders

and rewinders were combined with the crushers for the refocusing pulses to
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reduce the time between refocusing pulses. To reduce the duration of the
gradient waveforms, we used exponential ramps based on an L-R circuit

model of the gradient subsystem [44].
5.2.2 Field-of-view restriction

Even with the fast 3D GRASE trajectory, imaging time can be long
because we are acquiring a three-dimensional image at high resolution with
cardiac gating. In Table 5.1, the “"slab-select excitation” column lists the
parameters for an image with resolution of 1.1 mm x 0.5 mm x 0.5 mm and a
15 cm field-of-view (FOV) in each direction. In Table 5.1, "data-acquisition
per TR" is defined as the delay between the start of data-acquisition after the
first refocusing 180 and the end of data-acquisition after the last refocusing
180. With 3888 interleaves, a heart-rate of 70 bpm and a TR of 2xRR, the scan
time is 112 minutes which is clinically infeasible.

We reduced this imaging time by restricting the FOV. In the x
direction, we used the data acquisition filter to restrict the FOV, as in 2DFT
imaging. In the y and z directions, it is possible to use "inner-volume”
imaging to restrict the FOV [99, 100]. Unfortunately, with this approach, long
refocusing pulses are needed to avoid degradation of the slice profiles in the
presence of Bi inhomogeneity. Therefore, we used a two-dimensional
excitation instead which has a rectangular excitation profile [96]. In Table 5.1,
the "rectangular excitation” column lists the parameters for an image with a
5-cm FOV in each direction. Compared to the "slab-select excitation” column,
the number of interleaves is reduced from 3888 to 432 and the imaging time is

reduced from 112 minutes to 12 minutes.
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slab-select rectangular

excitation excitation

FOV (cm) 15 5

x resolution (mm) 1.09 1.09

y resolution (mm) 0.46 0.46

z resolution (mm) 0.46 0.46

data acq. per TR (ms) 85 85
heartbeats per excitation 2 2

no. excitations 3888 432

scan time (min) at 70 bpm 112 12

Table 5.1: 3D GRASE scan time. Scan time is dramatically reduced by using a
rectangular excitation and the anti-aliasing filter to restrict the FOV in all

three dimensions.

Figure 5.4 shows our rectangular excitation pulse with a duration of
13.8 ms. Along the y axis, there are no sidelobes but, along the z axis, the
distance between the centers of the ghost sidelobe and the main lobe is
11.4 cm. The main-lobe magnetization falls to less than 2% beyond
y=+/-275cm and z = +/-3.1 cm. With a FOV of 5 cm (+/-2.5 cm), there is
no aliasing in the central 4.5 cm along y and the central 3.8 cm along z.

We chose a rectangular pulse which uses an EPI trajectory in excitation
k-space [96] instead of a cylindrical pulse which uses a spiral trajectory [19]
because off-resonance produces blurring of the cylindrical pulse but a

relatively benign spatial shifting of the rectangular pulse.
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Figure 5.4: Profile of rectangular pulse used to reduce imaging time, showing
the transverse magnetization vs. y and z position. With a 5-cm field-of-view,
there is no aliasing in the central 4.5 cm along y and the central 3.8 cm along
z. The pulse duration is 13.8 ms. There are no y sidelobes but the z-ghost
sidelobes are 11.4 cm from the center.

In designing the rectangular-pulse, an important goal is to place the
sidelobes beyond the view of the receiver coil or even outside the body. In
theory, the sidelobe distance is determined by the density of the k-space
trajectory. However, because of EPI ghosting [48], there are ghost sidelobes
which are halfway between the k-space-density sidelobes and the main lobe.

Fortunately, we were able to place these ghost sidelobes sufficiently far away

from the main lobe.
5.2.3 Signal refocusing

For the refocusing 180° pulses, we used composite pulses [101] to
achieve insensitivity to B; inhomogeneity. The duration of each of these

pulses is only 1.5 ms. These composite pulses do not have excitation profiles
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with sharp transition regions but this is unimportant since the refocusing is

not spatially selective.

5.2.4 Fat suppression

Fat suppression is important for preventing chemical-shift artifacts.
Since our tip-down pulse that is selective in two spatial dimensions, it was
infeasible to also make it spectrally selective. Therefore, to suppress fat in the
presence of B; inhomogeneity, we chose inversion nulling using fat-selective
adiabatic inversion pulses [102] since this is more compact than fat saturation
using a CHESS sequence [103]. We avoided inverting the water signal
otherwise incomplete recovery of the longitudinal magnetization would
reduce SNR and increase the T; contrast.

The adiabatic pulses of Rosenfeld et al. [102] provided insensitivity to
B1 inhomogeneity. These pulses have one transition region that is much
narrower than the other, allowing the narrower region to be more compact
than that of a hyperbolic-secant pulse of similar duration. The delay, Tlat,
between the effective centers of the fat inversion and the rectangular tip-

down depends on the heart rate, as shown in Fig. G.1b of Appendix G.

5.2.5 Flow suppression

Flow suppression is important for improving the visibility of the
media and the atherosclerotic lesions. It increases the dynamic range
available to display the media or lesion since the flow signal has a relatively
high intensity. Also, it avoids ghosting or blurring of the flow signal which
may obscure the plaque. To suppress flow in the presence of Bj

inhomogeneity, we chose "velocity-selective” inversion nulling over flow
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Figure 5.5: Velocity-selective inversion nulling in a typical imaging situation
shown at: (a) the time of the inversion pulse and (b) the time of the
cylindrical tip-down pulse.
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saturation using a CHESS sequence [103] because (a) it is more compact and
(b) it uses a longer delay until the tip-down pulse, allowing more inflow of
suppressed blood. We avoided inverting the static signal since this would
reduce SNR and increase T1 contrast.

Figure 5.5 depicts how the inversion nulling is made velocity-selective
[104]. Figure 5.5a shows a typical imaging situation at a time when the
inversion is applied upstream of the FOV. After an appropriate delay, the tip-
down pulse is applied. During this delay, non-inverted blood flows out of the
FOV and is replaced by inverted blood, as shown in Figure 5.5b. Therefore,
inverted blood is suppressed by inversion nulling and non-inverted blood is
suppressed by outflow. With sufficient outflow, there will only be inverted
blood in the imaging FOV at the time of the rectangular tip-down.

Since we wanted to suppress both arterial and venous flow, the flow-
selective inversion needs to invert regions on both sides of the imaging FOV.
To accomplish this, two inversions are used: a non-selective inversion

followed immediately by a selective inversion. The selective inversion
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cancels the effects of the non-selective inversion in the imaging FOV. We
used hyperbolic-secant adiabatic pulses [105] which provide excellent
insensitivity to B; inhomogeneity. The delay, TIfow, between the effective
centers of the first flow inversion and the rectangular tip-down depends on
the heart rate, as shown in Fig. G.1a of Appendix G which contains an
extensive discussion of the flow-suppression timing. We placed the flow
inversions before the period of fast flow and placed data acquisition during
the period of slow flow. This maximized the flow suppression due to outflow
and minimized the artifacts due to vessel motion.

One potential problem is the interaction of the flow and fat inversion
pulses. Since the location of the region reverted by the second flow inversion
varies with resonant frequency, as shown in Fig. 5.6, the second flow
inversion may revert the fat signal in only part of the imaging FOV. In this
case, the fat inversion will suppress the fat signal in only part of the imaging
FOV. We avoided this problem by increasing the spatial width of the second
flow-inversion so that, at the fat frequency, the entire imaging FOV is

resonant
frequency

reverted slic

at water fre location

at fat frequency

Figure 5.6: Location of the second flow inversion varies with resonant
frequency. Fat suppression will fail in that part of the field-of-view unaffected
by the second flow-inversion. This can be avoided by increasing the spatial
width of the second flow-inversion.
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reverted. We note that velocity-selective inversion nulling and fat-selective
inversion nulling were previously combined by Simonetti et al. [106].

In addition to flow-selective inversion, there is another flow
suppression mechanism which is inherent to spin-echo imaging sequences
such as GRASE. The differences in gradient moments between the
stimulated echoes and the spin-echoes produce dephasing of the flow signal
[107]. Since the Gx waveform is the busiest gradient waveform in Fig. 5.1, this

dephasing was encouraged by aligning the x axis with the direction of flow.
5.2.6 SNR improvement

In our imaging technique, great care had to be taken to achieve
adequate SNR. Compared to magnetic resonance angiographic (MRA)
images, SNR is reduced because of two reasons. First, the signal from flowing
blood is the largest-amplitude signal in MRA images. Unfortunately, in our
imaging technique, this signal is suppressed because it interferes with
visualization of the atherosclerotic lesions. Second, our imaging technique
typically uses much higher resolution than MRA imaging because we want to
resolve the internal structure of the atherosclerotic lesions. To achieve

adequate SNR, we used the following procedures.

2.2.6.1 Shimming

Careful shimming avoided broadening of the rectangular-excitation
profile and reduced the subsequent aliasing of the excitation profile into the
imaging FOV. With a poor shim, the rectangular-pulse profile may be
broader than the imaging FOV and produce unwanted aliasing of signal from

outside the FOV.
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We adjusted the center frequency and linear shims in two steps. The
first step used standard software provided by GE Medical Systems which
obtains field maps in the axial, sagittal and coronal planes then calculates a
least-squares linear fit for a specified region of interest. This first step is
necessary to produce a reasonable rectangular-pulse profile for the second
step. The second step used a field map obtained with a 3D GRASE scan with
an 8-cm FOV, 2.5-mm resolution and the same rectangular pulse as in
imaging. For this second field map, the FOV was larger than the rectangular-
pulse profile to avoid spatial aliasing in the field map. A least-squares linear
fit over the entire 8-cm FOV was used to refine the shim. This shimming
procedure typically required about 15 minutes.

We note that off-resonance effects on the readout trajectory are
insignificant; for example, with 20 ms data acquisition per spin-echo, 50 Hz

off-resonance produces only a one-pixel shift.

.2.6.2 Surf; il

A 7.6-cm diameter surface coil reduced the noise volume seen by the
receiver. Careful placement of the surface coil minimized the distance
between the coil and the carotid bifurcation, maximizing the signal from the

imaging FOV.
.2.6.3 Ani ic resolution

The voxel size was increased by using anisotropic resolution where the
voxel width was increased only in the x direction. To avoid SNR losses from

a reduced data-acquisition time, we kept the same data-acquisition time as
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with isotropic resolution by reducing the gradient amplitude of the Gy

readout lobes.
.2.6.4 R ition time

Whenever the average heart rate allowed a scan time of 12 minutes or
less, we used a TR of 2 cardiac cycles. This allowed more Tj recovery than a

TR of 1 cardiac cycle and reduced the T1 contrast in the image.

.2.6.5 Hom n ion

Homodyne detection was used to display the real part of the image [108]
which yields a better SNR than magnitude display in low-SNR regions of the
image. This works because the real part of the noise has a distribution with a
mean value of zero whereas the magnitude of the noise has a distribution

with a non-zero mean.

5.2.6.6 Minimizing T» decay

Figure 5.7 shows the T2 values reported for components of
atherosclerotic lesions at a field strength of 1.5 T [85, 86, 92]. There is variation
in these values because the contribution of various short-T2 components
varies with the echo-time (TE) used for measurement and the composition of
the core is heterogeneous [92]. Given these T, values, the total data-
acquisition window per TR was restricted to about 90 ms to avoid excessive
SNR losses from T decay. Also, the k-space origin was acquired just after the
first refocusing pulse. Acquiring the k-space origin after later refocusing

pulses would increase the T, contrast but would also reduce the SNR.
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Figure 5.7: T, values at 1.5 T of tissue associated with plaque lesions.

T2-weighted imaging can distinguish among media, cap, core and
calcification.

5.2.7 Ghost reduction

As in EPI, ghosting can be produced in GRASE by differences between
data acquired during the positive and negative readout-gradient lobes. To
correct these differences, we used calibration data acquired with the ky and k;
phase-encoding turned off [48]. Our use of this calibration data is described in
detail in Appendix A.

As in RARE, ghosting can be produced in GRASE by differences
between the odd and even spin-echoes [109]. To reduce this RARE ghosting,
we modified the EPI calibration process, allowing it to measure the differences
between the odd and even spin-echoes. This is described in detail in
Appendix A.

Ghosting can also be caused by off-resonance. To avoid, this, we used
sliding readout delays [27, 30] in the ky direction. The time between the

refocusing 180s was kept constant but, for a given k; value, each data-
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acquisition window was delayed by a progressively longer time. This slightly
increased the time between the refocusing pulses but was essential to reduce

ghosting caused by off-resonance.
5.2.8 Transverse-coherence artifact reduction

Stimulated echoes from the previous TR and from the flow and fat
inversions can cause artifacts. To avoid this, we used crushers after the
inversions, putting them on gradient axes that are different from each other
and from those of the crushers for the refocusing 180s. We chose the crusher
area so that it depends on the minimum width of the image voxel as given by
max(1/Ax, 1/Ay, 1/Az) / (Y 27x) where Ax, Ay and Az are the voxel widths in

the x, y and z directions, respectively.

5.3 Results

Using a surface coil with a 7.6-cm diameter, we acquired images of the
carotid bifurcations of normal volunteers and patients; and of human aorta
specimens. Image parameters are given in Table 5.2.

Figure 5.8 shows images of a human aorta specimen immersed in
attapulgite [110]. Attapulgite was used to avoid air-tissue susceptibility
differences and was chosen because it contributes very little MR signal.
(Attapulgite clay is a mineral containing aluminum-magnesium-silicate
crystals. It is easily obtained as an anti-diarrheal medicine.) After autopsy, the
aorta specimen was kept at about 4°C for 4 days and, before imaging, re-
warmed to 37°C. A TR of 1000 ms was used to simulate cardiac gating.

Hematoxylin-and-eosin staining was used for the histologic section shown in
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Fig. 5.8a. Figures 5.8b-5.8d are views from the 3D GRASE image with arrows
pointing to the lesion. The signal void in the core suggests calcification
which was confirmed by the histology. The axial view in Fig. 5.8c corresponds
to Fig. 5.8a. This axial view and the sagittal view in Fig. 5.8b show the cap
thickness and core size. Figure 5.8d is a coronal view. Figures 5.8e-5.8f show
ultra-short-TE spectroscopic images [83] both corresponding to Fig. 5.8¢c, with
arrows pointing to the lesion. They were obtained with 0.2 ms TE, 70 ms TR,
3.5 mm slice thickness and a resolution of 0.55 mm and 61 Hz. The lipid
spectroscopic image shows signal in areas corresponding to signal void in

Fig. 5.8¢c, confirming successful lipid suppression in the 3D GRASE image.

ex-vivo image in-vivo images
field-of-view resolution field-of-view resolution
(cm) (mm) (cm) (mm)
x (superior- 6 0.50 4 1.11
inferior) (6 in Fig. 5.11) (1.09 in Fig. 5.11)
y (posterior- 6 0.50 5 0.46
anterior)
z (left- 6 0.50 5 0.46
right)
gradient echoes 6 9
per spin-echo
spin-echoes 3 3
per TR
data acq. per 19 20
spin-echo (ms)
data acq. 90 85
per TR (ms) (90 in Fig. 5.11)
TE (ms) 33 31
(33 in Fig. 5.11)
no. excitations 800 432

Table 5.2: Parameters for atherosclerotic-plaque images.
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Figure 5.8: 3D GRASE images of a human aorta specimen suspended in
attapulgite shows calcified lesion. Arrows point to the lesion. (a) Histologic
slice (H&E staining), (b) sagittal view, (c) axial view corresponding to Fig. 5.8a,
(d) coronal view, and (e) spectroscopic water and (f) spectroscopic lipid images
both corresponding to Fig. 5.8a.

Figure 5.9 shows images of the left carotid bifurcation of a normal
volunteer. Figure 5.9a is an axial localizer image with a 16-cm FOV. The box
shows the 5-cm FOV used for the 3D GRASE image which was obtained with
a TR of 1 heartbeat and an average heart rate of 40 bpm. Figures 5.9b-5.9c are
axial and sagittal views from the 3D GRASE image showing uniform wall
thickness and excellent flow suppression. Figure 5.9d is an oblique view from
the 3D GRASE image obtained with software and computing resources kindly

provided by Yen et al. [111]. It shows unobstructed carotid-artery lumens in

the region of the bifurcation.
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Figure 5.9: 3D GRASE images of the left carotid bifurcation of a normal
volunteer. Axes are described in Table 5.2. (a) 2DFT axial localizer, box
corresponds to Fig. 5.9b, (b) axial, (c) sagittal and (d) oblique views show
excellent flow suppression, uniform wall thickness and an unobstructed

lumen.
Figure 5.10 shows images of a patient whose ultrasound indicated 50%
stenosis of the right internal carotid artery (ICA). Figure 5.10a is an axial

localizer image with a 16-cm FOV. The box shows the 5-cm FOV used for the
3D GRASE image which was obtained with a TR of 2 heartbeats and an
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average heart rate of 75 bpm. Figures 5.10b-5.10d are views from the 3D
GRASE image with arrows pointing to the lesion. Figure 5.10b is an axial
view showing the ICA lumen narrowed by plaque. Figure 5.10c is a sagittal
view, showing the media, the cap thickness and the core size. Figure 5.10d is
an oblique view of a long section of the ICA, showing the longitudinal extent
of the lesion. It also shows approximately 50% narrowing which is in
agreement with the ultrasound data.

Figure 5.11 shows images of another patient whose ultrasound also
indicated 50% stenosis of the right internal carotid artery. Figure 5.11a is an
axial localizer image with a 16-cm FOV. The box shows the 5-cm FOV used
for the 3D GRASE image which was obtained with a TR of 2 heartbeats and an
average heart rate of 65 bpm. Figures 5.11b-5.11d are views from the 3D
GRASE image with arrows pointing to the lesion. Figure 5.11b is an axial
view showing the ICA lumen narrowed by plaque. Figures 5.11¢c-5.11d are
sagittal and oblique views showing that the lesion is located at the bifurcation.
The distinct regions of signal void within the lesion suggest a heterogeneous
plaque perhaps due to prior ulceration. Figure 5.11d shows approximately
50% narrowing of the ICA, in agreement with the ultrasound data.

In Figs. 5.10-11, we note that blood generally appears bright in the axial
localizer images because of inflow enhancement but generally appears dark in
the corresponding axial views of the GRASE images because of the flow-
suppression pulses. There are some vessels for which blood appears bright in
the GRASE images because the flow in these vessels is perpendicular to the

direction of the flow suppression.
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Figure 5.10: 3D GRASE images of a patient whose ultrasound indicated 50%
stenosis of the right ICA. Arrows point to the lesion. Axes are described in
Table 5.2. (a) 2DFT axial localizer, box corresponds to Fig. 5.10b, (b) axial view
shows the ICA lumen narrowed by plaque, (c) sagittal view shows the cap
thickness and core size and (d) oblique view shows the longitudinal extent of
the lesion; it also shows 50% stenosis which agrees with the ultrasound
findings.
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5.4 Discussion

5.4.1 SNR

A comparison of the SNR in our images demonstrates the importance
of using a small surface coil and of minimizing its distance from the imaging
FOV. The SNR is best in the ex-vivo image since the noise volume consisted
mostly of the specimen itself; the attapulgite contributed very little noise.
The SNR is better in the normal-volunteer image than in the patient images
because, in the volunteer image, the bifurcation was about 2.5 cm from the
center of the surface coil whereas, in the patient images, because of larger neck

circumferences that distance was about 4.3 cm and 3.4 cm respectively.

5.4.2 Motion

Motion during the scan is a potential problem, particularly since the
scan time is on the order of 10 minutes. We were concerned with three types
of motion: (i) Swallowing motion was avoided by asking volunteers and
patients not to swallow during the scan. If they had to swallow, they could
signal the operator and the scan would be paused [91]. (ii) Bulk motion of the
head was avoided by bracing the head with sponges. (iii) Artifacts caused by
motion of the blood-vessel walls were reduced by limiting data acquisition to

a period of about 100 ms during diastole.
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Figure 5.11: 3D GRASE images of another patient whose ultrasound also
indicated 50% stenosis of the right ICA. Arrows point to the lesion. Axes are
described in Table 5.2. (a) 2DFT axial localizer, box corresponds to Fig. 5.11b,
(b) axial view shows the ICA lumen narrowed by plaque, (c) sagittal and
(d) oblique views show that the lesion is located at the bifurcation producing
50% stenosis in agreement with the ultrasound results. The distinct regions
of signal void within the lesion suggest a heterogeneous plaque perhaps due
to prior ulceration.
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5.4.3 Comparison with multi-slice 2D RARE

Multi-slice 2D RARE has been used by several investigators for Tp-
weighted imaging of plaque [85-87, 89-93]. It can be compared to 3D GRASE in
terms of SNR, scan time, viewing angle and flow suppression. SNR
efficiency, which is defined as SNR/\]m, normalizes the SNR
comparison for differences in scan time. To compare SNR efficiency, we will

first separately compare SNR and scan time.

5:4.3.1 SNR comparison

The following factors distinguish the SNR of multi-slice 2D RARE and
3D GRASE: readout time, Ti recovery and the shape of the tip-down
excitation profile. We will assume that (i) both techniques use the same
voxel size, (ii) both techniques use the same data-acquisition window per TR
so that T2 decay has similar effects and (iii) multi-slice 2D RARE acquires the
same FOV as 3D GRASE by, for example, using its refocusing pulses to restrict
the FOV in the y direction [99, 100].

Multi-slice 2D RARE has a shorter total readout time for any given
voxel than 3D GRASE. Suppose there are N slices in 2D RARE or,
equivalently, Nz voxels in 3D GRASE. In 3D GRASE, signal is received from
a given voxel during the entire readout time. However, in multi-slice 2D
RARE, signal is received from a given voxel for only 1/N; of the total readout
time. Since SNR is proportional to the square root of readout time [23], for N
on the order of 100, readout-time differences impart a 10-fold SNR advantage
to 3D GRASE.
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3D GRASE allows less T; recovery than 2D RARE since all of its
refocusing and tip-down pulses affect the entire 3D volume. However, in
multi-slice 2D RARE, excitation of the slices can be interleaved, allowing a
longer effective TR. Let M; be the steady-state longitudinal magnetization
just before the tip-down and My be the equilibrium magnetization. With

three refocusing 180s per TR, it can be shown that Mj; is given as follows:

—(TR-3TE)IT, - _ -3TEIT,
MzzMo[l—e( 218 I(2—2e TEITy 4 9o=2TEITL _ ™2 ‘)] (5.1)

For 2D RARE, we assume a best-case TR of infinity. This is achieved by
interleaving acquisition of the slices so that TR >> T;. In this case, Mz/Mj
is 1. For 3D GRASE, we assume a worst-case TR of 750 ms and a TE of 30 ms.
This is achieved when the heart rate is 80 bpm and the TR is one cardiac cycle.
In this case, for muscle with a T; of 850 ms [112], M,/ Mg is about 0.5.
Therefore, Ti-recovery differences impart a 2-times SNR advantage to multi-
slice 2D RARE. We note that M, does not depend strongly on the number of
refocusing 180s if the delay between the tip-down pulse and the final
refocusing 180 is much less than TR.

For 3D GRASE, the tip-down excitation profile is less uniform than for
2D RARE. For 2D RARE, ripples in the slice-select profile are typically only
on the order of 0.01 of the maximum value. However, for 3D GRASE, the
portion of the rectangular profile in the FOV can be as low as 0.6 of the
maximum value.

In summary, considering the three effects discussed above, the SNR of
3D GRASE is larger than the SNR of multi-slice 2D RARE by a factor of about
10x0.5x0.6 =3.
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Multi-slice 2D RARE uses more refocusing and excitation pulses than
3D GRASE to acquire the same region of k-space. To acquire the same
amount of data with only one slice per cardiac cycle, multi-slice 2D RARE
requires a longer scan time. With multiple slices in each cardiac cycle, multi-
slice 2D RARE becomes more susceptible to slice misregistration because of
blood-vessel motion.

The scan-time comparison can be quantified by considering the duty

cycle,
DC = (data-acquisition time)/(total time). (5.2)

In Appendix H, the ratio of duty cycles is given by Eq. H.5:

DCGRrRASE _ (R+2C)Y+(A-P)

= (5.3)
DC
RARE (M.{.pj.}.(,‘\_p)

where

A = time for one gradient-echo lobe,

N = no. gradient echoes per spin echo,

R = time for refocusing 180,

C = time for one crusher,

P = time for Gy blips in GRASE (a Gy blip coincides with each transition
" of the Gx sawtooth)

S = time for sliding readout delay in GRASE,

For the imaging parameters in Table 5.1, we have the following values:

A=230ms,N=9,R=154 ms, P =0.87 ms, C = A (crusher area is equal to the
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readout-lobe area) and S = A (as given by Cho et al. [27] and Farzaneh et al.
[30]). The resulting duty-cycle ratio of 2.3 means that multi-slice 2D RARE
requires more than twice the scan time of 3D GRASE. An even larger duty-
cycle ratio would result if we did not make assumptions (ii)-(iv) in
Appendix H. In particular, multi-slice 2D RARE uses spatially-selective
refocusing pulses which are longer than the non-selective refocusing pulses
used by 3D GRASE.

Therefore, RARE can have a shorter scan time if it acquires data from 3
or more slices per cardiac cycle. However, as the number of slices per cardiac

cycle increases, the spatial misregistration among slices increases.

.4.3.3 SNR-efficien mparison

From the previous two sub-sections, we have a GRASE-to-RARE SNR
ratio of 3 and a GRASE-to-RARE scan-time ratio of n/2.3 where n is the
number of slices for which 2D RARE acquires data in each cardiac cycle.
Therefore, the GRASE-to-RARE SNR-efficiency ratio is 3 x \/—2_3_/n- = 4.5/\/;.
For the SNR efficiency of RARE to exceed that of GRASE, we must have
n221. That is, 2D RARE must acquire data for more than 21 slices in each

cardiac cycle, which is clearly impractical.

3D imaging offers isotropic resolution and the ability to view the image
in an arbitrary scan plane. Multi-slice 2D images can be reformatted to
arbitrary scan planes but there are two problems. First, motion during data
acquisition can cause spatial misregistration among the slices. Assuming that

both techniques use the same data-acquisition window per TR, if 2D RARE
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acquires multiple slices in each cardiac cycle, the entire multi-slice data set
will be acquired over a larger portion of the cardiac cycle and therefore
experience more motion than the 3D GRASE data set. Second, there is
blurring in the slice-select direction because the slice profile is typically not a
'sinc’. In multi-slice imaging, it can be said that k-space data is multiplied by
the Fourier transform of the slice profile [113]. If the slice profile is a 'sinc’
then k-space data is multiplied by a 'rect’. However, since the slice profile is
typically not a 'sinc’ there is uneven weighting of the spatial frequencies

which produces blurring.

.4.3.5 Flow- ression_comparison

Suppose that, in each cardiac cycle, two flow inversions (or a single
flow-saturation pulse) precede all tip-down pulses. For multi-slice 2D RARE,
the Ti-nulling of blood cannot be optimized for all slices and flow
suppression will vary from slice to slice. 3D GRASE can achieve better flow
suppression since the Ti-nulling only needs to be optimized for a single tip-
down pulse.

However, with high-grade stenoses which reduce the velocity through
the carotids, there may be insufficient outflow for uniform flow suppression
through the entire 3D GRASE volume. In such cases, multi-slice 2D RARE
can achieve better flow suppression since it requires less outflow. However,
uniform flow suppression requires preceding each tip-down pulse with a
saturation pulse, resulting in a longer total scan time or a longer data-

acquisition window per TR.
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5.4.4 Higher-performance gradients

Higher-performance gradients than the ones we used in acquiring our
images are becoming available, for example, gradients with an amplitude of
40 mT/m and a slew rate of 150 mT/m/ms. These new gradients would have
improved our imaging performance in two ways.

First, for a given tip-down-pulse profile, improvements in gradient
performance would have allowed greater speed through excitation k-space,
making the tip-down pulse less susceptible to off-resonance distortion.
Furthermore, for a given pulse duration, improvements in gradient
performance would have allowed more excitation k-space area to be covered,
producing a more sharply-defined pulse profile.

Second, for a given data-acquisition window, improvements in
gradient performance would translate into slightly higher SNR. With the
cardiac scanner's gradients, we could have shortened the durations of the
crushers and the phase-encode prewinders and rewinders. For the
parameters in Table 5.1, the time saved could have been used to increase the
data-acquisition time and therefore the SNR by about 17%. Alternatively,
imaging time could have been reduced albeit with an accompanying decrease

in SNR.

5.5 Conclusions

Multi-slice 2D RARE has been used for in-vivo black-blood imaging of
atherosclerotic plaque because it provides good off-resonance properties and
flexible T, contrast. We employed 3D GRASE because it offers better

resolution in the slice-select direction, better SNR efficiency, arbitrarily-
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oriented views and better flow suppression. While 2D GRASE is sensitive to
ghosting caused by off-resonance or by T, decay, 3D GRASE suffers from
neither since it decouples the T, decay and the evolution of the off-resonant
phase.

Cardiac gating is important in achieving good flow suppression and
avoiding systolic vessel motion. Unfortunately, with high resolution and
three spatial dimensions, cardiac gating can make the imaging time very long.
To achieve reasonable scan times, we used a rectangular pulse to restrict the
field-of-view.

For in-vivo imaging of atherosclerotic plaque, SNR is the current
bottleneck in achieving higher resolution and shorter scan times. For
imaging the carotid bifurcation, we used a 7.6-cm-diameter surface coil and
found that SNR was very sensitive to the distance of the bifurcation from the
surface coil. We also found that off-resonance distortion of the rectangular
pulse could effectively reduce SNR through aliasing of signal from outside
the field-of-view. Therefore shimming was very important in achieving
adequate SNR.

With the rectangular pulse, we obtained 3D images with a field-of-view
of 5cm x 5 cm x 5 cm, resolution of 0.5 mm x 0.5 mm x 1.1 mm, cardiac gating,
fat suppression and excellent flow suppression in scan times of about
12 minutes. We obtained in-vivo morphologic images of atherosclerotic

plaque lesions showing the cap thickness and core size.
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Chapter 6

Summary

6.1 Conclusions

Cardiovascular imaging requires fast MRI to avoid artifacts from
respiratory and cardiac motion; voluntary and involuntary forms of bulk
motion, such as fidgeting or twitching; and motion of the blood vessels
themselves caused by pulsatile blood flow. Fast MRI is also required to
achieve reasonable scan times for three-dimensional imaging which is useful
for interrogating the irregular geometries shown by atherosclerotic-plaque
lesions.

Unfortunately, while fast MRI is less sensitive than conventional MRI
to artifacts caused by motion, it is more sensitive to artifacts caused by blood
flow, off-resonance and imperfections in the MRI scanner. In this thesis,
novel imaging sequences have been designed to reduce the sensitivity of fast
MRI to these artifacts and to achieve reasonable scan times for high-
resolution, three-dimensional imaging. This imaging-sequence design

encompassed both image-acquisition schemes and excitation schemes.
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Image acquisition is a linear process since it can be viewed as sampling
the Fourier transform of the image or, in the lexicon of MRI, sampling
readout k-space. While this sampling can be achieved in many different
ways, this thesis employed a linear-systems approach to: (i) design readout
k-space trajectories that reduce artifacts caused by motion, flow and off-
resonance and (ii) analyze artifacts caused by imperfections in the MRI
scanner and correct them during image reconstruction. In general, artifacts
are produced because any imaging technique traverses a path in a multi-
dimensional k-space and images are made by projecting the data acquired
along that path onto only a few of those dimensions. It is this collapse of
many dimensions into a few dimensions which results in artifacts.

While excitation is, in general, a non-linear process, there is a rich
literature describing excitation pulses based on exact solutions and linear
approximations of the Bloch equation which governs MRI [19, 102, 105]. This
thesis employed several excitation schemes to reduce imaging time and to
suppress the signal from fat and flowing blood, even in the presence of spatial
inhomogeneity of the main magnetic field, Bg, and the excitation magnetic

field, Bl .

6.2 Contributions

My contributions in this thesis are summarized here.

Reducing flow artifacts in echo-planar imaging

I modified the echo-planar imaging (EPI) trajectory to dramatically reduce its
sensitivity to signal dropouts and ghosting caused by blood flow. Specifically:

(i) inside-out EPI reduces artifacts caused by flow in the phase-encode
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direction, and (ii) partial-flyback EPI reduces artifacts caused by flow in the
readout direction; it can be applied to any EPI trajectory whether inside-out

EPI, partial-Fourier EPI or conventional top-down EPL

Real-time velocity imaging

For velocity imaging, bowtie imaging acquires data in the presence of time-
variant gradients to achieve several advantages over phase-contrast imaging.
It acquires a full velocity spectrum, obviating the assumption of a single
velocity per spatial location, in real time (30 frames/sec) without cardiac
gating. I modified the bowtie imaging trajectory to almost double its time
resolution and greatly reduce its sensitivity to blurring caused by off-

resonance.

Atherosclerotic-plaque imaging

For imaging of atherosclerosis, I have shown how to acquire three-
dimensional images with sub-millimeter resolution and cardiac gating, using
two inversions for flow suppression and a rectangular excitation to reduce
scan times to about 10 minutes. I have used these images to demonstrate the
cap thickness and core size of the lesions; it is hoped that such morphologic
features can predict which lesions will rupture and thereby cause sudden

events such as stroke.

6.3 Future work
All of the images in this thesis were acquired on a commercially
available, GE Signa 1.5 Tesla scanner with gradient performance no better

than 22 mT/m amplitude and 20 mT/m/ms slew rate. New gradients which
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can improve both excitation and data-acquisition performance are becoming
available, for example, gradients with an amplitude of 40 mT/m and a slew
rate of 150 mT/m/ms. These gradients would provide greater speed through
k-space, allowing less evolution of off-resonance- and flow-induced phase,
making the excitation profile or the image less sensitive to distortion from
off-resonance and flow. Furthermore, for a given RF-pulse duration or data-
acquisition time, the faster gradients allow more excitation k-space area to be
covered, producing a more sharply-defined excitation profile or increasing the
achievable image resolution.

For echo-planar imaging, future work may include the following:

(a) modifications of the EPI trajectory which exploit higher-performance
gradients, as described in Section 3.10.3,

(b) modifications of the EPI which improve flow properties without
degrading off-resonance properties,

(c) exploiting the unused time in partial-flyback EPI to produce a field map,
navigator data or other useful data.

Items (b) and (c) are discussed further in Appendix L.

One future application for bowtie imaging is assessing cardiac-valve
disease. For this situation, the velocity field-of-view will have to be increased
from the 2 m/s of the images shown in this thesis to about 5 or 6 m/s. This
can be achieved by using the faster gradients or by using multishot bowtie
imaging where the shots are interleaved along the velocity-encoding
direction. A potential problem is unwanted signal from the myocardium and
epicardial fat, particularly if this signal is of greater intensity than the signal
from the flowing blood and causes a dynamic-range problem. This unwanted

signal can be avoided by using the faster gradients to design a thinner
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cylindrical excitation or by using a contrast agent to increase the signal from

flowing blood.

Here are some other issues for velocity imaging or, in general, motion
imaging:

(a) Can we use a greater portion of the bowtie trajectory to produce an image?

(b) Can we use the bowtie trajectory or a similar trajectory to image
acceleration?

(c) Can we simultaneously image two velocity directions?

(d) Can we find a useful k-space description of the effects of off-resonance on
moving spins? Perhaps the multiple resonant-frequency dimensions
alluded to in Section 4.2.5 can be used.

Issues (a) through (c) are considered in more detail in Appendix J.

For atherosclerotic-plaque imaging, the current bottleneck is SNR;
there are several possibilities for pushing through this bottleneck. The first is
the design of better receiver coils: the carotid images shown in this thesis
were acquired with a 7.6-cm diameter surface coil. A better coil design might
involve acquisition of the quadrature component of the MR signal and be less
sensitive to the distance of the coil from the carotid bifurcation. The second
possibility is the use of higher field strengths such as 3.0 or 4.0 T. While the
SNR gain resulting from the increase in field strength is discounted by the
increase in T values, there will still be a net gain. A third possibility is the
development of contrast agents that are selectively taken up by the core of the
plaque lesion. A fourth possibility is time-interleaving the acquisition of
multiple slabs. However, it can be shown that the SNR reduction caused by
the decrease in data-acquisition time per slab outweighs the SNR

improvement caused by the increase in Ti-recovery time.
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Other questions for atherosclerotic-plaque imaging are as follows:

(a) In addition to Tp-weighted images, can we obtain Ti-weighted images
without increasing the scan time? It may be possible with two tip-down
excitations per heartbeat where the second image will be Ti-weighted.

(b) In addition to water-signal images, can we obtain lipid-signal images
without increasing the scan time? Perhaps with two tip-down excitations
per heartbeat, one which is water-selective and one which is fat-selective.

(c) Can we shorten the total scan time without sacrificing SNR?

Finally, it is interesting to consider the possibility of k-space trajectory
design through optimization of some image-quality metric. There are several
problems with this approach. First, as noted in Section 3.7's discussion of
choosing the flyback ratio in EPI, the image quality produced by a given
imaging technique depends strongly on the object being imaged. This issue
may be addressed by establishing standard objects such as a carotid flow
phantom. Second, it is difficult to reduce the human visual system to a few
numbers. Differences between actual and ideal images may be computed in
many different ways and it would be challenging to correlate computed

numbers with subjective ratings.

6.4 Coda

MRI has already made inroads in vascular imaging where it is
prescribed in conjunction with, and even instead of, X-ray angiography. It
remains to be seen whether MRI will be clinically feasible and economically
viable for cardiac imaging. I hope that the work in this thesis will contribute

in some way to the success of MR in cardiovascular imaging.
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Appendix A

EPI and RARE ghosts

This appendix describes how EPI and RARE ghosting is reduced by
using calibration data acquired before the image. EPI ghosting is an issue in

Chapters 3-5 and RARE ghosting is an issue in Chapter 5.

A.1 EPI ghosts

In EPI and in GRASE, ghosting can be produced by differences between
data acquired during the positive and negative readout-gradient lobes. These
differences can be corrected prior to imaging by adjusting the delay between
data-acquistion and the readout-gradient waveforms [26] or adding a phase
offset to data acquired during the negative readout-gradient lobes [39].
Alternatively, corrections can be applied in post-processing using calibration
data acquired before or during imaging [48, 114-119]. Our correction technique
follows this post-processing approach.

Our correction method acquires calibration data using two TRs with

the phase-encoding turned off. Our method is different from those described
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in Refs. [26, 39, 48, 114-116] because it combines corrections for phase errors,
delay errors and filter asymmetry while explicitly avoiding off-resonance
effects on the correction factors. It does not attempt off-resonance correction
because two calibration TRs cannot yield any meaningful estimate of the field
map. A correction method that simultaneously removes positive-negative
lobe differences, off-resonance effects and T blurring is described by Wan et
al. [119]. Unfortunately, this method requires many more calibration TRs
than our method.

There are other methods that explicitly avoid off-resonance effects on
the correction factors [117, 118]. Hu et al. [118] acquire calibration data with the
phase encoding on. The resulting calibration data has lower SNR than with
the phase encoding turned off and can yield unreliable corrections. While
Mandeville et al. [117] use a single calibration TR, we use two calibration TRs
for the following reasons. First, a single calibration TR requires the time-
evolution of the off-resonant phase to be linear, which is not so when
projecting over a volume with spatially-variant off-resonance. A single
calibration TR also requires eddy-current effects to have the same periodicity
as the readout-gradient waveform, which is not so in the presence of readout-
gradient prewinders, rewinders and crushers. Second, two calibration TRs are
useful for reducing RARE ghosts, as will be described later. Third, our
correction method was originally designed for the inside-out EPI trajectory
described in Chapter 3 which requires two calibration TRs to correct
differences between the top and bottom halves of k-space, as will be described
later.

More accurate correction techniques, which do not require many of the
assumptions we will make, measure the k-space trajectory [120] or use a

linear-systems model to predict the eddy currents [121]. Unfortunately, these
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techniques require extensive measurement of the particular waveforms [120]

or the particular scanner [121] being used.

A.1.1 Theory

The differences between data acquired during the positive and negative
readout-gradient lobes can have several causes, including: (a) a delay between
data acquisition and Gx waveform, (b) error in prewinder area, (c) eddy
currents, (d) off resonance and (e) a data-acquisition filter with an asymmetric
impulse response.

We use two extra TRs to obtain calibration data. The 1st calibration TR
is the same as an imaging TR except that the phase-encoding pulses are
turned off. For this 1st calibration TR, a comparison of each echo to the first
echo yields the inter-echo differences. However, it also yields phase
differences caused by off-resonance. We do not want the off-resonant phase
differences because they are produced by an object that is a projection along
the y and z directions. Because the resonant frequency varies along the
projection directions, these off-resonant phase differences are unrelated to
any one resonant frequency and are therefore meaningless.

To remove these off-resonant phase differences, a 2nd calibration TR is
acquired which is identical to the 1st calibration TR but with all gradient
waveforms negated. Since off-resonance affects the two calibration TRs in the
same way, comparison of the jth echo in the 1st and 2nd calibration TRs
yields all of the positive-negative lobe differences for the jth echo except those
caused by off-resonance.

The following discussion pertains to the jth gradient echoes of the two

calibration TRs. For simplicity, the index, j, will be omitted from the
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expressions. Let s1(t) and s)(t) be the received signal for jth echoes of the 1st
and 2nd calibration TRs respectively. With the error sources listed above,

these signals can be written as follows:
=i 2 kx( k (-4 » » -Zv
sl(t)=J.m(x,y,z) e (2 (ks (14t )+kp) X+ (X £)+Q (XY I)I*H(t) cixdy dz A1)

—i[2r(—ke(—t+t d)—k,,)x—¢,(x.-t)+¢f(.t.y.z.-t)]* H(-t) dx dy dz (A2)

5,(0)=[m(x.y.2)e
where %' denotes convolution,

tq = delay between data acquisition and Gx waveform,
kp = error in prewinder area,

ge(x,t) = phase due to eddy currents,

of(x,y,z,t) = phase due to off resonance,

H(t) = impulse response of data-acquisition filter,

kx(t)=2—7;- [, (A.3)

and Sy(t) has already been time-reversed.
We now make the following assumptions:

(a) The delay between data acquisition and Gx waveform produces only a kx
shift, kg. This is true if data is acquired with a constant value for Gy.
From this assumption, it follows that kx(t+tg) = kx(t) + kg and
kx(-t+tq) = kx(t) - kg. While this can be shown rigorously, it is easier to
consider Fig. A.1 which shows that a delay between data acquisition and
Gx waveform will move the gradient echo to the left of the center of the
data-acquisition window in $; and to the right the center of the data-

acquisition window in S;.
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Figure A.1: Effect of a delay between the data-acquisition window and the Gy
waveform.

(b) The eddy-current effects produce only a ky shift, k., and a phase error, ég.
This is true if we consider only one ky location, in particular, ky=0. From
this assumption, it follows that a.(x,t) = 2rkex + ep and
-ge(x,-t) = -2mkex - 9. While the effects of ke, can be shown rigorously, it
is easier to note that eddy-current effects oppose the actions of Gy,
retarding the ky trajectory. Therefore, they will move the gradient echo
to the left the center of the data-acquisition window in S; and to the right
of the center of the data-acquisition window in s,.

(c) The off-resonance effects produce only a phase error, rg. This is true if we
consider only one ky location, in particular, kx=0.

(d) H(#) is purely real.

With these simplifications, the k-space signal can be written as follows:

—i[2n(kx(l)+k‘,+k,, +ke )X“‘(eo *o )]

5,(t)= _[m(x, »2)e * H(t) dx dy dz, (A.4)

R O L )

s, ()= Im(x, %2) e * H(-t) dx dy dz (A.5)
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We now Fourier-transform along ky to produce data in "p-space”, so
called because it is a projection space in which the signal has been integrated

along y and z. The p-space signals can be written as follows:

—4{27:(/: +Hkp+ke ]x-l—(eo +r )]

c(x)= c(x) e h(x) (A.6)

_i[_zx(k 4 tkp+he Jr{—eg+rg )] h(-x) (A7)

C,(x)= c(x) e
where c¢(x) is the ideal unfiltered data and h(x) is the inverse Fourier
transform of H(t). Since H(t) is real, the magnitude of h(x) is even and the
phase of h(x) is odd. Therefore, we can write the p-space signal as follows:

—{Zn(k‘, +kp+ke )x+(e0+r0 )]

c(x)=c(x) e |h(x)| PR (A.8)

—i[—21r(k ke Jx(—eg 4y )]

c,(x)= c(x) e l(x)| €% (A9)

where gp(x) is the phase of h(x). A phase correction, f(x), can now be derived

from the phase of the ratio, ca(x) /c1(x) :

fl) = 461("2)/ 6,(x)) (A.10)
= (kd+kp+ke)x+eo+¢h(x) (A.11)

where the ' £' operation yields the phase. Multiplying c1(x) by eif(*) yields the

desired result:
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a) = ¢ (x)e’™ (A.12)
= ¢,(x) |a(x)| €. (A.13)

We note that, in areas of low SNR, f(x) is unreliable and phase spikes
may result, producing artifacts in the image. To avoid these spikes, we
approximated f(x) by a cubic polynomial, using a least-squares fit weighted by
le1(x)12.

For the inside-out EPI trajectory described in Chapter 3, data is acquired
starting from the center of k-space with separate interleaves for the top and
bottom halves. When the readout gradient waveforms for the top and
bottom halves of k-space have opposite polarities, the top and bottom halves
differ by a ky shift of 2kp. Two calibration TRs are required for an estimate of

kp that is distinct from the other ky shifts.
A.1.2 Unwrapping phase

Great care must be taken in deriving f(x) otherwise there may be

discontinuities of t. The exact derivation is as follows:

f(x)= %unwrap[z(c2 (x)) - A(cl(x))] (A.14)

where the '<£' operation yields the principal value of the phase and the
'‘unwrap' operation removes discontinuities of 27t. Suppose that the phase of

c1 and ¢ has principal values of p, and p, respectively and unwrapped values

of p, and p, respectively:
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P;(x) = ﬁl(x)'l" 271711(1.')

P2(x)= py(x)+2mm,(x)

(A.15)

(A.16)

where ni(x) and n2(x) are integer-valued. If we divide by 2 before

unwrapping, we would get

_ P(x)-p(x)
flx) —3——2

(A.17)

(A.18)

where, in general, the (n2(x) - n1(x)) term would produce discontinuities of T

at several x locations.

A.1.3 Offset adjustment

Because phase unwrapping can insert arbitrary offsets of 2T, it may be

necessary to adjust the offset of f(x) by m. Specifically, the following

expressions are true for any integer values of m1 and mj:

e,‘pz(x) — ei(pz(x)+27zm2 ]

Therefore, a general expression for f(x) is as follows:

f(X) - (Pz(x)*'z’mz‘l)-(pl(x)"'zmnl)
2
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(A.21)



- p(x)-px)

28 4 a(m, ~m,). (a.22)

If (m2-m1) is odd then f(x) will contain a spurious factor of 1t. This causes
problems if f(x) contains spurious factors of T for some echoes but not for

others.

This spurious factor can be removed by observing that the jth corrected

calibration echo,

cj(x) = cp;(x) eI (A.23)

should have a similar phase to the (j-1)th corrected calibration echo,

€1j-1(x)= ¢y (x) eifj'l(x). (A.24)

We evaluate the phase difference between ¢y j(x) and ¢7,j-1(x) by calculating the

following quantity:

[ lew; ) ey o (A.25)

This can be viewed as a weighted vector sum or as the Fourier transform of

ICIJ (X)| etz(q‘_,-(x)/q'j_l(x)) (A.26)

evaluated at kx=0. If the phase of this quantity is closer to Tt or -7t than to 0, we
add T to f}(x). This assumes that off-resonance or motion does not cause the

phase difference between ¢1,j(x) and ¢1,j-1(x) to be greater than 1t/2.
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A.1.4 Image reconstruction

The image is reconstructed with the following steps: (i) The imaging
data is first transformed along kx only. (ii) The jth echo of each TR is
multiplied by the jth phase correction, eifj (X). (iii) The corrected data is
transformed along ky and k;. Note that only two calibration TRs are required
for each image. That is, if there are N echoes per TR, only N phase
corrections are required. It is important to have different phase corrections
for different echoes since, for a given gradient lobe, eddy-current effects
depend on the cumulative effects of the preceding gradient lobes which may
include prewinders, rewinders and crushers. The calibration data acquired
with a particular image may be unsuitable if there are areas of low SNR. In

this case, calibration data can be used from a phantom acquired with the same

imaging parameters.

A.2 RARE ghosts

In GRASE, ghosting can be produced by differences between data
acquired during the odd and even spin-echoes, as it is in RARE. The phase
errors caused by these differences can be corrected in post processing using
calibration data acquired before imaging [109, 122]. These odd-even spin-echo
differences also cause k-space shifts. By modifying the EPI correction method

described, we correct both k-space shifts and phase errors.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A.2.1 Theory

The differences between data acquired during the odd and even spin-
echoes can have several causes: (a) eddy-current effects on the gradients, (b) a
delay between the refocusing 180 and the crushers produces unequal crusher
areas, (c) the RF subsystem does not faithfully produce a phase difference of
t/2 between the tip-down excitation and the refocusing 180s and (d) the
phase-difference between the refocusing 180s and the tip-down excitation is
not exactly /2 since the composite pulse of Levitt and Freeman converts By
inhomogeneity into phase errors in the transverse plane [101]. To correct
these differences, we modified the EPI correction method in two ways. As in
EPI correction, we assumed that the effects of these differences could be
approximated by a phase offset and a kx offset. First, crushers for the
refocusing pulses were placed on Gx. Thereby eddy-current effects on the
crushers or a delay between the refocusing 180 and the crushers produce a kx
error which can be measured with the calibration data. Second, in the 2nd
calibration TR, all gradient waveforms are negated, including those used for
tip-down excitation and refocusing. Additionally, the phase difference
between the tip-down excitation and the refocusing 180s is negated to correct
errors due to (c) and the RF waveforms for the refocussing 180s are negated to
correct errors due to (d). This yields phase and ky errors which have opposite
polarity in the two calibration TRs.

One complication is that the phase and ky errors are different for the
spin echoes and the stimulated echoes. In each 180-180 interval, the received
signal consists of three components: the spin echo, odd-order stimulated
echoes and even-order stimulated echoes [109]. The odd-order stimulated

echoes are produced by magnetization that has been stored on the
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longitudinal axis for an odd number of 180-180 intervals. Similarly, the even-
order stimulated echoes come from magnetization that has been
longitudinally stored for an even number of intervals. The phase and ky
errors are the same for the spin echoes and the even-order stimulated echoes.
However, they are different for the odd-order stimulated echoes. Fortunately,
for the first few 180-180 intervals, the signal from the odd-order stimulated
echoes is much smaller than the combined signal of the spin echoes and the
even-order stimulated echoes [109]. Since we only use three 180-180 intervals
in each TR, the phase and ky errors are determined mostly by the errors on
the spin echoes and the even-order stimulated echoes.

In EPI correction, adjustment of the phase-correction offset is achieved
by comparing the phases of the jth corrected calibration echo and the (j-1)th
corrected calibration echo. However, for RARE correction, the refocusing
pulse can 'reset’ the phase of the corrected calibration data. Therefore, the 1st
echo after each refocusing pulse is compared to the 1st echo after the 1st

refocusing pulse.
A.2.2 Image reconstruction
Image reconstruction follows the same procedure as that described for

reducing EPI ghosting. Therefore, with two calibration TRs, both EPI ghosting

and RARE ghosting can be reduced in post-processing.
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Appendix B

Partial-Fourier reconstruction for EPI

For all the partial-Fourier images shown (real and simulated; no-
flyback EPI, partial-flyback EPI and one-shot bowtie imaging), a "conjugation
reconstruction” method was used which follows the MoFIR method
introduced by McGibney et al. [38]. A phase correction is constructed using the
complete low-frequency data. This phase correction is applied before the
merging filter. Then the conjugate of the k-space data is added to itself. After
a Fourier transform, the positive real part is displayed.

Although we do not show the results, we also reconstructed the EPI
images after zero-filling. This produced images with less signal loss than the
conjugation reconstruction. However, the signal loss was still worse than for
inside-out EPI. Furthermore, zero-filling severely compromised the spatial
resolution. The zero-filled partial-Fourier EPI images were obviously more
blurry than the inside-out EPI images. In essence, zero-filling reconstruction
produces less signal loss than conjugation reconstruction but obliterates the
off-resonance advantages of partial-Fourier EPI over inside-out EPIL

The zero-filling reconstruction suffers from spatial blurring since it can

be viewed as the application of a rectangular window in k-space. The
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conjugation reconstruction asserts that the k-space data is Hermitian-
symmetric. However, phase due to flow and off-resonance, errors in phase
estimation and ky-misalignment compromise this Hermitian symmetry,
producing signal loss, blurring and ringing. We note that this algorithm
produced negligible artifacts when used to reconstruct one-shot bowtie images

because the acceleration-induced phase was not severe.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix C

Sliding readout delays for EPI

Sliding readout delays are used to reduce ghosting due to off-resonance
[27, 30] and phase-encode flow. Their locations in the EPI pulse sequences are

shown in Figs. 3.11-3.13. Their values are given here. Let

T = time between successive echoes

interleaf number

"~
]

2
]

total number of interleaves.

For partial-Fourier EPI, we have a single delay which is given by

Readout delay = (%)T (C.1)

For partial-flyback partial-Fourier EPI, two readout delays are used. These

delays can be expressed as

i—1

First readout delay = (T)ZT' (C.2)
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Second readout delay = (ll;—‘-)T (C3)

For partial-flyback inside-out EPI, two readout delays are also used. Since half
the interleaves are used to cover half of k-space, their durations are

somewhat different than for partial-flyback partial-Fourier EPI:

First readout delay = (-l_—l)ZT, (C4
N/2
Second readout delay = (N /21 )T. (C.5)
NI2
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Appendix D

Effects of the anti-aliasing filter in bowtie
imaging

Besides the maximum spacing between k-space samples, the field-of-
view is also limited by the effects of the anti-aliasing filter. For each spoke in
the bowtie trajectory, applying the anti-aliasing filter limits the field-of-view
in the direction of that spoke. To understand the effect of applying the filter
in different directions, we will first explore a 2DFT imaging example.

Consider two 2DFT images where the readout-gradient axis in the 1st
image is perpendicular to the readout-gradient axis in the 2nd image, as
shown in Figs. D.1a and D.1c. Suppose the k-space sampling density yields a
field-of-view of width, W, but the anti-aliasing filter truncates the readout-
direction field-of-view to a width of W/2. The direction of field-of-view
truncation in the 2nd image is perpendicular to the direction of field-of-view
truncation in the 1st image.

Now suppose we make an image by filling the bottom half of the 1st
image's k-space rectangle with data from the 2nd image, as shown in
Fig. D.le. There are now three regions in x-y space, as shown in Fig. D.1f. The

first region is the intersection of the fields-Qf-view of Figs. D.1b and D.1d. Itis
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referred to as the 'intersection FOV' and is shown as the darker shaded area
in Fig. D.1f. Signal in the intersection FOV represents spins which were
within the filter bandwidth for both the top and bottom halves of k-space.
The second region is the union of the fields-of-view of Figs. D.1b and D.1d. It
is referred to as the 'union FOV' and consists of the lighter and the darker
shaded areas in Fig. D.1f. Signal in the lighter shaded area (inside the union
FOV but outside the intersection FOV) represents spins which were within
the filter bandwidth for only one half of k-space. This signal comes from an
incomplete set of k-space data and has lower resolution. The third region is
entirely outside the union FOV; it contributes no signal to the final image.

The anti-aliasing filter has similar effects in bowtie imaging.

@

L.

Figure D.1: Anti-aliasing filter effects on the 2DFT-imaging FOV. (a) and (c)
kx-ky space: vertical or horizontal readout axes. (b) and (d) x-y space: FOV
truncated vertically or horizontally. (e) kx-ky space with data from (a) and (c).
(f) x-y space: the darker shaded area is the intersection of the FOVs; the lighter
shaded area plus the darker shaded area is the union of the FOVs; only the
intersection of the FOVs contains full-resolution signal.
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Figure 4.4a shows a version of the ky-k;, trajectory of Fig. 4.1 where each spoke
has been approximated by a straight line and only the left-to-right spokes are
shown, labelled 1 to 3. For each spoke, applying the anti-aliasing filter limits
the field-of-view in the direction of that spoke. In Fig. 4.4b, the lines
bounding the field-of-view of each spoke are labelled with that spoke's
number. The resulting intersection FOV is shown as the darker shaded area
and the union FOV consists of the lighter and darker shaded areas. Only
signal in the intersection FOV is from spins which were within the filter
bandwidth for the entire data-acquisition period.

The shape of the intersection FOV in Fig. 4.4b has the following
physical interpretation. Each spoke acquires data from the same spatial region
whose width, FOVy,, is determined by the filter bandwidth. However, a spin
with non-zero velocity can enter or exit this spatial region during the data-
acquisition period. Therefore, this spin is not seen by all of the spokes and it
will yield an incomplete set of k-space data. Consider a spin which was at the
left x-edge of the kite at t=0. For this spin to remain within FOV, for the
entire data-acquisition period, tpag, it must have 0 <v < FOVy/tpag. Now
consider a spin which was at the right x-edge of the kite at t=0. For this spin to
remain within FOV, for the entire data-acquisition period, it must have
(-FOVx/tpag) <v <0. Similar arguments can be made for other x locations.
Therefore, if Ax and Av are the dimensions of the kite as labelled in Fig. 4.4b,
we can write Ax = FOVy and Av = FOVy/tpag.

This analysis of anti-aliasing filter effects applies to both one-shot and
two-shot imaging. For one-shot imaging, the partial-Fourier reconstruction
synthesizes the missing data by conjugating the acquired data: reflecting it
about the ky and ky axes. Therefore, the union and intersection FOVs of the

conjugated data are reflected about the x and v axes. Fortuitously, these
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reflected FOVs are the same as for the acquired data. In two-shot imaging, the
k-space trajectory for the 2nd shot is the conjugate of the k-space trajectory for
the 1st shot. Therefore, both shots have the same union and intersection
FOVs.

Until now, we have assumed a constant gradient amplitude. However,
bowtie imaging uses a time-variant gradient and the effects of the filter
depend on this time variance. Let us define the time-width of the filter as the
product of the sampling period and the number of filter taps. When the
gradient amplitude varies slowly compared to the time-width of the filter, we
can approximately say that the widths of the intersection and union FOVs are
inversely proportional to the gradient amplitude. We can then define the
intersection FOV as the intersection FOV produced by the largest gradient
amplitude during the data-acquisition window.

In summary, for any k-space trajectory whatsoever, the field-of-view
can be limited by the anti-aliasing filter since only signal in the intersection
FOV comes from a complete set of k-space data. If the object being imaged is
smaller than the intersection FOV then the effects of the anti-aliasing filter
are irrelevant and the field-of-view is limited by the k-space sampling density.
However, if the object being imaged is larger than the intersection FOV then
the field-of-view is limited to the intersection FOV and the k-space sampling

density should be large enough to prevent aliasing in this intersection FOV.
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Appendix E

Effects of off-resonance on moving spins

For a constant velocity, v, and motion only along one dimension, x,

assume that the off-resonance, f, can be expressed as a function of x as follows:
n .
f)=>a;x’. (E1)
j=0

Now let x, be the value of x at t=0 such that
x(t)=x, +vr. (E.2)

Using Eq. E.2 in Eq. E.1 leads to

f@)=Y a;j(x, +vr). (E3)

j=0
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The phase due to off-resonance evolves with time as given by

4
o) = [ f() dr. (E-4)

ts

Using Eq. E.3, we get

t n .
o) =D aj(x, +vt) dr . (E.5)

t;Jj=0

Interchanging the order of summation and integration leads to

t
= S aj j+l
(1) ‘,_go[(] T v (x, +vt) :lls (E.6)
= < a; j+l_ j+l
px Gyt o = vt E7)

Evaluating Eq. E.6 for each value of j:

@)=

agr ..

7[v(t t)] +

%‘/[v(x —E)2x)+ V(2 = 12)] +
22— )3+ V(2 = 2)Bx) + (P - )] +

%[V(t =1 ) 4x3)+ V2 (2 —12)(6x2)+ V(e ~£2)(4x, )+ vi(et — t;‘)] + ... (E8)
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Adding up the columns in Eq. E.8 leads to

o(t)

=(t—t )2ax’+v(t2 )Y Lix 2 I)Z ixF24 . (E9)
-—l —

o oD O ©10

27 dx 3 At
Therefore, when v is zero or f is constant, we get the phase evolution seen by

x-y images. However, for non-zero v and spatially-variant f, the motion of a

particular spin means that it sees a time-variant resonant frequency.
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Appendix F

Designing the readout-gradient waveform in
bowtie-imaging

In bowtie imaging, the design of the readout-gradient waveform has
three stages: (i) choosing a bowtie, (ii) choosing a rectangular region of that
bowtie, and (iii) centering the rectangular region at the k-space origin. These
stages are described in this appendix.

F.1 Choosing a bowtie

The parameters that define a bowtie are:

Njppes = number of lobes in the Gy waveform

kx,iobe = area of each lobe

FOVy = spatial field-of-view

With kx,lope and FOVx fixed, a larger Ngpes produces a larger kp width

but a longer data-acquisition time. This means better velocity resolution but
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poorer temporal resolution and also, because of the time-of-flight effects
described by Egs. 4.7-4.8, possibly a smaller velocity field-of-view.

With Nygpes and FOVy fixed, a larger ky jope produces larger ky and kyp
widths but larger spacing between the spokes and a longer data-acquisition
time. This provides better spatial- and velocity-resolution but a smaller
velocity field-of-view and poorer temporal resolution.

FOVy is relevant only in the following situation. Consider the

following equation:

fs=YGmx FOV, (F.1)

where f; is the sampling frequency, Y is the gyromagnetic ratio and Gy max is
the maximum amplitude of Gy sawtooth. It is possible that FOVy is so large
that the required sampling frequency exceeds the maximum available
sampling frequency. In this case, it would be necessary to reduce Gx,max
which, for a given ky jope and Njppes, increases the duration of the Gy
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