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Advancing Sodium Triple Quantum (TQ) Nuclear Magnetic
Resonance (NMR) Spectroscopy and Imaging

Slow interactions of sodium ions with macromolecules result in a sodium triple
quantum (TQ) signal. This TQ signal is intracellularly sensitive and promises to be a
valuable biomarker for cell viability. However, a deeper understanding of the sodium
molecular environment and the detected TQ signal as well as substantial reduction
in measurment time are necessary to leverage the full potential of the sodium TQ
signal in clinical applications. As a first step of this thesis, a simulation framework for
sodium nuclear magnetic resonance (NMR) dynamics was implemented, including a
refined motion model for simultaneous compatibility with 77 and 75 relaxation times.
For both the TQ time proportional phase intrement (TQTPPI) and the inversion
recovery TQTPPI (IRTQTPPI) sequences, the simulation showed good agreement
with the experimental data. In a second step, the sodium molecular environment
was further investigated by using globular proteins of different sizes with different
sodium binding affinities. TQ signal increased with protein size. However, a strong
sodium binding affinity and the structure of the protein hydration shell had a stronger
influence than the protein size. In a third step, a novel IRTQTPPI sequence was
proposed to investigate the TQ signal and thus the sodium molecular environment
on a different time scale. This sequence allows for a reliable and simultaneous
quantification of 7 relaxation times and TQ signal. Measurements at 9.4 T and
21.1T showed a separation of 7 relaxation times of at least 15ms and a strong
T1-TQ signal for agar samples. The separation in 7 relaxation time and 7;-TQ
signals were smaller than their 7, counterparts, indicating a unique sensitivity of
the T1-TQ signal to a molecular environment on a different time scale. In the last
part of this thesis, a novel and fast TQ acquisition method using only a single pulse
sequence was proposed. The TQ signal of this method was in close agreement
with the TQTPPI sequence and the theoretical prediction. Furthermore, the method
reproduced the expected TQ signal behavior even for multi-compartment systems
and in the presence of noise. This approach, combined with multi-echo ultra-short
echo time (UTE) imaging, provides an efficient method to extract the sodium TQ
signal in vivo without increasing acquisition time compared to SQ sequences and a
dramatically reducing scan time compared to conventional phase cycling sequences.
The proposed NMR techniques are a promising research tool to obtain a deeper
understanding of the sodium molecular environment and thus leverage the full
potential of the sodium TQ signal in vivo.
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Weiterentwicklung der Natrium Triple-Quanten (TQ) Nuklearer
Magnetresonanz (NMR) Spektroskopie und Bildgebung

Langsame Wechselwirkungen von Natriumionen mit Makromolekiilen fiihren zu
einem Natrium-Triple-Quantum (TQ)-Signal. Dieses TQ-Signal ist intrazellular
empfindlich und verspricht, ein wertvoller Biomarker fiir die Lebensfahigkeit von
Zellen zu sein. Allerdings sind ein tieferes Verstdndnis der molekularen
Natriumumgebung und des nachgewiesenen TQ-Signals sowie eine erhebliche
Verkiirzung der Messzeit erforderlich, um das volle Potenzial des
Natrium-TQ-Signals in klinischen Anwendungen zu nutzen. Als erster Schritt dieser
Arbeit wurde ein Simulationsframework fiir die Dynamik der
Natrium-Kernspinresonanz (NMR) implementiert, einschlief3lich eines verfeinerten
Bewegungsmodells fiir die gleichzeitige Kompatibilitit mit 7; und 75
Relaxationszeiten. Sowohl fiir die TQ time proportional phase increment (TQTPPI)
Sequenz als auch fiir die Inversion Recovery TQTPPI (IRTQTPPI) Sequenz zeigte die
Simulation eine gute Ubereinstimmung mit den experimentellen Daten. In einem
zweiten Schritt wurde die molekulare Umgebung der Natriumionen weiter
untersucht, indem globulédre Proteine verschiedener Grolde mit unterschiedlichen
Natriumbindungsaffinitdten verwendet wurden. Das TQ-Signal nahm mit der Gré3e
des Proteins zu. Allerdings hatten eine starke Natriumbindungsaffinitdt und die
Struktur der Proteinhydratationshiille einen stirkeren Einfluss als die Proteingrof3e.
In einem dritten Schritt wurde eine neuartige IRTQTPPI-Sequenz vorgeschlagen,
um das TQ-Signal und damit die molekulare Natriumumgebung auf einer anderen
Zeitskala zu untersuchen. Diese Sequenz ermoéglicht eine zuverldssige und
gleichzeitige Quantifizierung der 7j-Relaxationszeiten und des TQ-Signals.
Messungen bei 9.4T und 21.1T zeigten eine Trennung der 7)-Relaxationszeiten
von mindestens 15 ms und ein starkes 77-TQ-Signal fiir Agarproben. Der Abstand
zwischen den 7T7-Relaxationszeiten und den 77-TQ Signalen war kleiner als die T3
Relaxationszeiten und TQ Signale, was auf eine einzigartige Empfindlichkeit des
T1-TQ-Signals gegeniiber der molekularen Umgebung auf einer anderen Zeitskala
hinweist. Im letzten Teil dieser Arbeit wurde eine neuartige und schnelle
TQ-Akquisitionsmethode mit nur einer Singlepulssequenz vorgeschlagen. Das
TQ-Signal dieser Methode hat gut mit der TQTPPI-Sequenz und der theoretischen
Vorhersage iibereingestimmt. Dariiber hinaus reproduzierte die Methode das
erwartete TQ-Signalverhalten auch bei Systemen mit mehreren Kompartimenten
und fiir verrauschte Daten. Dieser Ansatz stellt in Verbindung mit einer Multiecho
Ultra-short (UTE) Bildgebungsequenz eine effiziente Methode zur Extraktion des
Natrium-TQ-Signals in vivo dar, ohne dass die Messzeit im Vergleich zu
SQ-Sequenzen verldngert und die Messzeit im Vergleich zu herkémmlichen
Phasenzyklus-Sequenzen drastisch reduziert. Die vorgeschlagenen NMR-Techniken
sind ein vielversprechendes Forschungsinstrument, um ein tieferes Verstandnis der
molekularen Umgebung von Natrium zu erlangen und so das volle Potenzial des
Natrium-TQ-Signals in vivo zu nutzen.
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Introduction

Nuclear Magnetic Resonance (NMR) has become a powerful and indispensable tool
in materials science, chemistry and medicine. In medicine in particular, NMR-based
Magnetic Resonance Imaging (MRI) is widely used for non-invasive diagnostics.
Compared to other medical imaging modalities such as computed tomography (CT)
and positron emission tomography (PET), it produces images with high soft tissue
contrast without the use of ionizing radiation. Nuclear spins, 'H in most applications,
align in an external magnetic field resulting in a macroscopic magnetization. This
magnetization can be manipulated with radio-frequency (RF) pulses and spatially
encoded with gradient fields in MRI. Besides protons, any nucleus with a non-zero
nuclear spin, so-called X-nuclei, can be used to generate the Magnetic Resonance
(MR) signal. One of the most important and most studied X-nuclei is >Na. The
sodium nucleus has not only the second strongest biological MR signal, but also
attractive NMR and MRI properties from both a physical and a biomedical point of
view [1, 2].

Sodium ions are involved in multiple vital cell processes, such as membrane transport
processes and electric signaling between neurons [3]. The sodium-potassium pump
maintains a large concentration gradient between intra- and extracellular space by
constantly pumping sodium ions out of the cell and potassium ions into the cell [4, 5].
The energy consumption of this process is up to two thirds of the cells total energy.
This combined with the crucial involvement of the sodium concentration gradient
in cellular transport processes and electric signaling between cells demonstrate the
vital importance of the sodium-potassium pump for cell viability [2, 3]. Insufficient
energy supply leads to a failure of the sodium-potassium pump followed by an influx
of water and sodium ions into the cell. Thus, changes in the intracellular sodium
concentration correlate with early pathophysiological changes.

The 22Na nucleus has a spin of 3/2 and therefore the sodium electrical quadrupole
moment interacts with surrounding Electric Field Gradient (EFG)s created by the
molecular environment [6, 7]. In the case of a slowly fluctuating EFG as for
instance during ion interactions with proteins and other macromolecules, these
electric quadrupole interactions cause bi-exponential relaxation and allow the
formation of Triple Quantum (TQ) coherences subsequent to the Single Quantum
(SQ) coherence [6-11]. The weighted mean value of the intra- and extracellular
sodium concentrations, the Tissue Sodium Concentration (TSC) can be determined
from the sodium SQ signal to gain valuable non-invasive information about cell
viability and physiology [1, 2, 6, 12, 13]. However, the SQ signal does not allow the
differentiation between increased intracellular sodium concentration and increased
extracellular volume [14]. On the other hand, the TQ signal has been shown to
have a higher weighting towards the intracellular sodium content than the SQ
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signal [15-22]. Both sodium signals are potential valuable biomarkers for cell
viability [23-28]. A combined measurement of SQ and TQ signals [29-31] might
provide more insights into cellular processes. Several studies with perfused rat heart
systems [15, 20, 32-35], brain ischemia [36] and tumors [37, 38] and in-vitro
experiments using an MR-compatible bioreactor systems [39-42] have
demonstrated a correlation of the TQ signal with cell viability. The TQ signal
increases with the intracellular sodium concentration [20] and depends on the
sodium [15, 34] and protein [15, 19] concentrations as well as the folding state of
proteins [43]. Thus, the TQ signals increases the value of sodium MRI as a valuable
biomarker for cell viability [15, 16, 19, 33, 34, 36, 39, 41, 42].

Proteins play a crucial role in a variety of biological processes [44], increasing the
significance of exploring them with NMR techniques. Slow interactions of sodium
ions with proteins, especially with negatively charged groups on the protein surface,
are one of the major contributors to the TQ signal in biological tissues. This is due
to the high abundance of proteins in cells of 20-35 % w/v [44] and the availability
of negatively charged groups at cellular pH [43]. Most studies of the sodium NMR
signal have focused on the protein Bovine Serum Albumin (BSA) and investigated
the dependence of the TQ signal on the pH value and the protein concentration [9,
43, 45, 46]. BSA is a relatively large globular protein with 100 negatively charged
groups. Nevertheless, sodium ions have a very low binding affinity for BSA [47]. As
a result, the sodium TQ signal of BSA is a strong pH dependent TQ signal which is
weaker than that of cells [9, 43, 45, 46]. Proteins differ in terms of size, sodium
binding affinity, which influences the correlation time. The impact of these protein
properties on the TQ signal remains unexplored, yet it is an essential aspect for
achieving a more profound understanding of the sodium TQ signal.

Besides the investigation of different model systems for a deeper understanding
of the molecular environment, also different relaxation pathways can be utilized.
Previous studies [7, 20, 21, 29, 39, 41, 43, 45, 48-52] mainly investigated the
T, relaxation pathway, which is sensitive to slow interactions. Contrary, the rarely
investigated T relaxation pathway of the TQ signal has a unique sensitivity to
the intermediate regime [6, 10, 53]. Hence, the combination of both pathways
allows to obtain a better characterization of the molecular environment. Interaction
durations in the few ns range dominate the 7;-TQ signal and longer interactions
do not influence the signal. In contrast, the latter longer interactions dominate
the T5-TQ signal. Thus, the T7-TQ signal has a unique sensitivity and can provide
valuable information to better characterize sodium-protein interactions. These
interactions are characterized by a wide range of correlation times. Hence, the
investigation of 73- and 75-TQ signals can advance our understanding on the TQ
signal formation in biological environments. However, only a few studies have been
able to detect bi-exponential 7} relaxation and/or a 7;-TQ signal [54-56], as the
fast T ¢ relaxation time component contributes only 20 % to the overall signal. In
general, reliable quantification of bi-exponential 77 relaxation times is difficult using
current techniques. Therefore, a reliable technique for the investigation of the 77-TQ
signal and the bi-exponential T} relaxation times is necessary to better characterize
sodium interactions in biological tissue.

Chapter 1 Introduction



In summary, previous studies of the sodium TQ signal [7, 29, 39, 41-43, 48] laid
the basis of the TQ signal as a biomarker using optimized 75 sequences and similar
model systems. For a deeper understanding of the TQ signal as a biomarker for cell
viability, a better characterization of the TQ signal using a large variety of model
systems and different TQ relaxation pathways is necessary. Therefore, the first
objective of this thesis was to increase preclinical techinques for the detection of TQ
signal and deepen the understanding of the molecular origin of the TQ signal using
different techniques for a better characterization of the molecular environment.

MR systems are only capable to detect the SQ signal and thus the TQ signal can
only be detected indirectly. For this purpose, complicated phase-cycled multi-pulse
sequence are necessary [7, 45, 50, 52, 53]. The conventional Triple Quantum
Filtering (TQF) sequence uses three RF pulses and two evolution periods between
the pulses with an optional additional 180° refocusing pulse during the first evolution
period [6]. These sequences are based on the principle that different coherence
orders accumulate phase shifts differently, i.e. TQ coherences three times faster than
SQ coherences. Therefore, phase alterations in the pulse sequence provide a tool for
selection of the desired signal. The first 90° RF pulse creates T, SQ coherences that
are converted to Tgl SQ coherences during the first evolution period 7eyo. The second
90° pulse transforms the Ts; coherences to T35 TQ coherences, which accumulate
phase shifts three times quicker than SQ coherneces. The mixing time (7yix) iS
usually selected as short as possible to avoid MR signal decay. At the end, a third
90° RF pulse transforms the T3 coherences back to Ts1, which later evolve into
observable 7}, MR signal. The phases of all three RF pulses are incremented in every
scan and the signals are summed or processed independently. In the conventional
TQF sequence, only the TQ signal passes the above phase filter. More advanced
phase cycles help to reduce the impact of By and By inhomogeneities [29, 48, 51,
57] or filter out unwanted echoes [29, 30, 51]. Another way to detect TQ signal
is the Triple Quantum Time Proportional Phase Increment (TQTPPI) [7, 58]. This
sequence is very similar to the TQF sequence as described above with the evolution
time being incremented in every phase step. It simultaneously detects both the
SQ and TQ signals at distinct frequencies and therefore simplifies the TQ signal
quantification by normalizing it to the SQ signal [7].

The requirement of a phase cycling scheme combined with multiple RF pulses results
in a long scan time and a high Specific Absorption Rate (SAR). Furthermore, Th3
coherences are prone to By and By inhomogeneities[59]. By inhomogeneities have
a three times larger effect on Ty state than on SQ coherences. Additionally , the TQ
signal has a sin® # dependency on the RF flip angle § compared to sin® § dependency
of the SQ signal [49]. These drawbacks togehter with the low Signal to Noise Ratio
(SNR) of the TQ filtered signal currently prevent a clinical application of the TQ
signal. Hence, the second objective of this thesis was to optimize the TQ sequence
such that it allows a clinical application, i.e., low scan time without phase-cycling
and a low SAR value without complicated multi-pulses.

In summary, the two main aims of this thesis were (i) to investigate the molecular
origin of the sodium TQ signal in a preclinical setting, using model systems and
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advanced TQ techniques, and (ii) to accelerate the acquisition of the sodium TQ
signal for clinical application. These two objectives were achieved in four parts.

In the first part, a simulation framework for the NMR dynamics of spin-3/2 nuclei
was implemented and investigated. Sodium NMR dynamics is a combination of
various coherences from multiple relaxation pathways, which complicates the signal
interpretation. Hence, a simulation framework of spin-3/2, sodium, NMR dynamics
provides a unique tool to characterize and quantify signal components in more
detail. Simulation frameworks for sodium NMR pulse sequences have been already
proposed [30, 53, 60-62]. However, these simulation frameworks are not optimized
for fast computation of arbitrary phase cycles with multiple iterations and varying
time delays. This thesis presents a computationally efficient modular simulation
framework for spin-3/2, sodium, NMR dynamics for biological environments using
hard RF pulses. This simulation framework provides a complete description of all
signal components for arbitrary pulse sequences. Moreover, the framework was
veryfied using experimental data from the TQTPPI and Inversion Recovery Triple
Quantum Time Proportional Phase Increment (IRTQTPPI) sequences. Hence, pulse
sequences can be optimized and the influence of sequence and sample parameters
on the signal can be quantitatively evaluated.

In the second part, several other proteins were investigated in this thesis with
two main objectives to obtain a deeper understanding of the sodium molecular
environment. First, the TQ and relaxation behavior of BSA was compared with
the TQ and relaxation behavior of a form of bovine hemoglobin, methemoglobin,
a similar sized paramagnetic protein with a similar sodium binding affinity as
BSA. Second, the TQ signal and relaxation behavior of several globular proteins of
different sizes were studied to determine the dependence of the TQ signal on protein
size.

In the third part the 77 and 75 relaxation times and 73- and T5- TQ signals were
compared using the TQTPPI and IRTQTPPI sequences. The detection of the T3-
TQ signal requires a modified pulse sequence and phase cycling. Jaccard et al.
[53] already proposed an inversion recovery TQ filtration (Inversion Recovery (IR)-
TQF) pulse sequence using the 7; relaxation pathway. In the case of imperfect
inversion, both the 711, — T34+, and the Ty — T30 pathways indistinguishably
contribute to the TQ signal [6]. Moreover, unwanted signal contributions, e.g.
double quantum (Double Quantum (DQ)) signals, may overlap with the TQ signal
making its quantification a difficult task. Therefore, methods that suppress unwanted
signal contributions may improve the quantification of the 7) relaxation times
and the T;-TQ signal. Based on the sequence of Jaccard et al. [53], this thesis
proposes an IRTQTPPI sequence, which allows a simultaneous quantification of
bi-exponential T} relaxation times and 73-TQ signal similar to the TQTPPI sequence.
To reliably detect the 7 relaxation times and the 73-TQ signal, three different
double quantum (DQ) suppression methods were evaluated using a simulation
framework and experiments. Using the optimized IRTQTPPI sequence, 77 and T3
TQ signals were compared between 9.4 T and 21.1 T for agar tissue model systems.
The local motional environment was characterized by evaluating the correlation
time and quadrupole interaction strength. The results of this part were submitted

Chapter 1 Introduction



for publication in [63]. The results of this part were submitted for publication in
[63].

In the final part, a novel method to acquire the sodium TQ signal using only a
single-pulse sequence was introduced. The evolution of the 73, coherences after the
first RF pulse already encode the relevant TQ state [6, 10, 11]. The other parts of the
conventional TQ pulse sequences have the sole purpose of making the creation of
the Ty, state detectable. A direct extraction of 75; coherences has a huge potential to
simplify and accelerate the detection of sodium TQ signals. Based on this idea, this
thesis presents a novel method to extract the TQ signal using only Free Induction
Decay (FID) from a Single-Pulse (SP) sequence or a Spin Echo (SE) sequence. The
TQ signal was compared with theory and the TQ signal from the state-of-the-art
TQTPPI sequence using agarose as a tissue model system. The performance of
the method was investigated in multi-compartment systems and in the presence of
noise using simulated data. As a proof-of-concept, this method was also combined
with a multi-echo radial Ultra-Short Echo Time (UTE) sequence to demonstrate the
applicability of this approach for sodium MR imaging in-vitro. The results of this
part were submitted for publication in [64].






2.1

211

Theoretical Background

This chapter covers a brief overview of basic concepts and physics of Nuclear
Magnetic Resonance (NMR) with a focus on spin-3/2 systems. Relaxation and the
effect of radio frequency pulses on nuclear spins and the signal detection, the key
components of every NMR experiment, are introduced with the intention to provide
a brief overview that supports the understanding of the subsequent work.

Nuclear Magnetic Resonance

NMR has become a powerful and indispensable tool for the material sciences,
chemistry and medicine. Rabi et al. [65] first described and measured nuclear
precession in marking the discovery of nuclear magnetic resonance and received the
1944 Nobel Prize in Physics. His experiment was an extension of the famous Stern-
Gerlach experiment by Gerlach and Stern [66], who first showed quantification of the
spatial orientation of angular momentum. Otto Stern was awarded the 1943 Nobel
Prizes in Physics. In 1946, Bloch [67] and Purcell et al. [68] were the first to detect
NMR signals of solid and liquid samples marking the start of NMR spectroscopy. For
their contribution, they shared the shared the 1952 Nobel Prize in Physics.

After that, NMR developed to be an important tool for structural analysis of
molecules which led to two further Chemistry Nobel prizes for Richard Robert Ernst
in 1991 and for Kurt Wiithrich in 2002. In the 70’s Mansfield and Grannell [69] and
Lauterbur [70] extended NMR spectroscopy with spatial encoding. For their
discoveries concerning the development of Magnetic Resonance Imaging (MRI),
Paul Christian Lauterbur and Peter Mansfield were awarded the 2003 Nobel Prize in
Physiology or Medicine.

This chapter discusses the basic principles of NMR including the Zeeman splitting,
macroscopic magnetization and the detection of the NMR signal. The discussion is
based on the books of Abragam [71], Slichter [72], Levitt [73], Haacke et al. [74],
and Graaf [75].

Nuclear Spin and the Nuclear Zeeman Effect

Atoms consist of an electron shell and the nucleus, made of two types of nucleons,
protons and neutrons. Protons carry a positive electric charge and neutrons do not
carry electric charge. Thus, the nucleus as a whole is positively charged with the
charge being determined by the number of protons. The nucleons are held together
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by the strong force. Moreover, the nucleus posses a nuclear spin I, a quantum
mechanical property that behaves like an angular momentum. As a quantum
mechanical angular momentum, the spin I with the spin components I, fy and I,
satisfies the angular momentum algebra defined by the commutator relations

{fi,fj} = iﬁeijkfk; (21)

with I; being the components of the angular momentum operator I, the Levi-Civita
symbol ¢;;;, and the reduced Planck constant 7 = h/2r = 1.0545 x 10734 Js. As
can easily be verified, the angular momentum operator additionally satisfies the
commutator relaxation

[I},fﬂ = 0. (2.2)

Per convention and without loss of generality, the z-axis is usually chosen as the
quantization axis. The eigenstates |I,m) of I, are described by two quantum
numbers, the nuclear spin quantum number / and the magnetic quantum number
m=—1,—I+1,...,I—1,1I and follow the eigenvalue equations

I2\I,m) =rI(I+1)|I,m) and  I,|I,m)=hm|I,m). (2.3)

Thus, the eigenstates are (21 + 1)-fold degenerated. It is also useful to define the
angular momentum ladder operators

Iy =1, +il,. (2.4)

The total spin quantum number I of the nucleus, or simply nuclear spin, is the vector
sum of the spins of the protons and neutrons, which are both spin s = 1/2 fermions
and an additional orbital momentum of the nucleons, j = |l £+ 1/2|. In contrast to
the total angular momentum of the electron shell, the calculation of the nuclear spin
is much more difficult. In a few cases the nuclear shell model, the nuclear analogue
to the atomic shell model, correctly predicts the spin. In general, all nuclei with
odd number of protons and/or neutrons possess a non-vanishing nuclear spin. If
either the number of protons or the number of neutrons is odd, the nuclear spin is
a half-integer, while it is an integer if both the number of protons and neutrons is
odd.

The nuclear spin is connected with a nuclear magnetic moment
N A A
pr =8 =1 (2.5)

where g is the Landé-factor, a nucleus-specific constant, py = 5.05 x 10727 J/T is the
nuclear magneton and v = guy/h is the the gyromagnetic ratio, a nucleus specific
constant. Like a classical magnetic moment, the nuclear magnetic moment interacts
with magnetic fields.
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Nuclear Zeeman Effect

In an NMR experiment, the probe is placed in a static magnetic field, By, also
known as magnetic flux density. Per convention, the direction of the magnetic field
By = (0,0, By)T is the z-axis. The resulting nuclear Zeeman Hamiltonian H 7 is

Hy = —purBo = —yBol, (2.6)

Using the eigenvalue equations Equation (2.3), it follows for the stationary
Schrodinger equation

with the energy eigenstates F,,
E,, = —hmvyDBy. (2.8)

Therefore, the Zeeman effect removes the eigenstate degeneracy with equidistantly
spaced energy levels with a spacing of

AE = lryBohw (2.9)
and the Lamor frequency
wo = 7B, (2.10)

i.e., the spins are precessing around the quantization axis z with the Lamor frequency
wo, which is proportional to the magnetic field. In Figure 2.1, this splitting is shown
for hydrogen, 'H and sodium, 23Na, nuclei at a magnetic field strength of 9.4 T and
21.1T. For his 1896 discovery of the Zeeman effect, a splitting of atomic spectral
lines in a magnetic field, Pieter Zeeman received the Physics Nobel Prize in 1902.

The NMR experiment is based on the nuclear Zeeman effect and the manipulation
of the spins with additional time-dependent magnetic fields B (¢) that oscillate with
the Lamor frequency wy and being most effective when applied perpendicular to
the main magnetic field By. These additional magnetic fields B;(t) are also called
radio-frequency (RF) pulses.

NMR-Active Nuclei

Since the nuclear magnetic moment is only non-vanishing for a non-zero spin I,
only spins with spin quantum number / > 0 are visible in NMR experiments. The
NMR signal is given by the collective signal of a whole spin ensemble of identical
nuclei, the macroscopic magnetization. Therefore, the concentration of the nuclei
under investigation determines, among other factors like the isotope abundance and
the gyromagnetic ratio -, the NMR signal strength.

For spin-1/2 nuclei, the macroscopic magnetization can be thought of as a classical
vector that can be manipulated by RF-pulses. The component perpendicular to

2.1 Nuclear Magnetic Resonance
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Fig. 2.1.: Schematic depiction of the Zeeman splitting for 'H (spin-1/2) and 23*Na, (spin-3/2)
nuclei. While at By = 0, the energy levels are degenerated, they equidistantly
split up at larger magnetic fields. The splitting is characterized by the Lamor
frequency wg = vBy. Numeric values for wy at By = 9.4T and By = 21.1 T are
given.

the magnetic field, the transversal magnetization, creates the NMR signal. The
evolution of the magnetization vector can be described by the phenomenological
Bloch-equations that also take into account relaxation effects, the longitudinal
"Ty" and the transversal "T" relaxation. The hydrogen nucleus, 'H, has a spin
of I = 1/2 and creates the strongest NMR signal and is therefore the — by huge
margin — most commonly investigated nucleus in NMR experiments. 'H nuclei have
a large biological and physical abundance and also a large gyromagnetic ratio ~.
Other common spin-1/2 nuclei are e.g., 3! P phosphorous and '*C carbon nuclei. All
NMR-active nuclei other than 'H are termed X-nuclei. Table 2.1 summarizes some
of the most commonly investigated NMR-active nuclei. Nuclei with spin I > 1/2,
also called quadrupole nuclei, can also be investigated with NMR and are discussed
in the following chapters in more detail.

Formalism for Spin-32 Nuclei

Most NMR-active nuclei have a spin I > 1/2, the quadrupole nuclei. Examples
are »*Na and %K with spin I = 3/2, and ?H and '“N with spin / = 1. The
description of quadrupole nuclei is more complicated for multiple reasons. Since
there are additional Zeeman energy levels, the simple magnetization image is
insufficient. Especially higher order coherences, the multiple quantum coherences,
have interesting properties and encode information about the molecular environment
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Tab. 2.1.: Properties of some of the most important NMR nuclei. Values are taken from
[76]. The relative sensitivity only takes the physical abundance of the isotope
into account and not the biological abundance cpj,.

Isotope Spin 5= [MHz/T] cppys [%] Relative sensitivity

'H 1/2 42.58 99.985 1.0
H 1 6.54 0.015 4.8 x 1073
B 1/2 10.71 1.10 1.59 x 1072
170 5/2 5.77 0.038 2.91 x 1072
PR 1/2 40.06 100 8.33 x 107!
23Na 3/2 11.27 100 9.27 x 1072
3p 1/2 17.25 100 6.65 x 1072
Bl 3/2 4.17 75.77 4.7 x 1073
39K 3/2 1.99 93.26 4.8 x 107*

of the nuclei. The nuclear charge distribution is spherical for spin-1/2 nuclei and
therefore rotations do not alter the electrostatic energy of the nucleus. Quadrupole
nuclei, on the other hand, have an asymmetric charge distribution as depicted in
Figure 2.2. Therefore, the nuclei posses an electric quadrupole moment that interacts
with surrounding Electric Field Gradient (EFG) via the quadrupole interaction. In
fact, the quadrupole interaction dominates relaxation for quadrupole nuclei such
that magnetic interactions often can be neglected [77, 78].

Therefore, a more sophisticated formalism to describe the NMR dynamics of
quadrupole nuclei is needed to account for the increased complexity. A similar
formalism can also be used for a quantitative description of coupled spin-1/2 nuclei.
This section introduces such a formalism for spin-3/2 that is used throughout this
thesis. The description of the formalism is based on the work by [10, 11, 51, 71,
73], and own calculations [63].

Density Operator

A single nuclear spin ¢ with I = 3/2 can be described in the angular momentum
basis |I = 3/2,m) = |m) by

i) = Zcin im) = Ci3/2 |—3/2) + 031/2 |—1/2) + Cil/2 11/2) + Cé/Z 3/2), (2.11)

with complex time-dependent coefficients ¢!, that describe the amplitude of each
basis element |m). Here, other quantum numbers than I and m describing the
system are neglected. This also means that the influence of the fast moving electrons
is averaged out and included in the the system Hamiltonian ﬁspin instead using
a full description of the atoms including the nucleus and electrons in a full wave
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Nuclear charge distribution
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Fig. 2.2.: a) Spherical electrical charge distribution p() > 0 of spin-1/2 nuclei in an electric
potential V' (r) generated by two positive and two negative electric charges. There
is no preferential orientation of the charge distribution due to the spherical
symmetry. b) and c¢) Quadrupole nuclei with spin I > 1/2 have an asymmetric
charge distribution p(r) > 0. In the same electric potential as in a), the
orientation in c) is energetically preferred, since it minimizes the distance of
p(r) to the negative charges and maximizes the energy to the positive charges.
The quadrupole interaction is based on a similar consideration. The asymmetry
of the charge distribution is exaggerated.

function |¢g). This assumption is also called spin Hamiltonian hypothesis. Since
the time scales of motion of electrons and the nucleus is separated by several orders
of magnitude and the nucleus influence on the electrons is small, this assumption is
valid for NMR experiments with biological samples [73].

However, instead of single spins, NMR measures a whole spin ensemble of N spins
and the states of the single spins are unknown. In quantum mechanics such an
ensemble is described by the density operator 6. The density operator is a positive
(6 > 0), normalized (Tr[6] = 1), hermitian (61 = &) operator. If all spins of the
ensemble are in the same state |¢;), the density operator is in the pure state

6i = i) (il (2.12)
For a pure state it is
Tr[6%] =1 (2.13)

and & is additionally a projection (62 = &) operator. In general and especially
in NMR, the system is in a mixed state 6, which is comprised of many pure state
subsystems ;. The density operator of a mixed state is defined by

6= pilvi) (il = 3_pid 2.14)

where p; = N;/N is the probability of the system being in the one of the subsystems
&; with N; spins and it is >, p; = 1. For a mixed state it is

Tr[6%] < 1. (2.15)
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Fig. 2.3.: A matrix representation of the density operator with all components for spin-3/2
nuclei is shown on the left side and the corresponding Zeeman energy levels on
the right. The diagonal elements describe the energy level populations, also called
zero quantum (ZQ) coherences. The off-diagonal elements describe coherences
between neighboring (single quantum (SQ) coherences), next-to-neighboring
(double quantum (DQ) coherences) and the upper and lower energy levels (triple
quantum (TQ) coherences), respectively as indicated by the arrows between the
Zeeman levels.

The expectation value of an observable A for a state described by the density matrix
& is given by

(A)s = Tr[6A]. (2.16)

The matrix elements of the density operator in the angular momentum basis are
given by

das = {al & |8) = D_pi (alvi) (VilB) = cach (2.17)

where the overbar over @ indicates the ensemble average. The diagonal elements
Taa = CaCl, = po > 0 denote the occupation probability of the basis state |«) and
are also called population or Zero Quantum (ZQ) coherences. The off-diagonal
elements 0,5 = @ (with « # ) correspond to coherences between the states |«)
and |3) with coherence order m = a — 3 (note that here, m denotes the difference in
magnetic quantum number, not the magnetic quantum number as above). For spin-
3/2 nuclei, ZQ coherences, Single Quantum (SQ) coherences with m = 1, Double
Quantum (DQ) coherences for m = 2 and Triple Quantum (TQ) coherences are
possible. Figure 2.3 shows the 16 independent elements of the density operator and
their connection to the coherences.

2.1 Nuclear Magnetic Resonance
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Tab. 2.2.: NormalizedAir{educibleAspheAriE:al tensor operators T}, based on the definitions of
[79, 80]. [A, B]+ = AB + BA is the anticommutator. For convenience, here and
in the following, the angular momentum operators [; are defined without the .

Tim Definition Meaning

Too 31 Identity

Tho %f Longitudinal magnetization
Tho l(3f 2_1(I+11) Quadrupole mangetization
T30 7(5[ [3 — (3I(I+1)—1)L.) Octupole magnetization
Ti41 Forsle Rank 1 SQC

Thiq f[lz, Ii)s Rank 2 SQC

Ty Fopll2 —(IUI+1) - 9L 1], Rank 3 SQC

Thio ﬁfi Rank 2 DQC

T340 ﬁ [1,,12) Rank 3 DQC

Tyis Fin Rank 3 TQC

Irreducible Spherical Tensor Operators (ISTOs)

It is convenient to represent the density operator ¢ in the Irreducible Spherical
Tensor Operator (ISTO) basis

&= Amt)Tim (2.18)
l,m

where 7}, are the ISTO basis elements and the complex coefficients A;,,(t) are
time-dependent amplitudes. In general for nuclei with spin 7, the ISTO basis
consists of (21 + 1)? tensors T}, with ranks [ = 0,1,...2] and coherence orders
m=—Il,—l+1,...,1—1,1. For spin-3/2 this corresponds to 16 tensors and rank [ =
0,1,2,3. The T}, are summarized in Table 2.2 with the definitions and normalization
of Bowden and Hutchison [79]. Note that here and in the followmg, the angular
momentum operators I; are defined without the . The Hamiltonian # is then given
in units of [J/A] and only in numerical calculations, the #’s are added back where
necessary.

In the literature, often symmetric and antisymmetric combinations of the ISTOs are
defined

~ 1 . ~

Ti(s) = —=(Th—1+ Tn)

. \? (2.19)
Tii(a) = T(Tl 1 —T1).
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Tim(a) and Tj,, (s) are both hermitian which reflects of the hermitian nature of the
Hamiltonian and observables in quantum mechanics. Since always both the tensors
with +m and —m are formed, this step is not necessary and in this thesis only the
Tj+m are used. The dynamics of both pathways is analogous in most cases, and
therefore, the second pathway with —m is only explicitly mentioned if necessary.

The ISTOs are used to express the density operator and the Hamiltonian of the
system due to their interesting rotation properties under the effect of hard RF-pulses
and relaxation:

* Hard RF-pulses only change the coherence order m of the 7}, as shown in
Subsection 2.1.5.

* Relaxation only changes the rank [ of 7}, as shown in Subsection 2.1.6.

Dynamics

The dynamics of the density operator follow the Liouville equation

dé (AP

prie —ﬁ[H,a] (2.20)
where H is the Hamilton operator of the system. In NMR, the % of the Liouville
equation is usually absorbed by the Hamiltonian #, which is then given in units of
[J/h]. The Liouville equation then becomes

do ~
— =1 5. 2.21
i i[H, 5] (2.21)

The formal solution of the Liouville equation is then given by
&(t) = e Mg ()Mt (2.22)
with the initial state 5(0).

The Hamiltonian # is the sum of the Hamiltonians of all interactions of the system.
Two types of interaction of the nucleus with the environment are taken into account,
interactions of the magnetic moment of the nucleus with magnetic fields and
surrounding interactions of the nucleus charge distribution with surrounding
electric fields. The interactions can be subdivided in two types that describe the
origin of the surrounding fields.

On the one hand, internal interactions fields, originating from interactions of the
nuclei with molecules and atoms in the sample itself, cannot be controlled and cause
relaxation of the magnetization. Thus, investigating the relaxation dynamics reveal
information about the molecular environment of the nuclei. The electric fields are
internal in the standard NMR experiment and the corresponding interaction, called
quadrupole interaction, leads to interaction of quadrupole nuclei (I > 1/2) with
EFGs of the environment of the nuclear spin. Internal magnetic interactions are for
example the dipole-dipole interaction, J-coupling and the chemical shift interaction.

2.1 Nuclear Magnetic Resonance
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Since in most cases internal magnetic interactions are much weaker than the electric
quadrupole interaction, magnetic interactions can often be neglected for quadrupole
nuclei.

On the other hand, external fields originate from the NMR apparatus, such as the
static magnetic field, RF-pulses and gradient fields. They can be controlled with
the purpose of manipulating the spins in a beneficial way for the NMR experiment.
As introduced before, the static magnetic field B, causes a Zeeman splitting of the
energy levels of the nucleus. The Zeeman Hamiltonian in Equation (2.6) can also be
expressed in terms of the ISTO basis:

7:[2 = —wofz = _WO\/ETN- (2.23)

The Zeeman interaction is the dominating NMR interaction several orders of
magnitude stronger than the other interactions. Neglecting all other contributions,
the formal solution of the Liouville equation for the Zeeman Hamiltonian is

&(t) = e~ Mt5(0)e . (2.24)

Assuming, that 6(0) = Ay Tim, ie. that the density operator is given by an
Im

arbitrary state in the ISTO basis, and using the Baker—-Campbell-Hausdorff formula
and the commutator relations of the ISTO tensors, it can be easily shown, that

G(t) =Y Ay Time 0t (2.25)
Im

This describes Lamor precession around the quantization axis z and reproduces
the result from the phenomenological discussion regarding the Lamor frequency in
Subsection 2.1.1.

Besides the Zeeman Hamiltonian, the total Hamiltonian # is comprised of the
Hamiltonian Hgr of RF-pulses, the internal Hamiltonian #,ej.x, Which describes
relaxation, and potential other Hamiltonian resulting for example from a gradient
field:

H :ﬁZ‘F/}:[RF"‘?:trelax"“-u (2.26)

In the high field regime, with large By, the interaction with the external magnetic
field is much stronger than the RF-fields and relaxation and therefore, Hgrr and

A

Hrelax can be considered as a small perturbation.

The RF pulse Hamiltonian 7z and the relaxation Hamiltonian H,j,y are discussed
in Subsection 2.1.5 and Subsection 2.1.6, respectively.

Interaction Picture and the Rotating Frame

As shown in Subsection 2.1.2, the Zeeman Hamiltonian # only leads to an
oscillatory term in the dynamics of the density operator 6(¢) without any further
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2.1.3

dynamics, such as transitions between the tensors. It is convenient to switch into an
rotating frame with the Lamor frequency wy, which removes #, and hence the
oscillatory term from the dynamics. In quantum mechanics, this is equivalent to
switching into the interaction picture with H, as H, and the other Hamiltonians,
Hrr and Hielax, as H1. Operators and states in the interaction picture are denoted
by an additional “*” as index and transform like

*(1)) = Mot [y and

. o (2.27)
A* — eZ’HotAe_ZH()t.
Consequently, the density operator in the interaction picture is given by
6" = oot ge ot (2.28)
and with H;; = #o, the Liouville equation in the interaction picture is
dé* e ax
=i H;.6%] (2.29)
with
Hi = eTotgl oot — g + HE (2.30)

In the following sections, the dynamics is described in the rotating frame rotating
with the Lamor frequency.

Thermal Equilibrium and Macroscopic Magnetization

In this section, the thermal equilibrium density operator, starting point of every NMR
experiment, and the macroscopic magnetization, which determines the strength of
the NMR signal, are determined.

Without a magnetic field, all spins are in random super positions without a preferred
direction. In a magnetic field, the Zeeman effect leads to a splitting of the energy
levels and a preferred direction given by the quantization axis, the z-axis. The
spin ensemble interacts with atoms and molecules of the sample, which can be
interpreted as a thermal reservoir with exchange of energy but not particles. Hence,
the systems thermal equilibrium of many nuclei can be described by the canonical
ensemble and is given by

1 .
6eq = 5 oxp(~Ho/k5T) (2.31)

with Hy = Hy in the high field regime, the Boltzmann constant kg = 1.38 x
10723 J /K, the temperature 7" and the partition function

Z =Tx (exp(~Ho/kpT)) ~ Tr (1 — Ho/kpT) ~ 21 +1. (2.32)
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In the last two steps the high temperature approximation, AE = hwyBy < kgT
was used to truncate the Taylor series. This approximation is justified since the
temperature is in the range of 310K and therefore the thermal energy in the range
of 4.38 x 10721 J, while at 9.4 T, the Zeeman energy splitting is in the range of
1.12 X 10726 J for 23Na, and thus much smaller than the thermal energy. Inserting
Equation (2.32) into Equation (2.31) and Taylor expanding the equation gives

A 1 7:[ . 1 ’yB() IS
7T o1 (1 a kBT> 2l +1 (]1 * k:BTIZ> (2.33)

Since the identity operator 1 commutes with every other operator, this part of the
density operator does not participate in NMR dynamics and is therefore dropped
from the description for convenience. Furthermore, the equilibrium density operator
can be expressed in terms of the ISTO basis such that it is

s o1 ]l_’,ft L By _ VByBy .
97 or+1 kT

(2.34)

T2+ 1kgT ? I+ DkgT '

The prefactor is called Boltzmann factor and is usually dropped from the density
operator for simplicity. In thermal equilibrium there is only magnetization along the
quantization axis z. This is also called longitudinal magnetization. By an RF-pulse
the magnetization can be transferred into T+ coherences, which are also called
transversal magnetization. Higher order and rank tensors do not have a spin-1/2
analogue.

The NMR signal results from the macroscopic magnetization, which is given by the
sum over the expectation values of the magnetic moments pu; = vI of all N spins
with in a volume V':

My=>Y "t = E’yTr(aIA) (2.35)

The last step uses Equation (2.16) for the expectation value. For By = 0, the
expectation value of p; is O and there is no NMR signal. For By > 0 the macroscopic
magnetization in thermal equilibrium density matrix 6eq from Equation (2.34) is
determined by

N ~ N ")/2B0 A A
My = A Tr(6egd) = ~— 120 Ty(f.f 2.36
0= 3T (Geql) V (2l + DkpT r(l1) (2.36)

Since Tr(I,I;) = 0 for k = y,z and Tr(I2) = A2I(I + 1)(2I + 1)/3, only the 2
component contributes to the macroscopic magnetization. The macroscopic
magnetization in z direction is given by

N 2By
MO,Z = 35 7

_ NY’R’Bol(I+1)
V (2 + 1)kpT

Tr(1%) = 2.
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For spin-1/2 nuclei, the time evolution of the magnetization vector

N +*By
= — 2.38
OV 3kT” (2.38)
with z being the unit vector in z-direction, can be described classically by
d
—~M =~(M x B) (2.39)

dt

where B is the the magnetic field that is comprised of the static magnetic field By
and potential additional magnetic fields, like the magnetic field B (¢) of RE-pulses.
Together with an introduction of 77 and T relaxation, the resulting differential
equations are called Bloch-equations [67]:

dM,/dt = y(M x B), — M, /T,
dM,/dt = v(M x B), — M,/Ts, (2.40)
dM.,/dt = (M x B), — (M, — M,.)/T}

with the phenomenological relaxation times 7} for longitudinal relaxation and 7% for
transversal relaxation. These equations are mentioned for completeness, but since
this thesis is concerned with spin-3/2 nuclei, where this description is insufficient,
they are only provided as a reference.

Sensitivity and the NMR Signal Detection

The thermal equilibrium density operator 6¢q from Equation (2.34) can be flipped
into the z,y-plane by an RF-pulse with phase ¢ (details are discussed in
Subsection 2.1.5) and create perpendicular magnetization

V5yBy 1

_verFee 2 —ig T —iwot T _ iwot ) 2.41
(2I+1)kBT\/§e (T11e + T _1e™0%) (2.41)

GL(t) =
that Lamor precesses in the laboratory frame. Levitt [73] shows in their book,

that only one of the tensors Ty, and Ty_; contribute to the signal. Per convention,
T1-1 = —1/+/101_ is defined as the detected coherence.

With an analogous calculation as for the macroscopic magnetization in the thermal
equilibrium, the macroscopic magnetization for the system with the density operator
4| can be calculated:

N  ~°Bg 1 o a0 g 1 NY2R2BoI(I+1) ;0,4
M ,=—— 2 Tr([ I,)eot9) = —_— eil@ot=9)
TV (2L 4+ DkT /2 V2V 3kpT
M N y*Bo L o (F_F,)eitot=0) i NYRBol(I+1) o)
= ————F——2Tr(I_I,)e = —— e
LY TV @I+ D)kpT 2 v V2V 3kgT

(2.42)
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Only the real part is detected and thus

1 N~2R2BoI(I +1)
M, )= ——
Re(Mie) = 53 3,7
1L N*R*BoI(I +1)
V2V 3kpT

sin(wot + @)
(2.43)

Re(M, ,) cos(wot + )

Thus there is macroscopic = and y magnetization with a phase shift of 7/2 that is
precessing around the z-axis. This oscillating magnetic field induces a voltage Uj,q
in the receiver RF-coil according to Faraday’s law of induction:

do(t
Uind = —dE) (2.44)
with the magnetic flux given by the surface integral
o= / BdS. (2.45)
s
With a short calculation it follows for the induce voltage Uj,q
d _
Upd = — - / drM, (r,t) By (r) (2.46)
dt Jv

where By (r) is the receive field of the RF coil. Using that Uj,g &< yMeq,, as shown
by Haacke et al. [74] the sensitivity is proportional to

S o Upnd o< ¥*I(I + 1)CphysChio- (2.47)

Here, cppys is the relative abundance of the detected isotope (cphys = 1 for 23Na)
and ¢y, is the biological abundance of the nuclei. Note the v* dependence, one
of the reasons why the NMR signal of most X-nuclei is weak compared to the 'H
NMR signal. 'H has a high v and c;,, which leads to the strongest NMR signal.
23Na yields the second strongest NMR signal in biological tissue, which is, however,
around 20 000 times weaker than the 'H signal. Table 2.1 shows the NMR properties
for some of the most used NMR nuclei.

The precession with Larmor frequency wy is too fast for the common hardware
to detect, since this would require several million data points per second in the
Analog-to-Digital Converter (ADC) that transforms the acquired analog signal in
the digital signal used in the post processing and data analysis. Instead, the signal
S(t) is interfered with a synthesized sinusoidal signal with frequency wyes from
the RF-synthesizer. This can be interpreted as switching to a rotating frame with
frequency wy.s. In this thesis the assumption w,.f = wq is used and therefore, the
detection effectively takes place in the rotating frame with Lamor frequency that is
also used in the description of the NMR dynamics.

A more detailed and also more technical description of the NMR detection and
hardware can be found for example in Levitt [73].
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2.1.5 Radiofrequency Pulses

The density operator can be manipulated using RF-pulses, whereby the effect of the
RF-pulse on the probe depends on pulse strength, length of the pulse, pulse shape
and also on relaxation effects during the application of the RF-pulse.

An RF-pulse is realized by applying an additional magnetic field B;(t) that is
oscillating with a frequency wgr and transversal to the static magnetic field By. The
Hamiltonian Hgr of an arbitrary RF-pulse applied in the y-direction is given by

Hrp = —yBi (t)1, cos(wrpt) = —wi (t)1, cos(wrrt), (2.48)

with wy(t) = ~«Bi(t). Using fy = i\/5/2(T11 + Tl_l) and transforming the
Hamiltonian in the Lamor frequency rotating frame

e = —iy/5/2wi1 () (T’ o —em)t 4y _jemileomem)t) (2.49)

Here, terms oscillating with wy + wgrr Were dropped since they average out. In the
case of excitation on-resonance, i.e. wy = wrr, Hgp simplifies to

HRF = —2\/>w1 (TH + T1 1) = —wl(t)fy. (2.50)

Hard RF-Pulses

Throughout this thesis, the hard pulse approximation is used, which applies for
short, strong RF-pulses, during which relaxation effects can be neglected and the
effect of the pulse can be considered instant. In the experiments presented in this
thesis, the pulse duration was in the range of 80-300 us and therefore much shorter
than the relaxation times which are in the range of several ms. The evolution of the
density matrix ¢* under the influence of the hard pulse is only determined by Hj;
in the rotating frame. It is further assumed that the RF-pulse is a simple block pulse
of length 7, with constant frequency wgr. The effect of the RF-pulse is then given by
the Liouville equation in the interaction picture

da.* A% A% . 2 Ak
e —i[Hgp, 6] = —iw1 (t)[1y, 6] (2.51)

with the formal solution
5 (t) = e~ Ml s (0)e st (2.52)

Analogously to a spin-1/2 system, this corresponds to a rotation of the spin-system
around the y-axis by a flip angle 6 of

0 = wit, (2.53)

The application of an RF-pulse in y-direction can be generalized to a pulse with
arbitrary phase ¢. This can be achieved by rotating the reference coordinate system
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by ¢ around the z-axis on the y-axis, performing the RF-pulse in y-direction and
rotating back by —¢ around the z-axis. The RF-pulse superoperator P(f, ¢) for an RF-
pulse with flip angle # and phase ¢ can be expressed by the rotation superoperator
[51]:

P(6,¢) = D(—9¢,0, ). (2.54)
The RF-pulse superoperator P (6, ¢) acts on the ISTO basis elements like [51]

PO, )T = e M =mIogl (0) Ty (2.55)

with the Wigner matrix elements d! , () [81]. Hence, hard RF-pulses can only
change the coherence order m of Tj,, but leave the rank / unchanged. Moreover, a
phase is accumulated that depends on the difference in coherence order and the
phase of the pulse. This effect is exploited in Multiple Quantum (MQ) filtering
sequences, which — with the right choice of pulse phases — makes the MQ signal
distinguishable from the SQ signal or leads to suppression of all signal components
but the desired MQ coherences.

Relaxation

After excitation, the spin system slowly returns back to thermal equilibrium
magnetization by interaction of the spins with each other and the environment. This
process is called relaxation and is driven by several different processes. For spin-1/2
nuclei, dipole-dipole interaction and the chemical shift usually dominate relaxation,
but other processes like J-coupling also contribute. For quadrupole nuclei (spin
I > 1/2), electric quadrupole interaction dominates relaxation in most situations
and other interactions can be neglected. In this section, the electric quadrupole
interaction and the NMR dynamics that follow from it are derived based on the
work by Maarel [10, 11], Tanase and Boada [51], Jaccard et al. [53], Abragam [71],
Slichter [72], and Levitt [73] and own calculations [63].

Quadrupole Interaction

Quadrupole nuclei are slightly deformed from perfect spherical shape. This leads to
an electric quadrupole moment that interacts with surrounding electric fields. Thus,
the required energy to reorient the nucleus does not only depend on the magnetic
fields but also the electric environment. Figure 2.2 schematically shows a deformed
nucleus in an electric field. The energy depends on the orientation of the nucleus.

These electric fields originate from electric charges distributed around the nucleus,
with the electrons from the atomic shell being the primary source due to their closest
distance to the nucleus. Classically, the potential electric energy of the electric charge
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distribution p(r) of the nucleus in the electric potential V' (), created by the electric
charges, is then given by

Eelee = /p(?")V(T)dT. (2.56)

With a Taylor expansion of the electric potential V (r) around the origin » = 0 the
electric energy becomes

Eelec = V(O)/p(r)dr—l—ZVé/xm(r)dr%—21'ZVij/xixjp(r)dr—l—... (2.57)
—_— i S

©)
E 1
b o2
where z; with ¢ = 1,2,3 are the three components x, y and z of » and the
abbreviations
oV 0%V
Vi = — and Vjj = ——— (2.58)
ox; r=0 Ba:iaa;j —0

were used. Eé?e)c is the electrostatic energy or Coulomb energy of the nucleus and
only leads to a constant shift of the energy, that does not contribute to the NMR
dynamics and therefore can be ignored. Eélle)c describes the interaction between the
electric dipole moment [ x;p(r)dr of the nucleus with the electric field E = —V ¢(r)
of the environment. Since all experiments indicate that the nucleus has a defined
parity, the electric dipole moment is an integral over an odd and and even function
and therefore vanishes. A similar argumentation holds for all odd terms. For spin-1/2
nuclei this is the highest order term that is not vanishing and therefore there is no

electric interaction of spin-1/2 in NMR.

Ege)c describes the interaction of the electric quadrupole moment of the nucleus with
the EFG tensor V;; created by the environment. In the principal axis system, the the
off-diagonal elements of the EFG tensor vanish and since the electric potential V'
satisfies the Laplace equation V2V = 0 in most cases', the trace of the EFG tensor
vanishes, too. The electric quadrupole moment results from an asymmetric charge
distribution of the nucleus that occurs for all nuclei with I > 1/2. The electric

quadrupole tensor @);; is defined as

Qi = [ By = dr2)p(r)ar (259

In some cases the Poisson equation applies. In this case, there is an additional orientation
independent electrostatic term which describes the interaction of the nucleus charge distribution

with electrons at the same position. Similar as Ee(l?c does not matter for NMR.
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with the Kronecker delta §;; = 1 for i = j and §;; = 0 otherwise and r? = 22 +y? +22.
)

Using ;; and the Laplace equation V2V = 0, the quadrupole energy E(lec can be
simplified to
1 1
Elc = G (‘%‘Qz’j + Vijis sz(r)d?“> = & 2. ViiQij- (2.60)
1,J i,j

For quantum mechanical treatment of the interaction, the classical charge
distribution, p(r), has to be translated into its quantum mechanical operator
analogue, which is given by the sum over all nucleons. Since neutrons are neutral,
only the sum over the protons is left

z
)= > qrd(F — ), (2.61)

where ¢, = e is the electric charge of the nucleon. The electric quadrupole tensor
becomes

z
=e > (3&ipdje — 0ijF7) (2.62)

k=1
where #;;, is the i position operator for proton k and 77 = 3", #%.. Instead of the

energy, the Hamiltonian fIQ of the quadrupole interaction is used:
1 A
=3 Z VijQij- (2.63)
4,3

By using the angular momentum, momentum and position operator commutator
relations it can be shown that

o = 21—1 ZVW < (£:d; + fjfi)_(sz‘ji2>a (2.64)

where e() is the quadrupole moment of the nucleus. Note, that only one nuclear
constant is necessary to represent the electric quadrupole tensor Qij since the
nucleus is in a state of definite angular momentum which is the quantum mechanical
analogue of classical cylindrical symmetry of the charge distribution. The energy to
change the orientation of the nucleus only depends on the difference between the
charge distribution parallel and transverse to the symmetry axis (usually set to the z
axis).

The EFG tensor can be fully described by two parameters, the electric field gradient
eq and the asymmetry parameter 7 in the principal axis system. ¢ and 7 are defined

as
€q = sz

Viw — Vigy (2.65)
V.
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The Hamiltonian then simplifies to

N e%qQ

_ £ N(z2 | 72
= a1 -1 <3IZ I(I+1)+2(I++I_)), (2.66)

The quadrupole interaction is determined by two parameters. The first is the nuclear
quadrupole moment eQ, a nuclear specific constant. Example values are 10.4 fm?
for 23Na, 2.0 fm? for '“N and 5.9 fm? for 3°K [73]. The second parameter is the
electric field gradient eq which is determined by the molecular environment of the
nucleus. Therefore, the NMR signal of quadrupole nuclei can be used to investigate
interactions of the nucleus with ions and molecules, especially macromolecules like
proteins.

Usually, the EFG has approximately axial symmetry, n ~ 0 or V,, ~ V,,,,. Moreover,
it is sufficient to only consider the first order quadrupole interaction and the
Hamiltonian simplifies to

- 1 [ 3cos?(f) — 1
Hg = wé?) (2

1, . .
> p (312 = I(I + 1)1) = woTh, (2.67)
with )
L0 3ead
Q T 212 - 1)k

1 [3cos?(6) — 1
o = ) (2

and 6 is the angle to transform the principal axis system into the laboratory system.
Thus, WS ) is the first order quadrupole coupling in the principal axis system and
wq is the first order quadrupole coupling in the laboratory frame. A more detailed
description of the quadrupole Hamiltonian, including higher order terms and without
assuming axial symmetry can be found for example in Levitt [73] and Jerschow
[82].

and
(2.68)

In the high field limit, the quadrupole interaction can be considered a small
perturbation of the Hamiltonian, that is dominated by the Zeeman interaction:

= 7‘12 + 7:[Q + ﬂothers (2.69)
and the energy eigenvalues are
E = —yhmBy + Eg(m) (2.70)

where Eqg(m) is the correction of the Zeeman energy eigenvalues by the quadrupole
interaction which can be calculated by perturbation theory. In most cases in
biological tissue it is sufficient to truncate after the first order of ES ) and Eq is then
given by

wo [3m? — I(I +1)]

Ep = hQ . 2.71
Q 2 3 @71
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Fig. 2.4.: a) Exaggerated influence of the quadrupole interaction on the Zeeman energy
levels. The energy levels are non-equidistantly shifted by the quadrupole
interaction. b) The corresponding NMR spectrum has three resonances that
are split by the residual quadrupole coupling @wg.

Thus, the energy levels are shifted depending on m? and therefore the energy levels
are not equidistantly spaced anymore, as shown in Figure 2.4. The spacing depends
on the angle # between the principal axis system and the EFG parameter g. For
the magic angle, § ~ 54.7°, it is 3cos?(d) — 1 = 0 and therefore the quadrupole
interaction vanishes, while it reaches its maximum for # = 0.

In soft matter, Brownian motion and rotation of molecules leads to a fluctuating
electric fields in the environment of the nucleus and hence fluctuating EFG. Thus,
both ¢ and # and consequently also the splitting of the energy levels are time
dependent. The quadrupole interaction 7:LQ can be separated into a static part 7—ALQ5
which is characterized by the time average of the quadrupole constant

— 3e2Q
YO = 4121 — nR!

(3cos?(6) — 1). (2.72)

and a fluctuating part 7:[Q r with vanishing time average, which leads to relaxation
and is discussed in the following subsection. The fluctuating part is usually
characterized by spectral densities .J,,,(w) which depend on the quadratic mean of
the the quadrupole coupling ngS and a single correlation time 7., which is the

typical length of a half-period of the fluctuations.

Different types of environments of the nuclei result in different spectra. Most
biological tissue are isotropic, i.e. wg = 0, and the energy levels shift only temporarily
and a single line appears in the spectrum. However, the time scale and strength
of the fluctuations influence the NMR dynamics of the quadrupole interaction. For
wq # 0, or anisotropic environment, the spectral lines can split up (see Figure 2.4).
The strength of the anisotropy wg, the orientation of the principal axis system of
the EFG relative to the quantization axis (axis of By) and if there is one global (e.g.
as in crystals) or multiple local (e.g. as in powders) EFG orientations decides how
the spectral lines split. The occurring spectra are subdivided in type a, b (both in
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anisotropic environment), ¢, and d (both in isotropic environment) spectra and are
discussed in Subsection 2.1.7 in more detail.

Fluctuating Quadrupole Interaction

In the following, effect of the fluctuation quadrupole interaction on the density
operator is derived. In a first step, the case of vanishing residual quadrupole
interaction, i.e., Hog = 0, is discussed. The Liouville equation in the interaction
picture is then given by

da-*(t) - ATy Ak

e [Hop(t), (1)) (2.73)
We can solve this equation using second-order perturbation theory by iteratively
inserting the formal solution 6*(t) = 6*(0) — i J; {7—2&;,&*(7&)} into the Liouville
equation leading to

d&*(¢)
at

= i [Fa(t),6°(0)] - / [Fae(t), [Fit(t —7),67( )] ar  @74)
0

Here, a coordinate transformation of the time from ¢’ to ¢t + 7 was used. The next
step is to take the ensemble average to account for the fact that different parts of the
sample are affected differently by the stochastic processes. Since 7:[61:(75) =0, the
time average over the first part vanishes which leads to

d&(;(t) = _0/ Foe(0), [Foe(t = 7),67(t = )] |dr (2.75)

For simplicity, the overbar of the ensemble average density operator is omitted in
the following. In order to correctly obtain the thermal equilibrium density operator
Geq for t — oo, the thermal equilibrium is added to the equation:

dé*(t)
at

t
= / Hu(t), [t = 7),6%(t = 7) — Geg | dr. (2.76)
0

An alternative way to introduce the return to the thermal equilibrium is a full
quantum mechanical discussion of the problem where the environment of the nuclei
are also treated quantum mechanically which is discussed for example in Abragam
[71].

In NMR the typical time scale of the fluctuations is much faster than the change of
the density operator, which is also called weak collision limit or Redfield limit. Then,
the density operator is quasi static in the integral on the right hand side and the
approximation 6*(¢t — 7) = 6*(t) is used. Moreover, the upper integral boundary can
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be extended to oo since the time ¢ is much longer than the typical time scale of the
fluctuations:

di:t(t) - _0/ { A*QF(t)’ [ﬁaF(t - 7—)’ o* (t) - 6equ7'- (2.77)

Note, that since the fluctuations of the Hamlitonian are much faster, the same
approximation cannot be made for Hg(t — 7). The Hamiltonian of the fluctuating
part can be written out as [10]

2
Hop(t) = Cq Y (1) Ty exp(imuwot) Foryp (t) (2.78)

m=-—2

where Cg = eQ)/h is a constant depending on quadrupole moment of the nucleus
and Fy_.,(t) are functions of the EFG tensor elements. Inserting Hog(t) from
Equation (2.78) in Equation (2.77) and simplifying leads to

dé*(t 7 : e -
Udt() = _Céo/%:n, et((m+m/)wot [sz, [Tgm/, g*(t) — O'eq”
Fo i (t) Fo s (t — T)e=im'wordr
2
S [T}m, [Tm,&* -~ a—eqﬂ (T (M) + i K (w0)) (2.79)
m=—2

The right hand side of Equation (2.79) is also called the Redfield relaxation
superoperator acting on the density operator. In the last step, it was used that
e~im+m’)wot averages out for m’ # —m and the spectral densities J,,,(w) and K, (w)
were introduced which are defined as the real and imaginary parts of the Fourier
transform of the EFG’s auto-correlation function

Jm(w) = 022 -Re (/ F;—m(t)F27m(t _ T)e—indT)
0
(2.80)

Kp(w) = C} - Im ( / Fy () Fopm(t — T)e—mdf) :
0

A common assumption is, that the autocorrelation function of the EFG is
exponentially decaying with a single time constant, the correlation time 7.. The
spectral densities .J,,, and K, then are given by

(WRMS)Q T
5 14 (mwote)? (2.81)

K (mw) = mwoTedm(mw)

I (muwg) =

where ngS is the root mean square of the quadrupole coupling wq. K, (w) leads to
a small dynamic frequency shift and can usually be neglected [10]. In the following
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the abbreviation J,,, .= J,,,(muwy) is used. This model is also known as the Debye
model and is a simplification of the fluctuations of the EFG in biological tissue
[8] which is more adequately characterized by a distribution p(7.) of correlation
times and a correlation time dependent strength parameter ngS(Tc). The spectral
densities then are given by

o0

I = /p(TC)Jm(TC)ch. (2.82)
0

with Jp, (1e) = (Wi (7e))?7e/(1 4 (mwote)?). The fluctuating interactions of the
nuclei with EFGs of the environment are then fully characterized by the three spectral
densities Jy, J1 and Js.

The static Hamiltonian ’F[*S = (Z)QTQO commutes with the Redfield relaxation
superoperator in Equation (2.79) [10]. Hence, in the more general anisotropic case
with non-vanishing static Hamiltonian, HQS = wQTQO does not contribute to the
Redfield relaxation superoperator and the Redfield equation becomes

d(;}t* = —iwg [Tm,&*} — 22: [T2m, [Tgm,&* _ 6&” (Jm(wo) + i Ky (wo)) -

m=—2

(2.83)

Explicitly writing out Equation (2.83) for all basis elements using the commutator
relations in Bowden and Hutchison [79] and Bowden et al. [80] leads to a set of
decoupled linear differential equations in a way that relaxation can only change the
rank [ of the tensor basis element 7},, and leaves the coherence order m unchanged.
Therefore, relaxation affects the tensor basis complementary to RF-pulses, as shown
in Subsection 2.1.5, which also demonstrates the advantage of using the ISTO basis.
The allowed transitions by RF-pulses and relaxation are depicted in Figure 2.5. In
the following, the resulting zero, single and multiple quantum relaxation equations
are solved and discussed.

~

<— RF pulse T_, < TlO - Tll

~

T3 3 > I3 5 > T3 | <> Ty > Ty <> Ty < Ty

Ty g > 1Th | = Tyy = Ty = Ty

Fig. 2.5.: Visualization of allowed transitions under the effect of relaxation (red arrows)
and hard RF pulses (blue arrows). The DQ branch (bottom) couples to the SQ
(top) and TQ (center) branches only in an anisotropic environment. Relaxation
effects only change the tensor rank, while hard RF pulses only affect the tensor
order. This simple description demonstrates the power of the irreducible spherical
tensor operator basis.
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Zero Quantum Relaxation

Zero quantum relaxation (m = 0), or 77 relaxation, differs from the higher order
relaxation in two major ways. First, since 75y commutes with all other zero quantum

coherences, the static quadrupole interaction part —iwg [Tgo, a} does not have any

effect. This also leads to a completely decoupled equation for Thy. Secondly, the
thermal equilibrium Geq o< T1o will be recovered for ¢t — oo. In Equation (2.83) this
is accounted for by the —&eq in the double commutator. The evolution equation for
the amplitudes A, for zero quantum coherences is [62, 63]

4 (Ao 2+t 0 2 — D) Ao 2427,
N Ay | = — 0 2(J1 + JQ) 0 | Ao | + 0
Aso O 0 S+ 2 Aso 2(J1— J2)
(2.84)

T
The vector (%Jl + %Jg, 0, %(Jl — Jg)) accounts for the recovery of thermal
equilibrium. Solving the differential equation leads to a transition equation [63]

Ao 1— £O w0 Qw\ (A
Ap | = 0 |+ 0o Qw0 | |Aw (2.85)
Aso ~ () e o (D) \Aso

with the transfer functions

O _ Ly —t/Ths | —t)T
J11 (t)—5(4e " te 1f)7
Oy — 2Oy _ 2 ( —t/Typ o —t/Tis
t) = t) = - (e f—e ,
H5(0) = £33 (0) ? ( ) 256
)y _ L ([ —t/T1, —t)T,
f33 (t) = 5 (e 1 + 4e 1f) ,

fag (t) = e/,

Here, Tis = (Ris)"! == 1/2J5 and T1y = (Ry)~' == 1/2J; are the slow and fast
relaxation times, respectively, and T1q = (R1q) ™" := 1/(2J1 + 2.J5) is the relaxation
time of the rank 2 zero quantum coherences. The relaxation times are composed of
the spectral densities .J; and .J», which encode information about the motion of the
sodium nuclei in their molecular environment.

As can be seen in Equation (2.85), relaxation of the rank 1 and rank 3 coherences is
bi-exponential with a slow component, that contributes to 80 % of the relaxation,
and a fast component, that contributes 20 %. Furthermore, the rank 1 and rank
3 evolution equations are coupled, which allows the transitions 71y — T30 and
Tso — Tio and the creation of zero order TQ coherences.

The model parameters 7. and wg of the Debye model can be calculated using the
relaxation times 77, and 7', by using the relation from Equation (2.81), J,, =
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a) Relaxation times in dependence of 7. |y) Relaxation times in dependence of B |
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Fig. 2.6.: a) 71 and T; relaxation times in dependence of the product wg7.. Other
parameters: By = 9.4T and wg = 0.5MHz. b) T} and 75 relaxation times
in dependence of Bj. Other parameters: 7. = 10ns and wg = 0.5 MHz.

wéTc /(1 + (mwot.)?) and solving for 7. and w. First, the ratio and the difference of
the relaxation rates Ry, is calculated

_@_ﬁ_l+4l‘

ap ‘= = =
Ry Ja 1+=x
bo = Rup — Ris = 2(Jy — J rege o
0 -— 1f — 1s — (1_ 2)_5(4$2+5$+1)
with 2 = (wo7)?. Then, 7. and w(, are given by
1 ag — 1
Te = LLT 4 aq
o\ 4 —
(2.88)
5b
wg = \/63;26(4332 + 5z +1).

Figure 2.6 shows the relaxation times in dependence of the product of correlation
time and Lamor frequency wg7., which indicates the motional regime, and the
magnetic field strength By. The T} relaxation times reach their minimum around
woTe ~ 1, where the quadrupole interaction is most efficient, and increase again
afterwards. As xli_)n(}o ag = 4, the ratio of the relaxation times plateaus at 4, but the

difference is increasing further with increasing 7.. Moreover, the 7 relaxation times
increase with increasing magnetic field strength Bj.
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Single Quantum Relaxation

In the presence of an anisotropy (wg # 0), the rank 2 couple with the rank 1 and
rank 3 coherences for single quantum relaxation (m = =+1), also called 75 relaxation.
The evolution equation for the amplitudes A;4; for zero quantum coherences is

3 2 N 6
L (A Sho+h+ih Fiflag  E(h - R) Aoy
& Aoy | = — $i\/§d)Q Jo+ J1+ 205 :F’L'\/E(DQ | Aogq
A1 2(J1— Jy) :Fz‘\/ng 200+ + 2, Azt
(2.89)

The solution of the evolution Equation (2.89) leads to the following transition
equation:

Ay ﬁa) (t) 1%00 (1) fl%a) (1) A4
Agir | = | 170 570 @) | - [ Az (2.90)
Azt 9w 1P 80w ) \Ase

with the anisotropic transition functions fi(jla) (t)

1/3 J: (1) ) 3 J: (1)
{}“)(t):5 <2 <1+ 2>e_Rllt+2e_R;t+2 <1_2> " t)’

[ [
57 = 70 = \f (; (1 + f) o Bt o Re % (1 - f) e‘Rél)t> ,
RIOE % ((1 + ‘f) e Rt ey (1 - ‘f) eRé”t> :
() (o))
0 = #5710 = Y92 (e 20 )
7570 = 1570 = 2222 (2o 5 20

(2.91)
where RY = o+ i+ Jo— i, RY = Jy + Jhand R = Jo + Jy + Jo + p are
the relaxation rates and p = /J3 — &;é. For large wg > Jo, p is imaginary. This

leads to a non-equidistant splitting of the energy levels as shown in Figure 2.4a) and
consequently a splitting of the resonance in the spectrum as shown in Figure 2.4b).
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Most biological tissues are isotropic (wg — 0) which decouples the rank 2
components from the rank 1 and rank 3 coherences. The simplified transition
equation in arrow notation is

A4 fﬁ)(t) 0 ffé)(t) A4
Aggr | — 0 e 0 || A (2.92)
Azt £ 0 fe) \Ase

with simplified transition functions

W L (o /T, T
fi1 (t)—5(2€ » 4+ 3e 2f>7

f13 ( ) (1)( ) = \/56 (e_t/TQf — e—t/T25> ’

7)) = £ (30T 420t/ Mar)
far (t) = e/,

and Tbs = (Ros)™' == 1/(J1 + J2) and Toy = (Roy)~' == 1/(Jo + J1) are the slow
and fast relaxation times, respectively, and Thg = (Roq) ™! == 1/(Jo + J1 + 2.J5) is
the relaxation time of the rank 2 single quantum coherences. The fast component
contributes 60 % to the signal and the slow component 40 %. Again, rank 1 and rank
3 coherences couple, which allows the transitions 7141 — T3+1 and Ty11 — Ti41
and the creation of order 1 TQ coherences. Note, that the transfer functions of the
anisotropic case in Equation (2.91) approach the transfer functions of the isotropic
case in Equation (2.93) for wg — 0.

(2.93)

Similar to the calculations for the 7} relaxation times, the model parameters 7. and

wq of the Debye model can be calculated using the 7> relaxation times 75, and T5y.

Again, the ratio and the difference of the relaxation rates is calculated

Ry _J0+J1 _41‘2+9$+2

N Ry T i+ 245 (2.94)
4z ’
bl = RQf — RQS = JO — J2 WQTCM
with z = (wo7)?. Then, 7. and w() are given by
1 1
re= oy gBa -9+ \/25a2 — 58ay + 49)
(2.95)
W — 5()1 (437 + 1)
Q= drr,

Figure 2.6 shows the relaxation times in dependence of the product of correlation
time and Lamor frequency wy7. and the magnetic field strength By. T5s; can be
considered a mean value of the 7T} relaxation times and therefore behaves similar
to them with increasing 7. and By. T on the other hand depends on J; and
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therefore decreases with increasing 7. even beyond wy7. ~ 1 and plateaus after an
initial increase with increasing By. This also leads to increasing ratio a; of the T5
relaxation times. The unique dependence on .J) leads to a strong TQ signal in the
slow motion regime wy7. 2 1, which is commonly found in biological tissue and
especially in the extracellular space.

Multiple Quantum Relaxation

The double quantum evolution equation is given by

d (Asen\ _ (Jo+2h1+ T2 TFiwg | (At (2.96)
dt \Ao+s Fiwg Jo + Jo Agys )’ '

Solving the evolution equation leads to the following transition equation:

(2a) (2a)
) (1 [0 J (0 ([ Arer (2.97)
2+3 30 (1) f33 (t) 243
with the transfer functions

a 1 J2\ _p@, Jo\ _p®,
» (1) =3 i’ ’

) = 15790 = —%‘%Q (ieRf) t - zeRé”t> , (2.98)

a 1 J2\ _Rr®; J2\ _Rr®,
33 (1) 5 P P

Here, Rgz) =Jo+ J1 +Jo — puand R§2) = Jo + J1 + Jo + u are the relaxation rates
and p = ,/J2 — o‘% is the same abbreviation as for the SQ relaxation. Again, the

rank 2 coherences decouple from the rank 3 tensors in the isotropic case where
wg — 0. In this case the transition equation becomes

Agy D¢ 0 Aoy
) ()2 N a2 (2.99)
243 0 f33°(t) 243
with the transition functions .
(2) .
t g 1
2 (t) =e (2.100)
(2) ~RP®t
f33 (t) =e 1,
where R%®) = Jy + 2J; + J, and R = Jy + .Ja.

Since T33 does not couple to any other tensors, triple quantum relaxation is simply
given by

Ags — [53 Agy = e RV Agy (2.101)
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with Rgg) = J1 + J,. Therefore, the triple quantum relaxation time is equal to the
slow single quantum relaxation time T5;.

Influence of B, inhomogeneities and T3 relaxation

Local constant variations of the magnetic field are additional sources of relaxation
due to local variations of the Lamor-frequency, that cause dephasing of the spins and
consequently signal lost. The local variations of the magnetic field can be caused
e.g. by heterogeneous susceptibility of the probe and inhomogeneities of the static
magnetic field B.

A local shift in Lamor frequency wgpifr = wo — wo shife Telative to the main Lamor
frequency wy leads to rotation of the spins in the rotating frame, that rotates with
wo. This additional rotation depends on the coherence order / as it determines the

rotation frequency and can be taken into account in the transfer functions fi(;)wshi&.

fi(;,)shift(t) = (1) - expilwigt). (2.102)

Generally, the frequency is not only shifted by a single offset but by whole set of shift

following a statistical distribution p(wghi;). The resulting adapted transfer functions

f D are
ij,B0

[e.e]

£ = £t - / P(wshife) exp(ilwshifet ) dwshif- (2.103)

—00

This integral has the form of a Fourier Transform (FT) of the distribution p(wspif) of
By inhomogeneities. Usually it is assumed [49, 83, 84] that the By inhomogeneities
are Lorentzian distributed,

1 Apg

—_— (2.104)
T Wit + Ao

P(Wehift) =

where Apg is the width of the Lorentzian. The Fourier transform of a Lorentzian is a
one-sided exponential. Therefore, the transfer function in Equation (2.103) can be
written as

oo

fi(Jl',)Bo(t) =1 / P(wshi) exp(ilewspieet ) dwspire = fi) (1) - exp(—1Apot).

(2.105)

Combining the exponential functions in fi(]l-) and the exponential of the B
inhomgeneities leads to new effective relaxation rates of the form

R = RV 41 Apy. (2.106)

)
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While T; relaxation (I = 0) is unaffected by B, inhomogeneities, 75> relaxation
(I = 1) becomes T35 relaxation, and DQ (I = 2) and TQ (I = 3) relaxation is
affected twice or trice, respectively, relative to 75 relaxation. While 75 relaxation
is determined by the nucleus’ environment and therefore a tissue specific material
constant, 74 relaxation can vary between measurements due to varying shim quality
and is generally hardware dependent. Since By inhomogeneities are static, they
be corrected by refocusing the spins creating an echo in spin echo sequences. This
is not possible for relaxation caused by statistical fluctuations of the quadrupole
interaction.

Biological Environment

Different types of environments of the nuclei result in different spectra that are
characterized as one of four spectra, type a, b, ¢ or d spectra as shown in Figure 2.7.
In biological tissue, sodium is usually surrounded by a hydration shell with multiple
layers and additionally interact with molecules of various sizes and forms. The
EFGs at the position of the nucleus are primarily created by fluctuations of the inner
hydration shell. But slower modulations can occur in the presence of macromolecules
like proteins. Moreover, depending on cell form and the local environment, motion
and electric fields can have a preferred direction or are isotropic.

Most biological tissues are approximately isotropic, i.e. wg ~ 0, and the energy
levels shift only temporarily and a single line appears in the spectrum. However, the
time scale 7. and strength ngS of the fluctuations influence the NMR dynamics of
the quadrupole interaction:

* Type d spectrum: Fast fluctuations in the extreme narrowing regime, w7, < 1,
occur when sodium ions interact primarily with small molecules and ions. The
EFGs average out and the spectral densities then equal each other, Jy(wp) ~
J1(wo) = Ja(wp) and consequently the 7} and 75 relaxation times equal each
other. Furthermore, the transitions Tyg <> T30 and 7141 < T+1 rely on a
difference between the relaxation times and are therefore suppressed. The
result is mono-exponential 7} and 75 relaxation and only a single resonance at
frequency wy occurs in the spectrum.

* Type c spectrum: Slow fluctuations in the slow motion regime, wyr. 2 1,
occurs when the sodium ions interact with macromolecules like proteins such
that the correlation time is in the range of the inverse Lamor frequency. For
By = 94T and By = 21.1T this is the case for 7. in the range of ns. Then,
the spectral densities Jy, J; and J, differ from each other and relaxation
is bi- exponent1a1 as shown in Subsection 2.1.6. Moreover, the transitions
Tio < Tso and Ty4q ¢ Ts4q are allowed and the TQ coherences can be
created. Since wg ~ 0, the rank 2 tensors are decoupled and the creation of
Th+9 DQ coherences is impossible. The slow motion regime primarily occurs
for interactions with negatively charged groups of proteins, carbohydrates,
DNA and RNA [43, 46]. Up to 35 % of the cell volume are filled with proteins
[44] leading to a strong intercellular TQ signal. The resulting spectrum is a
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Fig. 2.7.: Effect of different molecular environments on the NMR spectra of spin-3/2 nuclei

according to Rooney and Springer [8]. In an isotropic environment (type ¢ and
type d), i.e., ©g = 0, the static part of the quadrupole interaction vanishes. In
the type c case (slow motion regime w7, = 1), as it occurs in most biological
tissues where the nuclei interact with macromolecules like proteins, the energy
levels split up only temporarily, too short to split up the resonances. The spectrum
then only consists of a superposition of two Lorentzian shaped resonances with
different widths both at the same Lamor frequency. In the type d case (extreme
narrowing regime wg7. < 1), as it occurs in saline solution, there is only a single
Lorentzian shaped resonance. For residual splittings wg > 0 (type a and type
b) there is a permanent shift of the energy levels leading to a splitting of the
resonances in the NMR spectrum. In the case of a single global orientation, as it
occurs in crystals, the spectrum consists of three resonances spaced by @&¢. In the
case of domains with different orientations, as it occurs in powders, the spectrum
is more complicated. Adapted from Rooney and Springer [8].
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superposition of two resonances at the same frequency, wy, a broader one for
the satellite transitions with a relative amplitude of 60 % and a narrower one
for the central transition with a relative amplitude of 40 %.

Most biological tissues yield type c and type d spectra and in the case of type c spectra
MQ coherences. Since the intracellular protein concentration of macromolecules and
especially proteins is large compared to that the extracellular space, it was shown
that the TQ coherences are intracellular sensitive [15-22]. Therefore, the TQ signal
provides a potentially valuable biomarker for cell viability.

For anisotropic environments with wg # 0, the rank 2 tensors couple to the rank 1
and rank 3 tensors and DQ coherences T4 can be created via relaxation. Moreover,
the coupling term is complex, which leads to a shift of the precession frequency of
the outer energy levels. In the spectrum this causes a splitting of the resonance line,
with a form depending on the strength of the anisotropy wg, the orientation of the
principal axis system of the EFG relative to the quantization axis (axis of By). Again,
there are two types of spectra:

* Type a spectrum: In the case of global anisotropy with one principal axis
system across the whole sample, three distinct resonance lines at frequencies
wp — wWq, wo and wy + wg with a ratio of 3:4:3. This type of spectrum occurs
for crystals and lyquid cystals with residual quadrupole couplings of up to
several MHz. This can even lead to a splitting without a magnetic field that
can sometimes be observed with nuclear quadrupole resonance (NQR) and
also requires to consider higher order effects [73].

* Type b spectrum: For unordered samples with local non-vanishing residual
quadrupole couplings with each little domain having their own principal axis
system, the resulting spectrum is a superposition of many type a spetra with
different orientations and splittings. The resulting global spectrum is called
powder spectrum and consists of a dominating central peak and
inhomogeneous satellite peaks. It appears, e.g. for powders and for large and
very slow fluctuations with correlation times larger than @él [8].

By suppressing the 7515 DQ coherence, which can also be created in isotropic
environments, by using the magic angle, the occurrence of a Magic Angle (MA)-
DQ signal (Th.9) directly shows a non-vanishing w¢q and an anisotropy even if the
splitting of the spectral lines is smaller than the width of the resonances. In some
biological tissue, the existence of a small residual quadrupolar coupling, usually
< 200 Hz [7], was shown, e.g. in the brain [85, 86] and muscles [87]. For ?3Na in
cartilage [88] and for °K in muscle [89] a triplet spectrum was observed.

NMR Spectroscopy and MRI

NMR experiments are based on the excitation and manipulation of the thermal
equilibrium magnetization of nuclei in a magnetic field using RF-pulses and detecting
the excited transversal magnetization. In between the initial excitation and the
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Fig. 2.8.: Schematic depiction of the basic NMR sequences, a) Single-Pulse (SP), b) the
Inversion Recovery (IR) and c¢) Spin Echo (SE) sequences. a) SP sequence only has
a single excitation pulse with subsequent acquisition window using an ADC. The
decay is sensitive to T relaxation. b) The IR sequence starts with an inversion of
the magnetization with a 180° inversion pulse, a evolution period called inversion
time and a subsequent acquisition window to investigate 77 relaxation. c) In the
SE sequence, dephasing of the spins after the initial excitation pulse is refocused
by a 180° refocusing pulse. The spins refocus and during the acquisition a so
called spin echo proportional to 75 decay is formed.

detection, a multitude of different manipulations of the nuclear spins is possible
using multiple RF pulses and gradient fields, so-called pulse sequences. In this
section, the basic building blocks of these pulse sequences, basic sequences, as well
as more sophisticated sequences to detect MQ coherences are discussed. Moreover,
a short introduction to spatial encoding and MRI will be given.

The Basics: Single Pulse, Inversion Recovery and Spin Echo
Sequences

The most basic sequence, the SP sequence, consists of a single excitation pulse and
an subsequent acquisition window as shown in Figure 2.8a). To maximize the signal,
the RF pulse usually has a 90° flip angle, however, every flip angle is possible. Only

2.2 NMR Spectroscopy and MRI
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Ty.1 tensors evolve and contribute to the signal which decay with the 77 relaxation
times.

The T relaxation times can be determined using an IR sequence and sampling
multiple inversion times 7'/. The sequence consists of an 180° inversion pulse,
an evolution period called inversion time, 90° pulse and a subsequent acquisition
window as shown in Figure 2.8b). The inversion pulse flips the thermal equilibrium
magnetization creating no transversal magnetization. Consequently, the signal
relaxes only with 7} relaxation. After the inversion time, the signal then is converted
to transversal magnetization with the 90° pulse and the signal is detected. By
measuring the signal for several inversion times, the T} relaxation curve can be
sampled and the T; relaxation times can be determined. However, since the T}
relaxation times are usually close together, it is very challenging to separate the short
and long T} relaxation times and most studies use a mono-exponential approximation
[6, 83, 90-98].

The SE sequence can be used to refocus By inhomogeneities and determine the T,
relaxation times. The sequence consists of an initial 90° excitation pulse, an evolution
period called echo time TE with a 180° refocusing pulse with phase shift of 90°
relative to the excitation pulse after TF /2 and a subsequent acquisition window as
shown in Figure 2.8c). As described in Subsection 2.1.6, static By inhomogeneities
lead to additional dephasing of the spins. The refocusing pulse rotates the spin in the
transversal plane and the spins keep their frequency and direction of precession, they
now rephase leading to an echo after TE. The peak value of the echo is proportional
to the 75, decay. Stochastic loss of coherence, as it occurs for 75 relaxation, cannot
be refocused. Hence, the T, relaxation curve can be sampled by varying T'F.

With these sequences as a basis, more complicated pulse sequences can be build that
allow for example the detection of MQ coherences.

MQ Sequences

In order to create MQ coherences, a combination of evolution periods and RF pulses
is necessary, since relaxation only changes the rank of the tensors and hard RF-pulses
only change coherence order, as shown in Figure 2.5. Since only the T1_, tensors are
detectable, it is necessary to convert the MQ coherences back to SQ cohereneces. The
typical MQ sequence is a three pulse sequence with evolution periods in between the
pulses as depicted in Figure 2.9. In between the first and second pulse, an additional
180° refocusing pulse may be used to refocus signal loss due to By inhomogeneities
similar to a SE sequence.

The sequence can be divided into two parts. In the first part, the thermal equilibrium
magnetization Geq = To is excited and then the magnetization evolves to higher
rank tensors. Three relaxation pathways can be utilized. The Tio — Tio pathway
using 77 relaxation can be investigated in inversion recovery MQ sequences [10,
53]. Ti relaxation can only create rank 3 tensors. 75 relaxation can lead to rank
2 and rank 3 tensors via the Tj+q — 7541 and Tiaq — Th4q pathways. All three
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Fig. 2.9.: The general MQ sequence consists of three RF pulses with flip angles 6; and
phases ¢; and with evolution periods in between the RF pulses. An optional
180° refocusing pulse can be used during the first evolution period to refocus
By inhomogeneities. The ADC has the receiver phase ¢rx. The sequence can be
divided into two parts. During the first part, the magnetization is excited and
the higher rank signal evolves, which carries information about the molecular
environment of the nuclei. Since the higher rank signal is not MR detectable, a
sophisticated detection process using phase cycling is required.
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pathways are sensitive to different molecular environments of the nuclei [10]. Rank
2 tensors are only created in the presence of a residual quadrupole interaction and
thus a macroscopic anisotropy in the environment. The creation of Rank 3 tensors
requires an intermediate motional regime (wg7. ~ 1) for the 77 pathway and a
slow motion regime (wo7. = 1) for the T, pathway. The creation of the higher rank
tensors encodes all the information about the molecular environment of the nuclei
obtainable by an NMR experiment. However, since the higher rank tensors are not
NMR detectable, the signal has to be transformed back to detectable T1_1 tensors
in a way, that makes the higher rank signal distinguishable from the rank 1 SQ

signal.

The second part of the sequence has the sole purpose of detecting the signal form the
higher rank tensors and does not add any information about the nuclei — environment
interactions. The higher rank tensors are converted to MQ coherences by the second
pulse and back to higher rank SQ coherences by the third pulse. The second
evolution period, also called mixing period, is kept as short as possible to avoid
unnecessary signal loss due to relaxation. During the acquisition window, the higher
rank coherences relax to detectable 7;_; that create a signal in the the RF receiver
coil. The sequence is run multiple times with varying combinations of RF-pulse
phases, which is called phase cycling. Here, the sequence makes use of the fact that
during application of RF-pulses, the tensors accumulate a phase depending on the
change in coherence order as described in Subsection 2.1.5. The creation of MQ
coherences adds more phase to the signal than the creation of SQ coherences and
with a clever choice of phases the SQ and MQ signals can be distinguished from
each other.

The signal can be interpreted as two dimensional with the first dimension being the
acquisition time dimension along the Free Induction Decay (FID) and the second
dimension being the phase cycle dimension along the different phase combinations.
Additional dimensions can be introduced by incrementing the evolution and/or
mixing period. For 'H, multidimensional NMR experiments are common [73, 99].
In NMR experiments with spin-3/2 nuclei the mixing time is usually held constant
and as short as possible and usually the dimensions are reduced to one dimension,
which is partially necessary to extract the MQ signal form the FID. There are two
major methods to extract the MQ signal from the overall signal, Multiple Quantum
Filtering (MQF) and for the TQ signal the Time Proportional Phase Increment (TPPI)
approach.

The MQF method is based on the summation along the phase cycle dimension as
shown in Figure 2.10. The evolution period is held constant at the maximum of
the MQ evolution curve to maximize the MQ signal. The phases are chosen such
that the MQ signal always accumulates the same phase, while the other coherences
destructively interfere. This method allows versatile adaptations of the phase
cycle to suppress unwanted signal pathways, stimulated echoes, and B; and By
inhomogeneities that all may affect the MQ signal.

In the TPPI method, the evolution time is incremented in every phase step defining
the second dimension. The method is based on the integration of the FIDs along
the acquisition time dimension. every integral defines a data point in an FID in the
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phases are chosen in a way that only the desired MQ signal passes the filter and
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Fig. 2.11.: Schematic overview of the Triple Quantum Time Proportional Phase Increment
(TQTPPI) evaluation method. For each phase combination the evolution time
is increased and an FID along the acquisition time dimension is acquired. The
integrals of the FIDs define a data point in the TQTPPI FID. After applying the
Fourier transform, the spectrum of the TQTPPI FID contains the SQ, DQ and TQ
signals at distinct frequencies.

evolution time dimension as shown in Figure 2.11. A FT of the TPPI FID reveals the
signal of the ZQ, SQ, DQ and TQ coherences at distinct frequencies. Consequently,
the TPPI sequence acquires multiple coherences simultaneously and the MQ signal
can be normalized on the SQ signal. Currently, only a TQ variant of this sequence
is available, the TQTPPI sequence [7]. There is also a variant of this method
that uses a constant evolution time and the phase cycle as the second dimension
leading to increased Signal to Noise Ratio (SNR), easier data evaluation and shorter
measurement duration but without the relaxation time information of the TQTPPI
sequence [39].
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2.2.3 Imaging

Until now, only spectroscopic sequences were discussed. The NMR spectroscopy
signal is the integrated signal over the whole probe in the sensitive region of the RF
coils. For medical appications a spatially resolved signal is more interesting. In this
subsection, the spectial encoding is briefly discussed, as the main part of this thesis
is concerned with spectroscopic sequences. A more detailed discussion can be found
e.g. in Haacke et al. [74].

In spectroscopic sequences, the goal is to keep the main magnetic field B; as
homogeneous as possible to minimize 75 relaxation and get narrow peaks. The basic
idea behind spatial encoding is to deliberately destroy this homogeneity by adding
a spatially dependent magnetic field 7G(t). Consequently, the Lamor-frequency is
spatially dependent,

wo(r,t) = v(Bo + rG(t)), (2.107)

and thus, encodes the region of origin of the signal. The accumulated phase due to
the gradient up to time ¢ is

t
da(t) = — /0 d/G(t). (2.108)

The spatial frequency can be defined as

t

k(t) = l/ G(t))dt, (2.109)
2w Jo

which is also called k-space. The signal S(k(¢),t) in k-space is then given by the

integral of the spatial distribution of the transversal magnetization M (r) over the

whole sample volume V:

S(k(1), 1) o / M, (7, t)e 27RO g3, (2.110)
174

The integral Equation (2.110) is the FT of the spatial distribution of the transversal
magnetization M | (r), which is then proportional to the inverse FT of the measured
signal:

M, (r) x / S(k(t), t)e 2O T g3, 2.111)
14

which defines the Magnetic Resonance (MR) image. This means, an MR image can
be acquired by sampling the k-sapce and applying the FT. The time-dependence
of the transversal magnetization, i.e. relaxation effects, was neglected. Relaxation
effects introduce a signal bias, that leads to the well-known MR imaging contrasts
T1 weighting (T1w) and T2 weighting (T2w) that will not be discussed here as they
were not relevant for this thesis.

Typically, the Cartesian k-space trajectories are used. However, the short 75
relaxation times of 2*Na necessitate non-Cartesian trajectories and special
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sequences such as the Ultra-Short Echo Time (UTE) sequence with center-out radial
readout [84, 100].

Sodium in Biology

As discussed in the previous sections, the sodium nuclei are interesting from the
NMR perspective and yields the second strongest NMR signal in biological tissue.
Moreover, sodium ions play an important role in the viability of cells and therefore
investigating them is also interesting from a biological perspective. This section
gives a brief overview of the involvement of sodium ions in cell processes. A detailed
discussion can be found in standard references of physiology like Deetjen and
Benndorf [101], Silbernagl and Despopoulos [102], and Brandes et al. [103].

intracellular space:
[KT]; ~ 120 — 150 mM
[Nat]; ~ 5 — 15mM

ADP

©

Fig. 2.12.: The Na/K pump constantly pumps three sodium ions out of the cell and two
potassium ions into the cell to maintain the large concentration gradients of the
ions between intra- and extracellular space.

extracellular space:
[K™]; ~ 4 —5mM
[Nat]; ~ 140 — 150 mM

cell
membrane

For healthy cells, there is a large concentration gradient between the intra- and
extracellular space. The intracellular sodium concentration is small
(Nat]; ~ 5 — 15mmol/L) as compared to a large extracellular sodium
concentration ([Na®], ~ 140 — 150mmol/L). In contrast, the intracellular
potassium concentration is large ([K™]; ~ 120 — 150 mmol/L) in comparison to the
extracellular potassium concentration ([K*]. ~ 4 — 5 mmol/L). Diffusion processes
through the cell membrane constantly lead to an influx of sodium ions in the cell
and potassium ions out of the cell. Without counter measures, this would equalize
the concentration gradient. The cell uses up to 70% of its energy for the Na/K
pump to maintain this concentration gradient. The Na/K pump pumps three Na*
ions out of the cell and two K* ions into the cell. The energy for this process that
works against the potential of the concentration gradient comes from the conversion
of adenosine triphosphate (ATP) to adenosine diphosphate (ADP). Moreover, the
Na/K pump contributes to the negative electric membrane potential of the cells in
the range of —20 to —120 mV.
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The cell uses the electrochemical potentials created by the Na/K pump to transport
other ions and nutrients accross the cell membrane against their electrochemical
potential. Moreover, the large concentration gradient allows a fast influx of sodium
ions into the cell through ion channels that are open for a few ms, which is crucial
for excitation of muscle cells and the electric signaling between neurons.

In the case of insufficient energy supply to the cell, the function of the Na/K pump
is impaired leading to an influx of sodium ion into the cell. As a result, the cell
membrane potential becomes positive which leads to an influx of chloride ions. This

again leads to an influx of water in the cell and irreversible cell swelling and necrosis.

Several pathologies, such as strokes, ischemia and different types of tumors, can
lead to an impairment of the Na/K pump. Thus, the sodium concentration gradient
is closely connected with cell viability.

2.3 Sodium in Biology
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3.1

3.1.1

Methods

This chapter introduces the experimental setup and samples as well as the sequences,
the simulation framework and models developed and used in this thesis. Section 3.1
describes the experimental setup, including the Magnetic Resonance (MR) scanners,
radio-frequency (RF) coils and the samples used for the experiments. Section 3.2
describes the simulation framework including the 2xDebye motional. Section 3.3
describes the MR pulse sequences, including the Inversion Recovery Triple Quantum
Time Proportional Phase Increment (IRTQTPPI) sequence to measure the 77 Triple
Quantum (TQ) signal and the Single-Pulse (SP) TQ method to approximate the TQ
signal using only a single pulse sequence. Parts of this chapter have been submitted
for publication in Reichert et al. [63, 64] or have been published as a conference
paper in Reichert et al. [104-107].

Experimental Setup

MRI Scanner and RF Coils

The experiments were performed at 9.4 T and 21.1 T preclinical Magnetic Resonance
Imaging (MRI) systems which are described in the following including the RF coils.
Both scanners were equipped with a Bruker AVANCE NEO console and ParaVision
360.

9.4T

The majority of experiments were performed at a 9.4 T preclinical MRI system
(Bruker BioSpec 94/20 USR, Ettlingen, Germany) with a Lamor frequency of
400.3 MHz for 'H and 105.9 MHz for 23Na. A 2™ order shim set up is integrated in
the scanner. The gradient system has a maximum amplitude of 740 mT/m,
maximum slew rate of 6900 T/ms and a bore size of 116 mm. The scanner and RF
coils are depicted in Figure 3.1.

Two RF coil setups were used in the experiments. The first coil is a linear polarized
double resonant Bruker ' H/?*Na volume coil with a length of 315 mm and a diameter
of 72mm. The 23Na part of the coils had a length of 100 mm. Using a RF power of
690 W, the length of a 90° RF pulse was in the range 120-140us. The second coil
setup was comprised of a quadrature double resonant 'H/?3Na volume birdcage coil
by the manufacturer Rapid Biomedical GmbH (Rapid Biomedical GmbH, Rimpar,
Germany) and a 23Na Rapid receive-only surface coil. The volume coil has an inner
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9.4 T MRI Scanner and RF Coils

Fig. 3.1.: a) 9.4 T preclinical Bruker MRI scanner. b) Linear polarized double resonant
Bruker 'H/?*Na RF coil. ¢) Quadrature double resonant Rapid 'H/**Na RF coil.

diameter of 72 mm and the ?3Na part of the coil has a length of 103 mm. The surface
receiver coils has a single loop with a diameter of 30 mm. Using a RF power of
690W, the length of a 90° RF pulse was in the range 130-140 us.

2117

Additionally, some of the experiments were performed at a 21.1 T preclinical MRI
scanner located at the National High Magnetic Field Laboratory (NHMFL) in
Tallahassee, Florida, USA [108]. This scanner has currently the world strongest
magnetic field strength for an MRI scanner with a 'H Lamor frequency of 900 MHz
and a ?*Na Lamor frequency of 237.5MHz and a bore size of 105mm. For all
experiments, the scanner was equipped with a custom-built linear polarized double
resonant 'H/?*Na birdcage volume coil as described in Qian et al. [109] with an
inner diameter of 33 mm with a RF power of 300 W, the length of 90-100 us. The
scanner and coil are depicted in Figure 3.2.

In-vitro Samples: Model Systems for Biological Tissue

This section describes the different samples used in the experiments as model system.
The purpose of the model systems was to validate the methods developed in this
thesis in a controlled environment that resembles the in-vivo situation in biological
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21.1 T MRI Scanner and RF Coils

Fig. 3.2.: a) 21.1T preclinical MRI scanner at the NHMFL. b) Linear polarized double
resonant 'H/?3Na RF coil with a sample.

tissue without the limitations that arise from using actual biological tissue or even
small animals or healthy volunteers.

Agarose

The majority of the experiments was performed on agarose, a polysaccharide with
similar Nuclear Magnetic Resonance (NMR) properties as 23Na as biological tissue
[7, 54, 84]. Even small agar concentrations are sufficient to yield bi-exponential
relaxation and a sodium TQ signal. However, it is important to note, that the agar
TQ signal is slightly larger than the in-vivo TQ signal [7].

The agarose samples used in this thesis contained 154 mM sodium chloride, and
agarose concentrations of 0% (just sodium chloride solution), 2 %, 4 % or 6 % w/w,
respectively. Here, a concentration of 1% w/w corresponds to 1 g of agarose per
100 g of solution. The phantoms contained 10 mL sample in 20 mL syringes with a
diameter of 20 mm and a sample length of 35 mm. The small size of the samples
ensured that the whole sample is located in the homogeneous region of the coils
and hence, minimizes flip angle deviations.

The agarose phantoms were produced by heating a solution of distilled water, sodium

chloride and agarose in the respective concentrations above 88 °C on a heating plate.

To ensure even heating, the solution was constantly stirred. After heating the solution
was weighted and water was added until the preheating weight was reached to
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account for evaporated water during the heating process. The solution was filled in
20 mL syringes in a way that minimizes the amount of air bubbles in the phantom
and direct contact of the solution to air. This was necessary to ensure a stable shim
and thus minimize B, inhomogeneities in the sample. Also see Hu [110], where the
production of the agarose samples was described in more detail.

Proteins

Slow interactions of sodium ions with proteins, and more specifically with negatively
charged groups on the protein surface, are one of the major contributors to the TQ
signal in biological tissues. This is due to the high abundance of proteins in cells
[44] and the availability of negatively charged groups [6, 43].

Most studies of the sodium NMR signal in the presence of proteins examine the
protein Bovine Serum Albumin (BSA) [9, 43, 45, 46]. BSA is a well-characterized
serum albumin protein found in bovine blood that is often used in biology as a
concentration standard or when an arbitrary pure protein is required. With 583
amino acids (66.5kDa), BSA is a relatively large globular protein [111] with 100
negatively charged groups. However, sodium ions have a very low binding affinity
for BSA [47]. As a result, solutions of BSA and sodium give a strong pH dependent
TQ signal that is weaker than that of cells [9, 43, 45, 46]. The BSA samples had
a NaCl concentration of 154 mM and a BSA concentration of 10%, 15 %, 20 %,
25 % or 30 % w/w, respectively. Similar to the agarose samples, the BSA samples
contained 10 mL of solution in a 20 mL syringe.

Since previous studies have limited the investigation of the sodium TQ signal to BSA
solutions, several other proteins were investigated in this thesis. These studies had
two main objectives. First, the TQ and relaxation behavior of BSA was compared to
the TQ and relaxation behavior of a form of bovine hemoglobin, methemoglobin, a
protein very similar to BSA in size and sodium binding affinity, but paramagnetic.
Second, the TQ signal and relaxation behavior of several globular proteins of
different sizes were studied to determine the dependence of the TQ signal on
protein size. Since the rotational correlation time of globular proteins increases with
protein size, a positive correlation of the TQ signal with protein size is expected.

Hemoglobin (Hem) is a globular protein whose main function is to transport oxygen
from the respiratory organs to the rest of the cells and is present in almost all
vertebrates [112]. Hemoglobin is a tetrameric protein complex consisting of four
subunits. There is a heme group, each containing an iron atom in the center, bound
to each of the subunits. Oxygen molecules can bind to the heme group, as can
other molecules such as carbon monoxide and carbon dioxide, which can change
the electron configuration of the iron atom between the ferrous state (Fe?t) and
the ferric state (Fe3). This also influences the magnetic properties of the heme
group and consequently of hemoglobin. In this work, mainly methemoglobin was
used, an oxidized form of hemoglobin in which the iron is in the ferric Fe?" state,
which makes the protein paramagnetic. With 574 amino acids (64.5kDa), bovine
hemoglobin is almost as large as BSA. In addition, Carr [47] showed that the binding
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affinity of sodium to hemoglobin is as low as for BSA. Thus, hemoglobin is very
similar in structure to BSA and has the same binding affinity, but is paramagnetic.
Paramagnetic quenching [22, 38, 59] can reduce the TQ signal of hemoglobin
compared to BSA. Since hemoglobin is less soluble than BSA, the hemoglobin
samples contained 154 mM NaCl and a hemoglobin concentration of 2%, 4 %, 6 %,
8% and 10 % w/w, respectively. Similar to the agarose samples. Again, the samples
contained 10 mL of the solution in a 20 mL syringe.

In addition, human stabilized ferrous hemoglobin solutions were used. Since ferrous
hemoglobin naturally oxidizes, the ferrous hemoglobin form used was stabilized
with Ficoll. This may have affected the structure and especially the hydration shell
of the protein. The protein was solubilized in 154 mM NaCl solution with a 2 % w/w
concentration and then saturated with 100 % O, gas. In one solution, the excess O,
gas was removed by exposing the sample to air immediately prior to measurement
(referred to as "air"), and one solution was just saturated (referred to as "O,"). This
was used to study the influence of the paramagnetic O, gas. In contrast to the
other samples, the solutions were not filled into a syringe, but kept in the spherical
container in which they were prepared.

For the measurement of the protein size dependence of the TQ signal, each sample
contained 154 mM NacCl and a concentration of 2 % w/w of the respective protein
and were prepared at a pH value of 7 by adding NaOH solution until pH 7 value was
reached. The solution was filled in a 10 mL syringe with diameter of 16 mm and a
length of up to 40 mL. Table 3.1 summarizes all proteins used in the comparison.
For protein size measurement, the Rapid RF coil setup was used. With a-lactalbumin
(aLA, 14.2kDa) (in a Ca depleted and a Ca saturated variant), 3-lactoglobulin (5LG,
18 kDa) and myoglobin (Myo, 17 kDa), three small proteins with comparable size
but very different properties were investigated. Sodium has a strong binding affinity
to B-lactoglobulin [47, 113] and therefore the influence of the binding affinity can
be investigated. Myoglobin is a oxygen binding protein and is paramagnetic in the
metmyoglobin form. «-lactalbumin is a calcium binding protein. Sodium ions can
strongly bind to the calcium binding sites of the protein in the Ca-depleted version
of the protein [114]. Additionally, a Ca-saturated variant was investigated where the
binding sites are occupied by Ca ions and therefore, sodium binding is not possible.
Therefore, the impact of sodium binding on the TQ signal and the NMR relaxation
behavior can be directly be investigated.
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Tab. 3.1.: Summary of all globular proteins used for the comparison of the TQ signal.
All substances were purchased from Sigma-Aldrich Chemie GmbH (Taufkirchen,
Germany) except for BSA, which was purchased from Carl Roth GmBH (Karlsruhe,

Germany).
2% w/v Size Product
Comment
protein sample [kDa] number
-Lactalbumi
-ractalbumin 14.2 L5385 weak sodium binding
Ca saturated
a-Lactalbumin . o
14.2 L6010 strong sodium binding
Ca depleted
Myoglobin 17 M0630 heme protein, paramagnetic
B-Lactoglobulin 18 L3908 strong sodium affinity
Ovalbumin 42 A5503
Human stabilized
ferrous hemoglobin, 64.5 H0267 saturated with O, gas

0
Human stabilized
ferrous hemoglobin, 64.5 H0267

satruated with O, gas,

exposed to air prior to scan

air
Bovine . ..
64.5 08449 weak sodium binding
methemoglobin

BSA 66.5 8076.2 weak sodium binding

Lactoferrin 87 L4040
~-Globulin 150 345876 weak sodium binding

Thyroglobulin 305 89385
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3.2 Simulation and 2xDebye Model

3.2.1

Sodium NMR dynamics is complicated and especially the signal of multi-pulse
sequences is a combination of various coherences from multiple relaxation
pathways, which complicates the signal interpretation. Hence, an advanced
simulation framework of spin-3/2, sodium, NMR dynamics provides a unique tool to
characterize/quantify the signal components. Simulation frameworks for sodium
NMR pulse sequences have been already proposed [30, 53, 60-62]. However, these
simulation frameworks are not optimized for fast computation of arbitrary phase
cycles with multiple iterations and varying time delays.

This thesis presents a computationally efficient modular simulation framework for
spin-3/2, sodium, NMR dynamics in biological environments and under hard RF
pulses. The framework provides a complete description of all signal components
for arbitrary pulse sequences. Hence, pulse sequences can be optimized and the
influence of sequence and probe parameters on the signal can be quantitatively
evaluated in a controlled environment. This is especially useful for quick evaluation
of phase cycling schemes and to predict the outcome of experiments.

The simulation framework was implemented using Matlab R2021a (The MathWorks,
Natick MA, USA) and consists of three classes.

The first class is a helper class for storing constants like the gyromagnetic ratio and
calculating the Lamor frequency, spectral densities, correlation times, relaxation
times and transfer functions and more. Additionally, the class provides helping
functions for the data evaluation.

The second class simulates the NMR dynamics of every Irreducible Spherical Tensor
Operator (ISTO) representing the spin-3/2 density operator using the hard pulse
approximation and the equations in Subsection 2.1.5 and Subsection 2.1.6. Thus,
the class provides relaxation and RF pulse modules that can be used to build pulse
sequences. The computation is efficiently performed using the solved evolution
equations and therefore equations solvers as used e.g., in Gilles et al. [60] and Wu
et al. [62] are not necessary.

The third class allows to build arbitrary sequences and phase cycles using relaxation
and RF pulse elements provided by the second class.

Input parameters for the simulation framework are the magnetic field strength,
the model parameters of the 2xDebye model, as described in Subsection 3.2.1 and
the residual quadrupole coupling strength wg. Additionally, sequence and data
acquisition parameters can be chosen freely.

2xDebye Model

It is necessary to use a motional model for the spectral densities in the simulation
framework that is compatible with the experimental relaxation times. This section
introduces an effective model for the spectral densities as an alternative to the
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common Debye model that is intrinsically more compatible with the experimental
relaxation times and also easy to compute. This allows the translation of the
experimental parameters into parameters for the simulation to allow more
quantitative simulations.

In an isotropic environment, the 7} and 75 relaxation times are given by

1 1

Ts = — T r=—

T2 Yo, 3.1)

1 1 ’

T s — T =

AR A

or equivalently, the relaxation rates are given by

Ris=2J Ry =2J

1 1 1f 2 (3.2)
Ros = J1+ J2 RQf:J0+J1.

where Jy, J; and J, are the spectral densities.

As discussed in Subsection 2.1.6, the Debye model is the most simple model for the
for the spectral densities that uses only a single correlation time 7. and quadrupole
strength parameter wg such that the spectral densities .J,,, are given by

I (7e) = (@™ Te
mae 5 1+ (mwm' C)Q

(3.3)

It was previously shown that the Debye model does not adequately describe sodium
interactions [6, 8, 9]. However, the model is still widely used [7-10, 43, 61].

It is more accurate to use a distribution of correlations times p(7.) and a correlation
time dependent wq(7.) [8, 54, 115-118]. As a general model, the spectral densities
then become

o0

Im = /p(Tc)Jm(Tc)ch. (3.4)
0

Assumptions about p(7.) and wg(7.) have to be made in order to extract useful
information from Equation (3.4). The Debye model for example uses a delta-
distribution as p(7.) and a constant wg. Rooney and Springer Jr [9] on the other
hand use a asymmetric log-Gauf3 distribution as p(7.) and a constant wg. However,
the actual distribution of p(7.) and wg(7.) is most probably more complicated as
multiple processes at different time scales overlap and only a limited discrete number
of measurement parameters, the relaxation times, is available to describe continuous
functions. Many models need many model parameters or are limited to limited to
specific situations like an anisotropic environment [6, 8, 9, 119] which makes it
difficult to determine the model parameters and use the model in simulations and
the evaluation of experimental data.

It is important to note, that correlation times in the extreme narrowing regime
(woTe < 1) and the slow motion regime (w7, = 1) influence the spectral densities

~
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Fig. 3.3.: Spectral densities in dependence of correlation time 7. for the Debye model. For
woTe < 1 the system is in the extreme narrowing regime and all spectral densities
are approximately equal. For wyT. 2 1 the system is in the slow motion regime
and the spectral densities split up.

differently. In the extreme narrowing regime, the spectral densities .Jy, J; and Jo
are equal:

(ngS)2 . (ngS)Q
J. = — oy = ——— 3.5
m 5 1+ (mwero)2 " 5 (3.5)

while in the slow motion regime, they split up, which then also leads to the formation
of Multiple Quantum (MQ) coherences. This is also shown in Figure 3.3. Most
biological tissue may be described by Bull-exchange [120] with a fast exchange
between a type ¢ (slow motion regime) and a type d (extreme narrowing regime)
site. Sodium usually does not directly bind to macromolecules but instead to the
outer spheres of the hydration shell of the macromolecule, where the hydration
shells of the macromolecule and the sodium ion mix and fast fluctuations of the
hydration shell of the sodium ions are modulated by slower modulations of the
macromolecule’s hydration shell [8, 121-125]. Therefore, interactions in both
motional regimes occur simultaneously and have to be taken into account in a
motional model.

In this thesis, an effective motional model was used, that is simple and easy to
compute, yet takes both motional regimes into account and is intrinsically more
compatible with the experimental relaxation times. The model is an extension of the
Debye model by comprising p(7.) with two §-distributions with two correlation times
and accompanying wg, one for the extreme narrowing regime, 7" and wg)' and one
for the slow motion regime, 7. and wg. With Equation (3.5), the two parameters 7:"
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and wg)' of the extreme narrowing regime can be summarized in a single parameter
Jen. Then the model has only three parameters.

However, By inhomogeneities also have to be taken into account which also
decouples the 77 and T5 relaxation times. An effective description of the relaxation
times in the presence of Lorentzian distributed By inhomogeneities was given in
Subsection 2.1.6. The result was that the relaxation rates are modified by an
additional coherence order ! dependent contribution

Rz(%o = REZ) +1- Rpo (3.6)

with a single parameter Rpy describing the B, inhomogeneities. 7} relaxation
(I = 0) is unaffected by By inhomogeneities, and thus, the T, relaxation times (I = 1)
decouple from the T} relaxation times. This parameter can also be interpreted as an
parameter, that takes other influences of the relaxation times into account, such as
susceptibility effects or other NMR interactions.

In total the model has four parameters Jen, 7., wg and Rpo that are determined using
the four experimental relaxation times 7', T’ ¢, T2s and T5;. The model parameters
are determined by an optimization algorithm that calculates the model relaxation
times of the current parameter guess and minimizes the quadratic deviation of the
model relaxation times form the experimental relaxation times.

In order to validate and investigate the model, experimental data was acquired at the
9.4 T scanner with the Bruker RF coil setup and the 21.1 T scanner. The 77 and T5
relaxation times were determined for the agar, hemoglobin and BSA samples using
the IRTQTPPI and Triple Quantum Time Proportional Phase Increment (TQTPPI)
sequences with a non-linear fit as described in Subsection 3.3.2 and Subsection 3.3.1,
respectively.

The model parameters of the 2xDebye model was determined. Additionally, the
model parameters of the Debye model were determined using both the 7} and 7%
relaxation times and Equation (2.88) and Equation (2.95).

The performance of the simulation framework using the T1 and T2 Debye models
and the 2xDebye model was compared with measurement data using the TQTPPI
and IRTQTPPI pulse sequences. Measurements were performed at the 9.4 T scanner
with the Bruker coil setup for the 2%, 4% and 6 % agar samples. The sequences as
well as the data evaluation are described in Subsection 3.3.1 and Subsection 3.3.2.
The sequence parameters for the TQTPPI sequence (with 180° refocusing pulse)
were T = 400ms, Npc = 80, ATevo = 200us, Na = 16 and a total scan time of
tscan = 18 min per sample. The sequence parameters for the IRTQTPPI sequence
were Tr = 400 ms, Npc = 80 (40 with increased A7eyvo), ATevo = 100us, N4 = 16
and a total scan time of ¢scan = 25 min per sample. The improved data evaluation
described in 3.3.2 was used.

Furthermore, the sequence parameters of the TQ and T2 Debye models and the
2xDebye model were compared and discussed for 9.4 T and 21.1 T. The 77 and T»
relaxation times were determined using the TQTPPI and IRTQTPPI sequences with
the same imaging parameters as above for the 2 %, 4% and 6 % agar samples.
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3.3 Sequences

This section introduces the different sequences and data analysis methods used in
this thesis. Several established calibration sequences were used to setup the scanner
and the actual experiments. The 75, TQ signal was investigated using the state-of-the-
art TQTPPI sequence in multiple different variations as described in Subsection 3.3.1.
The TQ signal can also be created using the 77 relaxation pathway. For this, the
IRTQTPPI sequence with multiple alterations of the phase cycle was developed
and investigated in this thesis. The sequence and the different phase cycles are
introduced in Subsection 3.3.2. As an alternative to the TQTPPI sequence, a novel
method for TQ estimation was developed using only a SP sequence. Moreover the
method can be generalized to a Spin Echo (SE) sequence to sample the 75 Free
Induction Decay (FID) and to imaging by using a multi-echo imaging sequence.
The method as well as the spectroscopic and imaging sequences used in this thesis
are introduced in Subsection 3.3.3. Data processing and evaluation was performed
using Matlab (The MathWorks, Natick MA, USA). Parts of this chapter have been
submitted for publication in Reichert et al. [63] and Reichert et al. [64].

Prior to the actual measurements, a series of calibration measurements and settings
are necessary. First and most importantly, the magnetic field By must be
homogenized by the B, shim and the length of the 90° RF pulse has to calibrated.
Finally, the repetition time has to be set depending on the T} relaxation time of the
sample as a compromise of scan time and (almost) complete return to thermal
equilibrium.

By inhomogeneities cause faster signal decay, broad and non-Lorentzian spectra and
signal reductions. The MQ signal is in particular prone By inhomogeneities as MQ
coherences oscillate faster than Single Quantum (SQ) coherences and accumulate a
larger phase shift that leads to faster decoherence. Hence, a good homogenization of
the magnetic field is crucial for MQ measurements. For 'H experiments, a localized
shim based on a By map corrects By inhomogeneities well. On Bruker scanners,
such a map shim is not available for 2*Na measurements. Instead, a 2>Na global
first and second order shim was performed at both the 9.4T and 21.1 T scanner
setups.

Flip Angle Calibration

An accurate calibration of the 90° flip angle is necessary to maximize the signal
output since especially MQ sequences are very sensitive to the flip angle. The length
of the longest RF pulses, the 180° RF pulses, for all scanner and RF coil setups in
this thesis was below 300 us while the relaxation times were in the range of several
ms. Therefore, the hard pulse approximation is well justified. Then, the flip angle
depends on the amplitude of the B; -field and the the pulse length 7, according
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TQTPPI sequence with coherence pathways

/
01,01 180°,¢1 + 90° Oy, Py O3, ¢3 0, 91
: :
1 1
1 1
1 1
1 1
1
: : ADC7 QSRX
1
L 1
Tevo Tmix TR
p=+3
p=+2
p=+1
= 0
P Ao 71— T1-1
p=-1
p=-2

p=-3

Fig. 3.4.: TQTPPI sequence with coherence pathways. After the 90° first excitation pulse an
optional 180° pulse can be used to refocus signal loss due to By inhomogeneities
similar to a SE sequence.

to Equation (2.53). Since the effective B;” amplitude is influenced by the sample
conductivity and other factors, it is necessary to calibrate the flip angle for each
sample. There are automated flip angle calibration methods available provided by
Bruker. However, in order to use as short RF pulses as possible, the RF pulse power
was set to the maximum value of the coil and RF pulse length was varied. For this,
the RF flip angle calibration sequence by Neubauer [126] was used. The adapted
single pulse sequence varies the RF pulse length at maximum RF pulse power. The
length of the 90° RF pulse corresponds to the first maximum. Under ideal conditions,
the 180° RF pulse length is twice the 90° RF pulse length. However, for a more
accurate calibration, the 180° RF pulse length was set to the RF pulse length of the
first minimum.

TQTPPI Sequence

This subsection describes the TQTPPI sequence [7, 53] and its different variants
used in this thesis. The sequence is a three pulse pseudo 2D sequence with an
additional optional 180° refocusing pulse as shown in Figure 3.4 and described in
Subsection 2.2.2.

The three primary pulses were 90° pulses where the phase of the pulses were
incremented in every phase step. The phase of the first pulse was ¢; = ¢19 + i - A¢
and a phase increment of A¢ = 45°, i = 1,...,nps, where n,s = 8 is the number
of phase steps, and a start phase of ¢; ¢ = 90°. In every phase step, the evolution
time Teyo = Tevo,0 + J - ATevo Was incremented by A7ey, with an initial evolution
time 7Tevo0 and j = 1,...,m, where m = nps - npc is the number of phase steps 7
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times the number of phase cycles n,.. The phase of the optional 180° refocusing
pulse was ¢159 = ¢1 + 90°. The phase of the second 90° pulse, ¢ = ¢ + 90°, was
altered by +90° to suppress Zero Quantum (ZQ) and Double Quantum (DQ) signals.
The two signals with +90° and —90° were added such that the ZQ and DQ signals
have a phase shift of 180° and therefore cancel out each other while the SQ and TQ
signals constructively interfere. The reconstruction of the TQTPPI FID used the Time
Proportional Phase Increment (TPPI) approach as described in Subsection 2.2.2.

The signal equation was given by [7]

S(Tevo) = SiH(WTevo + 93(1) (ASQfe_TeVO/Tﬂ + ASQse_TeVO/T%) -
+ ATQ Sin(SWTQVO + th) (e—TeVO/T2f _ e_Tevo/TQS) + DC) .

where T,y and Ty, are the fast and the slow relaxation times, Agor and Aggs are
the amplitudes of the fast and slow components of the SQ signal, respectively,
with theoretical values of Agor = 0.6 and Asgs = 0.4 and Arq is the amplitude
of the TQ signal. 65, and 6,, are the relative phases of the SQ and TQ signals,
respectively, and DC is a baseline offset. The SQ signal oscillates with a frequency
of w = 2rA¢/(360° A7eyo) and the TQ signal with three times the SQ frequency. To
avoid additional signal contributions, the repetition time 7T'r of the sequence was set
to values of at least T > T}. The signal equation Equation (3.7) was non-linearly
fitted to the experimental TQTPPI FID to extract the amplitudes and the relaxation
times. The T'Q)/SQ ratio was defined by normalizing the TQ amplitude on the SQ
amplitudes:

_ Arg

As discussed in Subsection 2.2.2, in contrast to Triple Quantum Filtering (TQF)
sequences, the TQTPPI sequence allows the simultaneous detection of the SQ and
TQ signals and therefore the normalization of the TQ signal on the SQ signal. This
makes the TQ signal a quantitative parameter.

The evolution time 7¢y, can also be set constant instead of being incremented in
every phase step. This fixed TQTPPI sequence [39] leads to an increased Signal to
Noise Ratio (SNR) of the TQ signal if the evolution time is set to the optimal value

ln(TQS/TQf)

= 3.9
Te’UO7Opt ]_/T2f o 1/T257 ( )

i.e., the evolution that yields the largest TQ signal. The peaks of the TQTPPI
spectrum then are delta-peaks which removes the relaxation time dependence of
the TQ and SQ peaks and leads to an easy extraction of the SQ and TQ signals. In
this thesis, the SQ and TQ evolution curves were sampled along ey, by measuring
the sequence multiple times with varying 7y, instead of setting 7ey, to the optimum
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value 7ey0,0pt- The SQ and TQ signals then are separated instead of overlapping at
distinct frequencies:

Ssq = Agqe” ™/ T2/ 4 Aggse™ e/ T2

(o7 o/ Tar — T/ T2 (3.10)

Sto = Atg

Disadvantage of this sequence is the much longer scan time as compared to the
TQTPPI sequence, as the sequences has to be repeated multiple times.

Investigation of the TQ Signal of Globular Proteins

The measurements regarding the investigation of the TQ signal of globular proteins
were performed at the 9.4 T scanner with either the Bruker volume coil or the Rapid
volume and surface coil setup.

The TQ signals were determined using the TQTPPI sequence with 180° refocusing
pulse. The FID was non-linearly fitted by the signal equation Equation (3.7) to
determine the 75 relaxation times and the 7'QQ/S(Q ratio. The sequence parameters
were: number of averages N4 = 20 — 60 (note that the number of averages only
affects the SNR, not the signal amplitude since the normalized signal is used),
number of phase cycles np. = 75 — 80, ATeyo = 100 — 200us, Tr = 5 - T1. The
mono-exponential approximation of 7} was determined with an Inversion Recovery
(IR) sequence and a non-linear fit as described in Neubauer [126].

To investigate the hemoglobin sample in more detail, additionally, the DQ signal
was measured using the Double Quantum Filtering (DQF) sequence described in
Gast et al. [87]. The sequence does not allow the simultaneous quatification of
the SQ signal to normalize the DQ signal. Therefore, the DQ signal of a sample of
2% w/w agar with 154mM NaCl and 10 mM TmDOTP was measured. TmDOTP
is paramagnetic and it was shown that this sample yields a DQ signal which is
created by the Curie-spin interaction [127, 128]. In the methemoglibin sample, the
sodium nuclei might also interact with the paramagnetic centers via the Curie-spin
interaction. This was investigated by comparing the TQ and DQ signals and the
relaxation behavior of both samples.

IRTQTPPI Sequence

As shown in Subsection 2.1.6 and Subsection 2.1.6, the T} pathway to TQ coherences
might provide additional information about the molecular environment of the
sodium ions comparison to the more commonly studied 7> pathway. However,
the short component of the T} pathway contributes only 20 % to the total signal,
complicating quantification of the 7}-TQ signal and the 7} relaxation times. In this
section, the IRTQTPPI sequence is introduced as a reliable and robust method to
simultaneously quantify the 77-TQ signal and the 77 relaxation times. Using the
optimized IRTQTPPI sequence, T} - and T TQ- signals were compared between 9.4 T

Chapter 3 Methods



IRTQTPPI sequence with coherence pathways and phase cycles
phase

cycle 1807, 01 90°, @2 90°, ¢

© 0 O = Q) 0

@ |0 180° | 90°+n-45° | 0

® 0 M = ) 0

@ [0 180° | ¢ +135° | o [[ADC, drx =0
P ) Tevo o Tmix o TR ]
+3
1? 111

0 T1o —Tio —
1 \ Ti—1, — 111
—2
-3

Fig. 3.5.: The IRTQTPPI pulse sequence and corresponding coherence pathways. The first
180° RF pulse inverts the longitudinal magnetization, which relaxes to T3, during
the evolution period. The following 180° RF pulse creates T141 SQ and T3 TQ
coherences. The second 90° RF pulse transfers these states of magnetization to
Ty_; and T5_4, respectively. The following evolution converts T, coherence
to detectable T}_; coherence. For each phase step, both the evolution time 7ey,
and the RF phases are simultaneously incremented. The initial evolution time
increment Arey, Was non-equidistant with 8 A7y, at a later time point to shorten
acquisition time

and 21.1 T for agar samples. The local motional environment was characterized by
evaluating the correlation time and the nuclear quadrupole interaction strength.

IRTQTPPI Pulse Sequence and Optimized Phase Cycles

The IRTQTPPI is a three-pulse sequence as shown in Figure 3.5. The 180° inversion
pulse flips the equilibrium magnetization to the state described by —1}¢, which
evolves to the T4 state in the subsequent evolution period 7evo. The second RF pulse
with flip angle 90° transforms the T3 state to the triple quantum coherences Ts.
Immediately afterwards, the third RF pulse, also with flip angle of 90°, transforms
the T3 coherence into T4, coherence. This state evolves later to the MR detectable
T, coherence during the acquisition window. The phases of the standard sequence
PCO are ¢; = 0 for the first RF pulse, ¢; = 90° 4+ 45° - n with n = 1,...,8 and
¢3 = ¢rx = 0 for the last RF pulse and the receiver, respectively. In every phase
step the evolution time 7ey, between the first and second RF pulse is incremented.

Imperfect RF pulses may lead to the creation of unwanted MR signal contributions,
e.g., DQ signal [6]. For improved quantification of 7} relaxation times and 73-
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TQ signal, three different phase cycles were evaluated for optimum reduction of
unwanted signal contributions.

Phase cycle PC1 counteracts an imperfect inversion pulse by altering the phase of
the inversion pulse by 180°. The T} tensor remains unaffected, while accidentally
created 77, coherences accumulate a 180° phase difference and thus are canceled.

Phase cycle PC2 alters the phase of the second pulse by +£135°, which results in
a canceling of signal components with even coherence order differences Am =
m —m/ = 2n (n being an integer, here n = 1), like the transition Tyo — qucg or
Tig1 — TAlﬂ. Here, the +135° phase shifts add +2 - 135° - n = +270° - n phase
adding up to in total (540° - n) mod 360° = 180° phase difference. Since transitions
with odd coherence order difference Am = m — m’ accumulate a phase difference
of Am - 270°, signal is lost due to inefficient interference. In comparison to PCO and
PC1, the SNR is reduced by a factor of 1/1/2. Additionally, this method leads to a
90° phase shift between the SQ and TQ peaks which may impact fit accuracy.

Phase cycle PC3 is a combination of PC1 and PC2. The phase of the first pulse is
altered by 180°. Additionally, PC3 alters the phase of the second pulse by +135°.
This cycle therefore counteracts imperfections of both the 180° inversion pulse and
the 90° pulses. However, this combination doubles the scan time compared to PC1
and PC2.

Signal Output and Non-Linear Fit

Like the TQTPPI sequence, the signal of the IRTQTPPI sequence, consists of a stack
of spectra of the Fourier Transform (FT) transforms of every 1st dimension FIDs
along the acquisition time axis. The second dimension yields another FID, which
is a function of the evolution time and corresponding phase step increment. Thus,
the final signal contains both the SQ and TQ signal at distinct frequencies. The FID
signal in the second dimension can be described by

Yi(t) =sin(wt + ¢1) - (1 — 2A15Q(Alse—t/T18 _ AQfe_t/Tlf))
(3.11)
+ Aj7g sin(3wt + ¢2) (G*t/Tlf _ eft/Th;) + DC.

where Y (t) is the IRTQTPPI FID amplitude. A, A;f, and A;7q are the amplitudes
of the slow and fast SQ signal as well as the TQ signal, respectively.

w = 21A¢/(360°ATeyo ) is the frequency of the SQ signal determined by the phase
cycle step. The values of ¢; and ¢, represent the phases of the SQ and TQ signals,
respectively. The output FID in the second dimension was non-linearly fitted by the
above signal equation Equation (3.11). The total amplitude A;gg was used as a
scaling factor accounting for imperfect inversion of magnetization. The amplitudes
A1 and Aq; of the slow and fast component were set to their theoretical values 0.8
and 0.2, respectively [10]. Multiple studies [7, 129] showed that the SQ amplitudes
were close to their theoretical values for T5 relaxation in agar samples and in-vivo.
Hence, it is reasonable to assume the same for 77 relaxation. Moreover, fixed values
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IRTQTPPI sequence FID and spectrum for 2% agar
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Fig. 3.6.: Sodium FID and spectrum of the 2 % agar sample for the phase cycle PCO without
DQ suppression at 9.4T. a) The FID was sampled with two evolution time
increments, A7eyo and 8 ATeyo. b) The spectrum shows a TQ peak, which proofed
that T relaxation was bi-exponential. A DQ peak could potentially affect the
reliability of the fitting and hence DQ suppression methods were necessary.

were necessary to stabilize the fit results since the fast component contributes only
20% to the signal. We nevertheless evaluated the fit stability with bound and
unbound amplitudes A;; and Aj,.

A further improvement of fit accuracy and a reduction in measurement time were
achieved in the IRTQTPPI sequence when two different evolution time increments
were used. For small evolution times up to 65 ms, data was sampled more densely
using a step of A7eyo. For longer evolution times, data was sampled with a time
step of 8 A7eyo. Figure 3.6 shows an exemplary FID in second dimension with two
evolution times. The FID in the second, evolution time, dimension is from now on
referred to as FID.

Experimental

Measurements were performed at the 9.4 T scanner with the Bruker volume coil
setup and the 21.1T scanner setup and using the [0, 2, 4, 6]% w/w agarose
samples.

The parameters of the IRTQTPPI sequence were: Tg = 400ms at 9.4T (TR = 1s
at 21.1T), 4 averages at 9.4 T (1 average at 21.1T), ATeyo = 100us, the number of
phase cycles with step of A7eyo Was Npc = 40. The number of steps with 8 A7eyo Was
300. To optimize the number of coarsely sampled data points, we varied the number
of steps in the range of 0 to 320.
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The SNR of the TQ peak was determined by dividing the TQ peak height by the
noise level. The noise level was determined by the standard deviation of the part of
the spectrum that did not contain any signals.

We performed two stability tests of the IRTQTPPI method by determining the T}
relaxation times and the 7;-TQ signal. For the first stability test, we compared the
fit results of all phase cycles. For the second test, we compared the fit results for
varying numbers of points for the large evolution time increment 8 A7eyo. For the T5
TQTPPI measurements, we used the TQTPPI sequence with a 180° refocusing pulse
to compensate for By inhomogeneities [7, 43]. The FID was fitted using the signal
equation

Ya(t) =sin(wt + ¢1) - (AQSe—t/Tzs _ Azfeft/TQf)
(3.12)
+ AZTQ Sln(3wt —|— ¢2) (e_t/TQf _ e_t/T2s> _|_ DC

where T, and T5y are the slow and fast relaxation times, respectively. As; and
Ayy are the amplitudes of the slow and fast component, respectively. Asrq is the
amplitude of the TQ signal. Other definitions are analogous to the definition for
Yi1(t). The T>-TQ/SQ ratio is defined as
T9_ Awe (3.13)
SQ Az + Agy
The standard deviation of the parameters was given by the fit uncertainties. The
sequence parameters were 7g = 400ms at 9.4T (T'R = 1s at 21.1T), 4 averages at
9.4T (1 average at 21.1T), ATeyvo = 100us, the number of phase cycles was in the
rage of 60 to 100, ATeyo = 200 us.

The T1-TQ/SQ ratio was determined in the same way as the 75-TQ/SQ ratio as

TQ _  Airg

. A 3.14
SO~ A+ Ay (3.14)

The 1 — 2 fl(?) (t) behavior of the fit function in comparison to the TQTPPI pulse
sequence makes the definition of the TQ/SQ ratio more complicated.

Many studies used a mono-exponential approximation for 7} relaxation [90, 92-98].
Therefore, we also calculated a mono-exponential approximation T3, of the T}
relaxation times by [83]

1
~0.8/T15+0.2/Tyy

The sensitivity to the motional environment is characterized by the typical time
scale of motional averaging, the correlation time 7. and the quadrupole interaction
strength wg. To investigate the motional regimes for both sequences, 7. and wg
were calculated using equations Equation (2.88) and Equation (2.95) for all pairs of
Ty and T relaxation times, respectively.

Chapter 3 Methods



Improved Data Evaluation

During the work of this thesis, the data evaluation process of the IRTQTPPI sequence
was substantially improved. As described before, the fit accuracy depends on the
number of fit parameters. Hence, prior knowledge of the TQ signal evolution can be
leveraged. Therefore, the number of fit parameters was reduced further by fixing
the amplitude of the TQ signal to its theoretical value.

According to Equation (2.86), the theoretical amplitude of the Tho — Ty transition
is 2/5. Additionally, the transition efficiencies of the RF pulses and the transition
T3 1= T during the acquisition window have to be taken into account. Moreover,
T3 coherences are impacted three times stronger by B, inhomogeneities than 7},
coherences. However, since the mixing time is in the range of only 100 us leading
to an effect of only a few percent and the exact influence is hard to estimate, this
factor was neglected. In total the TQ amplitude is given by

\/6 TQ*S - T*

5 A T25+A* 5, (3.16)

where the factor of \/2 accounts for the larger TQ signal of phase cycles PC2 and
PC3 as described in 3.3.2 and [63] which is removed after the fit and for phase
cycles PCO and PC1. The second term accounts for the relative efficiency of the
transitions of the TQ pathways to the SQ pathways. The last term accounts for the
relative efficiency of the Ty 1 — T1 1 transition to the efficiency of the Ty 1 — Ty 4
relaxation which is given by [ f13 yde/ [ f(l) )dt. A3y, T5p, A5, and T5, are the
amplitudes and relaxation times of the fast and slow components, respectively. The
T3 relaxation times are determined by a fit of the FID of a singlepulse sequence or
the first 15t dimenstion FID of the IRTQTPPI sequence with the fit function

—t —t
Y(t)= <0.4 : exp( » ) +0.6- exp<*
T23 T2f

>> cos(Aw - t) + D.C., (3.17)

where the cos term accounts for a possible shift Aw of the reference frequency of
the receiver relative to the Lamor frequency.

The signal function of the IRTQTPPI sequence is the same as before in equation
Equation (3.11) except that the TQ amplitude Arg is fixed to the value from
Equation (3.16).

To evaluate the accuracy of this data evaluation approach, again the fit results of
the four different phase cycles PCO, PC1, PC2, PC3 were compared using the same
experimental data as before.

Similar to the fixed TQTPPI sequence by Kleimaier et al. [39], a fixed version of
the IRTQTPPI sequence was implemented, that uses a fixed evolution time instead
of incrementing it in every phase step. By using multiple evolution times, and
separating the SQ and TQ signals by a Fourier transform, the SQ and TQ curves can
be investigated separated from each other. Measurements were performed at the
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9.4 T scanner with the Bruker coil setup and the 2%, 4% and 6 % agar samples. 37
evolution times in a range of 0.201 — 280 ms were sampled with a repetition time of
Tr = 600 ms, 4 averages and Npc = 16 and phase cycle PC2. The SQ and TQ signal
in dependence of the evolution time were extracted using a FT and simultaneously
fitted using the equations

t t
SSQ =1- ASQ (08 eXp<—T1 > + 0.2exp <_T1f>> +c

t t
Sto = Aro (exp <_T1f) — exp(—T1 >> + c.

where Agg is the amplitude of the SQ signal that accounts for imperfect inversion,
Arg is the TQ amplitude and ¢; and c; are offsets. Total scan time for each sample
was 5h 50 min. For the standard IRTQTPPI sequence, the same parameters as before
and phase cycle PC2 were used.

(3.18)

Again, the fit results were compared between the IRTQTPPI sequence and TQTPPI
sequence at 9.4 T and 21.1T.

Single-Pulse TQ Method

Complicated multi-pulse phase cycling sequences lead to long scan times and high
Specific Absorption Rate (SAR) values, which currently hinder the clinical application
of the sodium TQ signal. In the following, a completely new alternative approach to
estimate the sodium TQ signal is presented, which only requires the FID as input.
This method oly requires a SP sequence instead of sophisticated multi-pulse phase
cycling sequences as the TQTPPI.

The SP Method

As described in Subsection 2.1.2, the density operator 6 describing the sodium nuclei
spin system can be expressed in the ISTO [130, 131] basis

6= AT, (3.19)

Im

where A;,, are the amplitudes of the ISTO basis elements Ty, We further use the
substitutions Agg = A;; and Arg = As; to clarify the meaning of the respective
amplitudes.

Immediately after the 90° excitation RF pulse, the MR signal completely consists
of T11 coherences. The coherences evolve according to the evolution equation [10,

11]
Asq ) f%)(t))_(Aw) 2
(Am% (féP(t) ) \Arq (3.20)
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where

fl(%)(t) = O.4exp(—TZ ) +0. Gexp< TZf)
00 = i = % <exp(—Tzf> ~exp( - Tt)> (3.21)

1) . ( t > t
t) =0.6exp| — +0.4ex _—
33 ( ) p T2s p T2f

are the evolution functions for the transitions 777 — 73; and Ty, — T71. After the
evolution period 7eyo, the amplitude of the T%; coherence is Agg = fl(})(revo) and

the 73, amplitude is A7g = fﬁ)(revo). The amplitude Arg and its shape encode
information about the molecular environment of the sodium nucleus.

Schematic comparison of TQF sequence with SP method
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Fig. 3.7.: a) Exemplary conventional TQ pulse sequence. The T}, coherences are created
after the first 90° pulse during 7evo. The rest of the pulse sequence is only necessary
to extract TQ signal from the Tgl state by observing oscillations of the final T,
signal. b) Coherence pathways for the TQTPPI pulse sequence. c) In this study,
the three-pulse TQ sequence was replaced by a SP sequence with a prolonged
acquisition window. Shifting the processing window across the total acquisition
data yields the signal for a set of different 7.y,. The shaded area indicates the
points removed from the FID for the specific evolution time 7ey,. d) The difference
of the integration of the whole FID and the SQ spectrum for each 7.y, represents
the TQ signal.

However, the T3, coherences are invisible to the receiver coil and therefore it is
impossible to directly detect them [61]. Thus, the T5; coherences must be converted
back to the detectable 77, coherences. The conventional TQF sequence applies a
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second and third 90° RF pulse to transfer the T3, coherences to T3 coherences and
back combined with phase cycling as shown in Figure 3.7a).

Our aim was to reduce the complexity of the TQ pulse sequence, while still being
able to extract the TQ signal. In contrast to the TQF approach, which measures the
transition 711 — Ty — 153 — T5; — T31, our method measures only the transition
Ty, — 131 — T1;. The following introduces our method step-by-step.

First, the FID after a SP and evolution period of 7y, is described by:
FID(t, Tevo) = Asq(Tevo) F{1 () + Arq(evo) f13 (8)- (3.22)

The second term on the right side represents the evolution of the Ty, coherences that
evolved during the first evolution period (amplitude A7¢(7evo) from the detectable
Ty1 coherences.

Secondly, for extraction of Agg and Arq, we exploit the fact that the integral of a

Lorentzian function, i.e., the real part of the FT of a one-sided decaying exponential

function, is independent of the width, i.e. relaxation time T2(*):

+o00 T
2
——dw =. 3.23
/ 1+ 722" (3.23)
oo
The TQ signal, i.e.,A7q = fé})(revo), consists of a difference between two

exponential functions and therefore the integral over its FT vanishes. On the other
hand, the integral over the FT of the SQ signal part is proportional to its amplitude
Agq. In contrast, the integral over the FID contains both signals. The TQ signal then
can be extracted by subtraction of both normalized integrals for every 7eyo-step

+oo “+o00
! [ FID(t, Teyo)dt [ FT(FID(t, Tevo))(w, Tevo)dw
Arq(Tevo) " Norm 0+oo - C>o+<>o
| FID(t,0)dt | FT(FID(t,0))(w,0)dw
0 —00
+OOFID d
_ 1 ﬁ[ (f Tevo)dt FID(t, Tevo) (3.24)
— — _ '
Norm 7 FID(, 0)dt FID(t,0)

0

The full calculation can be found in Appendix A.2.1, which also demonstrates the

necessity of a normalization factor with respect to fﬁ)(t) from equation
Equation (3.21):

ffﬁ)(t)dt AT +AfT2f'

= (3.25)
J S @®at L (Tos — Toy)

Norm =

Lastly, in contrast to the conventional TQF/TQTPPI pulse sequence, an extended
acquisition window can be used to retrieve results of many evolution times from
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the same measurement. As illustrated in Figure 3.7c), the acquisition window starts
directly after the excitation pulse instead of waiting for a certain evolution duration
Tevo. If Tacq is the desired acquisition time, then for a specific evolution time 7eyo,
only the FID points between [Teyo, Tevo + Tacq) are used. Thus, the desired acquisition
time is shifted across the extended acquisition window to extract the effect of the
evolution time on the TQ signal.

Note, that the method can be applied to any equidistantly sampled FID, independent
of the sampling method of the FID. Hence, this method is also applicable to imaging
using for example a multi-echo sequence. However, if the FID is not equidistantly
sampled, either the integral must be adapted by considering the 7, step-width or
the missing points need to be interpolated.

Simulations

For Multi Compartment System (MCS), which yield a more accurate description for
biological tissue, the integrals in Equation (3.24) become more complicated. To
investigate the validity of the proposed method in such environments, we consider
the case of a two-compartment system with two bi-exponential compartments. The
corresponding FID and theoretical TQ signal are

FIDMcs(t) = (1 — CeX)FIDin(t) + CeXFIDex(t), (3.26)
TQexp(t) = (1 - Cex)TQin(t) + CexTQea:(t)7 (3.27)

where FIDi(t), FIDe(t), TQin(t) and T'Qex(t) are the FID and TQ signals which
correspond to the intra- and extracellular compartment, respectively. It has been
previously shown that both the extra- and intracellular compartments yield a TQ
signal [22, 60, 132-135] and bi-exponential relaxation [15-22]. For quantitative
evaluation of such case, the T, relaxation times of 2% agar (“extracellular”, To; =
44 ms, Ty = 9ms) and 6 % agar (“intracellular”, Ty, = 32ms, Toy = 3.7 ms) were
used to model the two-compartment system with two bi-exponential compartments
[15-22].

The value of cex was varied in the range from 0 to 1 and FIDs were generated
according to Equation (3.26). The SP TQ method was applied to the FID to extract
the TQ signal. The results were compared to the expected TQ signal calculated by
Equation (3.27).

To investigate the impact of noise on the TQ quantification using the SP method, we
simulated FIDs in a single compartment system according to Equation (3.22) and
added Gaussian white noise to the signal. The output of the SP method was evaluated
for different noise levels corresponding to a SNR of the SQ signal of 50, 20, 10 and
5. Additionally, the same noise was subtracted from the TQ signal subsequently to
applying the SP method. This allowed us to investigate the systematic error on the
TQ signal.
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Experimental

Measurements were performed at a 9.4 T preclinical MRI scanner (Biospec 94/20,
Bruker, Ettlingen, Germany) using a linear polarized 'H/?3Na Bruker volume coil.
Inner diameter was 72 mm with a length of 100 mm for the 'Na channel. The [0,
2, 4, 6]% w/w agarose samples were used. For MR imaging, all agar samples were
combined in a single phantom as depicted in Figure 4.21.

The standard Bruker SP sequence was used to measure FIDs with the following
sequence parameters: flip angle 90°, repetition time 7g = 500 ms, number of
averages Na = 64, number of FID points Npq = 4096, length of acquisition window
tacqg = 410ms and a dwelltime of 100 us. The pre-acquisition delay was 50 us. The
number of ey, points was set to 2048 with 7eyo max = 205 ms. Total acquisition time
of the SP sequence was 32 s per sample. The FID was preprocessed as described in
Appendix A.2.2.

To determine the validity and accuracy of our method, the results were compared
with theoretical predictions of the TQ signal and the results from TQTPPI sequence.
The shapes of the TQ, SQ evolution curves and the quantitative values of the
TQ signal maxima were used for analysis. The TQ signal maxima represents the
mean over 10 points around maximum value to minimize the impact of single
outliers. For the TQTPPI sequence, we fitted the TQ signal with the function
TQ(t) = Arg(exp(—t/Tas) — exp(—t/T5¢)) and subtracted it from the signal to
obtain an approximation of the noise level. The standard deviation of this noise
level defines the uncertainty of the TQTPPI TQ signal maximum.

Theoretical behavior of the TQ signal is determined by the transfer functions

féi) (Tevo). The necessary Tz(*) relaxation times for the sample were determined by a
bi-exponential fit of the FID:

t t
Y (t) = Asqg, - exp (> + Asga-exp| —— | +¢, (3.28)
tos tof

Where Y'(¢) is the SP FID and c is an offset. The 0% agar sample FID was fitted with
a mono-exponential function

Y(t) = Asg - exp(—jg) +ec. (3.29)

The TQTPPI relaxation times were determined in the same way.

For the TQTPPI measurements we used a set of fixed-7eyo, TQTPPI sequence [7, 39]
measurements with a 180° refocusing pulse at 26 different 7y, times in the range of
0.4-200 ms. The repetition time 7g was 400 ms, the number of phase cycles was 16
with 8 phase steps and the number of averages Ny was 4. Total acquisition time for
each sample was in the range of 3 h. We used the sequence with the 180° refocusing
pulse since the sequence without the 180° pulse resulted in additional stimulated
echoes in the signal, see Appendix A.2.3 for further information and Fiege et al. [29],
Hoesl et al. [30], and Tanase and Boada [51]. The resulting FID decayed neither
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with the 75 nor the T relaxation times which complicates the comparison between
both sequences.

For a better comparison of our method with the TQTPPI sequence signal, which
decays with the 75 instead of the T’ relaxation times, we sampled the 75 FID with
a SE sequence followed by application of our method. For the SE sequence, 256
echoes were equidistantly sampled with a minimum 7'F of 0.137 ms and an echo
spacing of 0.78 ms. The maximum echo time was 300 ms, 7Tg = 500 ms, number of
averages Ny = 16. Total scan time for each sample was 45 min. The SE FID was
created by the maximum values of the echoes for each echo time. The FIDs were
normalized using the inverse of the normalization factor in Equation (3.25) with
the Ty relaxation times. The normalization factor of the TQTPPI sequence uses
the T3 relaxation times since the first dimension FIDs decay with the T relaxation
times as determined with Equation (3.28) and Equation (3.29). To ensure a fair
comparison, we also calculated the theoretical prediction using Equation (3.21) and
the Ty relaxation times obtained from a fit of the SE FID with Equation (3.29) for
the 0% agar sample and Equation (3.28) for the 2%, 4 % and 6 % agar samples.

For MR imaging, a multi-echo version of the Ultra-Short Echo Time (UTE) sequence
[136] was used with 64 echoes, a minimum TE of 0.09 ms and an echo spacing of
3.78 ms. Other imaging parameters were Tg = 30 ms, number of averages Np = 4,
FoV = 68 x 68 x 68mm?, imaging matrix = 32 X 32 x 32, spatial resolution of
2.125 x 2.125 x 2.125mm?, 3176 projections, a receiver bandwidth of 5kHz and
a total acquisition duration of 1h 3min. To suppress noise from voxels outside
the samples, we set voxels with less than 50 % of the overall maximum value in
the SQ image to 0. This method works well for simple phantoms, but for in vivo
measurements more sophisticated methods like region growing, more sophisticated
magnitude thresholding or manual segmentation are used as a standard process
[137-139]. The SQ and TQ image were acquired simultaneously with the SQ scan
time. From every echo, we created an SQ image and the stack of SQ images yielded
an FID in a second dimension for every voxel. For the reconstruction of the TQ
image, we applied the SP TQ method described in this study voxelwise. The result
was a TQ(t) evolution for every voxel. From this a max(TQ) image was created that
showed the maximum TQ values for each voxel. The sum(TQ) image was calculated
by summing over the TQ(t) signal and normalizing it over the sum of the SQ(t)
signal. We also calculated the mean TQ signal for each sample over an exemplary
slice. The uncertainty of the values was determined by the standard deviation of all
voxels.
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4.1

Results

This chapter presents the results of the different experiments of this thesis.
Section 4.1 compares simulated spectra with experimental data for different
motional models of the simulation framework. Section 4.2 compares the Triple
Quantum (TQ) signals and relaxation times of different globular proteins of various
sizes. Section 4.3 presents the results of the Inversion Recovery Triple Quantum
Time Proportional Phase Increment (IRTQTPPI) sequence including a comparison of
the different phase cycles as well as a comparison of the 7;- and 75>-TQ signals and
T, and T, relaxation times at 9.4T and 21.1T. The last section compares the
Single-Pulse (SP) TQ method with theory and experimental data. Parts of this
chapter have been submitted for publication in Reichert et al. [63, 64] or have been
published as a conference paper in Reichert et al. [104-107].

Simulation and 2xDebye Model

The accuracy of the simulation framework was quantitatively analyzed by
comparing simulated spectra for the T1 Debye, T2 Debye and 2xDebye models with
experimental spectra for the IRTQTPPI and Triple Quantum Time Proportional
Phase Increment (TQTPPI) sequences.

Figure 4.1 and Figure 4.2 compare spectra for the 6% agar sample of the three
motional models and experimental data for the TQTPPI and IRTQTPPI sequences,
respectively. The T1 Debye model resulted in a TQ signal, which was by a factor of
0.1 and 0.01 smaller than the experiment for the IRTQTPPI and TQTPPI sequences,
respectively. Hence, this model was not adequately describing the motional
environment. The T7-TQ peak in the IRTQTPPI spectrum for the T2 Debye model
was much larger by a factor of 16 than for the experiment. In contrast, the 2xDebye
model only slightly overestimated the 77 TQ signal in the IRTQTPPI spectrum by a
factor of 1.78. For the TQTPPI sequence, the experimental and simulated spectra
almost matched for the T2 Debye and 2xDebye models. Both models only slightly
overestimated the 75-TQ signal by a factor of only 1.15.

A more detailed analysis of the simulated and experimental data for the 2%, 4%
and 6 % agar samples, as presented in Table 4.1, Table A.1 and Table A.2, revealed
that the 7 relaxation times of the T1 Debye model and the experimental relaxation
times were in close agreement. But the 75, relaxation time of the T1 Debye model
was much larger than the experimental T, relaxation time. For both sequences,
the simulated TQ signals were much smaller than the experimental TQ signals. For
the T2 Debye model on the other hand, the T, relaxation times closely matched
the experimental 75 relaxation times, while the separation of 7} relaxation times
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Comparison of IRTQTPPI spectra between experiment and simulation
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Fig. 4.1.: Comparison of simulated and measured spectra of the IRTQTPPI sequence for
the 6% agar sample. The simulations using the T1 and T2 Debye models yielded
a much too weak or too strong TQ peak, respectively. The simulation using
the 2xDebye model only slightly overestimated the TQ signal relative to the

experiment.
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Comparison of TQTPPI spectra between experiment and simulation

Experiment T1 Debye model
a)100 : per b)100 y

Q0 g 90}

80 1 80}
o\'? 70 1 Q\'_o' 70 b 2
o o 1.5
‘é 60 1 g 60 |
ke kS 1
5] L 40
2 50 % sof
N H 1N ‘
g 40 T 40,
E 30} | § TQ DQ sQ
o o
Z Z 301

20 1

20
ol J .
10
0 \Mf I | 0 —7 1 e
TQ DQ SQ TQ DQ SQ
T2 Debye model 2xDebye model

C)100 T y- d)100 y.

90+ 90+

80 80
§ 70 1 § 70
T 60f 18 60
2 2
%] L Jn L
i 50 i 50
[0} [0}
= 40t 1= 40f
£ IS
5 30f 15 30t
b4 b4

20+ 1 20

10F 1 10}

| SR G I R J—

TQ DQ sSQ TQ DQ SQ

Fig. 4.2.: Comparison of simulated and measured spectra of the TQTPPI sequence for the
6 % agar sample. The simulation using the T1 Debye model yielded a very weak
TQ peak, much smaller than the experiment. The simulations using the T2 Debye
and 2xDebye models yielded a slightly larger TQ peak than the experiment.
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Tab. 4.1.:

Comparison of the fit results of the IRTQTPPI and TQTPPI sequences between
experimental data, the T1 Debye model, the T2 Debye model and the 2xDebye
model for the 2% agar sample. T;; and T;; are the long and short component
of the 77 (IRTQTPPI sequence) or T» (TQTPPI sequence) relaxation times,
respectively. The 2xDebye model used the experimental 7} and 7T, relaxation
times and came closest to the experimental TQ signal for both sequences. The
other two models showed substantial deviations in the relaxation times and the
TQ signals compared to experiment.

2% agar

T;s [ms] T;r [ms] TQ/SQ [%] TQ peak [%]

experiment 46.65+0.54 41.92+0.19 16.15+0.44 1.01+0.05

IRTQTPPI

sequence

(11)

T1 Debye
T2 Debye
2xDebye

46.66 £ 0.02
97.70 £ 0.29
46.88 £ 0.04

41.91 £0.01
30.80 £0.17
41.85+£0.01

1.03 £0.01
38.19 £ 0.36
34.00 £ 0.25

0.05 £ 0.00
37.72 +£0.07
1.89 £0.00

TQTPPI
sequence

(T3)

43.35 £ 0.10
43.85+0.11
43.32 £0.01
43.35 £ 0.00

9.13+0.33
40.87 £ 0.12
9.10 £0.03
9.13 £+ 0.00

21.78 £ 0.24
0.79+04
27.24+0.03
27.19 +£0.00

34.25 + 0.46
0.06 £ 0.00
42.47 £ 0.53
42.37 £ 0.54

experiment
T1 Debye
T2 Debye
2xDebye

Tab. 4.2.:

Comparison of the model parameters of the T1 Debye, T2 Debye and 2xDebye
models at 9.4 T. The 2xDebye model uses both the 77 and 75 relaxation times as
input parameters, while the T1 Debye and T2 Debye models use only either the
T, or T, relaxation times.

94T 2% agar 4% agar 6 % agar

parameters

Ty [ms]
Ty [ms]
Tss [ms]
Ty [ms]

46.65 £0.54 41.38+0.42 36.33£0.24
41.92+0.19 33.62+0.17 28.50+£0.11
43.35 £ 0.10 37.22+0.06 32.57+0.04
9.13£033 5.12+0.22 3.66£0.16

input

0.30
0.46

0.43
0.43

0.47
0.45

T [ns]
wQ [MHz]

T1 Debye

T2 Debye

3.06
0.38

4.05
0.46

4.59
0.52

7. [ns]
wQ [MHZ]

Jen [Hz]
Tc [ns]
wgo [MHz]
Rpo [Hz]

10.31
10.91
0.20
0.42

11.13
10.00
0.29
-0.09

12.48
10.32
0.34
-0.60

2xDebye

78 Chapter 4 Results



Comparison of T1 Debye, T2 Debye and 2xDebye models at 9.4T and 21.1T

Quadrupole strength parameter w

Q

Model
—&—2xDebye @ 9.4T |
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Fig. 4.3.:
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Comparison of model parameters of the T1 Debye, T2 Debye and 2xDebye
models at 9.4T and 21.1T. The T1 Debye and T2 Debye models only have
two parameters, the correlation time 7, and wg which were calculated using
the 77 and Ty relaxation times, respectively. The 2xDebye model has two
additional parameters, the extreme narrowing regime parameter, J.,, and the
B, inhomogeneity parameters Rpo. The parameters of the 2xDebye model were
calculated using both the 737 and 75 relaxation times.

41

Simulation and 2xDebye Model
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Tab. 4.3.: Comparison of the model parameters of the T1 Debye, T2 Debye and 2xDebye
models at 21.1 T. The 2xDebye model uses both the 77 and T, relaxation times
as input parameters, while the T1 Debye and T2 Debye models use only either
the T or T; relaxation times.

21.1T 2% agar 4% agar 6 % agar

Tis [ms]  54.28+0.67 50.41+0.49 45.04+0.37

input Tiy [ms]  50.954+0.22 43.73+£0.18 38.25+£0.15
parameters 75, [ms] 50.34 +0.06 46.04 £0.03 41.11+0.03
Ty [ms] 10.07£0.23 5.67£0.15 4.02+0.18

7. [ns] 0.10 0.16 0.17
T1 Debye
wo [MHz] 0.71 0.62 0.64
T2 Debye Te [ns] 1.41 1.93 2.22
wg [MHz] 0.54 0.64 0.72
Jen [Hz] 9.00 9.41 10.43
. 6.6 5.82 6.15
2xDebye e [ns] 4
wg [MHz] 0.25 0.37 0.43
Rpo [Hz] 0.84 0.37 0.15

was substantially overestimated by the model. Furthermore, the T;-TQ signal was
overestimated while the 75-TQ signal was only slightly overestimated. Both the T
and T relaxation times of the 2xDebye model closely matched the experimental
values. Additionally, the TQ signals of the TQTPPI and IRTQTPPI sequence were
only slightly overestimated.

Table 4.2, Table 4.3 and Figure 4.3 show a comparison of the model parameters of
the T1 and T2 Debye models and the 2xDebye model at 9.4 T and 21.1T. For the
T1 Debye model, wg and 7. were approximately constant. For the T2 Debye model,
wq and 7. were increasing with agar concentration and the correlation times were
substantially larger than for the T1 Debye model. wg was similar for both models
but probably subject to noise for the T1 Debye model. The transition in the magnetic
field strength from 9.4 T to 21.1 T increased wq and decreased ..

For the 2xDebye model, 7. was approximately constant but noisy and wg was
increasing with agar concentration. The extreme narrowing parameter .J.,, was
slightly increasing with agar concentration and the B, inhomogeneneity parameter
Rpo was slightly decreasing with agar concentration and close to 0. At 9.4 T, Rpg
was negative for the 4% and 6 % agar samples. The transition in magnetic field
strength from 9.4 T to 21.1 T increased wg and J.,, and decreased .
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Tab. 4.4.: Summary of the fit results for all globular proteins. * TQ SNR < 3.

2% w/v Size T1 TQS TQf ATQ/ASQ
protein sample [kDal [ms] [ms] [ms] (%]
a-Lactalbumin

14.2 50.49+0.15 5224 +0.67 45.77+0.86 0.12+0.02
Ca saturated *
a-Lactalbumin
14.2 27.00+0.10 22.67+0.00 810=+0.00 15.24=+0.00
Ca depleted
Myoglobin * 17 53.54 +£0.05 53.80+0.48 49.25+0.77 0.08+0.02
(B-Lactoglobulin 18 46.06 £0.12 43.89 £0.25 40.82+0.30 6.36 £0.18
Ovalbumin 42 48.82 £0.04 48.25+0.82 40.34+£0.91 1.90=+0.07
Human stabilized
ferrous hemoglobin, 64.5 45.17+0.26 47.23+0.76 37.754+0.69 0.97+0.01
0
Human stabilized
ferrous hemoglobin, 64.5 45.454+0.29 44.00+0.35 39.544+0.31 1.70+0.03
air

Bovine

64.5 46.61+0.20 40.45+0.15 20.174+0.08 8.66=+0.14

methemoglobin
BSA 66.5 50.26+0.06 50.84+0.82 43.024+1.14 0.32+0.02
Lactoferrin 87 49.75 £ 0.05 49.42+1.37 35.62+1.28 2.96+0.08
~-Globulin 150 51.194+0.04 50.00+0.94 34.12+0.60 4.52+0.05
Thyroglobulin 305 50.383+0.06 48.944+0.04 26.57+0.02 7.66+0.01

4.2 Investigation of the TQ Signal of Globular Proteins

This section presents the results of the measurements regarding the TQ signal
and relaxation times of multiple globular proteins of various sizes in the range of
14.2-305 kDa and different sodium binding affinities.

Figure 4.4 shows the TQ signals in dependence of the protein size. With the exception

of the proteins, a-Lactalbumin (Ca depleted) (14.2kDa), 8-Lactoglobulin (18 kDa),
Bovine Serum Albumin (BSA) (66.5kDa) and all hemoglobin forms (64.5kDa),
the TQ signal increased with protein size. A linear and square root fit revealed
that the size dependence of the TQ signal was less than linear. The datapoints of
a-Lactalbumin (Ca depleted) and j-Lactoglobulin were excluded from the fit, as
sodium binds strongly to these two proteins as described in Subsection 3.1.2.
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TQ signal of globular proteins

16 . .
x * Measurement
14} Linear: y = 0.02x + 0.67 i
Sqrt: y = 0.56sqrt(x + 10.92) - 2.2
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x
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Fig. 4.4.: TQ/SQ ratio was plotted for globular proteins of various sizes. All samples
contained 2 % wy/v of the respective protein. The data was fitted with a linear
and a square root function. The datapoints of the proteins -Lactoglobulin and
a-Lactalbumin (Ca depleted) were excluded from the fit since sodium has unusual
large binding affinity to these proteins.
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Fig. 4.5.: Comparison of TQTPPI spectra of the small globular proteins a-lactalbumin (in
both the Ca depleted and Ca saturated forms), 8-lactoglobulin and myoglobin.
The sodium binding affinity to both Myoglobin and Ca saturated «-lactalbumin is
weak and both samples so not yield a TQ signal. The sodium binding affinity to
Ca depleted a-lactalbumin and S-lactoglobulin on the other hand is strong and
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Table 4.4 shows the relaxation times and TQ/SQ ratios for all proteins. Despite a
similar size, the proteins a-Lactalbumin (Ca depleted) and -Lactoglobulin yielded
a much larger TQ signal than the myoglobin and «-Lactalbumin (Ca saturated)
samples which yielded an almost vanishing TQ signal with Signal to Noise Ratio
(SNR) < 3. Figure 4.5 compares the spectra of a-Lactalbumin (Ca depleted), (-
Lactoglobulin, myoglobin and «-Lactalbumin (Ca saturated) samples. Similarly, the
methemoglobin sample yielded a substantially larger TQ signal than the ferrous
hemoglobin and the BSA samples. The BSA sample yielded a substantially weaker
TQ signal than expected for a protein of this size. Figure 4.6 compares the spectra
of the BSA, ferrous hemoglobin and methemoglobin samples.

For all samples the 7} relaxation times were in the range of 45-55 ms independent
of protein size, except for the a-Lactalbumin (Ca depleted) sample, with 77 =
27.00 + 0.10 ms. For most samples, the slow relaxation time 755 was close to 7.
Notable exceptions were the proteins methemoglobin, g-Lactoglobulin and again
the a-Lactalbumin (Ca depleted), where T, was substantially smaller than 73. In
general, 75y was smaller and the difference between 75, and T was larger, the
stronger the TQ signal.

To investigate the intense TQ signal of the methemoglobin sample in more detail,
the TQ signal was measured in dependence of the protein concentration for
hemoglobin and BSA. As shown in Figure 4.7, the TQ signal increased
approximately linearly with BSA concentration from 0.32=0.02% to
6.61 = 0.68%. Despite lower concentration, the TQ signal of the hemoglobin
samples was much stronger than for the BSA samples. However, the TQ signal only
increased up to a concentration of 6 % from 6.92 = 0.26 % to 21.13 = 0.21 %, and
decreased even for the 10 % sample to 19.46 = 0.27 %. Moreover, the DQ signal
was measured using a MA-Double Quantum Filtering (DQF) sequence. As
Figure 4.8 shows, the methemoglobin sample resulted in no a DQ signal in contrast
to the TmDOTP sample which yielded a strong DQ signal.
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Comparison of TQTPPI spectra of BSA and hemoglobin
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Fig. 4.6.: Comparison of TQTPPI spectra of BSA, ferrous hemoglobin and methemoglobin.
Despite the paramagnetism of methemoglobin and a similar sodium binding
affinity as BSA and ferrous hemoglobin, methemoglobin yielded a much larger
TQ signal.

4.2 |Investigation of the TQ Signal of Globular Proteins 85



86

TQ signal in dependence of protein concentration
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Fig. 4.7.: Comparison of dependence of the TQ signal on a) BSA and b) methemoglobin
concentration. TQ signal increased approximately linearly with BSA concentration
while it reached a saturation above a hemoglobin concentration of 6 % w/v. For
all concentrations, TQ signal was much stronger for hemoglobin than BSA.
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Fig. 4.8.: Comparison of Magic Angle (MA)-Double Quantum (DQ) signal of hemoglobin
sample with an agar sample with TmDOTP. The measurement with the
hemoglobin sample resulted in no a MA-DQ signal, while the TmDOTP sample

yielded a strong DQ signal.
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4.3

4.3.1

4.3.2

IRTQTPPI

Figure 4.9 shows spectra of all phase cycles at 9.4 T for the 2 % agar sample. While
phase cycle PCO showed a DQ peak, the phase cycles PC1, PC2 and PC3 successfully
suppressed it. PC2 and PC3 shifted the phase of the TQ peak relative to the Single
Quantum (SQ) peak by 90°. This resulted in the TQ peak pointing in the opposite
direction compared to the corresponding SQ peak.

Stability of IRTQTPPI Fit Results

The stability of the IRTQTPPI fitting results was evaluated using three different
methods. The fitting results are shown in Table 4.5 and Table 4.6. First, we compared
the fitting results with bound and unbound amplitudes A;; and A;,. The fit results
with unbound amplitudes yielded large uncertainties and unrealistic amplitudes
that strongly deviated from the theoretical values A;; = 0.2 and A, = 0.8. For the
2% and 4 % agar samples, the fast amplitude contributed > 90 % instead of 20 %
to the overall SQ signal. Therefore, we only used the fit using bound A; s and A;;
values.

Second, we compared the fit results for the different phase cycles. Figure 4.10 and
Table 4.6 show that for all samples and phase cycles, the fit results for the relaxation
times were consistent with each other. T3, and T} s almost perfectly matched for the
different phase cycles with deviations of less than 0.5 ms. The maximum deviation
between T ¢ of the different phase cycles was less than 1 ms. However, there was
a substantial deviation of the 77-TQ/SQ ratios. Phase cycles PCO and PC1 yielded
approximately the same 77-TQ/SQ ratio, which was substantially lower than the
T1-TQ/SQ ratios of PC2 and PC3.

As the fit results for the relaxation times of all phase cycles were very similar, we
chose phase cycle PC2 for all further measurements.

In the third stability test, we varied the number of data points with larger evolution
time increment of 8 A7eyo. Figure 4.11 shows the relaxation times and the TQ signal
in dependence of the number of points with large evolution time increment for the
4% agar sample. For all samples, both the 77-TQ/SQ ratio and the 7} relaxation
times showed a large variation for a low number of additional points. However,
between 100 to 200 additional points, the fit converged to a stable set of parameters.
For all further measurements, we set the number of additional points to 300.

Comparison of 77 and 75, Relaxation Times and 7;- and T5-TQ
Signals at 9.4T and 21.1T

For all samples, both 7} and 75 relaxation were bi-exponential at 9.4 T and 21.1T,
as shown in Figure 4.12. At 9.4 T, the separation in relaxation times was in the range
of 15-18 ms for 77 and 28-35ms for 7. At 21.1T it was in the range of 15-21 ms

4.3 IRTQTPPI
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IRTQTPPI sequence spectra of all phase cycles for 2% agar
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Fig. 4.9.: Comparison of all three DQ suppression methods for the IRTQTPPI sequence,
a) phase cycle PCO, b) phase cycle PC1, c) phase cycle PC2 and d) phase cycle
PC3 for the 2% agar sample at 9.4 T. Phase cycles PC1, PC2 and PC3 effectively
suppressed the DQ peak that was visible in the spectrum during phase cycle PCO.
The TQ signal during PC2 and PC3 phase cycling accumulated an additional 90°
phase shift relative to the SQ signal.
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Tab. 4.5.: Fit values for unbound SQ amplitudes A;, and A; for phase cycle PC2 at 9.4 T.
Both amplitudes strongly deviated from the theoretical values of A;, = 80 % and
Aqy = 20% for the 2% and 4 % agar samples. Furthermore, the 7}, relaxation
time was close to the unrealistic upper bound of 100 ms and 7’y showed a large

uncertainty.
Agar 2% 4% 6%
Tis [ms] 99.98 &+ 0.40 99.99+ 0.37 45.18+ 1.57
Ty [ms] 43.06 + 12.28 41.27+10.24 28.77+ 3.51
T [ms] 44.61 +£12.45 43.04 £10.42 33.89+ 6.92
Ay [Y0] 545+ 1.66 6.19+ 1.50 38.64 +13.20
Alf [%] 94174+ 1.69 93.33+ 1.53 60.294+13.24
TQ/SQ [%] 293+ 0.42 3424+ 0.39 17.05+ 3.62

Tab. 4.6.: Comparison of the fit parameters using the IRTQTPPI sequence using the different
phase cycles PCO, PC1, PC2 and PC3 at 9.4 T. The SQ amplitudes A;; and A; ¢

were bound to their theoretical values of 0.8 and 0.2, respectively.

Agar 2% 4% 6%
Tis [ms]  49.44+0.96 43.79+1.18 37.50+1.70
PCO Tiy [ms]  29.92+£0.31 25.67£0.37 23.94£0.50
Ty [ms]  43.78 £0.62 38.65+0.75 34.00 £1.13
TQ/SQ [%] 3.14+0.53 5.77+£0.87 11.78 +2.37
T1s [ms] 49.55+£0.90 43.62+1.22 37.51 £1.66
pCl Tiy [ms]  30.194+0.29 26.32+0.38 23.75+£0.49
Ty, [ms] 4418 +£0.59 38.924+0.79 34.02+1.10
TQ/SQ [%] 3.09+0.50 6.00+£0.93 11.4742.25
T1s [ms]  49.22+0.73 43.92+0.98 37.92+0.90
PC2 T1¢ [ms] 30.87+£0.23 25.65+0.31 22,90 £0.27
Ty [ms]  44.10+£0.48 38.734+0.62 33.91 £0.58
TQ/SQ [%] 5.32+£0.48 8.67+£0.89 15.87+1.50
Tis [ms]  49.21 +£0.81 43.78+£0.98 37.78 +0.86
PC3 Tiy [ms]  30.87+0.26 25.83+0.31 23.09+£0.26
Ty, [ms] 44.12 £ .53 38.76 £0.63 33.89 £0.56
TQ/SQ [%] 5.34+0.53 8.84+091 15.86+1.45
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Comparison of fit results for all phase cycles at 9.4T
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Fig. 4.10.: Comparison of fit parameters a) the T; relaxation times and b) the 77-TQ/SQ
ratios for all phase cycles using IRTQTPPI pulse sequence at 9.4 T. The relaxation
times T4, T1y and T4, were in close agreement for all phase cycles. The T;-
TQ/SQ ratios of phase cycle PCO and PC1 were in close agreement as well as
the ratios between PC2 and PC3. However, there was a substantial difference
between these two pairs.

Stability of IRTQTPPI fit for variation of number of datapoints with 8ATeyo
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Fig. 4.11.: Dependence of a) the relaxation times and b) the 7;-TQ/SQ ratio on the
datapoints with an evolution time step of 8 A7ey, for the 2% agar sample using
IRTQTPPI with phase cycle PC2 at 9.4 T. All fit parameters converged to stable
values after approximately 100-200 data points. Comparable results were
observed for the other agarose samples.
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4.3.3

for 77 and 37-40 ms for T5. In general, the uncertainties for the 7 relaxation times
were larger.

The T7-TQ/SQ ratio was smaller than the 75-TQ/SQ ratio. Both the T;- and T5-
TQ/SQ ratio increased almost linearly with concentration with almost the same
slope.

Increasing the magnetic field strength from 9.4 T to 21.1 T led to increasing 73 and
T, relaxation times for all samples. Yet, both the 77-TQ and 75-TQ signals decreased
despite larger 77 and T5 splitting.

Figure 4.13 shows the correlation times 7. and quadrupole strength parameters wg
calculated using the T and 75 relaxation times of 9.4 T and 21.1 T. wg was larger
at 21.1 T and slightly increasing for increasing agar concentration. The slope was
steeper for the quadrupole strength parameters calculated with the 7, relaxation
times. The correlation time was almost constant with increasing agar concentration
for the 77 parameters. In contrast, the correlation time was increasing with agar
concentration for the 7, parameters. The 7. was larger at 9.4 T than 21.1 T, while
wgq was larger at 21.1 T compared to 9.4 T.

Improved Data Evaluation

This section presents the results of the IRTQTPPI sequence using an improved data
evaluation. The number of fit parameters was minimized by setting the TQ amplitude
Arq to its theoretical value.

First, similar to the results presented in the previous section, the four phase cycles
were compared. Figure 4.14 shows that the fit results of all phase cycles were in
good agreement between each other. Only the TQ/SQ ratios of the different phase
cycles were slightly deviating from each other for the 2% agar sample. In general,
the TQ/SQ ratio was larger and the difference in 7 relaxation times was smaller
compared to the previous data evaluation method. Especially 7 ; was substantially
larger.

Furthermore, the results were compared to fit results for the IRTQTPPI sequence
with a fixed 7.,, to evaluate which evaluation method produces more accurate
results. Table 4.7 shows a good agreement within the uncertainties between the
standard and the fixed sequence. The fit uncertainties were much larger for the fixed
sequence as compared to the standard sequence, especially for the TQ/SQ ratio.

Figure 4.15 shows the 77 and 75 relaxation times and TQ/SQ ratios at 9.4 T and
21.1T. As compared to the previous data evaluation method, the T3, T1,,, T1.,» and
T, relaxation times were much closer. The difference between 7', and 7,y was only
in the range of 5-8 ms at 9.4 T and 3-7ms at 21.1 T as compared to 15-21 ms for the
previous data evaluation. In contrast, the TQ/SQ ratio substantially increased and
was only slightly smaller than the 7, TQ signal.
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Comparison of T1 and T2 relaxation times and TQ signalsat 9.4 Tand 21.1 T
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Fig. 4.12.: Comparison of sodium TQ/SQ and T3, T5 relaxation times for the IRTQTPPI and

TQTPPI pulse sequences at 9.4 T and 21.1 T. At both magnetic field strengths, all
agarose samples yielded a 73-TQ signal and bi-exponential 73 relaxation times.
As expected form theory, the T» pathway yielded a larger TQ signal and faster
bi-exponential relaxation than 77 pathway. The TQ signals of both pathways
were smaller at higher magnetic field strength.

Chapter 4 Results



Comparison of Debye model parameters at 9.4 and 21.1T
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Fig. 4.13.: Comparison of the correlation time 7. and the quadrupole interaction strength

wgq calculated from 7 and T, relaxation times measured at 9.4T and 21.1T
according to Equation (2.88) and Equation (2.95).

Comparison of fit results for all phase cycles with improved data evaluation
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Comparison of T1 and T2 relaxation times and TQ signals at 9.4 Tand 21.1 T
with improved data evaluation
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Fig. 4.15.: Comparison of 77 and T; relaxation times and TQ signal at 9.4T and 21.1T
for the data evaluation with Arg fixed to its expected value. The T} relaxation

times were closer and the 7-TQ signals were larger than for the previous data
evaluation where Arq was a fit parameter.
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Tab. 4.7.: Comparison of the fit results of the standard and the fixed IRTQTPPI sequences.
All parameters were in agreement within the uncertainties. The uncertainties of

the fixed sequence were large in comparison to the standard sequence.

Sequence 2% agar 4% agar 6 % agar
.. [ms] standard 46.05+0.26 41.38+£0.42 36.33 +0.24
1s LIMS

’ fixed 46.68 £0.89  40.28+0.67 36.04£0.38
standard 41.794+0.10  33.62+0.17 28.50 +0.11

T1y [ms] ,
fixed 42.75+3.22 35.60+2.34 29.73+1.27
standard 45.13+0.21 39.55+0.32 34.44+0.18

T1p, [ms] ]
fixed 45.84 £0.07  39.25+0.06 34.57 +£0.04
standard 18.524+0.32  19.13+£0.24 23.36 + 0.20

TQ/SQ [%]

fixed 19.90 +21.61 31.52£21.17 29.29 +8.18

4.4 Single-Pulse TQ method

4.4.1 Comparison of the SP TQ Signal with Theory and TQTPPI
Sequence

A comparison of the TQ signal determined by the SP method and the theoretical
transfer functions fl(?l)) (Tevo) for all samples is presented in Figure 4.16. Relaxation

times for f1(§) (Tevo) Were determined by a bi-exponential fit of the single-pulse FID
as summarized in Table 4.8. For the 2%, 4% and 6 % agar samples, the maximum
TQ signals and the shape of the TQ signal relaxation of the SP method were in close
agreement with the theoretical curve. The maximum TQ signals are summarized
in Table 4.9. The single-pulse and theoretical FIDs, i.e. the normalized fl(é)(Tevo)
curves using Equation (3.25), had the same relaxation times by design. However,
the amplitudes of the experimental FIDs deviated from the theoretical values of 0.6
for the fast and 0.4 for the slow component especially for the 4 % agar sample. The
extracted TQ signal for the 0% agar sample was non-zero for the SP method despite
the theoretically expected zero TQ signal and a mono-exponential 75 relaxation. In
this case, also the shape of the TQ evolution strongly deviated from the expected
build-up behavior.

Figure 4.17 compares the SP method with the TQTPPI pulse sequence. For both
methods, the maxima of the TQ evolution curves approximately coincided for the
2%, 4% and 6 % agar samples. For the 0% agar sample, the TQTPPI TQ signal was
approximately zero while in the SP method the TQ signal was non-vanishing. The
relaxation times of both the SQ and TQ signals deviated substantially as the SP FID
decayed with the 77 relaxation times while the TQTPPI FID decayed with the 75
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Fig. 4.16.: Comparison of the TQ signal from SP method and the normalized theoretical

transfer function fé})(revo) for (a) 0%, (b) 2%, (c) 4%, and (d) 6% agar
samples. The relaxation times for the theoretical curve were determined by a
bi-exponential fit of the single-pulse Free Induction Decay (FID). The TQ signals
were in close agreement with theory for all samples except for the 0% agar
sample, where a non-zero TQ signal was extracted.
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Comparison of SP method with TQTPPI sequence
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Fig. 4.17.: Comparison of the SP TQ signal and the TQTPPI sequence with 180° pulse

for agar samples with (a) 0%, (b) 2%, (c) 4% and (d) 6% agar. Since the
single-pulse FID decays with T; and the TQTPPI FID with T5, the SP extracted
TQ signal decayed much faster.
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Tab. 4.8.: Summary of the fit results for T,y and 75 relaxation times and the amplitudes of
the slow and fast component for all agar samples. The 2%, 4% and 6% agar
sample FIDs were fitted using a bi-exponential fit function and the 0% agar
sample using a mono-exponential fit function.

Fit results: Relaxation times and amplitudes

Agar
0% 2% 4% 6%
concentration

T3, [ms] 19.00£0.09 16.89+0.24 21.26+0.28 17.48+0.13

T2*f [ms] - 535£0.09 4.65+045 3.07£0.32
Af - 042+£001 0.29+£0.01 0.40+£0.01
A’} - 058+£0.01 0.724+0.01 0.60+£0.01

T5s [ms] 54.19+0.95 45.03£1.46 39.17+£0.73 33.05£0.47

Ty [ms] - 9.04+£013 5.12+£0.06 3.54+0.04
As - 043+£001 0424£0.01 0.43+£0.01
Ay - 061£001 0.62+£001 0.63+£0.01

relaxation times. The maximum TQ values and relaxation times for all samples and
methods are summarized in Table 4.8 and Table 4.9.

Figure 4.18 compares the TQ signal determined with the SE FID, the TQTPPI
sequence and the theoretical prediction. For all samples, including the 0% agar
sample, the SE and TQTPPI TQ signals were in close agreement with each other
and the theoretical prediction. Furthermore, as shown in Table 4.9, the maximum
TQ values were in close agreement except for the 4 % agar sample, where the SE
maximum TQ signal was larger than for the other two methods. This was caused
by a peak close to the maximum of the TQ curve resulting from noise or a small
artifact.

Simulations

For estimation of the accuracy of the proposed SP method, a two-compartment
model was investigated using relaxation times from our results of the 2% and the
6 % agar samples. We varied the size of the compartments, cey, in the range of 0
to 1. Figure 4.19 shows a comparison of the theoretically expected TQ signal with
the TQ signal determined by the SP method for both models with varying values
of cex. Furthermore, the FID and TQ signal are shown for the cex parameter with
the strongest deviation between the SP TQ signal and the expected TQ signal. The
theoretically expected TQ signal was determined by the weighted sum of the TQ
signals of both compartments. The SP TQ signal and expected TQ signal were in
close agreement with a maximum deviation of 2.5 %.
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Tab. 4.9.: Summary of the sodium TQ/SQ signals for all methods and samples. Additionally,
the maximum TQ signal from the TQTPPI sequence without the 180° refocusing
pulse and the mean over the maximum TQ signals over a single slice for each
sample of the imaging phantom are listed. For the comparison with the Spin
Echo (SE) sequence, the SE TQ and the TQTPPI TQ signals were normalized
using the 75 and 7% relaxation times, respectively. The theoretical TQ signal was

unnormalized.
Maximum TQ signal [%]
Agar
5 0% 2% 4% 6%
concentration
SP method 6.04 £+ 0.09 11.31 +0.34 18.25 £ 0.30 22.67 +0.30
Theory 0.00 £0.00* 11.16 £0.00 18.00 + 0.00 22.25 4+ 0.00
TQTPPI 0.04 £ 0.02* 1246 +0.07* 19.84 +0.14* 23.93 £ 0.26*
TQTPPI , ,
0.124+0.04* 12.53+0.18* 19.71 +£0.24* 23.88 +£0.16*
wo/180
Imaging 7.31 £ 3.48 13.40 £ 3.65 17.55 £ 3.77 19.77 £4.97
Spin echo
0.45 + 0.60 24.51 +0.65 31.05 £+ 1.52 32.14+£0.73
(normalized)
Theory
0.00 £ 0.00 25.68 £+ 0.00 30.98 £ 0.00 32.89 £+ 0.00
(unnormalized)
TQTPPI )
0.08 & 0.04 23.15 £+ 0.23 29.94 £+ 0.32 34.48 + 0.46*
(normalized)

* statistically significant deviation from SP method/Spin echo (normalized)

4.4 Single-Pulse TQ method
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Comparison of TQ signal of spin echo and TQTPPI sequences with theory
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Fig. 4.18.: Comparison of the TQ signal of the SE sequence, TQTPPI sequence with 180°
pulse and the unnormalized theoretical transfer function fé} ) (Tevo) for (a) 0%,
(b) 2%, (c) 4%, and (d) 6% agar samples. The TQ signals of all methods were
in very close agreement. The SE TQ signal of the 4 % agar sample showed an
additional increase in the TQ signal around the maximum, which might be an
artifact or noise.
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Fig. 4.19.: Comparison of the TQ signals extracted from the SP method with the expected
TQ signal for simulated FIDs of a multi-compartment system with two bi-
exponential compartments. The fraction of the “extracellular” compartment cex
with smaller difference between T,y and 75, was varied. a) shows the SQ and
TQ signals for the cex value with the maximum deviation of the TQ maximum
between the SP method TQ signal and the expected TQ signal. b) shows the
maximum SP method and expected TQ signals in dependence of c.,. The SP
method was in close agreement with the expected TQ signal for all cex values
with a maximum deviation of 2.5 %.
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Impact of noise on the estimation of the SP TQ signal
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Fig. 4.20.: Comparison of the impact of different noise levels on the accuracy of the
extracted TQ signal determined with the SP method. The TQ signal without noise
is shown in red. The purple curve shows the SP TQ signal of the noisy FID with
the same noise subtracted subsequently. This curve shows the systematic error of
the SP method. Even for high noise levels, i.e. SQ SNR=5, the systematic error
on the TQ signal was small for evolution times in the range of the maximum
TQ signal. The typical SNR level in in-vivo Magnetic Resonance Imaging (MRI)
scans is larger or equal to Nagel et al. [84] and Blunck et al. [136].
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Figure 4.20 compares the FIDs and TQ curves with and without noise for different
noise levels. Additionally, the noise was subtracted from the TQ signal subsequently
to applying the SP method. Up to a SQ SNR of 10 corresponding to a TQ SNR of
2, the noise subtracted TQ signal was in close agreement to the TQ signal without
noise. The latter can be considered as the ground truth. Even for a SQ SNR of 5 (TQ
SNR of 1), the TQ signal only deviated substantially for larger 7eyo.

MR Imaging

Combination of a multi-echo version of the Ultra-Short Echo Time (UTE) sequence
and the SP method provided a voxelwise extraction of SQ(t) and TQ(t) relaxation
curves for different 7ey,. From this data, a SQ image (7evo = 0), maximum TQ and
sum TQ images were created. Figure 4.21 shows the SQ, maximum and sum TQ
signal images for a sample consisting of agar concentrations of 0%, 2%, 4 % and
6% with 154 mM NacCl. For voxels outside the samples, the noise led to random
TQ/SQ values and consequently values outside the sample were set to 0.

The TQ signal was increasing with agar concentration as demonstrated in Table 4.9
for the average maximum TQ signal over one slice for each sample. All voxels,
including the edge voxels, were weighted equally. The average value of the maximum
TQ signal for the 4% and 6 % agar samples were smaller than the values of the
other methods. Contrary, the 0% and 2 % agar values were slightly larger compared
to the values of the other methods. The uncertainties of the TQ signals were much
larger as compared to the single-pulse sequence and the relative deviations were in
the range of 20 % to 30 % except for the 0 % agar sample where it was around 50 %.
The relative standard deviation of the SQ image voxels was in the range of 9 % to
17 %. Similar to the previous spectroscopic Nuclear Magnetic Resonance (NMR)
measurements, the maximum TQ signal in the Magnetic Resonance (MR) image was
also non-zero for the 0 % agar sample. However, in the sum TQ image, the signal of
the 0% agar sample was mostly negative or close to 0.

4.4 Single-Pulse TQ method
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Sodium SQ and extracted TQ MR images
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Fig. 4.21.: Sodium SQ and extracted TQ MR images from the agarose samples. (a) SQ signal
using minimum Teyo. (b) Maximum of the extracted TQ signal. The extracted TQ
signal was increasing with agar concentration. The 0% agar sample yielded a
non-zero TQ signal as demonstrated on Figure 4.16 and Figure 4.17. (c) Sum of
the extracted TQ signal normalized by the sum of the SQ signal. For the 0 % agar
sample, the sum of the extracted TQ signals was negative, which resulted from
the untypical extracted TQ evolution curve. The color bar range was limited to
—10% to increase visibility.
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Discussion

The main aims of this thesis were to investigate the molecular origin of the sodium
Triple Quantum (TQ) signal using suitable model systems and advanced acquisition
methods and to accelerate the acquisition of the sodium TQ signal for clinical
applications.

Slow modulations of the electric field gradient of sodium nuclei caused by
interactions with surrounding environment yield a sodium TQ signal. These
interactions occur during interactions of sodium ions with macromolecules like
proteins. Since proteins are much more abundant inside cells than outside [44], the
sodium TQ signal is intrinsically selective towards the intracellular space with a
contribution of approximately 30-70% to the overall TQ signal [15-21, 140].
Increases of the TQ signal are closely connected to a reduced cell viability, as
demonstrated in experiments with perfused rat heart systems [15, 19, 20, 33-35],
brain ischemia in non-human primates [36], tumors [37, 140] and a MR compatible
bioreactor system [39, 41, 42]. However, to understand the influence of cellular
processes on the TQ signal a deeper understanding of the TQ signal on a molecular
and cellular level is necessary.

Therefore, one aim of this thesis is to deepen the understanding of the molecular
origin of the TQ signal combined with advanced acquisition methods in a preclinical
setting. This aim was achieved in three steps.

Sodium Nuclear Magnetic Resonance (NMR) dynamics are complicated especially
during sophisticated phase cycles of multi-quantum sequences, e.g., the Triple
Quantum Time Proportional Phase Increment (TQTPPI) and Inversion Recovery
Triple Quantum Time Proportional Phase Increment (IRTQTPPI) sequences.
Therefore, as a first step of this thesis a simulation framework of spin-3/2 NMR
dynamics was implemented. Section 5.1 discusses the results of the comparison of
this simulation framework with experimental data. The framework is particularly
useful to investigate the contribution of each coherence pathway to the overall
signal of the sequence. Furthermore, it allows the optimization of sequence
parameters and predict the influence of different NMR parameters on the TQ
signal.

Previous studies of the TQ signal of proteins investigated only the protein Bovine
Serum Albumin (BSA). To advance our understanding of the TQ signal of proteins,
this study investigated the TQ signals of various globular proteins as a second step.
Section 5.2 discusses the the results and the validity of the TQ results of BSA for
various globular proteins. Especially the size and sodium binding affinity were
expected to influence the TQ signal.
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For an improved characterization of the sodium molecular environment, not only the
mainly investigated T5 pathway of the TQ signal is of interest but also the T} pathway.
This 77 pathway has an unique sensitivity to intermediate interactions. Therefore,
in a third step, this thesis introduced the IRTQTPPI sequence to investigate the
T, pathway to create TQ coherences with a unique sensitivity to an intermediate
motional regime. Section 5.3 discusses the results regarding the IRTQTPPI sequence
with different phase cycles and compares the 7;- and 75>-TQ signals and relaxation
times at 9.4 T and 21.1T.

Moreover, phase cycling sequences combined with multiple radio-frequency (RF)
pulses result in a long scan time and a large Specific Absorption Rate (SAR). This
hinders a potential translation of preclinical sodium TQ signal research to clinical
applications. Therefore, the second aim of this thesis was to reduce the scan time
and SAR of TQ acquisition. A novel way to acquire the TQ signal using only a
single excitation pulse sequence was proposed. This method substantially reduces
scan time to a similar level as standard sodium Single Quantum (SQ) Magnetic
Resonance Imaging (MRI) scans. Section 5.4 discusses the results of the comparison
of this method with theoretical predictions and experimental data using the TQTPPI
sequence.

Parts of this discussion have been submitted for publication in Reichert et al. [63,
64] or have been published as a conference paper in Reichert et al. [104-107].

Simulation and 2xDebye Model

The simulation framework allows to qualitatively investigate different phase cycle
schemes and thus, enables to optimize the suppression of unwanted signal
contributions. In the context of the IRTQTPPI sequence, it played a crucial role in
fine-tuning Double Quantum (DQ) suppression. Unfortunately, due to the inability
to isolate different pathways in the experiment, a direct comparison between
experimental and simulation results was unattainable. Moreover, the simulation
framework facilitates quantitative investigations into the impact of diverse sample
and sequence parameters on the spin-3/2 NMR signal. The simulation output was
compared to experimental data using the TQTPPI and IRTQTPPI sequences.
Different motional models, the T1 Debye, T2 Debye and 2xDebye models were
compared with each other and experimental data.

It was shown that the Debye model did not adequately describe sodium interactions
in tissue and tissue model system. This was independent of the use of the 77 or T5
relaxation times. This is in accordance with the findings of others [6, 8, 9]. By design,
the T} relaxation times of the T1 Debye model matched with the experimental 7}
relaxation times. However, the 75 relaxation separation was much smaller than in
the experiment. This resulted in a too small 75-TQ signal and an almost vanishing
T1-TQ signal. Since the Zero Quantum (ZQ) signals were not detected by the coil,
the signal of the sequences has to be transformed to detectable Ti_1 and Ty,
coherences. Therefore, the IRTQTPPI signal also depends on the T, relaxation
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times. The TQTPPI sequence signal on the other hand was almost independent of
T relaxation for sufficiently long repetition time (T ~ 577). Consequently, the T2
Debye model simulation only slightly overestimated the TQ signal of the TQTPPI
sequence.

Alternatives [6, 9, 78, 121] to the simple Debye model are often complicated and
have many model parameters while there exist only four experimental parameters
(T's, Tiy, Trs and Tyy). Therefore, an extension of the Debye model was proposed,
the 2xDebye model, which also takes interactions in the extreme narrowing regime
into account. This is crucial since the majority of sodium interactions are in the
extreme narrowing regime [9]. The 2xDebye model is designed to be in line with the
experimental 77 and 75 relaxation times simultaneously. The simulated data using
the 2xDebye model was in agreement with experimental data for both sequences.
The TQ signal was only slightly overestimated by the simulation.

As Kleimaier [141] showed, the TQ signal in the TQTPPI sequence is negatively
impacted by By inhomogeneities despite the 180° refocusing pulse. Moreover, the
TQ signal of the TQTPPI and IRTQTPPI sequences is sensitive to small changes in the
flip angle @ with a dependence of sin®(#) for TQ signal. The use of a refocusing pulse
yields a more complicated flip angle dependence [130]. The simulation framework
did not take By and B; inhomogeneities into account, which might explain the small
deviation between simulated and experimental TQ signals.

A full simulation of By inhomogeneities requires a separate simulation of multiple
spins or spin domains with individual By. This comes at a cost of a massive increase
in computational cost. This functionality was added in an accompanying master
thesis [142]. This work was especially important to fully simulate the signal of the
TQTPPI sequence with and without a 180° refocusing pulse. The TQTPPI sequence
without the 180° refocusing pulse is impacted by stimulated echos in experiments.
Similarly, the simulation of B; inhomogeneities requires a separate simulation of
multiple spins with individual flip angles according to a flip angle distribution. For
both By and B; inhomogeneities, diffusion of spins into another domain with
different By offsets and flip angles makes the problem even more complicated.
Since the simulated and measured TQ signals were very similar for both sequences,
By inhomogeneities were only considered as described in Subsection 3.2.1. B
inhomogeneities were only considered with a constant flip angle offset where
necessary. An example application case was the investigation of the different phase
cycles of the IRTQTPPI sequence.

Licht et al. [139] extended the simulation framework for imaging. TThis
enhancement opens possibilities for generating test data, thereby facilitating the
refinement of TQ imaging sequences and reconstruction techniques. Notably, the
extended framework also lends itself to straightforward adaptation for
multi-compartment systems, offering a versatile tool for a broader range of
applications.

5.1 Simulation and 2xDebye Model
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Investigation of the TQ Signal of Globular Proteins

Previous studies of the TQ signal of proteins only investigated the large extracellular
protein BSA [9, 43, 45, 46]. Since the size of the protein influences the correlation
time, it is expected that the TQ signal depends on the protein size. Moreover, sodium
affinity of the protein should influence the TQ signal. Therefore. the TQ signal of
multiple different globular proteins was investigated to deepen the understanding
of the origin of the TQ signal.

The TQ signal increased with the size of the protein excluding some exceptions. The
increase was less than linear. The correlation time of the quadrupolar interaction is
expected to be a combination of rotational (and diffusional) motion of
macromolecules on the environment of the sodium ions, binding affinity of sodium
to the macromolecules, diffusional motion of the sodium ions and others. The total
correlation time 7 o is then given by [143]

Loy b G.1)

Te,tot 5 Tei

where 7.; are the correlation times of the different influences. Thus, shorter
correlation times dominate the total correlation time. Larger proteins rotate slower
[143-145] and hence the TQ signal increases with protein size. The impact of the
protein size becomes smaller with increasing size and the correlation time is
dominated by binding affinity and diffusional motion of the sodium ions. The
consequence is a dependence that is less than linear on the protein size. Note, that
the sodium ion interactions with their environment are described by a distribution
of correlation times [6, 8, 9] rather than a single correlation time. The sodium ions
encounter fast fluctuations of the sodium hydration shell which are modulated by
slower fluctuations occurring during interactions of the sodium ions with either
negatively charged groups of the proteins or the hydration shell of the protein [6, 8,
43]. The correlation time in the discussion above can be considered as an effective
correlation time. More accurately, the 7, distribution shifts towards longer 7. for
larger proteins.

On the lower end of protein size, samples of proteins with sizes < 18 kDa did not
yield a TQ signal except for two proteins with strong sodium binding affinity. Most
proteins are small which might indicate that only a few larger proteins and proteins
with a high protein binding affinity contribute substantially to the overall in-vivo TQ
signal. However, the intracellular protein concentration is in the range 20-30 % w/v
[6, 44] and thus much larger than the protein concentration of 2 % w/w used in the
experiments of this thesis. The larger protein concentration might increase viscosity
and shift the rotational correlation time of the smaller proteins in the slow motion
regime. Further investigations are necessary using higher concentrated protein
mixtures or cell lysates. However, this also complicates the isolation of the influence
of each protein to the total TQ signal.

More work is required with more realistic protein concentrations and mixtures,
which makes it also more difficult to isolate the influence of different parameters
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on the TQ signal. Also the contribution of the proteins of the mixture cannot be
differentiated.

The samples of two of the smallest proteins, Ca depleted a-lactalbumin and -
lactoglobulin, yielded the strongest TQ signal of all proteins. While most proteins
have a low sodium binding affinity, these two proteins showed strong sodium
binding [8, 9, 47]. This indicates that sodium binding had a stronger effect on the
TQ signal than protein size. Sodium binding also restricts the diffusional motion of
the sodium ions and increases the corresponding correlation time in Equation (5.1).
The rotational correlation time of the protein still needs to be long enough to be
in the slow motion regime since shorter correlation times have a disproportional
effect on Equation (5.1). This can be observed for the small molecule TmDOTP,
which strongly binds five sodium ions [146] but does not yield a TQ signal [127,
128]. Since TmDOTP is also strongly paramagnetic [6, 127, 128], paramagnetic
quenching might also reduce the TQ signal, nevertheless, mixtures of TmDOTP and
agar yielded a strong TQ signal [127, 128].

Interestingly, the protein BSA has a weaker TQ signal than expected using the TQ
protein size dependence. One might need to be careful with generalizations of
results regarding the TQ signal using BSA as a model system. Advantages of using
BSA are, that it is a well-characterized protein that is soluble at large concentrations
and also easily available [43]. Therefore, it was used in many previous studies
regarding the TQ signal of protein samples [9, 43, 45, 46].

For a direct comparison of BSA with a protein of similar size and sodium binding
affinity [47], the protein methemoglobin was investigated. The main difference
between the two proteins is, that methemoglobin is paramagnetic. Paramagentic
substances usually decrease the TQ signal by paramagnetic quenching [22, 46,
140]. Yet, methemoglobin yielded the second strongest TQ signal. Samples of a
diamagnetic ferrous hemoglobin form on the other hand yielded a much weaker TQ
signal similar to the expected TQ signal for a protein of this size.

This raises the question if the paramagnetic nature of methemoglobin might had
a positive influence on the TQ signal. Eliav et al. [127] and Ling and Jerschow
[128] showed that the Curie spin interaction can yield a magic angle DQ signal for
paramagnetic LnDOTP compounds. The influence of the Curie spin interaction on
the TQ signal was not investigated. Paramagnetic forms of hemoglobin might also
fulfill the conditions for the Curie spin interaction to apply [147, 148]. The electron
longitudinal relaxation time 77, of the paramagnetic centers was estimated to be
around 1 x 107115 [147, 149]. This is much shorter than the sodium correlation
time which is the range of ns as methemoglobin yields bi-exponential relaxation
and thus the fluctuations are in the slow motion regime. The sodium nuclei then
interact with the average magnetic moment of the electrons, i.e., the Curie spin
[128]. In Eliav et al. [127] and Ling and Jerschow [128], the Magic Angle (MA)-DQ
signal was created by a cross-correlation between the Curie-spin mechanism and
the quadrupole interaction. This requires that the fluctuations of the Electric Field
Gradient (EFG) are correlated with the fluctuations of the orientation of the axis
between the sodium nucleus and the paramagetic center relative to the magnetic
field By. This is the case for LnDOTP compounds since sodium ions are strongly
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binding to LnDOTP [146]. However, sodium has a low binding affinity to hemoglobin
and therefore the cross-correlated terms are expected to vanish and thus also the
MA-DQ signal. This was also the result of the DQ measurement of the hemoglobin
samples.

For the creation of a TQ signal, cross relaxation from 1141 towards Ts.q is required.
A similar equation as Equation (2.83) can be obtained for other Hamilton operators,
e.g., for the Curie spin interaction. The allowed transitions are then given by the
double-commutator relations of the Hamiltonian with the Irreducible Spherical
Tensor Operator (ISTO) basis elements. As it turns out, cross relaxation
Tie1 — Tsiq only occurs if the Hamiltonian has terms that are quadratic in the
nuclear spin operators. The Curie spin interaction, and also other paramagnetic
interactions, are only linear in the nuclear spin operators [71, 127, 128, 148]. Thus,
cross relaxation towards Tgil is not allowed and the interaction does not create a
TQ signal. In contrast, paramagnetic interactions cause local susceptibility
differences. The interactions can be treated similar to By inhomogeneities and lead
to paramagnetic quenching of the TQ signal [22, 46]. Only the quadrupole
interaction consists of terms that are quadratic in the nuclear spin operators. Thus,
the unusually large TQ signal of hemoglobin has to originate from an influence on
the quadrupole interaction.

Sodium binding affinity to hemoglobin is low [47]. However, sodium might interact
differently with the hydration shell of the protein. Latypova et al. [150] have
shown that water mobility in the hemoglobin hydration shell depends strongly
on the oxygenation state of the protein. This might explain the difference in TQ
signal between the different hemoglobin forms in the experiment. Moreover, the
ferrous hemoglobin forms were stabilized by ficoll, which also might influence the
hydration shell of the protein. There is some evidence, that the first hydration shell
of hemoglobin contains with ~ 1400 water molecules [151] substantially more water
molecules than the BSA first hydration shell (~ 1100 water molecules) [152, 153].
Furthermore, at pH 7, i.e., a pH in the physiological relevant scale, ion mobility
was lower for hemoglobin in comparison to hemoglobin [154], which indicates
slower movement and thus longer correlation times for sodium ions in the vicinity of
hemoglobin. Latypova et al. [151] showed that the hydration shells of hemoglobin
molecules interact and neutralize surface charges of the protein. In combination
with local susceptibility distortions that increase B, inhomogeneities, this might
explain the saturation effect of the sodium TQ signal with increasing hemoglobin
concentration in contrast to the almost linear increase in TQ signal with increasing
BSA concentration observed in this thesis. In summary, multiple studies suggested
special characteristics of the (met)hemoglobin hydration shell in comparison to
the BSA hydration shell. This might explain the comparatively large TQ signal of
methhemoglobin in comparison to other proteins, despite low sodium affinity to the
protein and its paramagnetic nature.

In conclusion, it has been shown that the sodium TQ signal scales with the protein
size. Nevertheless, sodium binding and special characteristics of the sodium
hydration shell might have a stronger influence on the TQ signal than the protein
size. More investigations of the interaction of sodium ions with different proteins
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are necessary. It might not be sufficient to base TQ investigations solely on the
commonly investigated protein BSA, which yields a weak TQ signal in comparison
to most other proteins investigated in this thesis.

IRTQTPPI sequence

So far, knowledge about bi-exponential *Na T} relaxation times of biological tissue
is limited. Reasons for this are a contribution of the fast component of only 20 % to
the total SQ signal and a small difference in 7T} relaxation times. Therefore, previous
studies mainly approximated 7} relaxation by a mono-exponential function [90,
92-98]. However, a reliable determination of both T} values is of importance for
methods like magnetic resonance fingerprinting [83, 91, 155]. Furthermore, the
unique sensitivity of the 77-TQ signal to the intermediate motional regime provides
additional insights about the sodium molecular environment. In this study, we
proposed a reliable method for simultaneous quantification of the 7} relaxation
times and the 77-TQ signal.

For a reliable quantification of 77 and 7;-TQ values, we optimized the IRTQTPPI
sequence in three steps: 1) Fixation of the relative contribution of the fast and slow
signal component. 2) Non-linear sampling of the evolution time. 3) Suppression of
unwanted signals.

The stability test showed that it was more crucial for the fit stability to sample
the Free Induction Decay (FID) for sufficiently large 7evo, to reduce the number
of fit parameters and set the SQ amplitudes to their fixed theoretical values A
and A;y. If the actual amplitudes deviated from the theoretical amplitudes, this
could introduce errors in the determination of the relaxation times and other fit
parameters. Multiple studies [7, 129] demonstrated for 7> relaxation that the
theoretical amplitudes were close to their theoretical amplitudes in agar samples
and even in-vivo. Other studies also stabilized the T5 fit by using fixed amplitudes
[91, 136, 156, 157]. Both T} relaxation times are close in value and way larger than
their T, counterpart. Therefore, signal is less affected by relaxation decay before
the first echo/inversion, which potentially influences the amplitudes. Therefore, it is
less affected by signal decay before the first echo/inversion. Hence, it is reasonable
to assume, that fixed 7} amplitudes introduce less errors than for 75.

Non-linear sampling of the evolution time allowed us to avoid unreasonable long
measurement times by using a second larger 7y, increment. The number of data
points with the increased 7.y, increment was varied to test the stability of the fit.
For all samples and fit parameters, the fit stabilized and converged to a fixed set of
parameters for a minimum of 100-200 additional data points.

For suppression of unwanted signals, we evaluated four different phase cycles for
the IRTQTPPI sequence. In general, all phase cycles yielded similar 77 relaxation
times, while only the 77-TQ/SQ ratio was altered. A large unsuppressed DQ peak
may affect fit accuracy. Only PCO did not suppress the DQ peak, however in these
cases it did not influence the fit result substantially. The other phase cycles showed
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a similar effectiveness in suppression of the DQ signal. PC1 suppresses signal
contributions from an imperfect 180° inversion RF-pulse, while PC2 focuses on
suppression of contributions with an even change in coherence order. PC3 combines
both phase cycles, while doubling the scan time. The SQ signal of PC2 and PC3 did
not perfectly constructively interfere leading to a lower SQ signal and consequently
a larger normalized TQ signal. The relatively larger normalized TQ signal may make
the extraction of small TQ signals easier, since its relative contribution to the FID
increases. Other transitions than the wanted 7 pathway cannot only create a DQ
signal but also additional contributions to the SQ and TQ signals. For the SQ peak,
these contributions should be much smaller than the signal from the Tm — T
transition and therefore should not substantially influence the SQ peak. Alternative
pathways that create a TQ peak however could in principle alter the TQ peak. As
for example Madelin et al. [6] pointed out, the T;- and T>-TQ signals were not
distinguishable in the case of imperfect flip angles. For our sequence, the only
transitions that could create a TQ signal, i.e. change in the coherence order by 3,
were the T3y — 753 transition (73-TQ signal) and the Tyi1 — T3:F2 transitions. In
theory, both PC1 and PC3 corrected these contributions to the TQ signal by filtering
out all contributions originating from 7; coherences created after an imperfect
inversion pulse. In PC2, this pathway contributed to the signal. Nevertheless, the
fit results almost perfectly matched between PC2 and PC3. Thus, the influence of
this pathway should be negligible. Since PC2 and PC3 yielded a larger 77-TQ/SQ
signal compared to PC1 and a shorter scan time compared to PC3, we used PC2 in
all further measurements.

The Ty pathway is sensitive to the difference in J; and .J> and thus an intermediate
motional regime. In the T, pathway, Ts, is sensitive to J; and J,, while the Jj
dependence in 7,y leads to a strong sensitivity to the slow-motion regime.
Therefore, it is expected that the 75-TQ signal and the separation of the T,
relaxation times is stronger than for the 7} pathway, which was confirmed by our
measurements. Both measurements enabled the characterization of the motional
environment of the sodium nuclei by calculating the correlation times 7. and
quadrupole strength parameters wg. In our measurements, both values did not
match between the two pathways, which is in agreement with literature [6, 8, 9].
Only in the case of a motional regime with a single 7. and w, the 7. and wg values
of both pathways match independent of the calculation method and Byj. In general,
the motional regime is more accurately described by a distribution of correlation
times and quadrupole strength parameters [8, 9]. Nevertheless, the simplified
model still allows extracting qualitative and effective information about the
motional environment of the nuclei. The 77 correlation time was almost constant
with increasing agar concentration in agreement with the sensitivity to interactions
in the intermediate motional regime. On the other hand, the T, correlation time
was increasing linearly with the agar concentration as expected from theory. The
T1-wq was increasing slower with agar concentration than the 75-wg. This might
indicate that with increasing agar concentration, slow interactions become stronger
and more frequent, while intermediate interactions are not affected as much.
Moreover, all samples yielded a strong 77-TQ signal that increased with agar
concentration with almost the same slope as the 75-TQ signal. The similar increase
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in T1- and T5>-TQ signal combined with the dependence of the 7} and 75 correlation
times, indicated that both the fraction of interactions in the intermediate and
slow-motion regimes increased similarly.

In theory, the TQ/SQ ratio is expected to increase with By since the intermediate
(¢ - wg ~ 1) and slow motion (7. - wg 2 1) regimes are shifted towards smaller
correlation times [10]. This is in agreement with the lower correlation time at
21.1T. Nonetheless, in our measurements, the TQ/SQ ratios decreased at 21.1T
compared to 9.4 T. This suggested a strong influence of By and B; inhomogeneities
on the TQ signal [49, 59]. In general, By and B; inhomogeneities increase with field
strength. Both T7-TQ and T5>-TQ signals strongly depend on the flip angle accuracy

and B; homogeneity. The 7,-TQ signal has a flip angle dependency of sin®(6) [49].

Similarly, the 77-TQ flip angle dependency can be calculated by the Wigner matrix
elements: The flip angle dependency is cos(f;) sin®(f2), where 6, is the flip angle
of the inversion pulse and 6, is the flip angle of the second and third pulse. Since
RF absorption increases with By, B; inhomogeneity is expected to increase and
therefore increasing field strength does not necessarily improve the TQ signal as
theoretically expected. Moreover, the increased RF absorption increases SAR and
necessitates longer repetition time, which increases scan time.

The IRTQTPPI sequence is also applicable with an imaging sequence. One drawback
of the T-TQ signal was the smaller signal compared to the 7»-TQ signal, which is
already only a tenth of the SQ signal. Furthermore, the 180° pulse doubles the SAR
compared to the 90° pulse. Consequently, the 75-TQ measurement will be a better
choice for clinical applications due to the higher Signal to Noise Ratio (SNR) and
lower SAR. Nevertheless, the IRTQTPPI sequence still improves the characterization
of the motional environment and 7 relaxation behavior of the sodium nuclei.

Improved Data Evaluation

As shown before, a reduction of fit parameters potentially stabilizes fit accuracy and
increases the confidence in the fit results. Therefore, the amplitude of the TQ signal
was fixed to its theoretical value and the impact on the fit results was investigated.

The separation of the T} relaxation times was substantially smaller than for the
previous data evaluation, mainly because of larger 77, values. This raises the
question about what set of fit parameters was more accurate. Due to the lack
of literature values regarding T} relaxation times, a fixed version of the IRTQTPPI
similar to the fixed TQTPPI sequence [39] was investigated and used as a comparison
method. The data evaluation method with a fixed TQ amplitude was in close
agreement with the fit parameters of the fixed IRTQTPPI sequence, while the other
method showed substantial deviations, especially for 77 ;. However, despite much
longer scan time of the fixed sequence to sample the different evolution times
(5h 50 min as compared to 25 min for the standard sequence), the fit uncertainties
were much larger, especially for the TQ/SQ ratio. Fixing Aq to its expected value
might be a way to improve the accuracy and reliability of the determination of the
T) relaxation times even for a small separation in 7} relaxation times.

5.3 IRTQTPPI sequence
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In contrast to fixing the SQ amplitudes, it is much more complicated to calculated
the TQ amplitudes, which might have introduced a possible error source. The impact
of the transition efficiencies of the pulses is given by the Wigner matrix elements.
The Wigner matrix elements are sensitive to the flip angles (o< sin?(6/2) sin?(#)) and
B, inhomogeneities. The influence of the RF pulse on Arg might be calculated using
a Bi" map for higher accuracy. Moreover, Arg depends on the T3 relaxation times.
For the simple samples, the fitted 75 relaxation times were most likely close to the
real values. In multi-compartment systems, e.g., in tissue, the determination might
be more difficult. In those cases, it might be necessary to use a more complicated fit
function than a bi-exponential fit and this method should not be more inaccurate
than the previous data evaluation. The 7} relaxation pathway is not influenced by
B, inhomogeneities and the B, inhomogeneities are already accounted for by fitting
the 75 relaxation times. Therefore, it is not expected that there is an additional By
influence. The fit parameters were in close agreement with the fit parameters of
the fixed IRTQTPPI sequence, which did not use the fixed Arg. Therefore, it can be
concluded that the influence of these error sources was small.

Atq does not depend on the T} relaxation times but on the 773 relaxation times.
This indicates, that the 77-TQ/SQ ratio is not a useful parameter to characterize
the TQ signal of the IRTQTPPI sequence. Instead, the maximum TQ signal might
be used, which can be calculated from the 7} relaxation times by inserting 7op into

fl(g) (t). The same applies for the previous data evaluation, where ideally the fitted
Arg should be close to the expected Arg calculated in Equation (3.16).

Singlepulse TQ method

The sodium TQ signal promises to be a valuable biomarker for cell viability. Its
clinical application has the potential to substantially increase increase the value of
sodium MRI. However, common TQ techniques require at least three RF pulses and
a sophisticated RF pulse phase cycling. Such pulse sequences inherently have a long
scan time, increased SAR and increased sensitivity to By and B; inhomogeneity.
Altogether, these major obstacles currently hinder a clinical application of the TQ
signal. In this study, a novel way to detect the TQ signal was investigated using only
a single excitation pulse. Such method allows simultaneous SQ and TQ Magnetic
Resonance (MR) imaging with the same scan time as for the SQ MR image. This
approach could be a major step ahead towards the clinical TQ imaging.

Comparison of the Single-Pulse (SP) method with theory and the TQTPPI pulse
sequence demonstrated the possibility to extract the TQ signal using only a
single-pulse sequence. The extracted TQ signal maxima of the 2%, 4% and 6%
agar samples were in close agreement with theory and TQTPPI experiments.
However, the SP FID decays with 73 and the TQTPPI FID with the 75 relaxation
times, respectively. Therefore, for a better comparison of the method with the
TQTPPI TQ signal, the T, FID was additionally sampled using a spin echo sequence
followed by application of the SP method. This comparison also showed a very close
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agreement between the SP method of the Spin Echo (SE) FID, the TQTPPI sequence
and the theoretical prediction for these samples. Consequently, the application of SP
method is not limited to SP sequences. Nevertheless, the 0% agar sample yielded a
non-zero TQ signal using the SP method of the SP FID, while it vanished for the SE
FID. The non-zero TQ signal of the SP FID did not result in the typical “buildup”
behavior of the TQ signal. This cannot be explained by a multi-compartment model
and a non-exponential shape of the FID. This might be caused by non-Lorentzian
distributed B, inhomogeneities. For example Steidle and Schick [158] reported a
Gaussian component in the intravoxel distribution of By inhomogeneities for 'H
scans. Another possible explanation for the non-exponential decay might be a
hardware artifact. The Gibbs-like artifact described in Appendix A.2.2 was caused
by the impulse response of digital filters [159], which might also introduce
additional imperfections. Measurements on other MRI systems are necessary to
further investigate the origin of the non-exponential behavior in the SP FID.

The non-zero TQ signal of 0% agar sample may be an indication of the influence of
By inhomogeneity on the TQ signal. For example, non-Lorentzian distributed By
inhomogeneities with a non-exponential 75 decay can lead to a contribution to the
TQ signal that does not originate from T3, coherences. The influence on the TQ signal
of the 2%, 4% and 6 % agar samples may be reduced due to a short 75 component.
The impact of By inhomogeneity on the conventional TQ multi-pulse sequences is
more complicated as different coherence orders are influenced differently. There
exist different approaches to minimize the effect of By inhomogeneity on the signal,
e.g., by adapting the phase cycle [29, 30, 48, 49, 51]. Another approach is to
use a 180° refocusing pulse, which refocuses the signal such that 75 instead of
T3 relaxation times determine the signal [7]. However, this approach requires an
accurate calibration of the 180° pulse. In summary, both methods to measure the
TQ signal are affected by By inhomogeneity in a different way.

In contrast to By inhomogeneity, the flip angle, i.e. B; inhomogeneity, only
determines the overall SQ signal using the SP method. Thus, it changes the absolute
signal value, but not the relative TQ/SQ signal. Contrary, the conventional TQ pulse
sequences are very sensitive to imperfect pulses, e.g. the TQ signal depends with
sin®(6) on the flip angle § [49]. Thus, small imperfections in the calibration or an
inhomogeneous RF excitation have severe effects on the TQ signal [7]. In summary,
the SP method is less prone to B; inhomogeneities compared to conventional TQ
pulse sequences.

The in vivo situation is more complex and closer to a multi-compartment system. In
this case, the integrals in equation Equation (3.24) become more complicated and
the difference between both terms does not exactly equal the TQ signal anymore. We
used a two-compartment system with two bi-exponential compartments to simulate
the in-vivo situation. The TQ signal was systematically slightly overestimated by
the SP method. However, the deviation to the expected TQ signal was less than
2.5 % for the case of bi-exponential relaxation in both compartments. Hence, the SP
method is also applicable to more complicated in-vivo situations.

One drawback of this method arises in the case of two mono-exponential
compartments. This case cannot be distinguished mathematically from the case of
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one bi-exponential compartment and the SP “TQ” signal is the same in both cases.
In contrast, the TQTPPI TQ signal is vanishing for a two mono-exponential case. In
our experiment, a similar situation occurred for the 0 % agar sample. Here, the FID
did not decay mono-exponentially and consequently the SP “TQ” signal was not
zero compared to the TQTPPI sequence. Therefore, we may call the SP extracted
“TQ” signal a measure of the “deviation from mono-exponential decay”. However,
the main source for bi-exponential decay is the quadrupole interaction.
Furthermore, the signal in the multi-compartment case was in close agreement to
the TQ signal and showed the expected behavior for the increase of the TQ signal.
Therefore, the extracted TQ signal of this method approximates the usually
observed TQ signal.

The SP method is attractive not only for spectroscopy but in particular for the fast
estimation of the TQ signal in MR imaging. The method approximates the TQ signal
in a single shot with the high time efficiency of the SQ signal. This means that,
without increasing scan time, both SQ and TQ images can be acquired instead of
only an SQ image. As a proof-of-concept, we used a 3D Ultra-Short Echo Time (UTE)
sequence with multiple echoes to sample the complete FID in one shot. Since Tx is
usually set to 3- 77 to 5- T}, there is plenty of time to sample the entire FID with only
one excitation. Furthermore, the SP method samples the entire TQ evolution curve
instead of the TQ signal at a specific evolution time 7ey,. Hence, the maximum TQ
signal of different tissues with different optimum evolution times can be obtained
within a single measurement.

The TQ signals of a single slice were smaller with larger uncertainties than the
spectroscopic sequences. Partial volume effects and a large noise level influence the
TQ signals. Our current pulse sequence was not optimized for sodium MR imaging
and was only used as a proof of concept. Both sequence parameters as well as image
reconstruction method can be further improved, e.g., by optimizing the bandwidth,
correcting for imperfections in the k-space trajectories etc. [136, 139, 160, 161].
Alternatively, the SP method can also simply be added to the processing pipeline of
existing sodium multi-echo imaging protocols [129, 136, 162] to acquire the TQ
signal additionally without increasing overall scan time.

In preparation for the imaging sequence, the impact of noise on the accuracy of the
SP method was investigated with simulated data. Even for low SNRs, i.e. SQ SNR <
10, the systematic error of the method was small for the relevant evolution times
around the TQ maximum. Typical ?Na MRI SNR values are equal or larger than 10
[84, 136]. However, since the TQ signal in tissue is around 10 % of the SQ signal,
longer scan times to increase SNR might still be necessary. In conclusion, the SP
method performed well in low SNR scenarios and was only limited by the fact that
the TQ signal is smaller than the SQ signal.
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Conclusion and Outlook

The two main aims of this thesis were (i) to investigate the molecular origin of the
sodium Triple Quantum (TQ) signal in a preclinical setting using model systems and
advanced TQ techniques, and (ii) to accelerate the acquisition of the sodium TQ
signal. These two objectives were achieved in four parts.

In the first part, a simulation framework for the Nuclear Magnetic Resonance (NMR)
dynamics of spin 3/2 nuclei was implemented and investigated. The commonly used
Debye model was not simultaneously compatible with the experimental relaxation
times 77 and 7,. Therefore, an alternative model for motional averaging of
interactions of the sodium nuclei with their environment, the 2xDebye model, was
introduced. This model takes into account the interactions in the extreme
narrowing regime. With this model the simulated spectra of the Inversion Recovery
Triple Quantum Time Proportional Phase Increment (IRTQTPPI) and Triple
Quantum Time Proportional Phase Increment (TQTPPI) sequences were in
agreement with the experiment. Small deviations between simulation and
experiment could be attributed to By and B; inhomogeneities, which were
neglected in favour of computational time. The simulation framework allows not
only qualitative simulations to optimize phase cycling sequences, but also
quantitative predictions of experimental results from sodium NMR studies. Using
the simulation framework as a foundation, it can be easily extended to
multi-compartment systems and adapted for imaging, generating test data to
improve image reconstruction and imaging sequences.

In the second part, the TQ signal of various proteins was examined. With few
exceptions, the TQ signal correlated positively with protein size. In addition, sodium
binding and specific features of the protein hydration shell have a strong influence
on the sodium TQ signal. Samples of two of the smallest proteins with a strong
sodium binding, yielded the largest TQ signals in this study. The physiologically
relevant protein hemoglobin resulted in a large TQ signal despite its very low sodium
binding affinity and its paramagnetic nature. This was attributed to abnormalities in
the hydration shell of the protein. Samples of the commonly studied protein Bovine
Serum Albumin (BSA) showed an unusually weak TQ signal compared to the other
proteins. Therefore, this part emphasized the need for a diverse range of proteins
to obtain a deeper understanding of the sodium molecular environment. Building
on these findings, future investigations could explore the pH dependence of the TQ
signal, particularly in sodium-binding proteins like a-lactalbumin.

In the third part, the 77 and T, relaxation times and 77- and 75-TQ signals using
the TQTPPI and IRTQTPPI sequences were compared. The IRTQTPPI sequence
was demonstrated as a reliable method for simultaneous quantification of sodium
T,-TQ signal, Single Quantum (SQ) signal and bi-exponential 7} relaxation times.
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Combination of optimized fit parameters, non-uniform sampling of the evolution
time and suppression of unwanted signals resulted in reliable and stable IRTQTPPI
measurements. At 9.4 T and 21.1T, all samples of the agar model system yielded a
T,-TQ signal and bi-exponential sodium relaxation times. In contrast to theoretical
expectations, the 77- and 7>-TQ signals decreased with increasing field strength
mostly due to By and B; inhomogeneity. The 75>-TQ signal and the 7-TQ signal are
sensitive to different sodium nuclei motion as demonstrated for the agar tissue model
system. Consequently, the IRTQTPPI sequence allows for reliable and simultaneuos
measurements of SQ and TQ signals. Hence, the combination of 77-TQ and 75-TQ
signals yields an improved characterization of the molecular environment due to their
different sensitivities of molecular motion. Next steps include the implementation
of an imaging sequence for the IRTQTPPI sequence and the translation to clinical
scanners. Such an imaging IRTQTPPI sequence allows investigate the potential of
the T71-TQ signal and characterize the T} relaxation times in vivo.

In the last part a novel method for acquiring the TQ signal using only a single pulse
sequence was demonstrated. This method allows a simultaneous acquisition of
SQ and TQ signals without extra radio-frequency (RF) pulses and extensive phase
cycling. The extracted TQ signal was in close agreement with theory and the results
of TQTPPI sequence. In multi-compartment systems and for noisy data, the extracted
TQ signal reproduced the expected TQ signal behavior. This approach combined with
multi-echo Ultra-Short Echo Time (UTE) imaging represents an efficient method
to extract the sodium TQ signal in vivo in SQ scan time. In future research, the
method might be implemented for clinical scanners or applied to existing sodium
protocols that sample Free Induction Decay (FID) and compared with conventional
phase cycling sequences in vivo for healthy volunteers. The method can be easily
incorporated into existing SQ imaging protocols and sodium Magnetic Resonance
Imaging (MRI) studies without increasing scan time or Specific Absorption Rate
(SAR). This approach may expand TQ imaging applications and thus may leverage
the full potential of sodium TQ signal in clinical applications.

In conclusion, novel detection methods for the sodium TQ signal were established
and the molecular origin of the TQ signal was investigated in a preclinical setting.
The first method, the IRTQTPPI sequence, used the alternative 77 coherence
pathway to create the TQ signal with a unique sensitivity to the motional
environment of the sodium ions. Similar to 75 TQ phase cycling sequences, this
sequence can be translated to a clinical imaging sequence and may yield deeper
insights into the sodium Magnetic Resonance (MR) environment. However, clinical
applications require short scan times and low SAR, which is difficult to achieve with
the conventional multi-pulse phase cycling approach. Consequently, a completely
novel approach for fast TQ detection was introduced that uses only single excitation
pulse. By comparison to theoretical predictions and experimental data the novel
method yielded similar information to the state-of-the-art TQTPPI sequence in
drastically reduced scan time. This method may leverage the full potential of the
sodium TQ signal in clinical applications. For the first time, the value of the sodium
TQ signal as a biomarker for cell viability can be investigated in a clinical setting in
reasonable scan time similar to that of a conventional sodium SQ scan.

Chapter 6 Conclusion and Outlook
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Appendix

Simulation and 2xDebye Model

Tab. A.1.:

Comparison of the fit results of the IRTQTPPI and TQTPPI sequences between

experimental data, the T1 Debye model, the T2 Debye model and the 2xDebye
model for the 4% agar sample. T, and T;; are the long and short component
of the 71 (IRTQTPPI sequence) or 7> (TQTPPI sequence) relaxation times,

respectively.
4% agar T;s [ms] T;y [ms] TQ/SQ [%] TQ peak [%]
experiment 41.38+0.42 33.624+0.17 19.13+0.24 2.05 4+ 0.04
IRTQTPPI
T1 Debye 41.394+0.00 33.65+0.00 1.68 4+ 0.00 0.20 £ 0.00
sequence
) T2 Debye 89.69 £ 0.28 25.71+£0.19 35.16+0.33 45.33+£0.10
! 2x Debye 41.77+£0.09 33.86 4+ 0.03 34.06 £ 0.29 4.18 +£0.01
TQTPPI experiment 37.22+0.06 5.12+0.22 29.96+0.26 55.86+ 1.06
T1 Debye 36.75+£0.02 32.03+£0.03 1.81+0.01 0.27 £ 0.00
sequence
) T2 Debye 37.224+0.00 5.12+£0.00 36.58+0.00 66.75+1.19
2 2x Debye 37.224+0.00 5.12+0.00 36.58+0.00 66.67+1.19

Tab. A.2.: Comparison of the fit results of the IRTQTPPI and TQTPPI sequences between
experimental data, the T1 Debye model, the T2 Debye model and the 2xDebye
model for the 6% agar sample.

6 % agar T;s [ms] Tir [ms] TQ/SQ [%] TQ peak [%]
experiment 36.33+0.24 28.50+4+0.11 23.364+0.20 2.60 £ 0.03
IRTQTPPI
T1 Debye 36.354+0.00 28.56+0.00 2.21+0.00 0.26 & 0.00
sequence
) T2 Debye 81.124+0.13 19.80 +0.21 34.94+0.00 43.19+0.11
! 2x Debye 36.80 +0.11 28.33+£0.04 35.33+0.38 4.61 +0.02
TQTPPI experiment 32.57+0.04 3.66+0.16 34.49+0.25 68.20+ 1.44
T1 Debye 31.714+0.01 26.984+0.02 2.36 +0.01 0.42 £0.01
sequence
) T2 Debye 32.57+0.00 3.65+0.00 40.82+0.01 78.37+1.93
2 2x Debye 32.57+0.00 3.66+£0.00 40.83+0.00 78.34+1.93
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A.2.1 Theory: Calculation of the SP TQ Signal

In the following, equation Equation (3.24) for the TQ signal is derived. The Fourier
Transform (FT) of a one-sided decaying exponential is a Lorentzian:

FT(e ™) (w) = 1;%2& (A1)
The integral over this function yields
+o0 T,
/ TTngdw = (A.2)
o0

The result of Equation (A.2) is a constant and thus independent of the relaxation
time 7. Combination of Equation (A.2) and equation Equation (3.24) with the use
of Equation (2.93) and the linearity of the FT, we obtain

+oo
/ FT(FID(t7 Tevo))(w7 Tevo)dw -

“+o00
T Ty
— 450 (Tevo) / (Asl - T; — AT T22fw2> dw
S

—00
+0o0
V6 Tos Toy
ALY - d
5 TQ(Te“’)/ L+ T8e?  1+T8e?)
—00

=Asq(Tevo) (Asm + Aym) + \géATQ(TeVO)(ﬂ' — )
:ASQ(Tevo)(As + Af)ﬂ' (A-B)
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Consequently, the TQ part of the signal vanishes. On the other hand, integration of
the FID from equation Equation (3.22) yields

/ FID(t, Teyo)dt =

=As50(Tevo) / Agexp(—t/Tas) + Asexp(—t/Tos) + Afexp(—t/Tay)dt
0

—+o00
6
+ {ATQ(TWO) / exp(—t/Tas) + Asexp(—t/Ts) — exp(—t/Toy)dt
0
As Af \[ 1 1
—ASQ(TeVO) <T25 + T2f> + 7ATQ(7'evo) <TZS — TQf) (A.4)

This equation contains both the SQ and TQ parts of the signal with some additional
constant factors. Normalization of integrals in Equation (A.3) and Equation (A.4)
with the use of the 7.y, = 0 terms and subtraction of both equations removes the SQ
signal:

“+o00 “+00
| FID(t, Teyo)dt | FT(FID(t, Tevo))(w, Tevo)dw
STQ(Tevo) = O+Oo - =

7 PID(®, 0)at +fooFT(FID(t, 0))(w, 0)dw
0

ASQ(Tevo) (% T2f) fATQ(Tevo) (ﬁ - %f)

A59(0) (= + 71 ) + L Arg(0) (£ - 1)
_ AsQ(Tevo) (As + Af)
(A

ASQ( ) )
N
ASQ( ) ( W TQf) ATys + AfToy

Here, it was used that A7 (0) = 0 and Agg(0) = 1. The normalization removes the
factor (Asm + Aym) in the second term. Thus, instead of integrating the spectrum,
it is sufficient to use the first data point from the FID of each 7ey,. The prefactor
of Arq(Tevo) in Equation (A.5) is the inverse of the normalization factor from
Equation (3.25). This normalization factor can also be interpreted as the transition
efficiency of the Ty, signal to the detectable T, signal. The transition efficiency is
given by the integral over the T}, signal divided by the integral over the T, signal:

IO _ AT+ ATy
J AP 0dt B (Ty, — Typ)

Consequently, the TQTPPI sequence requires a similar normalization factor. In the
TQTPPI sequence, the T3; signal also has to be transferred to the detectable T71;

Norm =

(A.6)

A.2 Supplementary Information Single Pulse TQ Signal
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signal. Furthermore, the TQTPPI normalization factor has additional contributions
from the transition efficiencies of the RF pulses, given by the Wigner matrix elements
and T35 tensor relaxation. The Wigner matrix correction is given by

N di)(90°) -, (90°)
Wigner = “3) 0oy 43) (ano
d13 (90 ) ' d371(90 )

~ 1.0667, (A7)

Where dgi)m, (9)) are the Wigner matrix elements for the transition Ty — Tims and
the flip angle 6. The Tss coherences are influenced three times more by By
inhomogeneities compared to the tensors of coherence order 1 (Ty, and T3;). To
avoid 753 relaxation, Ty iS set as short as possible depending on the pulse length,
in our case mhix = 137ms. The exact value of the correction factor of By
inhomogeneities is hard to estimate, however, it should be small and was therefore
neglected.

Preprocessing of the SP FID

A Gibbs-like artifact was observed in the raw FID data. A standard preprocessing
step [7, 159, 163] was applied to reduce this artifact by adding the left part of
the red dotted line in Figure A.1 to the right part. Additionally, the first 10 points,
up to approximately 1 ms, were removed. This should minimize the FID part that
contains non-(bi-)exponential relaxation behavior and imperfect correction of the
Analog-to-Digital Converter (ADC) artifact.

Preprocessing of FID and removal of Gibbs-like artifact

a)o %10% Pre-processing of FID b)10 *x10% Zoom to artifact C) 1 0% Agar: Corrected FID
7 T
i raw FID
9 —— corrected FID 98 ' 0.9
—— Adifact '
Cut FID at second
8 ——Arifact mirrored 9.6 | dashed line to remove 0.8
7 ! Gaussian-like part
9.4 o7
]
= ° —92 506
S5 s »
C Sy o5
e, g £
5 s
3 |irror | 788 £04
3 [Artifact| 203
et ! ' 86
dashed: 0.2
1fline ) ] 8.4
v ' 01
0 W A 8.2
TR 0
4 1 1 1 1 1 s 1 1 H 1 1 I ] 1
2 0 2 4 6 A 05 0 05 1 15 0 50 100 150 200
time [ms] time [ms] time [ms]
Fig. A.1.: Schematic overview of the single-pulse FID pre-processing. (a) The Gibbs-like

artifact was removed by inverting the left part of the first dashed red line to
the FID. (b) Zoomed area of the corrected Gibbs artifact. To remove the non-
exponential part of the FID, the FID was cut at the second dashed red line which
is defined as ¢ = O ms. This removed 1 ms of the FID. (c¢) Final post-processed
FID for 0% agar.
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A.2.3 Comparison of SP Method with TQTPPI Sequence wo/180°
Refocusing Pulse

We used the TQTPPI sequence with a 180° refocusing pulse for the comparison with
the Single-Pulse (SP) method. This comparison is not optimal as the refocused
TQTPPI FID decays with the T; relaxation times, while the SP FID decays with the
T3 relaxation times. Therefore, the TQTPPI sequence without the 180° refocusing
pulse would be the sequence of choice for the comparison. However, as Figure A.2
shows, the first dimension FIDs, acquired FIDs, yielded stimulated echo that resulted
from the second and third pulse. Both 90° pulses act like a refocusing pulse. As the
TQTPPI FID was created from the integrals over these first dimension FIDs, this led
to a bias in the relaxation times corresponding neither to 75 nor 7%. To simplify
the interpretation of the data, we used instead the refocused TQTPPI sequence for
comparison. Figure A.3 shows a comparison of the SP method and the TQTPPI
sequence without the 180° refocusing pulse. Especially the 0% agar sample results
in a non-exponential relaxation behavior of the TQTPPI FID. With increasing agar
concentration the FID came closer to the 75 decay of the SP sequence. Similar to
the refocused TQTPPI sequence, the TQ maxima of the SP method were in close
agreement with the unrefocused TQTPPI sequence for all samples except the 0%
agar sample.

Signal echoes in acquired FID of TQTPPI
x10° sequence wo/180° pulse

Signal [a.u.]
- &

e
2}

ol

0 50 100 150 200
Time [ms]

Fig. A.2.: First dimension FID of the TQTPPI sequence without the 180° refocusing pulse
using the 0% agar sample and an evolution time of 30 ms. The second and third
90° pulses effectively acted like an 180° pulse, leading to a signal echo. Since the
TQTPPI FID was created using the integral over the first dimension FIDs, this led
to relaxation times not equal to 75 or 7.
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Comparison of SP method with TQTPPI sequence wo/180° pulse

0% agar 2% agar
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Fig. A.3.: Comparison of the SP TQ signal and the TQTPPI sequence (without 180°
refocusing pulse) for agar samples with (a) 0%, (b) 2%, (c) 4% and (d) 6%
agar. The TQTPPI FID was biased by echoes in the first dimension FIDs Figure A.2.
The resulting TQTPPI FID did neither decay with 75 nor T relaxation times.
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