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Abstract

Nuclear Magnetic Resonance (NMR) techniques are of consider-
able importance in chemistry, biochemistry and medicine [1]. While
magnetic resonance spectroscopy is used to study the formation,
composition and dynamics of small and medium-sized molecules [2],
Magnetic Resonance Imaging (MRI) is used to obtain high quality
images - for instance, medical images of the human body - non-
invasively [3]. Traditionally, NMR experiments have relied upon bulk
excitation and acquisition procedures, in which the spins of the entire
sample are excited, and subsequently monitored, simultaneously [4].
In 2002, a new approach to NMR spectroscopy has been suggested
by Frydman et. al., by which the spins are excited and refocused in a
spatially-selective manner [5, 6]. This has allowed for the acquisition
of entire 2D spectra within a single-scan, rather than in a series of
experiments as has been traditional [7, 8, 9, 10]. These methods have
been subsequently also extended to imaging [11]. It was the purpose
of this PhD thesis to investigate the potential as well as the and lim-
itations inherent in different kinds of spatial encodings of the spin
interactions. In spectroscopy, first efforts included developing new
encoding methods based on m-chirps [10], alongside new single-scan
approaches to two dimensional spectroscopy based on Hadamard en-
coding using specially designed spatial-spectral pulses. In imaging,
the point-by-point nature of the excitation was found to be ideally
suited to dealing with spatial inhomogeneities [12], as well as to the
simultaneous acquisition of images arising from different chemical
shifts [13].
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CHAPTER

Introduction

Nuclear Magnetic Resonance (NMR) allows us to probe the structure and
composition of matter in a noninvasive manner. Magnetic Resonance Spec-
troscopy (MRS) allows us to study molecular properties and interactions
([14, 1, 15], while Magnetic Resonance Imaging (MRI) allows us to obtain
spatial distribution maps of those properties ([16, 17, 18]).

The introduction of better and more sophisticated hardware has grad-
ually enabled more elaborate methods of analysis to be explored. In this
introduction we will examine several such methods which rely on spatial
encoding - that is, on the selective excitation of spins situated at different
positions in the sample in a discriminative manner - and show how this can
be used advantageously: In NMR spectroscopy, such excitation schemes can
be used to acquire 2D (and, in general, nD) spectra in a sub-second time
scale and within a single scan ([5, 6, 9]) - such methods will be dubbed Ul-
trafast Spectroscopic methods (UFS); in MRI, spatial encoding offers novel
approaches to imaging which can overcome certain complications such as
field inhomogeneities and shift-related distortions, as well as avoid the com-
mon Fourier-transform related artifacts ([11, 12, 13]). Such methods will

be dubbed Spatially Encoded Imaging (SEI).




2 1.1. OUTLINE OF INTRODUCTION

1.1 Outline of Introduction

Although this is a paper-based dissertation, this chapter summarizes all the
main findings of my PhD. Towards this end I will begin by presenting the
main idea underlying 2D UFS, namely, parallelization [5, 6, 9]: the simul-
taneous execution of different experiments in different physical regions of
the sample, with the aid of spatial field gradients. We will then address the
question of retrieving the acquired signal from each region independently,
borrowing data-acquisition concepts from NMR imaging. Having done so,
we will present in detail two possible excitation schemes. The first of these
approaches will parallelize a standard 2D NMR experiment. The second ap-
proach will make use of Hadamard encoding to parallelize Hadamard Spec-
troscopy [19], as introduced into NMR by Freeman et. al. ([20, 21, 22, 23]).
Both approaches will enable us to acquire a two-dimensional spectrum
within a single experiment, each with its advantages and limitations.

Next we will address the use of spatial encoding methods in MRI and
explain how these spectroscopic concepts lead to a novel imaging method,
in which the spins are progressively excited and dephased, only to be later
rephased point-by-point in real space, thus yielding a time-domain signal
that is proportional to the spin density at each point of the image [11].
This form of imaging stands in contrast to conventional imaging methods,
in which all spins in the sample contribute simultaneously to each point in
the signal, and all data are acquired in Fourier space rather than real space.
Due to its nature, this new approach to imaging is particularly suitable to
addressing image distortions that stem from position or chemical-shift de-
pendent perturbations, including By and B; spatially-dependent inhomo-
geneities [12]. We will show how the latter can be addressed and accounted
for. Furthermore, we will discuss how the phase of the acquired images can
be used to extract chemical-shift information about the sample, effectively
allowing us to obtain images from several different spectroscopic sites within

a single scan [13].
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1.2 Single-Scan Ultrafast 2D NMR
Spectroscopy

1.2.1 Outline of Method

The general scheme of two-dimensional NMR was outlined in the early 1970s
by J. Jeener [24] and, during the ensuing years, by R. R. Ernst and cowork-
ers [4] . In 2D NMR, one begins by exciting suitably prepared spins onto the
xy-plane, and, following a free-evolution period of duration ¢;, one applies
a mixing sequence and acquires a signal proportional to the spins’ trans-
verse magnetization during a time t,. The mixing sequence is designed
beforehand according to the type of interaction tested for. Ideally, its pur-
pose in correlation experiments is to transfer magnetization from one spin
to another if a particular interaction exists between them; in less-common
separation experiments, the spins remain the same but it is the nature of
the interaction that changes. Many types of mixing sequences have been
devised throughout the years, including interactions like homonuclear J-
coupling (TOCSY [25] and COSY |26, 27]), heteronuclear couplings (HSQC
28], HMQC [29]) and cross-relaxation and chemical exchange (NOESY [30],
EXSY [31]). Regardless of the mixing process, the experiment has to be
repeated for different ¢; values, and the data obtained from them arranged
in a two-dimensional matrix, in which each row corresponds to a different
experiment and to a different ¢; value. This 2D data set is consequently
Fourier transformed along both dimensions, and a two-dimensional spec-
trum is obtained.

A drawback of this approach is the time it may involve due to sampling
rather than due to sensitivity considerations. Since, for maximal steady-
state signal, one must wait a time 7} for the spins to relax back to their
steady-state equilibrium before repeating the experiment with a different ¢,
value, the acquisition of a full 2D spectrum, based solely on indirect-domain
sampling considerations, may take minutes. The reduction of such long ex-
perimental times would be beneficial not just from the practical point of

view, but also from a fundamental one: lengthy acquisition processes pro-



