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ABSTRACT 

 

With the announcement of the first series of magnetic resonance (MR) scanners with a 

field strength of 7 Tesla (T) intended for clinical practice (1), the development of high-

performance sequences for higher field strengths has gained importance. Magnetic 

resonance spectroscopic imaging (MRSI) in the brain currently offers the unique ability 

to spatially resolve the distribution of multiple metabolites simultaneously. Its big 

diagnostic potential could be applied to many clinical protocols, for example the 

assessment of tumour treatment or progress of Multiple Sclerosis. Moving to ultra-high 

fields like 7 T has the main benefits of increased signal-to-noise ratio (SNR) and 

improved spectral quality, but brings its own challenges due to stronger field 

inhomogeneities. 

Necessary for a robust, flexible and useful MRSI sequence in the brain are high 

resolutions, shortened measurement times, the possibility for 3D-MRSI and the 

suppression of spectral contamination by trans-cranial lipids. This thesis addresses these 

limitations and proposes Hadamard spectroscopic imaging (HSI) as solution for multi-

slice MRSI, the application of generalized autocalibrating partially parallel acquisition 

(GRAPPA) and spiral trajectories for measurement acceleration, non-selective inversion 

recovery (IR) lipid-suppression as well as combinations of these methods.  Further, the 

optimisation of water suppression for 7 T systems and the acquisition of ultra-high 

resolution (UHR)-MRSI are discussed. In order to demonstrate the clinical feasibility of 

these approaches, MRSI measurement results of a glioma patient are presented. 

The discussion of the obtained results in the context of the state-of-art in 7 T MRSI in the 

brain, possible future applications as well as potential further improvements of the MRSI 

sequences conclude this thesis. 

 

  



KURZFASSUNG 

 

Mit der Ankündigung des ersten Magnetresonanz- (MR-)Scanner-Models mit 7 Tesla (T) 

Feldstärke für den klinischen Betrieb (1) erhält die Entwicklung von Hochleistungs-

Sequenzen für höhere Feldstärken verstärkte Bedeutung. Die Anwendung von magnetic 

resonance spectroscopic imaging (MRSI) im Gehirn ist derzeit die einzige Methode, um 

die Verteilung von  mehreren Metaboliten simultan zu bestimmen. Dieses diagnostische 

Potential kann in viele klinische Protokole integriert werden, zum Beispiel für die 

Beurteilung des Behandlungserfolges von Tumoren oder des Fortschritts von multipler 

Sklerose. Der Wechsel zu höheren Feldstärken wie 7 T bringt hauptsächlich eine 

verbesserte Signal-to-Noise Ratio (SNR) und verbesserte spektrale Qualität, ist aber 

andererseits durch stärkere Feldinhomogenitäten limitiert. 

Notwendige Voraussetzungen für eine robuste, flexible und nützliche MRSI-Sequenz 

sind eine hohe räumliche Auflösung, reduzierte Messzeiten, die Erweiterbarkeit zu einer 

3D-Sequenz und die Unterdrückung von spektraler Kontamination, die von transcranialen 

Lipiden verursacht wird. Diese Dissertation befasst sich mit diesen Herausforderungen 

und schlägt Lösungen vor um sie zu umgehen: Hadamard spectroscopic imaging (HSI) 

für Multischicht-MRSI, generalized autocalibrating partially parallel acquisition 

(GRAPPA) und Spiral-Trajektorien zur Messbeschleunigung,  nichtselektive inversion 

recovery (IR) Lipid-Unterdrückung und die Kombination dieser Methoden. Weiters 

werden für 7 T optimierte Wasser-Unterdrückung und ultrahochauflösende (UHR-)MRSI 

vorgestellt. Um die klinische Machbarkeit dieser Ansätze zu demonstrieren, werden die 

Messresultate eines Glioma-Patienten präsentiert. 

Die Dissertation endet mit einer Diskussion der Resultate im Kontext aktueller 7 T Hirn-

MRSI-Forschung sowie möglichen  zukünftigen Anwendungen und Verbesserungen für 

die MRSI-Sequenzen. 
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OUTLINE 

 

This thesis is divided into four main chapters: 

Chapter 1, The Introduction, states the aims of research in the context of current 

magnetic resonance spectroscopic imaging (MRSI) research in the brain at 7 T and its 

challenges. Hadamard spectroscopic imaging (HSI), spiral MRSI, generalized 

autocalibrating partially parallel acquisition (GRAPPA) accelerated MRSI and lipid 

suppression by double inversion recovery (DIR) are introduced to overcome some of 

these limitations. 

Chapter 2, Methods, provides details about the experimental setups and sequences used. 

Starting from a previous MRSI sequence, the development of HSI, Spiral MRSI, 

GRAPPA-acceleration for MRSI and DIR lipid suppression and water suppression is 

described. The preclinical application of the developed MRSI methods is then applied to 

measuring a glioma patient. 

Chapter 3, Results, presents  the experimental findings of HSI, Spiral MRSI, GRAPPA-

accelerated MRSI, DIR lipid suppression and the combinations of these as well as 

additional research into water suppression at 7 T. As last point, the results of the glioma 

patient measurements are presented. 

Chapter 4, Discussion, compares the obtained results to other publications, states the 

limitations of the presented methods and concludes with a summary and an outlook for 

future research.  

The references point to sources of more detailed background information as well as 

previous and current research about MRSI in the brain at ultra-high fields. It is possible 

that selected information is stated several time across this work, for the convenience of 

the reader. The appendix contains further information as well as a list of publications by 

the author and closes with his curriculum vitae. 
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1 INTRODUCTION 

In this chapter, after a short overview of MR scanners and the basics of magnetic 

resonance imaging (MRI), the focus is set on the methodology of proton magnetic 

resonance spectroscopy (MRS) and specifically proton magnetic resonance spectroscopic 

imaging (MRSI). Readers interested in a more detailed description of basic MR physics 

may consult Magnetic Resonance Imaging: Physical Principles and Sequence Design by 

Robert Brown et al. (4) or MRI: Basic Principles and Applications by Mark Brown et al. 

(5) for MRI in general and In Vivo NMR Spectroscopy by Robin de Graaf (6) for MRS. 

MRI from Picture to Proton by Donald McRobbie et al. (7) presents a more general 

approach targeted at a clinician/radiographer audience. 

We then arrive at the topic of this thesis, state-of-the-art MRSI methods in the brain at 7 

T, a field of research that is comparatively young and is still far away from reaching its 

maximum potential. After a discussion of advantages and limitations of MRSI at 7 T and 

an introduction into recent research, 7T MRSI as clinical application is compared to other 

diagnostic imaging modalities. 

The chapter closes with an introduction into the concepts and theories of the methods 

developed over the course of this thesis: Hadamard spectroscopic imaging (HSI) for 

multi-slice imaging for a small number of slices, MRSI with spiral trajectories (spiral 

MRSI) and generalized autocalibrating partially parallel acquisition (GRAPPA) to reduce 

measurement times, and non-selective inversion recovery (IR) lipid suppression to 

remove lipid artefacts caused by trans-cranial lipids.  
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1.1 Introduction to Magnetic Resonance Imaging and 

Spectroscopy 

 

While the research of nuclear magnetic resonance (NMR) only started with Isidor Rabi’s 

discovery of the effect in 1937, it also heavily profited of earlier research by scientific 

“legends” such as Joseph Fourier, Nikola Tesla, or Joseph Larmor. Research of NMR as 

a tool to provide information about the makeup of solid and liquid matter gained traction 

in 1946 with Felix Bloch’s and Edward Purcell’s measurements of NMR in paraffin. It 

took a few more decades before the first MR image (of small water capillaries immersed 

in heavy water) was measured by Paul Lauterbur. Groundbreaking was the work of 

Richard Ernst and Peter Mansfield who set the theoretical background of modern MR by 

proposing Fourier MR and the utilisation of gradients for spatial encoding leading to 

frequency and phase encoding.  

In 1977, the first MRIs of humans were conducted, such as of the thorax by Raymond 

Damadian. The first scanner that was clinically used was presented by John Mallard in 

1980, and from that moment on, MR development really took off, as MR scanners became 

commercially available in the following years. A multitude of applications such as the 

foundation of this thesis, MRSI, were developed and refined. The average field strengths 

of MR scanners increased steadily, first to 1.5 T and then to 3 T, and in the 2000s, 7 T 

scanners entered the market as research devices and can be expected to see clinical use in 

the near future. Even stronger scanners have been constructed, with their own limitations, 

as research goes on. 

Only the poor N got lost along the way for the clinical applications of NMR, as to the 

public “nuclear” apparently sounds threatening. 
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1.1.1 Nuclear Magnetic Resonance 

 

On the way to the theoretical framework of MRI, it is important to understand the basics 

of NMR (6), that will be described briefly on the following pages. In the classical 

description, the magnetic moment of a charged rotating particle such as a proton with a 

mass of m and an electric charge of e can be described by 

µ⃗ =  
𝑒

2𝑚
�⃗� =  𝛾�⃗�  (1.1) 

With 𝛾 being the gyromagnetic ratio and �⃗�  being the angular momentum. If placed in a 

strong magnetic field �⃗� 0, the magnetic moment will be effected by a torque:  

�⃗� =
𝑑�⃗� 

𝑑𝑡
= µ⃗ × �⃗� 0 (1.2) 

Combining these two equations leads to  

𝑑µ⃗ 

𝑑𝑡
= 𝛾µ⃗ × �⃗� 0 (1.3) 

with �⃗⃗� 0 being the Larmor frequency defined as  

�⃗⃗� 0 = 𝛾�⃗� 0 (1.4) 

We can describe it as 

𝑑µ⃗ 

𝑑𝑡
= µ⃗ × �⃗⃗� 0 (1.5) 

As examples, the Larmor frequencies for 1H and 31P at a field strength of 7 T, with  γH =

42.59 MHz/T  and γP = 17.24 MHz/T , are 298 MHz and 120 MHz. Each magnetic 

moment also possesses a certain potential energy depending on its orientation to �⃗� 0:  

𝐸 = − µ⃗ ∙ �⃗� 0 = −µ𝐵0 𝑐𝑜𝑠 𝜃 (1.6) 

This becomes a minimum if parallel and a maximum if antiparallel to the field, but the 

classical approach cannot explain the existence of specific energy level. Therefore it is 
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necessary to consider quantum mechanics: With the limitation of the angular momentum 

to discrete levels, it’s amplitude can be described as 

𝐿 =  ℏ√𝐼(𝐼 + 1) (1.7) 

With I as the spin quantum number and ℏ being the Planck constant. To further specify 

the direction of �⃗�  a second quantum number m is necessary, allowing only discrete values 

of  �⃗� s z-component. 

𝐿𝑧 =  ℏ𝑚, 𝑚 =  𝐼, 𝐼 − 1, 𝐼 − 2,… , −𝐼 (1.8) 

For protons, I has the value of ½, resulting in possible values for m of ±½ and leading 

allowing to rewrite (1.1) to 

µ𝑧 =  𝛾ℏ𝑚   (1.9) 

as well as the potential energy to  

𝐸 =  −µ𝑧𝐵0 = −𝛾ℏ𝑚𝐵0   (1.10) 

Therefore the energy difference between the +½- and -½-states becomes 

∆𝐸 = 𝛾ℏ𝐵0   (1.11) 

With the energy of an electromagnetic wave in resonance with this two-state system being 

∆𝐸 = ℏ𝜔0   (1.12) 

We arrive at the same Larmor equation as the classical approach: 

𝜔0 = 𝛾𝐵0 (1.13) 

As our goal is the application of NMR to image macroscopic objects (and subjects), our 

interest lies in macroscopic magnetisation. Using Boltzmann statistics to describe the 

populations of the two different energy states we arrive at the following Taylor 

approximation:  

(
𝑛𝛼

𝑛𝛽
) = 1 + (

ℏ𝜔0 

𝑘𝑇
) (1.14) 
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Due to the dominant temperature dependence, even in a 7 T scanner, at room temperature 

the difference amounts to only 2 parts per million (ppm), requiring abundant nuclei such 

as the protons within the water molecules that compose the majority of a human body. 

Imaging of other nuclei suffers from drastically less sensitivity and is not impossible, but 

much more complicated. The total amount of longitudinal magnetisation can be described 

as 

𝑀0 = (ℏ𝛾)2 (
𝑛𝐵0

4𝑘𝑇
) (1.15) 

This means that higher B0s offer increased sensitivity, which is the main reason behind 

the development of scanners with higher field strengths such as 7 T. In order to describe 

the mechanism of excitation and relaxation for MR measurements, it is necessary to 

understand the behaviour of macroscopic magnetisation under the effects of B0 as well as 

the high-frequency electromagnetic field B1. From the starting point of  

𝑑�⃗⃗� (𝑡)

𝑑𝑡
= �⃗⃗� (𝑡) × 𝛾�⃗� (𝑡) (1.16) 

the so-called Bloch equations can be derived: 

𝑑𝑀𝑥(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑦(𝑡)𝐵0 − 𝑀𝑧(𝑡)𝐵1𝑦] −

𝑀𝑥(𝑡)

𝑇2
 (1.17) 

𝑑𝑀𝑦(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑧(𝑡)𝐵1𝑥 − 𝑀𝑥(𝑡)𝐵𝑜] −

𝑀𝑦(𝑡)

𝑇2
 (1.18) 

𝑑𝑀𝑧(𝑡)

𝑑𝑡
= 𝛾[𝑀𝑥(𝑡)𝐵1𝑦 − 𝑀𝑦(𝑡)𝐵1𝑥] −

𝑀𝑧(𝑡) − 𝑀0

𝑇1
 (1.19) 

These describe the magnetisation in the laboratory frame under excitation and relaxation. 

T1 is the longitudinal relaxation time defining return of longitudinal magnetisation to the 

initial state after excitation due to the spin-lattice relaxation. T2 is the transversal 

relaxation time that describes the decay of transversal magnetisation due to spin-spin 

interaction causing a decrease in phase coherence and therefore an increase in entropy. In 

vivo, the T2-behaviour is more complicated as local susceptibility-differences increase the 

dephasing, with an increased effect at higher field strengths. Therefore relaxation 

behaviour of sequences without spin-echoes is rather described by 𝑇2
∗: 
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1

𝑇2
∗ =

1

𝑇2
+

1

𝑇2
′ (1.20) 

𝑇2
′ is inversely proportional to the field inhomogeneity and 𝑇2

∗ is shorter than T2.  

In an NMR, MRI or MRS measurement, not the magnetisation itself is measured, but the 

relaxation/decay back to the equilibrium after the excitation by the radio frequency (RF)-

pulse B1
+ (see Subchapter 1.1.3). By placing a receiver coil tuned to the resonance 

frequency close to the excited volume, the change in macroscopic magnetisation can be 

measured as induction in that coil, the free induction decay (FID). This FID signal is 

sampled and digitised by an analogue-to-digital converter (ADC) and stored for 

processing. 

The sensitivity of the measurement, meaning how much signal/information can be 

obtained is usually described with the SNR, or if in the context of measurement time 

efficiency, as SNR per unit time (SNRt). The SNR without considering relaxation effects 

increases with the spin population (linearly with B0) as more magnetic moments can 

induce signal in the coils. It also increases linearly with higher 𝜔0s as induction in the 

receiver coils increases (also linearly with B0). However, as the noise too increases 

linearly with B0, we arrive in the end, adding a term for relaxation, at:  

𝑆𝑁𝑅𝑡 ∝ 𝐵0√
𝑇2

𝑇1
 (1.21) 
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1.1.2 The MR Scanner 

 

An MR scanner is a complex device that translates the previously described principles 

into medical imaging. Apart from the physics/engineering perspective of constructing a 

superconductor able to generate a magnetic field of several Tesla, it must be done in a 

scale that allows an adult human to fit into it (there are also smaller scanners for animal 

studies or specific body parts like head or wrist). 

In Figure 1, the basic component arrangement is displayed. The superconductor magnet 

(usually fabricated from NbTi) is placed inside of an insulated helium-cooled cryostat, 

shaped like a cylinder with an open bore. 

 

 

Figure 1: Basic diagram of MR scanner components 

Simply summarised, the scanners main components are the superconducting magnet in a 

cryostat creating the main field, gradient coils for localisation, RF coils for excitation 

and signal pickup as well as a movable patient table. Amplifiers power the coils and 

gradients while one or more dedicated computers coordinate the measurement, data 

acquisition and image reconstruction. The operator controls these processes over a 

console. 
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Inside the scanner bore, the gradient coils necessary for spatial localisation are placed. 

Their main performance parameters are the maximum gradient strength achievable 

(commonly in mT/m) and the slew rate that describes how fast the gradients can be 

switched (commonly in mT/m/ms). Next are the RF transmit and receive coils that can 

either be permanently installed in the scanner bore like the transmit body coil or come as 

smaller connectable coils for special applications that can be put much closer to the 

measured body part, increasing the transmission efficiency or signal pickup. Further 

necessary is the shim system that allows the adjustment of a homogeneous B0-field around 

the magnets isocentre, accounting for the change in susceptibility by bringing a subject 

into it. A movable patient table allows precisely inserting and removing the subjects from 

the isocentre. The gradient and RF systems as well as data acquisition are controlled by 

one or more computers that also handle the task of image reconstruction. The computer 

system is controlled via a console that usually also receives the calculated images. 

In order to reduce the effects of the main field on the surrounding environment, active 

shielding (additional coils counteracting or reducing the magnetic field outside of the 

bore) or passive shielding (large amounts of ferromagnetic materials) can be employed. 

This is important to reduce the effects on nearby electronics, to comply with field 

exposition laws and to prevent ferromagnetic objects from becoming deadly projectiles 

near the scanner. 

Additionally there are several sources of discomfort for the subject of an MR 

examination: Loud noises due to gradient system movements, effects of the magnetic 

fields on the body (mostly slight disturbances of the sense of balance or other perceptions 

like electro-galvanism, a metallic taste) or potential claustrophobia. 

If a patient needs medical attention in or near the scanner due to an emergency, the magnet 

can be quenched, i.e. the superconducting state is interrupted. This lowers the main field 

within minutes, but evaporates the coolant helium that has to be conducted outside of the 

examination room or it poses the risk of suffocation. In the best case scenario the scanner 

will not be operational for weeks, and in the worst case scenario the magnet can be 

damaged. Therefore this should only be done in life-threatening situations.  
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1.1.3 Basics of Magnetic Resonance Imaging 

 

While the most obvious way for an (N)MR measurement would be sweeping through the 

excitation frequency analogous to optical spectroscopy until a resonance is found, this 

would be enormously time consuming and not resulting any spatial information. The 

solution to these problems lie in Fourier-based MR and spatial encoding to localise sub-

volumes of the object/subject to be measured consecutively. Excitation is not done 

continuously, but with an RF-pulse of a duration in the millisecond range with a frequency 

profile tailored to the specific measurement. 

 

 

Figure 2: Slice selection in z-direction 

By choosing the RF-pulse frequency and gradient strength a specific slice location and 

thickness can be selected. 

The simplest way of localisation uses the gradient system in combination with a 

modulation of the RF- (radio frequency-)pulse frequency offset and is mostly used for 

slice-selection in the z-direction. Taking the gradient into one direction, z in this case, 

defined as 
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𝐺𝑧 =
𝑑𝐵𝑧 

𝑑𝑧
= 𝑐𝑜𝑛𝑠𝑡.  (1.22) 

Leads to a position-dependent field strength: 

𝐵(𝑟 ) = 𝐵0 + 𝑟 𝐺  (1.23) 

This in turn changes the resonance condition (1.13) to be also spatially dependent: 

𝜔(𝑟 ) = 𝛾𝐵(𝑟 ) = 𝛾𝐵0 + 𝛾𝑟 𝐺  (1.24) 

Applying this for the selection of a slice in the z-direction leads to a required gradient 

strength of 

𝐺𝑧 =
∆𝜔 

𝛾∆𝑧
 (1.25) 

The gradient strength is chosen depending on the pulse bandwidth ∆ω and desired slice 

thickness, while the shape of the RF-pulse defines the exact excitation profile, which is 

in practice not perfectly rectangular but has slopes and possible side-lobes, as only an 

infinitely long RF-pulse could achieve that due to the properties of Fourier 

transformation. The RF-pulses frequency determines how far the slice is shifted away 

from the isocentre: 

𝜔(𝑧) = 𝜔0 + 𝛾𝑧𝐺𝑧 (1.26) 

Figure 2 displays this selection principle. While this approach could potentially be used 

to select in all three dimensions it is usually only used for the z-selection for single slices, 

while in-plane phase encoding and/or readout trajectories (frequency encoding) are used. 

For phase encoding, very simply spoken, the scanner’s gradient system is used to conduct 

localised measurements in the frequency domain that is the Fourier transform of an image, 

most commonly referred to as k-space. After the acquisition of a full image in k-space a 

fast Fourier transformation over both frequency directions yields an image of the object 

or subject that displays, differently to the x-ray attenuation of computed tomography (CT) 

methods, images weighted with the proton density and/or tissue relaxation times (as in 

Figure 3). 
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Figure 3: Fourier transformation from k-space to the image space 

The conversion of the k-space information obtained by an MRI-measurement, as in this 

example, using a gradient-echo (GRE) sequence with a 128×128 matrix, is achieved 

using fast Fourier transformations (FFT). 

 

Figure 4: MRI using phase encoding combined with readout gradients 

In this example, after each excitation a line in k-space is selected using phase encoding 

gradients and then acquired during the ADC event using the readout gradient. 

Phase encoding (PE) is based on the principle that the application of a gradient onto a 

spin system creates a phase shift over the time that corresponds moving in a trajectory 

through the frequencies in k-space: 
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𝛷(𝑥) = 𝛾𝑥𝐺𝑥𝑡 (1.27) 

 

�⃗� (𝑡) = 𝛾 ∫ 𝐺 (𝑡′)𝑑𝑡′
𝑡

0

 (1.28) 

This can be used to reach a specific point in k-space prior to the acquisition while a second 

gradient applied during the ADC moves through a line in k-space resulting in the 

measurement of a whole k-space line during one excitation (as displayed in Figure 4). 

This principle is used by most basic imaging techniques, but the acquisition of a single 

line of k-space requires many repetitions. Therefore advanced acquisition strategies that 

cover the whole k-space during one excitation have been designed in order to accelerate 

imaging like echo-planar imaging (EPI) or non-Cartesian trajectories (see Subchapter 

1.6). 

For any imaging method the determination of the field of view (FOV) that is covered by 

the measurement as well as the resolution are important, as usually the whole cross-

section of the subject is desired with a quality that allows diagnosis/research. The FOV 

for MRI can be defined as:  

𝐹𝑂𝑉 =  
2𝜋

𝛾𝐺∆𝑡
=

1

∆𝑘
 (1.29) 

This means that in order to acquire a larger FOV, the distance ∆𝑘 between the points or 

lines in k-space has to be reduced. If a higher resolution for a given FOV is desired, the 

size of the image matrix must be increased, which can be done by the acquisition of more 

encoding steps in k-space. The resolution ∆V itself follows then as:  

∆𝑉 =
𝐹𝑜𝑉𝑥
𝑁𝑥

𝐹𝑜𝑉𝑦

𝑁𝑦

𝐹𝑜𝑉𝑧
𝑁𝑧

 (1.30) 

As it is often advantageous to acquire more than just one slice image at the same time, 

localisation for more than one slice in z-direction is used. While it is possible to select 

slice after slice as in Figure 2 for higher slice numbers it is more convenient to use PE 

also in z-direction as it reduces the needed gradient performance. Methods for 
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simultaneous multi-slice imaging such as Hadamard encoding (see Subchapter 1.5) are 

also possible. 

A reliable MRI sequence needs more than just a localisation scheme. The choice of the 

excitation scheme and sequence timing decides the weighting and contrast of the 

sequence and can be adapted to the needs of a wide variety of clinical and research 

questions. As example one of the simpler schemes, spin echo (SE) imaging, will be 

presented. 

 

Figure 5: Formation of a spin echo 

After the application of a 90°-RF-pulse longitudinal magnetisation is flipped into the 

transversal plane (excitation, A to B), the transversal magnetisation is then subject to the 

dephasing of the spins ( 𝑇2
∗-decay, B to C). Application of a 180°-pulse refocuses the 

magnetisation after a total time of TE undoing the 𝑇2
∗-dephasing (formation of the spin 

echo, C to D). Created with (8). 

The first step in the creation of a spin echo is the application of an RF-pulse that flips the 

longitudinal magnetisation from its equilibrium state into the traverse plane by 90° (such 

pulses are therefore named 90°-excitation-pulses) as displayed in Figure 5 A to B. The 
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macroscopic transversal magnetisation decays due to T2
∗-relaxation much faster than the 

longitudinal magnetisation returns to build up again, as these two are not coupled. T2
∗-

relaxation consists of dephasing due to local inhomogeneities in addition to  T2-relaxation 

and this dephasing reduces the magnitude of overall magnetisation as the dephasing 

increases (Figure 5 B to C). However, if after a certain time a 180°-refocussing-pulse is 

applied, the transversal magnetisation is inverted while the direction of dephasing stays 

the same as the spins are still at the same coordinates.  

 

Figure 6: Scheme of a basic spin-echo sequence 

This fundamental spin echo (SE) imaging sequence uses a refocussing pulse to rephase 

the signal dephasing due to 𝑇2
′-relaxation (see Figure 5) and achieves localisation by 

slice encoding, phase encoding in one spatial and a readout line in the other spatial 

direction (see Figure 2 and Figure 4). 

After waiting for the same amount of time again magnetisation has refocused itself and 

is coherent (an “echo”) and the T2
′-dephasing has cancelled itself out leaving just the T2-

relaxation. The time between excitation and formation of the echo is called echo time 

(TE) and can be used for the localisation scheme and additional pulses, e.g. for 

suppressing unwanted contamination signals. The necessary pulses and gradients for SE-
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MRI are demonstrated in Figure 6. During the TE phase encoding (as in Figure 4) is used 

to prepare for a frequency readout of the formed spin echo during the ADC. 

While TE describes the time from excitation to the echo formation/data acquisition, the 

second important timing parameter is the repetition time (TR), the time between two 

consecutive excitation pulses. First it directly affects the total measurement time needed: 

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇𝑅 × 𝑁𝑒𝑛𝑐𝑜𝑑𝑖𝑛𝑔 𝑠𝑡𝑒𝑝𝑠 × 𝑁𝑎𝑣𝑒𝑟𝑎𝑔𝑒𝑠 (1.31) 

Second the TR that is used together with the choice of TE decides the relaxation (T1/T2) 

weighting. As different tissues and fluids have different relaxation times the right choice 

of parameters maximises the contrast between them while minimising the total 

measurement time. Most important in the brain are white matter (WM), grey matter (GM) 

and cerebrospinal fluid (CSF). T1-weighted sequences feature a short TR and TE and 

separate GM and WM very well. For most brain pathologies T2-weighted sequences with 

long TR and TE show a good contrast. Sequences can also be weighted for proton density 

with a long TR and short TE. Additionally it is possible to inject contrast-enhancing 

agents (mostly Gadolinium-based) that alter the T1 and T2 times, e.g. in a tumour. 

Furthermore it is important to consider the impact of external and internal factors that can 

cause artefacts in the resulting images. These may be related to the sequence and the 

contamination by lipids or the presence of metals, to subject motion, elementary imaging 

limitations or tissue properties, especially at high field strengths.  

Another relevant point in subject measurements is the power deposition. As the energy 

transferred to the spins by the RF-pulses is dissipated by the relaxation processes into 

thermal energy heating during MRI-examinations occurs. Here the general guidelines for 

non-ionising radiation apply and limit the specific absorption rate (SAR) to a few Watt 

over the course of several minutes (9). The SAR can be estimated with 

𝑆𝐴𝑅 =
𝑡𝑅𝐹

𝑇𝑅

𝑃

𝑚
 , 𝑃 ∝ 𝜔0

2 ∫ 𝐵1
2(𝑡)𝑑𝑡

𝑡𝑅𝐹

0

 (1.32) 

Here, tRF stands for the pulse duration and m for the mass loaded into the coil. Due to the 

quadratic B1-dependence SAR limits are faster reached at higher B0s, but actual SAR 

calculation is complicated due to tissue properties and B1-inhomogeneities. SAR can be 

reduced by increasing the TR (which is generally undesirable) or by lowering B1-peaks.  
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1.1.4 Basics of Magnetic Resonance Spectroscopy 

 

Magnetic resonance spectroscopy (MRS) is a powerful tool to assess the concentration of 

multiple metabolites in the target volume at once using differences in their resonance 

frequencies. While this thesis focusses on applications to the brain other relevant body 

regions for MRS are muscles, liver, breasts and prostate. Single voxel spectroscopy (SVS) 

and MRSI as most important applications of MRS. 

Fundamentally MRS exploits one molecular property; the chemical shift. While all 

(hydrogen) protons have the same MR frequency 𝜔0, in the proximity to the electrons of 

molecular bindings they encounter a shielding effect as the magnetic moments of these 

electrons generate a counteracting magnetic field that changes the resonance frequency 

of a proton depending on the kind of molecule the hydrogen atom is part of: 

�⃗� 𝑙𝑜𝑐𝑎𝑙 = �⃗� 0(1 − 𝜎) (1.33) 

𝜎 is the dimensionless shielding constant and is usually expressed in ppm. This leads to 

𝜔0 = 𝛾�⃗� 0(1 − 𝜎) (1.34) 

While the chemical shift 𝛿 could be expressed in Hertz, it is generally expressed in ppm 

to be independent of the static magnetic field strength B0:  

𝛿 =
𝜔 − 𝜔𝑟𝑒𝑓

𝜔𝑟𝑒𝑓
∙ 106  (1.35) 

𝜔𝑟𝑒𝑓 is the resonance frequency of a reference substance that is ideally chemically inert, 

a singlet and easily distinguishable in the spectrum. For proton MRS in phantoms this is 

commonly tetramethylsilane (TMS), while in vivo water (4.7 ppm), N-acetyl-aspartate 

(NAA, 2.04 ppm) or external references are used. 

MRS sequences differ fundamentally from their MRI counterparts. During the ADC no 

readout gradient is applied, which means that more time points are acquired for the same 

k-space location. This measured FID contains the signal evolution of all excited 

substances in the volume – mostly water, lipids and metabolites. A Fourier transformation 

in the time domain results in a frequency spectrum that conveys the composition and 

magnitude of these resonances (see Figure 7). More specifically these spectra consist of 
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a real and an imaginary part, with the first one signifying absorption and the second one 

dispersion. For display the magnitude of the spectra (as the example in Figure 7) or the 

real part, preferably with phase corrections (as in Figure 8), can be expressed. 

The undoubtedly simplest experiment for proton MRS is non-localised MRS, as it would 

only consist of an excitation pulse and an ADC, but in the brain of a subject this would 

only result in an overwhelming water signal and contributions from the trans-cranial 

lipids. Therefore in order to obtain usable spectra localisation and water suppression are 

employed. Localisation is in principle the same as in MRI, using gradients and RF-pulses 

to select a region of interest (ROI) that is excited, while the surrounding tissue’s signal is 

suppressed or it is not even excited. Good localisation has several benefits in the form of 

better spectral resolution, minimised lipid contamination, the selection of a specific ROI 

corresponding to a clinical or research target (like the occipital lobe or a glioma) and 

higher B0-homogeneity over a smaller volume. 

Most common MRS selection techniques that can be applied for SVS and MRSI are 

evolutions of SE methods (see Figure 6). Point resolved spectroscopy (PRESS)(10) as 

displayed in Figure 7 uses a 90° excitation pulse and two 180° refocussing pulses with a 

slice selection gradient for each of the three pulses. After the three pulses are applied only 

the signal within the intersection of the three slices remains while the outside is either not 

excited or not refocused. On the downside the application of three pulses leads to a long 

TE and to high SAR at higher field strengths.  

Localisation by adiabatic selective refocusing (LASER)(11) is similar to PRESS, but uses 

adiabatic full passage (AFP) pulses for refocusing and adiabatic half passage (AHP) 

pulses for excitation. This sequence is insensitive to B1
+-inhomogeneities and chemical 

shift displacement errors (CSDEs) (see below) but is even more limited by SAR. 

Another common method is the stimulated echo acquisition mode (STEAM)(12) that 

employs three 90° pulses to create a stimulated echo while suppressing the unwanted 

FIDs and echoes generated by the three excitation pulses. While STEAM allows lower 

TEs and is less SAR-demanding than PRESS it sacrifices half of the possible signal to 

dephasing.  
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Figure 7: Single voxel spectroscopy sequence using PRESS localisation 

This example of an SVS uses the PRESS scheme: a volume is used by the intersection of 

a slice-selective excitation pulse and two slice-selective refocussing pulses. The resulting 

signal is converted to a spectrum using an FFT. 

In order to assess the quality of the obtained spectra, usually the SNR, the full width at 

half maximum (FWHM) of resonances and the Cramér–Rao lower bounds (CRLBs) of 

metabolites are assessed. SNR gives information about the measurement sensitivity, with 

low values (e.g. <5) indicating a high uncertainty of metabolite quantification (6). The 

FWHM signifies the line width of a resonance and thus determines the spectral resolution. 

Lower values allow the separation of nearby resonances and indicate good B0-

homogeneity. CRLBs are an indicator for mean errors during spectral fitting as they are 

the lower bound of variance for the estimators of deterministic values. This means that 

CRLBs offer information about the quality of the quantification based on the 

measurement data. 

There are several main detractors to MRS data quality and obtainable signal that can be 

influenced by the choice of sequence and sequence parameters.  Long TEs, for example 

due to a complex excitation/localisation scheme, mean that when the ADC starts more 

signal has been lost to T2-relaxation already. Apart from this signal loss there is also the 
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matter of J-coupling. Briefly explained J-coupling is a spin-spin coupling that causes the 

splitting of resonances and additional relaxation pathways. While this can provide 

additional information about the spin systems it leads to complex signal evolutions for 

sequences that employ refocussing. In most cases a minimised TE is desirable to increase 

SNR and to mitigate the effects of J-coupling. 

Chemical shift displacement errors (CSDEs) are inherent to spectroscopic methods using 

localisation gradients. As different metabolites have different resonance frequencies, if 

for example a slice selection gradient is applied (see localisation in Subchapter 1.1.3), 

actually different resonance frequencies will be excited at different locations: 

𝜔(𝑥) = 𝜔0 + 𝛾𝑥𝐺𝑥 (1.36) 

 

𝑥 =
𝜔(𝑥) − 𝜔0

𝛾𝐺𝑥
 (1.37) 

With ∆ωmax as the spectral bandwidth of the excitation pulse and Vx as voxel size (1.24), 

the CSDE can be described as: 

∆𝑥 =
∆𝜔

𝛾𝐺𝑥
=

∆𝜔

∆𝜔𝑚𝑎𝑥
𝑉𝑥 (1.38) 

This means that the effect is most pronounced for distant resonances such as water and 

lipids, increasing with higher field strengths and depending on the bandwidth of the pulse. 

Increasing the pulse bandwidth, for example by shortening the pulses if gradient systems 

and SAR limitations allow it, will decrease CSDEs. If not taken care of CSDEs of several 

centimetres can severely compromise MRS results as different metabolites are acquired 

from vastly different places.  

Signal from trans-cranial lipids may bleed into the ROI due to CSDEs, bad localisation 

in general or subject movement and can overlap with the metabolite regions of the 

spectrum. Strategies for lipid suppression are discussed in the Subchapters 1.2.1 and 1.8. 

Water as the most abundant molecule in proton MRS poses a problem as its signal is 

several magnitudes stronger than the one of the metabolites. This causes baseline 

distortions in the metabolite regions as well as possible sideband artefacts of the water 

peak due to gradient system vibrations that can obscure metabolite resonances. Water 
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suppression is therefore an important part of MRS protocols and is commonly 

implemented as frequency-selective pre-saturation of the water resonance by a train of 

RF-pulses and spoiler gradients for the excitation and dephasing of water before the actual 

excitation pulse. As the longitudinal water signal is minimal due to this saturation it can 

only be excited to a small extent. As the example in Figure 7 shows, even with water 

suppression, the metabolites are typically smaller than the residual water resonance. Other 

methods try to remove the water signal with software, exploit relaxation properties or use 

spectral editing (the acquisition of multiple scans with different parameters, that when 

subtracted remove a signal that would otherwise overlap with a less pronounced 

resonance). Water suppression is the topic of subchapter 2.9. 

After all this introductory descriptions one question remains: What are these 

“metabolites”? In this work “metabolites” is used as a broad term for small molecules 

containing MR-detectable protons that are abundant enough to be measured with MRS 

methods and are active components in the human metabolism, central nervous system or 

other functions of the organism in the brain. An example of commonly measured 

metabolites in WM and GM can be seen in Figure 8. The most important metabolites for 

proton MRS in the brain include, but are not limited to (6): 

 N-acetyl-aspartate (NAA), the most dominant resonance (with 7-17 mmol/l) at 

2.04 ppm that is an important marker for neuronal density and thought to be 

involved in myelin synthesis, osmoregulation and acetyl storage. 

 Creatine (Cr), with the most important resonances at 3.03 and 3.91 ppm arising 

from Cr and Phosophocreatine (PCr) (often summarised a tCr) which, together 

with adenine triphosphate (ATP) has a crucial role in the energy metabolism. PCr 

is thought to serve as energy buffer and transport mechanism in the cell. Decreases 

in Cr levels have been detected in many pathologies such as tumours and stroke. 

 Choline (Cho) is one of the most signal-abundant metabolites together with NAA 

and Cr, with the most important resonances at 3.19 and 4.05 ppm. Choline-

containing compounds (tCho) are essential for phospholipid synthesis and 

therefore indicate cell membrane turnover. Increased Cho levels can be found in 

tumours, Multiple Sclerosis (MS) lesions and Alzheimer’s disease. 
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Figure 8: Sample spectra of white and grey matter 

Examples of MRSI brain spectra fitted with LCModel (13) for A) WM and B) GM with 

voxel sizes of 0.37 cm³. Over the spectra there is the non-fittable residuum and to the right 

the fitting results including relative concentration and CRLB as well as additional 

information for quality control. Differences show especially for glutamate (Glu). 
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 γ-Aminobutyric acid (GABA), at 3.01 and 1.89 ppm, is an inhibitory 

neurotransmitter. Altered GABA-levels are associated with neurological and 

psychiatric disorders as well as substance abuse, light-dark adaption and 

menstrual cycle. Anti-epileptic drugs that raise GABA levels are in use. Due to 

the low concentration and overlaps with more dominant resonances, GABA-MRS 

requires special techniques such as spectral editing. 

 Glutamate (Glu), at 3.75 ppm, 2.33 ppm, 2.04 ppm and more resonances, is a non-

essential amino acid and major excitatory neurotransmitter as well as a precursor 

for GABA and part of the synthesis of glutathione. The concentration of Glu 

varies significantly between GM and WM with higher levels in GM. 

 Glutathione (GSH), at 3.77 ppm and many more resonances, is an antioxidant that 

is involved in the maintenance of red blood cells and the transport of amino acids. 

GSH levels have been found to vary in neurodegenerative diseases. 

 Inositol (Ins) with resonances at 4.05 ppm and more is supposed to be a marker 

of glial activity, with its exact function in the brain being under investigation. 

Altered concentration has been linked to cognitive impairment and alcoholism. 

 Taurine (Tau), at 3.42 and 3.25 ppm, has been proposed as an osmoregulator and 

modulator of neurotransmitter activity. 

Some of these chemical compounds possess multiple resonances or are part of different 

compounds. If these are overlapping due to insufficient spectral resolution or have 

individually low SNR it may be beneficial to sum them up to a total signal, such as tCho, 

tCr, Glx (Glu +Glutamine (Gln)) and tNAA = NAA + N-acetyl-aspartatyl glutamate 

(NAAG). 

Apart from proton MRS other nuclei such as 13C and 31P are also good candidates for 

MRS, but suffer from even less SNR due to the lower intrinsic sensitivity. On the other 

hand they benefit from fewer artefacts as there is for example no water or lipid signal to 

complicate 31P-MRS. Due to different Larmor frequencies specially tuned coils are 

necessary for these applications. 
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Ideally an MRS measurement should provide the absolute concentration of multiple 

metabolites (in mmol/l) as absolute values offer the greatest diagnostic potential. The 

problem is that the quantification of metabolite signals is a difficult process. While in 

theory, the magnetisation is directly proportional to the amount of spins, not the 

magnetisation is measured directly, but the induced signal in the receiver coil, which 

depends on several factors that are not easily known: 

𝑆 = 𝑁𝑎𝑐𝑞 × 𝐺𝑎𝑖𝑛 × 𝜔0 × 𝐶𝑚 × 𝑉 × 𝑓𝑠𝑒𝑞 × 𝑓𝑐𝑜𝑖𝑙    (1.39) 

With the number of acquisitions, the Larmor frequency, 𝐶𝑚the metabolite concentration, 

the voxel volume, fseq as a sequence dependent factor (TR, TE, T1, T2...) and fcoil as a 

coil dependent factor (geometry, quality, placement...) it is practically not possible to 

directly calculate absolute quantities.  

One strategy to obtain the concentration is to place a reference compound of known 

concentration as close as possible to the subject during the measurement, which allows 

the following calculation: 

𝐶𝑚 = 𝐶𝑅

𝑆𝑀

𝑆𝑅
𝐶𝑀𝑅  (1.40) 

With 𝐶𝑀𝑅 being the calibration factor. Another method is the acquisition of an additional 

scan without water suppression that allows to calibrate the metabolites using the water 

signal, but both methods are difficult to use correctly (6). An easier possibility is the 

calculation of metabolite ratios (e.g. NAA/Cr) that can have diagnostic significance, but 

may also be ambiguous and affected by CSDEs. 

In general, careful acquisition, pre- and post-processing will benefit the data quality as 

well as phase corrections, water suppression, field homogeneity and a good quantification 

method. For the latter, commonly used are either fitting methods in the frequency domain 

like LCModel (13) that uses linear combination to fit the spectra or methods working in 

the time domain like jMRUI/AMARES (14). Low SNR and low spatial resolutions 

negatively influence spectral fitting while high CRLBs indicate unreliable results.  
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1.1.5 Magnetic Resonance Spectroscopic Imaging 

 

Having established the principles of MRI and MRS, we can now move on to the topic of 

this thesis: MRSI, which is essentially the application of k-space localisation of MRI with 

the spectral acquisition of MRS, while working in general as described under the 

MRI/MRS Subchapters before. 

While SVS can show local changes in the composition of the brain, it is limited to one 

comparatively large voxel/ROI at a time, which includes the possibility of just outright 

missing relevant locations. In comparison to that, MRSI, also known as chemical shift 

imaging (CSI), can map local differences, allowing to resolve spatial metabolic 

differences in lesions and tumours as well as shedding light onto the in vivo distribution 

of metabolites for research purposes. However, MRSI is also more challenging, as the 

acquisition duration is the one of MRS multiplied with the one of imaging: For every k-

space step, a full spectroscopic acquisition is necessary, which combined with matrix 

sizes in the range of 16×16 to 32×32 can easily lead to longer measurement times than 

feasible in a subject as TRs in the order of seconds are common. Further, a larger ROI is 

more prone to B0- and B1-inhomogeneities, inter-voxel contamination and the resulting 

larger datasets require more effort to process. 

The simplest approach for localisation for MRSI is to employ phase encoding gradients 

(as introduced in Subchapter 1.1.3) in both k-space directions followed by the acquisition 

of a spectral readout, moving through the k-space point by point (as demonstrated in 

Figure 9 and Figure 10 A). This leads to a spatially dependent phase shift that causes a 

phase modulation of the spectra that has to be accounted for during processing (1.27). As 

MRSI acquires multiple spectral readouts encoded in the k-space, it is necessary to 

properly convert the measured data until they correspond to voxel spectra. We can 

describe the total acquired time-domain signal as a sum of the signals in the frequency 

domain: 

𝑆(𝑡) = ∫ 𝑠(𝑥, 𝑡)𝑑𝑥
+∞

−∞

 (1.41) 
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Figure 9: Phase-encoded MRSI acquisition scheme 

This basic example for MRSI shows a sequence that directly acquires the FID without 

any echo generation. For in-plane localisation, PE in both directions is used. In order to 

obtain the voxel-specific spectra, first spatial FFT is used, resulting in the voxel-FIDs 

followed by spectral FFT per voxel.  

The total spectrum of the whole FOV would be the Fourier transformation of this signal: 

𝐹(𝜔) = ∫ 𝑆(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡
+∞

−∞

= ∫ 𝑓(𝑥, 𝜔)𝑑𝑥
+∞

−∞

 (1.42) 

With the application of phase encoding gradients, for example into x direction, this is 

expanded by a phasing term (1.27): 

𝐹(𝐺𝑥, 𝜔) = ∫ 𝑓(𝑥, 𝜔)𝑒𝑖𝛾𝑥𝐺𝑥𝑡𝑑𝑥
+∞

−∞

 (1.43) 

Employing the k-space formalism, we can describe it differently: 

𝑘𝑥 = 𝛾𝐺𝑥𝑡 (1.44) 
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(𝑘𝑥, 𝜔) = ∫ 𝑓(𝑥, 𝜔)𝑒𝑖𝑘𝑥𝑡𝑑𝑥
+∞

−∞

 (1.45) 

This phase-modulated spectra of  𝐹(𝑘𝑥, 𝜔) represent the inverse Fourier transformation 

of the different MRSI volume spectra. From this, 𝑓 can easily be expressed in a manner 

generalised for phase encoding into two or three dimensions: 

𝑓(𝑥, 𝑦, 𝑧, 𝜔) = ∭ 𝐹(𝑘𝑥, 𝑘𝑦, 𝑘𝑧 , 𝜔)𝑒−𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦+𝑘𝑧𝑧)𝑑𝑘𝑥𝑑𝑘𝑦𝑑𝑘𝑧

+∞

−∞

 (1.46) 

A practical example of this is shown in Figure 9. Relying on spatial Fourier 

transformations to separate the voxel spectra leads to one problem due to one of the 

elementary properties of Fourier transformations. Continuous infinite sampling is not 

possible in practice, This has to be addressed using a sampling function 𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑘𝑥) that 

is convoluted with the time-domain signal. This non-ideal transformation creates signal 

side lobes described by the point-spread function (PSF): 

𝑃𝑆𝐹 = 𝐹𝐹𝑇[𝐹𝑠𝑎𝑚𝑝𝑙𝑒(𝑘𝑥)] = ∆𝑘𝑥

𝑠𝑖𝑛(𝜋𝑁∆𝑘𝑥𝑥)

𝜋𝑁∆𝑘𝑥𝑥
 (1.47) 

While for higher spatial matrices like in MRI or for the long spectral sampling vector in 

MRS, the effective PSF is sufficiently close to an ideal Fourier transformation, for MRSI 

data sets with few encoding steps a relevant amount of signal assigned to a voxel is 

actually originating outside of it. For a 32×32-matrix, only 87% of the signal per spatial 

dimension originates from the nominal voxel volume. A common method to address this 

is spatial apodisation such as employing a Hamming filter (15), but this increases the 

voxel size. The PSF can also be improved by apodisation during measurement by k-space 

weighting, that is the acquisition of more averages for the k-space centre than for the outer 

parts (15). 

Another approach for k-space weighting cuts the corner of the k-space (elliptical 

weighting, Figure 10) by omitting these encoding steps as the higher spatial frequencies 

there contain less signal than the k-space centre and mostly information about shape that 

are not required to much detail in MRSI. This reduces the measurement times but widens 

the PSF lobes and increases the effective voxel volume. 
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Figure 10: Phase encoding for MRSI 

A: An example of the first few k-space measurement steps using phase encoding, starting 

at the k-space centre. B: Elliptical weighting omits the sampling of the k-space corners, 

reducing measurement times but widens the PSF lobes and increases the effective voxel 

volume.  
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1.2 Advantages, Challenges and Previous Research of 7 T 1H-

MRSI  

 

Research using proton MRS in the brain at 7 T is a comparatively young field in 

comparison to animal studies that used such field strengths back in the 90s. The first study 

to successfully show in vivo brain MRS at 7 T was published in 2001 by Tkáč et al. (16) 

and since then, while there was a steady increase in publications for MRSI methods, only 

a few clinical applications have been published so far. 

The advantages that 7 T systems offer to MRSI derive from the stronger B0 field, mainly 

increasing the available proton signal and the chemical shift dispersion. This allows more 

metabolites to be detected as nearby resonances are separated better than on lower field 

strengths. This is further improved by the increased SNR and lowered J-coupling. The 

better spectral separation also makes lipid saturation easier. A more detailed overview of 

the benefits of high field MR methods is given by Moser et al. (17) and Posse et al. (18). 

In general the improvements in SNR, metabolite quantification and spectral resolution 

from 3 T to 7 T have been confirmed (19). 

These differences to lower field strength as well as the limitations discussed below require 

new approaches in sequence design and hardware. 

1.2.1 Limitations and Challenges 

 

The following issues lead to bigger challenges for MRSI at higher field strengths like 7 

T compared to 1.5 T or 3 T in common clinical use:  

 Due to the specific absorption rate (SAR) of RF-radiation being proportional to 

B0
2 the effective maximum usable pulse power is less than half compared to 3 T. 

This severely restricts pulse design possibilities, especially very short excitation 

pulses and pulses for lipid and water suppression/saturation schemes. 

 The lower T2 relaxation times for metabolites lead to a faster signal decay 

resulting in higher SNR losses for acquisition schemes that employ long TEs or 

acquisition delays (AD) than at lower field strengths. 
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 Due to different wavelengths of the RF-radiation used at 7 T (now in the range of 

the human head diameter) changed wave propagation leads to B1
+-

inhomogeneities, standing wave and skin effects. This results in spatially variable 

flip angles (FA) over the brain making it difficult to reach the desired 90° or 180° 

excitation over the whole target volume. This additionally complicates excitation 

and suppression schemes. 

 Stronger susceptibility effects make B0-homogeneity even more important as B0 

homogeneities heavily affect spectral quality and certain spectrally selective lipid 

and water suppression techniques. Obtaining good B0-shims for large volumes 

requires better hardware and software than for lower field strengths. 

 Chemical shift displacement errors (CSDEs) are increased by the higher chemical 

shift dispersion and lead to, depending on the acquisition scheme, potential 

metabolite misregistration and lipid contamination. If metabolic ratios are 

calculated, but due to CSDEs, the metabolite signals used are form different 

voxels, this biases the results.  

 The previous points lead to either unreliable or overly complicated lipid and water 

suppression, which in turn may compromise spectral quality due to contamination. 

The limitations that govern MRSI sequence design in general should also not be forgotten 

at this point: 

 For low resolutions, especially important in the z-direction, phase encoding 

suffers from bad point-spread functions (PSF) leading to signal bleed-in from 

voxels distant to the target voxel. 

 Outer volume suppression or other approaches for lipid suppression are usually 

required to obtain spectral data not contaminated by trans-cranial lipids. 

 The weighting of SNR, resolution and matrix size as well as total measurement 

time against each other sets the general constraints of an MRSI sequence. 

 For clinical measurements, patient movements during long measurements 

negatively affect data quality and in particular, locations close to the cranium (and 

therefore the trans-cranial lipids) make the use of MRSI sequences with selection 

boxes impossible. 
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Designing a usable MRSI sequence that goes to the limits of the scanner hardware and 

features a measurement time compatible with clinical protocols under consideration of 

the previously described limitations may require additional scans and/or extra hardware 

for improved shimming and suppression techniques. Advanced post processing routines 

can also be a viable solution to improve SNR and localisation and reduce the impact of 

signal contamination. 

 

1.2.2 Previous Research 

 

Over the course of the last years the previously explained limitations were the target of 

methodical research and development. These have addressed one or several aspects and 

achieved at least partial solutions. 

In order to overcome the signal loss to T2-relaxation, acquisition schemes that directly 

acquire an FID without the refocussing of an echo were proposed (20–22). Without the 

need for additional pulses and gradients between excitation and ADC, ADs down to the 

range of one millisecond can be reached, minimising signal loss and J-coupling. For 

sequences with longer TEs double-echo J-Refocused Coherence Transfer (23) and to 

selective homonuclear polarization transfer spectroscopic imaging (24) were proposed to 

minimise J-coupling. 

Localisation approaches previously used at lower field strengths were also successfully 

adapted to 7 T, such as semi-localized adiabatic selective refocusing (semi-LASER) 

localisation (25), spectroscopic missing pulse steady state free precession (26) and 

PRESS (27,28). However these suffer from low matrix sizes and the restriction to a 

rectangular ROI in the centre of the brain. 

To adapt Hadamard encoding (see Subchapter 1.5) to 7 T the use of pulse cascading 

instead of superposition in order to reduce SAR and CSDEs was proposed (29). 

Advanced trajectories such as spiral MRSI (30) (see Subchapter 1.6) are well developed 

at 3 T, but due the 2.3-fold increase in receiver bandwidth that is necessary for a 

comparable spectral resolution, which would require far more gradient system 

performance, but so far only one application of echo-planar spectroscopic imaging (EPSI) 
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at 7 T has been reported (31). In this case a gradient system with a performance far above 

the commonly available for whole-body gradients (e.g. 80 mT/m, 600mT/m/ms) was 

required to measure a 32×32 matrix in 8:32 min with a spectral bandwidth of 1380 Hz. 

Parallel imaging (see Subchapter 1.7) for 7 T MRSI is expected to perform better at higher 

field strengths (32) and with a higher number of coil elements, but has so far only been 

published using sensitivity-encoding (SENSE) (33,34), achieving acceleration factors (R) 

of up to four. Generalized autocalibrating partially parallel acquisitions (GRAPPA) was 

so far only applied to 3 T MRSI (35–37) with effective accelerations (Reffs) ≤ 4. 

Multiple strategies were proposed for effective lipid suppression (see Subchapters 1.8 and 

2.7) in the context of SAR restrictions and field inhomogeneities at 7 T. For unaccelerated 

MRSI with high in-plane resolution the application of a Hamming filter to optimise the 

PSF was found to work sufficiently well (20). A sequence for water suppression with 

adiabatic modulated pulses (SWAMP) (38) as well as slice-selective hyperbolic secant 

pulses and dynamic B0-shimming in multi-slice MRSI (39) and Slice-selective FID 

acquisition, localized by outer volume suppression (FIDLOVS) (21) were used for 

intermediate matrix sizes. Further possibilities for spectrally selective lipid suppression 

include the use of spatial-spectral adiabatic pulses (40) and water/lipid suppression using 

adiabatic full passage pulses (33). For non-selective suppression singe inversion lipid 

recovery with a short TR was successfully employed (41). 

Additional coils are another possibility, allowing for example a ring-shaped B1
+-

excitation of subcutaneous lipids (42) using an eight-channel transmission array or lipid 

suppression by the activation of a dedicated crusher coil during the TE (43). 

B1
+-inhomogeneity was addressed by parallel transmit systems (39,44), while higher 

order shims (45,46) were utilised to reduce B0-inhomogeneities. Other approaches include 

dynamic B0-shimming for multi-slice MRSI (39) or dynamic B0-shimming using a B0-

field camera (47). 

To improve MRSI data quality in general better coil combination schemes than the 

standard method (48) allowed an increase of SNR by 27% (49) or 29% (50).  
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1.3 Applications of 7 T Proton MRSI Compared to other 

Diagnostic Tools for the Metabolism of the Brain 

 

Besides the non-invasiveness and avoidance of ionising radiation the most distinguishing 

feature of MRSI as a metabolic imaging modality is the acquisition of information about 

metabolites at once. It heavily benefits from higher field strengths such as 7 T, but as 7 T 

scanners were introduced comparatively recently and required the adaption of acquisition 

schemes, clinical applications of brain MRSI are just emerging.  

As demonstrated for lower field strengths MRS can be used for a multitude of research 

and diagnostic applications that only need to be translated to 7 T (17). The most important 

example for the use of MRS is the measurement of brain tumours, where information 

about the tumour metabolism has a high diagnostic value as well as judging the tumour 

response to radiotherapy (51). Deviations in the metabolism of neurodegenerative 

diseases like Parkinson’s or Alzheimer’s disease as well as Multiple Sclerosis are 

potential research targets. Further applications to neurology/psychiatry were suggested, 

as it was reported, for example that the NAA concentration in GM correlates with 

creativity (52) or that elevated Glu levels in obsessive-compulsive disorder (OCD) (53) 

were found. Apart from that MRSI was also applied to the study of traumatic brain injury 

(54). 

So far, four clinical brain MRSI studies at 7T have been published. MRSI in patients 

suffering from adult X-linked Adrenoleukodystrophy (a hereditary disease that causes 

progressive demyelination) could distinguish between the ALD and AMN phenotypes by 

the difference of the Ins/Cr ratio (55). Spectrally edited MRSI allowed to measure 

glutathione (GSH) levels in MS patients (56). GSH in the GM was significantly reduced 

between patients and a control group. It was particularly reduced in MS lesions while 

healthy WM did not show differences. MRSI with advanced B0-shimming and a 0.64 cm³ 

voxel size was employed to study the medial temporal lobe in explosive blast mild 

traumatic brain injury victims (46). The NAA/Cho and NAA/Cr ratios were significantly 

decreases compared to the control group. An MRSI study in epilepsy patients found that 

resection of the regions with the highest metabolic deviations (e.g. NAA/Cr) correlated 

with the best outcomes (57). 
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Proton MRSI, at 7 T or at lower fields, is not the only imaging modality that allows the 

non-invasive observation of metabolite distribution/activity. Phosphorus (31P) MRSI, 

chemical exchange saturation transfer imaging (CEST), positron emission tomography 

(PET) (often combined with CT or MRI to PET-CT or PET-MRI) and single photon 

emission computed tomography (SPECT) are other methods to obtain information about 

metabolic processes in the human brain. 

7 T 31P MRSI 

Apart from proton MRSI SVS of phosphorus was also successfully shown for the brain 

at 7 T since 2003 (58,59) and applied to study the PCr-ATP-Pi-network (phosphocreatine, 

adenosine triphosphate, inorganic phosphate) in the occipital lobe (60). 31P MRSI was 

introduced in 2011 (61,62), allowing to measure a 8×8  matrix with 10 cm³ voxel size in 

6:32 min. The increased voxel size compared to proton MRSI results from the far lower 

SNR due to the lower abundance of 31P compared to 1H, but as a benefit 31P MRSI is 

unaffected by lipid or water contamination in the spectrum.  

The main application of 31P MRSI are measurements of the brain metabolism (Pi, ATP, 

nucleoside triphosphate (NTP), PCr) either for research or clinical measurement of basic 

brain function. Furthermore phosphomonoesters (PMEs) like phosphocholine (PCh) and 

phosphodiesters (PDEs) such as glycerophosphocholine are possible markers for cancer 

and neurodegenerative diseases. 

CEST 

CEST is a method similar to MRSI that uses the chemical exchange of protons between 

water (abundantly available) and a selected metabolite (63,64). This is done by first 

saturating the selected metabolite, which then transfers saturation to the water as protons 

are exchanged between water molecules and the metabolite of interest via chemical 

exchange. This causes a signal drop of water that is an indirect measure of the selected 

metabolite concentration depending on the exchange rate, pH value and other interfering 

resonances. In general substances with a concentration down to µM can be detected with 

matrix sizes of 128×128 in the brain. Detectable brain metabolites include Cr and Glu via 

their amine groups, ATP via amides and Ins via hydroxyl groups (65). The imaging of 

ATP by CEST was proposed to offer additional information for the grading of brain 

tumours (66), while Ins CEST imaging (67) could be used as a glial marker for 
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neurological disorders. GluCEST was so far used for the study of rat models and Glu 

CEST as well as Cr CEST require ultra-high field (UHF) scanners for their application to 

human brain studies (64). 

PET 

Positron emission tomography is a technique in which a tracer substance consisting of a 

short-lived β+ emitter incorporated into a biomolecule is injected into the subject (68). 

The tracer is then distributed by the bloodstream and concentrates in the tissue of interest, 

where the β+ decay releases positrons that react with ambient electrons to pairs of high-

energy photons that are detected by a surrounding detector ring. To avoid wrong detection 

only the (near-)simultaneous detection of two photons is counted (coincident detection). 

An image reconstruction similar to CT allows the reconstruction of images that display 

the uptake of the tracer molecule, i.e. metabolic activity. The most commonly used tracer 

is fluorodesoxyglucose (FDG) with 18F as emitter with a half-life of 110 min. As an 

analogue to glucose, it can be utilised to image the glucose uptake of tissues and tumours 

(69). Further tracer molecules include 18F-fluorothymidine, 11C-Choline, 18F-Choline, 

11C-Acetate and many more. While 18F has a long enough half live to be produced off-

site, radioisotopes with shorter half-life have to be produced onsite with special 

generators.  

In order to allow easier co-registration of PET data with other imaging modalities and 

even more importantly to perform attenuation correction for the PET scan mostly 

combined PET/CT were used, but in the last years also combined PET/MRI scanners 

were built (70). Although they reduce the radiation dose for the patient and allow the 

combination of a broad bandwidth of MR and PET imaging modalities, it is difficult and 

for now quite expensive to make a PET-scanner work inside the static field of an MR 

scanner. 

In general every metabolite that can be labelled with a tracer isotope can be imaged for 

its metabolic activity and distribution, but radiation doses of ~10 mSv per measurement 

and the difficulty to produce most isotopes are the main limitations of PET compared to 

MRSI. 
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SPECT 

Single photon emission computed tomography is based on similar principles as PET, but 

instead of photon pairs emitted from electron-positron annihilation it measures γ-photons 

emitted directly by the tracer. Due to the utilisation of tracers with longer half-life 

compared to PET this method is usually cheaper, with resulting image matrix sizes 

ranging from 64 to 128. Using 99mTc-hexamethylpropyleneamine-oxime (HMPAO) or 

123I-isopropyl-iodoamphetamine (IMP) as tracer allows the imaging of brain perfusion, 

which can be applied to stroke (71) or other cerebrovascular diseases. Other SPECT 

applications include the evaluation of dementia (72) or general inflammation of the brain 

(by 125I-doted antibodies)  (73). SPECT together with PET was also applied to epilepsy 

research (74). 

 

In summary metabolic imaging techniques cover a wide array of metabolites and 

applications with distinctive uses for all of them. The main benefit of the MR-based 

methods is their lack of ionising radiation over PET and SPECT allowing the possibility 

of repeated MR scans without radiation exposure. As far as MRSI was applied clinically 

until now it features lower resolutions than the other methods, but allows acquiring 

information about multiple metabolites during one measurement.  
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1.4 Aims of the Thesis 

 

Considering the state-of-art of 7 T proton MRSI in the brain, the overall goal was to 

develop a fast and robust 3D MRSI sequence with high resolution suitable for clinical 

applications based on a prior sequence for single slice MRSI (22). This sequence already 

allowed, with an approach of direct FID-acquisition, to measure a full slice without any 

selection box (see Figure 11) and with a 64×64 matrix in 30 minutes. In order to facilitate 

this three primary aims for development were set as: 

 3D capability by the application of Hadamard spectroscopic imaging (HSI) for 

multi-slice MRSI 

 Exploration of spiral trajectories and GRAPPA acceleration to reduce 

measurement times allowing the utilisation of high resolution MRSI for clinical 

measurements 

 Lipid suppression for enhanced robustness to lipid and macromolecule artefacts 

especially for accelerated MRSI  

 

Figure 11: Comparison of PRESS/OVS-MRSI with ultra-high resolution FID-MRSI 

In contrast to previous MRSI acquisition schemes like PRESS or outer volume 

suppression (OVS)(A, B) that are restricted to a selection box in the centre of the slice, 

the new sequence presented in Subchapter 2.8 covers the whole slice with high resolution. 

Further smaller aims were an improved resolution, the optimisation of the sequence for 

modern gradient systems (e.g. improved water suppression, shorter acquisition delays and 

reduced slice thickness) and the preliminary application of the resulting sequences to 

clinical protocols.  
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1.5 Hadamard Encoding for Multi-Slice Localisation 

 

Hadamard encoding, in MRS often abbreviated as HSI (Hadamard spectroscopic 

imaging) is an alternative way of spatial encoding employed since the late 1980s (75–77) 

that is most commonly employed to encode very small matrices (78)(2-8 per direction)  

or as encoding in z-direction for multi-slice MRSI (79,80) (our main interest) and was 

recently used for 3D-MRSI with small matrices at 3 T (81,82). Phase encoding for such 

few steps suffers from signal blurring due to the bad PSF. Hadamard encoding allows to 

avoid this and makes signal localisation only dependent on the chosen excitation pulse 

profile. It is based on the properties of the so-called Hadamard matrices (named after the 

French mathematician Jacques Hadamard, 1865-1963) that are square matrices with 

mutually orthogonal rows with entries of either +1 or -1. This leads to the following 

property: 

𝐻𝑛𝐻𝑛
𝑇 = 𝑛𝐼  (1.48) 

With I being the identity matrix and Hn being a Hadamard matrix of the order n (valid ns 

are 1, 2 and multiples of 4). Alternatively Hadamard matrices can be described via Walsh 

functions, orthonormal sets of rectangular functions. For a 4th-order Hadamard matrix this 

leads to: 

(

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

) × (

1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

) = (

4 0 0 0
0 4 0 0
0 0 4 0
0 0 0 4

) (1.49) 

This property allows the separation of multiple distinct volumes that were acquired 

simultaneously by matrix multiplication. Each Hadamard encoded excitation acquires the 

signal of multiple slices at once. Over multiple encoding steps this leads to an intrinsic 

averaging that increases SNR as displayed in (1.49). The measurement of a four-slice 

MR(S)I sequence with Hadamard encoding compared to the separate measurement of the 

same slices would lead to an averaging of four and therefore doubling the SNR in theory. 

In order to actually encode the properties of a Hadamard matrix onto MR measurements 

there are two different approaches: Longitudinal and transversal Hadamard encoding. 

Longitudinal Hadamard encoding, first introduced for MRSI in 1988 by Bolinger and 
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Leigh (75), encodes Mz with slice-selective inversion pulses (76). The downside of this 

approach is that if not the whole subject is covered by the measurement volume one of 

the slices/encoding steps will also contain unwanted signal from outside the FOV (6). In 

contrast to that transversal Hadamard encoding,  also first  introduced 1988 by Souza et 

al. (77),  encodes the transversal magnetisation by phase shifts of either the excitation or 

the refocussing pulses (83,84). For our implementation into FID-MRSI we chose 

transversal HSI to avoid the use of additional pulses. 

Another design consideration lies in the simultaneous excitation of all slices where also 

two approaches exist: The superposition of pulses into one or the cascading of excitation 

pulses one after another. The first, using multiband pulses (85,86), was the preferred 

approach for MR scanners with lower field strengths (compared to modern 3 and 7 T 

systems) as it saved time during the excitation scheme while SAR- and B1-restrictions did 

not matter very much. With the advent of 7 T systems pulse cascading was proposed in 

2007 as an alternative (29). However playing out one excitation pulse after another has 

the downsides of prolonging the excitation scheme as well as leading to different 

TEs/ADs. At 7 , this is more than outweighed by its benefits: Due to the quadratic B1
+-

dependence of the SAR separate pulses have substantially lower total SAR than one 

multiband pulse. The lower B1
+-amplitude per pulse allows shorter slice selective 

excitation pulses with a higher RF bandwidth, thereby reducing CSDEs. Additionally the 

simultaneous excitation of nearby frequency bands with a multiband pulse leads to 

distortions between the bands (Bloch-Siegert shift). 

For our chosen cascaded Hadamard encoding scheme with four slices, the Hadamard 

matrix as presented in Equation (1.49) was encoded into the repetitions by selectively 

shifting the phases of excitation pulses by 180°, as demonstrated in Figure 12. For the 

second to fourth repetitions two pulses would receive the phase shift. During the data 

processing, visualised in Figure 13, these encoded slice signals can then be separated by 

multiplication with the transposed Hadamard matrix (that is in this case identical to the 

matrix itself). 
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Figure 12: Hadamard encoding by cascaded excitation pulse shifts 

Every line represents one excitation (”average”) and each square an excitation pulse, 

with “+” representing no change and “-“ representing a 180° shift of the excitation pulse 

phase. Presented at (87). 

 

 

Figure 13: Hadamard decoding scheme 

The four Hadamard excitations (phase shifts as per Figure 12 represented by an inverted 

pulse) that contain signal of all four slices can be separated by the multiplication with 

the corresponding Hadamard matrix resulting in a multi-slice dataset with higher SNR. 

Presented at (87) and (88). 

A diagram of the cascaded transversal HSI excitation sequence for our measurements can 

be found in Subchapter 2.4, Figure 36. This Subchapter further describes the details of 

our implementation of HSI.   
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1.6 Spiral Trajectories for MRSI  

 

As PE-MRSI measurements become time demanding with higher matrix sizes (~30 min 

for a 64×64 matrix even with a short TR of 600 ms), high resolution MRSI over a whole 

slice is limited. Apart from parallel imaging (PI), measurement acceleration is also 

possible by more advanced k-space readout trajectories than lines (MRI) or single steps 

(MRSI). While methods like EPSI cover one line of the k-space during one excitation 

scanning it repeatedly during the ADC to achieve time domain sampling, another 

possibility is the use of spiral trajectories to cover the k-space more efficiently than that - 

at least in theory. This was first shown for MRI in 1986 (89) by Ahn et al. . While spiral 

methods can sample the k-space potentially very fast they heavily depend on the 

performance and precision of the gradient system. 

The calculation of spiral trajectories is more complicated than just following lines in k-

space and demands proper design considerations depending on the FOV, resolution, 

maximum gradient strength and maximum slew rate available, with a set of gradient 

patterns to be played out by the scanner as product. The following description of spiral 

design follows the review published by Delattre et al. (90). The signal S at a specific 

location �⃗�  in k-space can be described by 

𝑆(�⃗� ) =  ∫𝜌(𝑟 )𝑒−𝑖2𝜋�⃗� 𝑟 𝑑𝑟  (1.50) 

With ρ as the proton density. Movement of the “measurement point” in the k-space is 

accomplished by the application of the systems gradients 𝐺 : 

�⃗� (𝑡) =  
𝛾

2𝜋
∫ ∫𝐺 (𝑡′)

𝑡

0

𝑑𝑡′ (1.51) 

With spiral trajectories as goal k also be described as a time-dependent spiral: 

𝑘 =  𝜆𝜏𝛼𝑒𝑗𝜔𝜏 (1.52) 

Here τ is a function of time ranging from 0 (starting point) to 1 (end of the spiral), ω=2πn, 

n is the number of spiral turns,  𝜆 =
𝑁𝑚𝑎𝑡𝑟𝑖𝑥

2∗𝐹𝑂𝑉
 and α is the variable density parameter with 

α=1 meaning uniform density. The choice of α distinguishes constant density (CD) and 
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variable density (VD) spiral types. CD or Archimedean spirals have the same distance 

between spiral windings, while VD spiral windings are not equidistant (see Figure 15), 

which allows for example to sample the centre of the k-space more densely to reduce 

motion artefacts, increase SNR or  improve the PSF in spiral MRSI (91). A further 

distinction can be made between constant-linear-velocity (𝜏(𝑡) = √𝑡 ) and constant-

angular-velocity sampling (𝜏(𝑡) = 𝑡 ): The first one offers better SNR and gradient 

performance, while the second one orders all sampling points on radial lines which is 

beneficent to certain reconstruction approaches. Furthermore instead of one long spiral it 

may be more effective to cover the k-space with several interleaved shorter ones. 

Combining (1.50) and (1.51) and solving for 𝐺  leads to a sinusoidal solution: 

𝐺(𝑡) =  
�̇�

𝛾

𝑑𝑘

𝑑𝜏
=  

𝜆

𝛾

𝜏(𝑡)𝛼𝑒𝑗𝜔𝜏 − 𝜏(𝑡 − ∆𝑡)𝛼𝑒𝑗𝜔𝜏(𝑡−∆𝑡)

∆𝑡
 (1.53) 

𝑆(𝑡) =  �̇�(𝑡) =
�̇�2

𝛾

𝑑²𝑘

𝑑𝜏²
+

�̈�

𝛾

𝑑𝑘

𝑑𝜏
 (1.54) 

With G(t)=Gx(t)+iGy(t), S(t)=Sx(t)+iSy(t) and Δt as gradient raster time (basically the time 

resolution of the gradient system). In practice analytical solutions that are an 

approximation, but are easier to implement into a sequence such as the following (92) for 

VD spirals are used: 

𝜏(𝑡) =  [√
𝑆𝑚𝛾

𝜆𝜔2
(
𝛼

2
+ 1) 𝑡]

1
𝛼
2
+1

   slew-rate-limited regime (1.55) 

𝜏(𝑡) =  [
𝐺𝑚𝛾

𝜆𝜔
(𝛼 + 1)𝑡]

1

𝛼+1
    amplitude-limited regime (1.56) 

At the start the spiral is governed by the maximum slew rate and as the trajectory 

continues outwards the maximum gradient becomes more important. For multiple 

interleaves this leads to instabilities at the k-space centre due to slew rate overflows. 

Several suggestions to fix problem this were supposed (93,94) using for  example a 

parameter L to regularise the slew rate close to the origin (93): 

𝑆(𝑡) = 𝑆𝑚(1 − 𝑒
−𝑡

𝐿 )2 (1.57) 
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With this we obtain a modified 𝜏(𝑡):  

(𝑡) =  [√
𝑆𝑚𝛾

𝜆𝜔2
(
𝛼

2
+ 1) (𝑡 + 𝐿𝑒

−𝑡

𝐿 − 𝐿) 𝑡]

1
𝛼
2
+1

    (1.58) 

L is defined by setting 𝑆(𝑡) =
Sm

2
 at the Pth data point, commonly with P~10: 

𝐿 =  −
𝑃∆𝑡

𝑙𝑛(1 −
1

√2
)
 (1.59) 

Apart from this basics gradient design has to consider further complications that cause 

blurring like gradient deviations or eddy currents. 

Reconstruction of the obtained datasets is more complicated than in Cartesian MRI, as 

direct FFT is not possible, and while several specialised methods were proposed, the most 

common approach is the re-gridding of the spiral data points onto a Cartesian grid, upon 

which they can be processed like regular MRI images. This must correctly consider the 

weighting due to VD trajectories. 

Moving on to spiral MRSI the situation changes as MRS methods need to acquire a time 

evolution. SV and PE MRSI do this by the acquisition of the whole FID for a volume/k-

space position at once. With spiral trajectories the order is reversed: A spiral interleave 

that covers a part of the k-space is repeated during an ADC to acquire the time evolution 

for the points located onto the spiral trajectory. As a single spiral MRSI trajectory has a 

duration in the millisecond-range it is likely that the spectral sampling during one ADC 

offers less than the desired bandwidth as the dwell time becomes too long with only a few 

hundred sampling points in the time domain. To increase the bandwidth temporal 

interleaves can be employed. These are interleaves with the same spatial trajectory, but a 

shifted timing places the sampling points between the ones of the first interleave, reducing 

the dwell time. After enough temporal interleaves are acquired, the next spatial interleave 

is started and the process repeats until the whole k-space is covered to the desired extent. 

Examples of these spirals can be found in Figure 14, displaying the x- and y-gradients for 

a single CD- or VD spiral and their rewinder gradients back to the centre of the k-space. 

To adequately cover k-space and spectra the necessary number of interleaves can become 
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quite high in MRS compared to MRI, such as eight spatial and two temporal interleaves 

as demonstrated in Figure 15. 

   

Figure 14: Calculated gradient waveforms for CD and VD spirals 

Comparison of constant density (CD) and variable density (VD) spiral interleaves 

calculated for a MRSI sequence with 1 cm³ resolution and a 20×20 matrix with a gradient 

raster time of 10 µs. After the spiral gradient a rewinder to return to the k-space centre 

is necessary to prepare for the next spiral. Depending on the relative length of this 

rewinder compared to the spiral itself sampling efficiency is reduced. 

Spiral MRSI has been frequently used at 1.5 T and 3 T systems, but as higher B0s require 

higher spectral bandwidths to cover the same range in the spectrum. The dwell time 

between two FID points becomes shorter, which reduces the time available to play out 

the spiral. While this is not a limitation for PE MRSI, for spiral MRSI (and EPSI methods) 

this means either faster spirals or more temporal interleaves. As the performance of 

gradient systems does not automatically increase for scanners with higher field strengths 

(as gradient systems are limited by human anatomy; excessive gradient switching can 
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cause peripheral nerve stimulation) more interleaves may be unavoidable, leading to 

increased measurement times versus lower field strengths. More details about spiral 

MRSI at 7 T can be found in Subchapter 2.5. 

  

Figure 15: Comparison of CD and VD spiral MRSI k-space coverage 

Comparison of constant density (CD) and variable density (VD) spiral acquisition 

schemes for the gradients displayed in Figure 14, each with eight interleaves. A, B: 

Isolated view of the first interleave; C, D: Coverage of the k-space with all eight 

interleaves; VD allows massively increasing the weighting of the k-space centre. 

The efficiency of spiral trajectories can be further improved by the application of an out-

in-spiral-scheme (95), where instead of going back to the k-space centre per rewinder the 

spiral trajectory is followed back again. This relies even more on a precise and stable 

gradient system and limits the maximum available spectral bandwidth. Further possible 

k-space trajectories with similar performance are rosette (96) and concentric circle (97) 

trajectories.  
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1.7 Parallel Imaging for MRSI: GRAPPA 

 

Parallel imaging (PI) describes a number of methods that accelerate MRI or MRSI 

measurements by using the properties of array coils (AC). During the measurement points 

or lines in k-space are left out and the missing points of this undersampled and aliased 

datasets are then reconstructed in post-processing. After the development of different 

techniques over the last two decades (98), the two methods most commonly used today 

are Sensitivity Encoding (SENSE) (99) and Generalized Autocalibrating Partially Parallel 

Acquisitions (GRAPPA) (100). While sense is used to reconstruct the missing data in the 

image domain, GRAPPA is applied to the k-space data. 

The idea behind PI is to use the fact that the individual coils of an AC have due to different 

spatial placement, different coil sensitivities, meaning they “see” different regions of the 

subject. Acquisition of a reduced dataset where the sum of coil-sub-images still contains 

all needed information is possible (98). The effectiveness/power of PI applied to a 

measurement is described by the parallel imaging acceleration factor (R) that describes 

by which factor the measurement time/measurement data set was reduced. As an example 

an R of four corresponds to a fourth of measurement time because only a fourth of k-

space was sampled. This is done by leaving out lines or points in k-space following a 

certain pattern (examples are given in Figure 20) during the acquisition, which reduces 

the needed measurement time. Without a reconstruction of the missing data points this 

corresponds to the aliasing of the image, as the k-space is not sufficiently sampled (see 

Equation (1.29)), as demonstrated in Figure 16. Simply expressed PI methods use the 

different coil sensitivities of the array coils elements to reconstruct the missing data either 

in k-space or in the image domain in order to obtain a full image without aliasing. 

Our method of choice was GRAPPA as to our knowledge it had not been applied to 7 T 

MRSI before. GRAPPA operates by reconstructing signal of the undersampled data 

points/lines using the acquired data and calculated weights (100,98): 

𝑆(𝑘𝑦 + 𝑚𝛥𝑘𝑦) = 𝑊𝑦,𝑚 ∙ 𝑆(𝑘𝑦), 𝑚 = 1,…𝑅 − 1 (1.60) 
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Figure 16: Aliasing of an MRSI measurement for 2×2 GRAPPA 

Here displayed is the aliasing in an image created from the first point of the acquired 

FIDs, corresponding mostly to the trans-cranial lipid signal, for an MRSI sequence with 

a 128×128 matrix. The undersampling factor of two per direction corresponds to an 

aliased “ghost” artefact per direction that relates to the incorrect mapping of acquired 

data as the k-space sampling is not dense enough anymore. 

With 𝑆  being the signal data in all coils, 𝑊𝑦,𝑚  being the weighting matrix with a 

dimension of Ncoils× Ncoils and 𝑆(𝑘𝑦 + 𝑚𝛥𝑘𝑦) the signal at the reconstructed location. At 

least R-1 weighting matrices are needed. The weights making up the weighting matrices 

are found utilising additional lines in measurements that would be left out by the 

GRAPPA pattern and are called auto-calibration signal (ACS). The weights then 

calculated by fitting acquired data points of all lines into the ACS points: 

𝑊𝑦,𝑚 = 𝑆𝐴𝐶𝑆(𝑘𝑦 + 𝑚𝛥𝑘𝑦) ∙ [(𝑆(𝑘𝑦)
𝐻
𝑆(𝑘𝑦))  

−1𝑆(𝑘𝑦)
𝐻
] (1.61) 
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With 𝑊𝑦,𝑚 being the resulting weighting matrix, 𝑆𝐴𝐶𝑆(𝑘𝑦 + 𝑚𝛥𝑘𝑦) the ACS signal at the 

point that is to be fitted and the right-hand term being the pseudo-inverse of 𝑆(𝑘𝑦) 

(𝑆(𝑘𝑦)
𝐻

 is the conjugated and transposed matrix). The process of calculation and 

application of the weights is visualised in Figure 17 and Figure 18. 

 

Figure 17: Calculation of GRAPPA weights 

Using the acquired data points of all channels and ACS data in a vacant k-space point 

GRAPPA weights are calculated. 

 

Figure 18: Application of GRAPPA weights 

Using the calculated weights of all coils the undersampled k-space points are 

reconstructed.  
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For our implementation of GRAPPA we chose the 2D-GRAPPA-operator method (101) 

which allows the reconstruction of GRAPPA undersampling in two dimensions by 

splitting into two 1D-reconstructions: 

𝑆(𝑘𝑥 + 𝑛𝛥𝑘𝑥, 𝑘𝑦 + 𝑚𝛥𝑘𝑦, 𝑘𝑧) = 𝑊𝑦,𝑚 ∙ 𝑊𝑥,𝑛 ∙ 𝑆(𝑘𝑥,𝑘𝑦, 𝑘𝑧)   (1.62) 

With 𝑆  now being a 3D-MRSI dataset, 𝑊𝑦,𝑚  and 𝑊𝑥,𝑛  the weighting matrices per 

direction and n and m going from 1 to Rx -1 or Ry-1. The benefit of this approach, as 

demonstrated in Figure 19, lies in the better usage of the coil sensitivity variations as the 

undersampling is spread over two spatial dimensions instead of just one. Examples for 

that would be GRAPPA-patterns like 2×2, 2×3 or 3×3, resulting in Rtotals of 4, 6 and 9. 

Splitting the 2D-reconstruction into two separate steps increases the processing time, but 

improves the quality of results (101). 

 

Figure 19: 2D-GRAPPA operator reconstruction 

In this example an R of 9 is achieved by the combination of Rs of three in both directions. 

With the 2D-GRAPPA operator method, the reconstruction is done sequential, one 

direction after the other. 

Another possibility for increased SNR and data quality is the full acquisition of encoding 

steps in the centre of k-space (that is most rich in signal) that would not be sampled after 

application of the GRAPPA-pattern. The size of an approximated circle of these 

additionally measured encoding steps is described by the variable density (VD-) radius, 

with two examples given in the Subfigures G and H in Figure 20. As acquiring additional 

encoding steps prolongs the measurement time the effective acceleration factor (Reff) is 

smaller than R. 
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Another possibility for improvement is unique to GRAPPA-MRSI compared to 

applications to MRI. In general time spent for ACS data acquisition has to be carefully 

weighed for data quality since excessive sampling of ACS lines reduces the effect of 

acceleration. Nevertheless MRSI does not necessarily need ACS data obtained via a slow 

MRSI sequence. Imaging data, like low-resolution gradient echo (GRE) images, can be 

used as ACS data for MRSI and can be acquired fully sampled in just a few seconds. This 

nearly eliminates the additional measurement time to acquire ACS lines as these 

additional images take up only negligible time when compared to a MRSI sequence with 

a big matrix size. In addition, a full set of ACS data improves the calculation of weights 

and therefore the whole reconstruction quality. 

Regarding the total SNR of an accelerated measurement, it ideally follows the same 

behaviour of SNR increase by averaging, just with “less than 1” average: 

𝑆𝑁𝑅𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑,𝑖𝑑𝑒𝑎𝑙 = 
𝑆𝑁𝑅𝑛𝑜𝑡 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑

√𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

 (1.63) 

Practically, there is an additional SNR loss caused by the reconstruction of noise. The 

relative noise enhancement factor or geometry factor (g-factor) describes this SNR loss 

of parallel imaging in addition to the undersampling itself: 

𝑔 − 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑆𝑁𝑅𝑛𝑜𝑡 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑

𝑆𝑁𝑅𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑  ∙  √𝑅𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

 (1.64) 

The g-factor varies from voxel to voxel and depends on the acceleration pattern and the 

coil geometry. For an ideal reconstruction, the g-factor would be 1 but is in practice bigger 

than that, commonly between 1 and 2. 

Figure 20 demonstrates some of the possible GRAPPA acceleration patterns for our 

MRSI sequence. Subfigure A shows all points in k-space that would be acquired by an 

unaccelerated measurement with a matrix size of 64×64 employing elliptical encoding.  
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Figure 20: Comparison of GRAPPA acceleration patterns 

A: Full elliptical sampling; B: 1×2 acceleration pattern; C: 2×1 acceleration pattern; 

D: 4×1 acceleration pattern; E: 2×2 acceleration pattern; F: 5×5 acceleration pattern; 

G: 3×3 acceleration pattern with VD 1; H: 3×3 acceleration pattern with VD 10 (Reff = 

6.7); 
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The Subfigures B and C display 1×2-GRAPPA, i.e. acceleration in the left-right- (LR)-

direction, and 2×1-GRAPPA, i.e. acceleration in the anterior-posterior- (AP)-direction.  

This reduces the effective measurement time by roughly one-half. Subfigure D takes this 

even further with a 4×1-GRAPPA pattern that quarters the measurement time. However, 

as Subfigure E exemplifies, one does not need to be restricted to 1D-GRAPPA. The same 

total acceleration of 4can be achieved with a 2×2-GRAPPA pattern (2D-GRAPPA). This 

leads to better results due to the coil geometry as the undersampling is spread more evenly 

over the k-space. Theoretically acceleration factors could be very high by omission of 

most parts of the k-space, as Subfigure F shows with a 5×5-pattern, but this would lead, 

apart from the immediate SNR reduction due to PI, to increasingly bad g-factors (see 

Figure 60 for an experimental elaboration on this). Sticking with a reasonable 3×3-

GRAPPA pattern the Subfigures F and H show the application of a VD-radius of 1 and 

10, including additional points at the SNR-rich centre of the k-space. While this improves 

overall quality, this slightly reduces g-factors (see Subchapter 3.3) and Reff (from 9 to 6.7 

for Subfigure H). 

On another note, it has been shown (32) that PI is more effective at higher field strengths, 

with reduced g-factors for higher Rs compared to lower field strengths like 1.5 T. This is 

related to the changing electromagnetic field propagation properties. Together with the 

abundant ACS data due to imaging prescans with negligible measurement time compared 

to the MRSI sequence itself (resulting in minimal g-factors), this approach for MRSI 

acceleration at 7 T is very efficient. In comparison to that other GRAPPA approaches for 

MRSI were so far only used at 3T (35–37), acquiring ACS lines in the MRSI dataset, 

which limited the possible effective accelerations to less than two (35,37) or four (36). 

GRAPPA can also be applied to non-Cartesian acquisition strategies like spiral readout 

trajectories (102), amounting to the omission of spiral interleaves that are then 

reconstructed by either regridding of the data to Cartesian-like hybrid coordinates 

followed by conventional GRAPPA reconstruction and then reordering back to spiral 

trajectories.  
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1.8 Lipid and Macromolecule Suppression with Inversion 

Recovery Strategies 

 

One of the biggest limitations of brain MRS is the presence of trans-cranial lipids. These 

include a great number of different resonances close or overlapping with the lipid region 

of the MR spectrum. Together with the signal of the macromolecules (MMs) (e.g. the 

amino acids of cytosolic proteins), they are superimposed over the metabolite signals, 

especially NAA, and impede their quantification. While the acquisition of high resolution 

measurements (improving the PSF) and Hamming filtering reduce the effect of the trans-

cranial lipids (20), subject movement and fold-in due to imperfect PI reconstruction are 

still very likely. 

Over the history of MRS a multitude of approaches was developed to suppress or remove 

lipid signals (6) like outer volume suppression, pre-localisation (STEAM, PRESS…) or 

selective suppression of lipid signals. Selective suppression can be done spectrally or 

spatially, but at 7 T systems, due to the difficulty to obtain homogeneous B0- or B1
+-fields 

over the entire brain, lipid signal may be spectrally displaced and not suppressed or 

remain unsuppressed in some regions of the brain.  

As a solution to this non-selective suppression with adiabatic inversion pulses was 

proposed (103). The general premise of inversion recovery strategies is that lipid and 

metabolite magnetisations are inverted with a 180°-pulse (reliably over the whole volume 

due to its adiabaticity). Due to the shorter T1-times of the lipid resonances in comparison 

to the ones of the metabolites, the lipids reach zero  longitudinal magnetisation before the 

metabolites do at a time called inversion time (TI or first inversion time TI1). If the 

excitation part of the sequence is timed onto this moment, only the partially decayed 

metabolite longitudinal magnetisation will be excited, resulting in lipid suppression. In 

practice as there are different lipid components with different T1s, this can never suppress 

all possible lipid signals perfectly. In contrast to this single inversion recovery (SIR), 

there is also the possibility to add a second inversion pulse for double inversion recovery 

(DIR). In this case the lipid signal is allowed to pass zero and is inverted back with a 

second inversion pulse. After a shorter second inversion time (TI2) lipid magnetisation 

passes zero again, allowing excitation with lipid suppression that covers a wider range of 
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T1s. An example of this can be seen in Figure 21 and more examples from simulation 

results in Figure 68 and Figure 69. While both SIR and DIR have been used at lower field 

strengths (6,103), at 7 T, without additional coils, so far only SIR has been shown (41). 

For our inversion recovery study we implemented both SIR and DIR to compare their 

performances for minimised TRs at 7 T. 

    

Figure 21: Lipid magnetisation undergoing double inversion 

The application of two inversion pulses allows nullifying the longitudinal magnetisation 

of a range of lipid resonances at the time of excitation, resulting in the suppression of the 

lipid signal during the measurement. 

We decided to utilise wideband uniform rate and smooth truncation (WURST) pulses 

(104,105). These were proposed as adiabatic passage pulses (6) and are able to cover a 

wide range of frequencies efficiently. This is exactly what is needed for non-selective 

inversion of the whole metabolite/lipid range. The amplitude shape of such a pulse in the 

time domain is described by: 

𝑤1(𝑡) = 𝑤1(𝑚𝑎𝑥){1 − |𝑠𝑖𝑛(𝛽𝑡)|𝑛}  

𝑤1 =  𝛾𝐵1,
−𝜋

2
≤ 𝛽𝑡 ≤

𝜋

2
 

(1.65) 
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With n being a large integer representing the order of the WURST pulse. This shape, as 

exemplified by a 40th-order pulse in Figure 22, corresponds to a Fourier spectrum with a 

finite cut-off frequency, in contrast to Gaussian or hyperbolic secant pulses. The 

frequency sweep governing how frequencies are inverted at certain timings is obtained 

by integrating 𝑤1:  

∆𝑤(𝑡) =  ∫𝑤1(𝑡)
2 𝑑𝑡 (1.66) 

An example of such a frequency sweep is given in Figure 22, showing a nearly linear 

behaviour during the middle third of the pulse. 

  

Figure 22: B1-amplitude and frequency behaviour of a WURST pulse 

With a pulse order of 40, a pulse duration of 100 ms and a pulse bandwidth of 1300 Hz.  

As adiabatic inversion requires comparatively high B1
+s, SAR limitations force the use 

of uncommonly long pulses at ultra-high fields if one wants to keep reasonably short TRs. 

Therefore the inversion of the whole selected frequency band cannot be considered to 

happen simultaneously, leading to different inversion times for different resonances. This 

fact as well as how to discern optimal timings will be discussed in Subchapter 2.7.  
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2 MATERIALS AND METHODS 

This chapter provides details of the used MRSI methods, their development and the 

protocols applied to phantom and volunteer measurements. Sequence design for Siemens 

MR scanners utilises the C++-based integrated environment for applications (IDEA) 

software suite that includes tools for sequence development, on-site data processing and 

pulse design. 

The development and testing of MRSI sequences was the major effort of all work 

conducted during the scope of this thesis and is therefore presented first. 

Starting from a previously published high-resolution FID-based MRSI sequence with 

ultra-short acquisition delay (20), general measurement and data processing parameters 

and methods are explained. This is followed by the implementation of prescans into the 

sequence and the modification of the on-site processing pipeline, the image calculation 

environment (ICE). 

Further the implementation of Hadamard encoding, its validation by phantom 

measurements and in vivo measurements are detailed. The next presented step is the 

adaption of a previously published spiral MRSI sequence (30) from 3 T to 7 T systems 

and according methods for in vivo measurements. Then GRAPPA acceleration is 

introduced to reduce measurement times for HSI, followed by lipid suppression by double 

inversion recovery in order to reduce fold-in artefacts caused by the parallel imaging. All 

of these are validated with phantom and volunteer measurements. This culminates in the 

combination of all three methods. Further an approach for fast ultra-high resolution MRSI 

is introduced. The modification of water suppression for 7 T systems is discussed as well 

as the first measurements using accelerated MRSI in a glioma patient.  
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2.1 Sequence Development 

 

The development or MR sequences for Siemens (7 T) systems requires the usage of the 

IDEA (Integrated Environment for Applications) VB17 suite that allows the C++-based 

programming of sequences as well as the design of on-site data processing via ICE (Image 

Calculation Environment), the simulation and editing of measurement protocols via 

POET (protocol off-line editing tool) and the editing of RF pulses using the pulse tool. 

As VB 17 has been designed for a 32-bit XP platform it was necessary to utilise a virtual 

machine as a host for IDEA. Notepad ++ (106) was used as code editor. 

 

Figure 23: Sequence interface in POET 

Here shown is the „Special“ card that allows the display and editing of added sequence 

parameters via parameter map II (107). The same sequence interface is used on the 

scanner itself. 

Typically sequence design starts with the desired alterations and additions to the MRSI 

sequence code (that is roughly divided in five parts: Initiation of variables, objects and 

sequence limits; preparation and calculation of all necessary objects and variables; check 

of validity for the settings; execution of the sequence itself including the looping over 
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averages, repetitions and the setting of k-space-position; the sequence kernel itself 

containing the timing of RF, gradient and ADC objects). After the (hopefully) successful 

compilation starting the sequence with POET (Figure 23) allows the testing of the desired 

settings that can then be simulated (Figure 24). Here it is possible to check the correctness 

of sequence timing, SAR limits, maximum gradients and gradient slew rates. Careful 

testing reduces the amount of debugging on the scanner itself, but cannot eliminate it as 

the hardware differs between the scanner and the virtual machine host. 

 

Figure 24: Sequence simulation in POET 

This simulation shows noise acquisition and GRE imaging prescans for an MRSI 

sequence as well as the first two MRSI excitations for a single slice DIR sequence (see 

chapter 2.7 for details). 

ICE development follows a similar pattern. For testing purposes unprocessed raw data 

files from the scanner can be taken to the off-site IDEA and then reconstructed there, 

allowing changing of the data processing without the need for new measurements. 

However 32-bit virtual machines lack the memory capacity of the scanner, limiting the 

simulation to smaller datasets (especially important for data recorded with our 32-channel 

array coil compared to a single-channel volume coil). 

The pulse tool allows the preparation of pulse files containing pre-calculated RF-pulses 

used by sequences without the need of on-site pulse calculation, reducing the 

computational load of the scanner. 
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Another important aspect of sequence development is the optimisation of protocol 

parameters.  Calculating the optimal flip angle (FA) allows maximising the obtainable 

signal. The flip angle that yields the maximum signal for TRs << T1 over multiple 

excitations is the Ernst angle: 

 𝜃𝐸 = 𝑎𝑟𝑐𝑐𝑜𝑠 (𝑒
−𝑇𝑅

𝑇1 )  (2.1) 

An example for NAA is displayed in Figure 25, with the optimal FA being 45°. As the 

presented MRSI methods are intended for the measurement of multiple metabolites with 

different relaxation times, it is necessary to calculate an average FA over the most 

important metabolites by geometrically averaging as suggested by (108).  The T1- and T2-

relaxation times for brain metabolites at 7 T used for the simulation of magnetisation in 

this work were generally taken from (109) and (110).  

 

Figure 25: Simulation of NAA magnetisation for different flip angles at a TR of 600 

ms 

The maximum NAA magnetisation at a TR of 600 ms can be obtained for a FA of 45°. For 

the real sequence an average FA has to be calculated for the major metabolites of 

interest.  
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2.2 The Basic Cartesian MRSI Sequence 

 

The basis sequence that was originally developed and published by Wolfgang Bogner 

(20) based on a previous 3 T MRSI sequence supplied by Siemens. In order to address 

the limitations of MRSI at ultra-high fields (see Chapter 1.2 for details) it employs direct 

FID acquisition without any echo formation with an ultra-short acquisition delay (AD), a 

short TR of 600 ms, excitation with  600 µs sinc pulses and no outer volume/lipid 

suppression pulses to scan a 64×64 matrix in 30 minutes. For water suppression the WET 

method by Ogg et al. (111) is used. A diagram of the sequence scheme is given in Figure 

26. 

This excitation and acquisition strategy avoids J-coupling and signal loss due to long TEs 

minimises CSDEs and offers high resolution (that also leads to a better PSF) at 

comparatively short measurement times.  

 

Figure 26: Basic MRSI sequence scheme 

After the water suppression slice excitation is followed by the phase encoding gradients. 

Next the ADC opens to record the FID signal.  The acquisition delay is defined as the 

time between the mid of the excitation pulse and the ADC start. 
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The measured non-echo FID signal is transformed into spectra by the application of 2D-

spatial FFT and further FFT from the time to the spectral domain (example in Figure 27).  

 

Figure 27: Examples of in-vivo FID and spectrum 

The in-vivo FID signal of a voxel after spatial FFT is converted into a spectrum by FFT 

in the time domain.  
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2.2.1 Basic Measurement Methods 

 

If not stated differently the following basic methods and concepts were employed for all 

measurements based on Cartesian MRSI. We used Magnetom 7 T MR scanner by 

Siemens Healthcare (Erlangen, Germany) equipped with a 7 T_SC72CD gradient system 

(70 mT/m total gradient strength and 200 mT/m/s nominal slew rate). As head coil we 

utilised a 32-channel receive coil array combined with a volume coil for transmission 

(Nova Medical, Wilmington, MA, USA). Institutional Review Board approval was 

obtained for the study as well as written, informed consent of all volunteers. 

 

Figure 28: Typical placement of an MRSI slice with 64×64 matrix size 

Our standard protocol included, beyond the MRSI sequences, anatomical imaging using 

the magnetization-prepared 2 rapid acquisition gradient echoes (MP2RAGE) sequence 

(112) (0.9 mm isotropic resolution , PI factors 2 or 4, 7:56 or 4:39 min measurement time) 

and a pre-saturation turbo-FLASH-based B1
+-mapping sequence (113,114) to optimise 

the MRSI excitation FA. Further GRE images and receiver noise were measured in order 

to be used during data processing (see Chapter 2.2.2). These were measured separately at 

first but then integrated into the MRSI sequence (see Chapter 2.3). B0 shimming used a 

standard second-order field map-based approach. The time needed for all these prescans, 

shimming and FOV placement usually varied around 15-20 minutes. The MRSI slice(s) 

were typically placed transversally at the height of the ventricles or above (see Figure 28). 

Common MRSI parameters were as follows: Four preparation scans to reach steady state 

magnetisation prior to data acquisition; 1.3 ms acquisition delay (AD); elliptical sampling 

scheme with spiral-like k-space sampling starting at the k-space centre (Figure 30); field 
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of view (FOV) of 220×220 mm²; 6-10 mm slice thickness; 1024 FID sampling points 

oversampled to 2048 with a 6000 Hz receive bandwidth; Hamming-filtered three-lobe 

SINC excitation pulse(s) (108) with 0.6 ms duration (B1 for 90° excitation = 3.6 µT); 

WET water suppression with three pulses (111), 180 ms total duration and a BW of 50-

100 Hz. 

As general quality control measure all sequences were tested and validated through their 

development in phantom and volunteer measurements. 

 

Figure 29: B1
+ mapping based excitation angle map for 7 T  

 

This map of a single slice shows that while the average flip FA is around 90°, local 

variations in the brain of ±10° exist at a 7 T without parallel transmit coil. 
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Figure 30: Elliptical k-space weighting and spiral-like readout of k-space points 

Example of the omission of k-space corners and start of the acquisition in the centre then 

moving outwards in a spiral like fashion. 

2.2.2 Data Processing 

 

Off-scanner processing of measurement data was based on an in-house-developed 

software tool. It used Matlab (115) , Bash (116) and MINC (117). The brain masks for 

the MRSI data were created from the T1-weighted MP2RAGE images using the brain 

extraction tool BET 2 (118). The individual coil data of the 32 receiver channels were 

combined with the multichannel spectroscopic data combined by matching image 

calibration data (MUSICAL) method (50) that uses the prescan GRE phase data (example 

in Figure 32) to correct zero-order phasing and to maximise the obtained SNR. 

Additionally a spatial Hamming filter was used. A flow chart of the processing pipeline 

is presented as example in Figure 31.  
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Figure 31: Overview of the MRSI data processing scheme 

 

Figure 32: Example of a GRE phase image of one channel 

These phase data are utilised for MUSICAL coil combination (50). 
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After spatial and spectral FFT the resulting spectra in the masked brain region were 

processes with the spectral fitting software LCModel (13). If desired a first-order 

correction could be employed before that (see Figure 33, also as an LCModel example). 

 

Figure 33: Spectrum of a white matter voxel with and without first-order phasing 

Voxel from an HSI measurement with nominal spatial resolution of 3.125×3.125×6 mm 

(58.6 mm3), left without and right with first-order-phasing. Presented at (119). 

SNRs (usually for the NAA signal) were calculated with an adapted pseudo-replica 

method (120). From the noise prescan data a Gaussian noise matrix with a resolution of 

(CSI-size)²×100 was generated for each channel and processed like the MRSI data. SNRs 

were then calculated from the standard deviation of this processed noise matrix and peak 

heights form the LCModel fits of the selected resonance. 

  

Figure 34: Resampling of an NAA map 

Interpolation from 64×64 to 128×128. 
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Metabolic maps for the major metabolites (NAA, Cho, Cr, Ins, and Glu) were created 

from the LCModel fits and resampled to double resolution using bi-cubic interpolation. 

Further maps of metabolite ratios (e.g. tCr/tNAA, Glx/tNAA) were created as they offer 

the most reliable information about metabolite distribution and deviations in absence of 

absolute quantification. 
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2.3 Prescan Implementation and ICE Development 

 

As stated before the MRSI data quality can be improved by the usage of auxiliary 

measurements. This may include quality control measures as B1
+- and B0-maps or the 

application of a brain mask. The previously introduced MUSICAL technique as well as 

noise decorrelation go beyond that and directly increase the available SNR. As integral 

parts of the measurement protocol we decided to integrate the GRE imaging and noise 

acquisition needed for these methods directly into the MRSI sequence (121). This has the 

benefits of reducing alignment errors (e.g. by patient movement between the scans) and 

saving setup time during the measurement protocol as only one sequence instead of three 

is run. 

Noise data measurement was simply implemented by opening the ADC for 1320 ms 

without any prior RF pulses or gradients at the start of the measurement. As there is a 

software limit of sampling points per ADC we actually used 33 consecutive ADCs of 40 

ms (4000 sampling points oversampled to 8000, 10 µs dwell time). 

GRE imaging was designed to have comparable settings to the MRSI part, which lead to 

the minimally achievable GRE TE of 1.3 ms on our gradient system also being the 

minimum AD for MRSI. The image prescan would use the same FOV as MRSI had with 

a resolution of 128×128, an ADC duration per readout line of 512 µs (128 oversampled 

to 256, 4 µs dwell time), a minimum TR of 5 (usually set to 10 ms with a total GRE 

measurement time per slice of 2.6 s). For multi-slice (Hadamard) MRSI the corresponding 

number of GRE slices would be acquired (also with Hadamard encoding). The GRE 

prescans were measured twice, the second time with reversed readout gradient (”flipped”) 

to allow the correction of phase distortions caused by the readout gradient. 

The prescan functions were written as separate source code files, which allows simple 

implementation into other sequences if needed. A simulation of the prescans in an MRSI 

sequence can be seen in Figure 24. 

The implementation of changes into the ICE processing pipeline was not a big concern 

as most for most measurements the raw data was processed off-site. The first exception 

was, for testing purposes, the addition of multi-slice compatibility and Hadamard 

decoding (see chapters 1.5 and 2.4) to the Cartesian MRSI ICE. This involved the addition 
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of a slice dimension to formerly 2D-MRSI data objects and the inclusion of Hadamard 

decoding (as shown in Figure 35) into the processing pipeline. 

 

Figure 35: Hadamard Decoding in ICE 

A scheme of additions and subtractions is chosen over matrix multiplication due to the 

limitations of ICE data storage objects and operations. 

The second ICE adaption was for the spiral MRSI ICE and predominantly included the 

same adjustments to spiral trajectory and interleaf calculation as in the sequence itself 

(see chapters 1.6 and 2.5). 
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2.4 Hadamard Encoding 

 

As described in Subchapter 1.5 we implemented transversal Hadamard encoding for a 

four-slice HSI-MRSI sequence. Excitation was not done by superposition of the four slice 

excitation pulses into one, but rather by cascading of the pulses. As Figure 36 shows the 

four slices were excited during the same TR with four averages per k-space step. Every 

average would apply different 180° phase shifts to the pulses analogous to Figure 12 to 

allow Hadamard decoding during data processing. In theory the fourfold averaging should 

increase the SNR by a factor of two. Due to pulse cascading every slice had a different 

acquisition delay, influencing signal phasing and, to a minimal extend, SNR. Prior to in 

vivo measurements, we conducted phantom measurements to evaluate the pulse profiles 

for cascaded HSI, the signal bleeding between the slices for metabolites and the SNR 

increase due to HSI. 

 

Figure 36: HSI excitation scheme 

After water suppression (WS) cascaded HSI excitation takes place before the encoding 

gradients and the ADC start. The acquisition delay for the last excited slice is defined as 

the time between the mid of the excitation pulse and the ADC start. For the other slices 

the AD is prolonged by the time of the following excitations. 
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2.4.1 Phantom Measurements 

 

Step one of the phantom measurements was slice profile measurements for four-slice 

Hadamard excitation. For this we adapted a spin echo sequence to excite a whole slice 

and recorded the spatial excitation profile by application of a z-gradient during the ADC 

readout. The HSI excitation pulse train was identical to the one shown in Figure 36 other 

parameters were a TR of 20 s, a TE of 300 ms, 10 mm slice thickness and a vector size 

of 2048 oversampled to 4096 with a readout bandwidth of 10000 Hz. We used a 1.9 l 

cylindrical bottle phantom filled with MARCOL oil and an eight-channel birdcage coil 

(Invivo, Pewaukee, WI, USA) in order to allow profile homogeneity in z-direction that 

would not be possible with a spherical phantom and the 32-channel head coil. HSI profiles 

were measured with a slice distance (distance between the nominal slice centres) of 100 

(i.e. no gap between the slices), 150, 200, 300 and 400%. For comparison four individual 

slices with four averages and a slice distance of 100% (no gap) were measured. Then the 

resulting pulse profiles and the signal bleed to the other slice positions were investigated. 

Step two consisted of localisation measurements of the metabolite signal bleeding 

between the slices. To facilitate this a cylindrical phantom with different compartments 

was used (Figure 37). A small compartment was filled with creatine containing water 

while the adjacent compartments were filled with 5% acetate (Ac) solution. These were 

chosen for the good discernibility of the creatine resonances around 3 and 4 ppm and the 

acetate resonance around 1.9 ppm. The relative concentration of Ac:Cr was 

approximately 5:1. The same eight-channel birdcage as above was used. The same 

sequence as for the in vivo measurements was used with a TR of 400 ms, a TE of 1.2 ms, 

a 32×32-matrix, 5 mm slice thickness and slice distances of 100 and 200% (example in 

Figure 38). For comparison a single slice non-HSI MRSI sequence with the same 

parameters was measured in the creatine compartment. The resulting spectra in the Cr 

slice with their Ac contamination were then compared. 
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Figure 37: Localiser image of the cylindrical compartment phantom 

A compartment containing creatine was placed between two compartments containing 

vinegar (Ac:Cr concentration approximately 5:1) Presented at (87). 

 

Figure 38: Placement of slices in the cylindrical compartment phantom 

Presented at (122). 

As third step the Cr/Ac compartment phantom was then measured at our 3 T scanner 

using a 32-channel head coil to validate the expected HSI SNR gain. This was done at the 

3 T scanner due to the more homogeneous possible B1-exciation. The creatine 

compartment was measured with the same parameters as the in vivo protocol (42×42 

matrix, 8:24 minutes measurement time per slice, 100% slice distance) with single slice 

and HSI MRSI (one of the slices was placed in the same position as the single slice). The 

SNR was calculated for Cr and then compared between the single and the HSI slice.  
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2.4.2 Volunteer Measurements 

 

After successful validation of the sequence by the phantom measurements two series of 

volunteer measurements were conducted using a 42×42×4 matrix size, 6 mm slice 

thickness, 100% slice distance (no slice gap), 1.3 ms acquisition delay and a TR of 400 

ms (8:24 minutes measurement time per slice). In the first series presented at (87), eight 

volunteers (age 28±3 y, 5 male and 3 female) were measured, with a descending 

Hadamard slice order (slice 1 with the shortest AD at the top) and 1.1 ms between the 

centres of the excitation pulses. The second series, after an optimisation of the protocol, 

presented at (119) included six  volunteers (age 25±2 y, 2 male 4 female) and featured an 

ascending slice order (slice 1 with the shortest AD at the bottom) with 1 ms between the 

centres of the excitation pulses. This was done in order to get the shortest AD and 

therefore most SNR in the slices deeper in the brain, where proper excitation is more 

difficult due to B1
+-inhomogeneity. Further two of these volunteers were measured in 

volume coil (VC) and not AC mode in order to compare SNR for HSI between the modes. 

The HSI measurements were always paired with single slice MRSI placed at the same 

location as one of the middle slices using the same AD as the HSI slice. A middle slice 

was chosen so that the HSI slice used for comparison had adjacent slices on both sides 

Spectra, metabolic maps and metabolite ratio maps as well as NAA SNR was compared 

between the HSI scans and the reference scans.  
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2.5 Adaption of Spiral MRSI 3 T to 7 T 

 

Exploring a different excitation strategy than Cartesian MRSI was the utilisation of spiral 

readout trajectories for MRSI. To that end a spiral MRSI acquisition scheme previously 

published for 3 T by Andronesi et al. (30) was adapted to the requirements of 7 T. This 

mostly concerned the higher requirements for receiver bandwidth (scaling with the 

Larmor frequency/the B0 field strength) that made an increase of spiral interleaves 

necessary. 

Before that the first transition step was the replacement of the original sequences localized 

adiabatic spin-echo refocusing (LASER) excitation that used gradient-offset independent 

adiabaticity wideband (GOIA-W) pulses with an FID-scheme analogous to our Cartesian 

MRSI sequence. The reason behind this change lies primarily in the increased SAR 

requirements at 7 T (over four times higher than at 3 T as it scales with B0²) that would 

require TRs > 6s for in vivo measurements as was found out during adaption tests. 

Adapting the spiral interleave pattern from the receiver bandwidth requirements (before 

oversampling) of 1000-1400 Hz at 3 T to ~3000 Hz at 7 T was possible due to the 

increased gradient system performance of the 7 T scanner. The sequence originally used 

maximum values of 20mT/m and 120 T/m/s, which were increased to 30 mT/m and 182 

mT/m. This was less than the maximum gradient system performance in order to prevent 

eddy currents that could distort the spiral trajectories. The increased additional gradient 

performance allowed to design spiral interleave schemes that did only require one 

additional temporal interleave in addition to increased spatial interleaves. This was 

essential as an increase of temporal interleaves from created water sideband artefacts in 

the metabolite range that could, for only three temporal interleaves and a high bandwidth, 

be shifted into the lipid region of the spectrum in order not to interfere with metabolite 

quantification. An example of the acquisition of one interleave is given in Figure 39. 

The adaptations to the interleave structure as well as the option for HSI (see Chapter 2.4) 

was also included into ICE. This meant not all parts of our processing pipeline were used; 

instead the ICE-reconstructed, already coil combined and averaged data sets were taken 

as input. The reason behind this was to reduce development time as the spiral 

reconstruction was already implemented in ICE, but not in our processing pipeline. 
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Practical problems arose in the form of sequence instabilities caused by the online 

calculation of trajectories and reconstruction times several times longer than the 

measurements themselves due to the needed regridding for 32 channels. 

 

Figure 39: ADC of one spiral interleave in POET  

Different stages of zoom illustrate the necessary amount of spiral repetitions necessary 

to sample sufficient spectral information. Presented at (123). 

After initial testing in phantoms to determine the sequence performance at 7 T we 

conducted volunteer measurements. Three healthy volunteers (25±2 y, 2 male and 1 

female) were measured using a single slice spiral MRSI sequence (TR=600 ms, AD= 1.3 

ms) with a 28×28 matrix interpolated to 32×32 during ICE reconstruction, a FOV of 

200×200 mm² and 7 mm slice thickness (nominal resolution = 7×7×7 mm³). The sequence 

used three temporal and ten angular interleaves (as shown in Figure 40), achieving a 

bandwidth of 3120 Hz (6240 Hz oversampled). The ADC with a vector size of 2048 

contained 330 spiral readouts with a total duration of 320 ms. 

The measurement time was 1:14 min for the spiral MRSI with four averages and 5:20 

min for a Cartesian MRSI sequence with the same resolution and one average as 

comparison measured in the first volunteer. This corresponds to an R of 17.3 for Spiral 

MRSI with one average or an R of 4.3 for four averages when compared to PE MRSI. 
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Figure 40: K-space spiral trajectories for ten spatial interleaves 
 

The trajectories include the rewinder gradients back to the k-space centre. Note that the 

individual spiral trajectories are very “short” and barely consist of one turn. An increase 

of the rewinder gradient duration compared to the spiral itself leads to an SNRt loss as 

this time is not used to acquire data. 

One of the volunteers (26 y, male) was measured with a different protocol that contained 

a higher resolution single slice and 3D spiral MRSI and a Cartesian comparison. 

The 2D spiral featured a 39×39 matrix interpolated to 64×64 with a FOV of 200×200mm² 

and 15 mm slice thickness and a receiver bandwidth of 2300 (4600) Hz. The measurement 

time was 0:46 min for one average and 3:04 for four averages, with the Cartesian MRSI 

sequence taking 11:20 min for the same resolution, resulting in Rs of 14.8 and 3.7. The 
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3D sequence had a nominal resolution of 1 cm³ with a 20×20×8 matrix interpolated to 

32×32×8, a of FOV 200×200×80 mm³ and a receiver bandwidth of 2600(5200) Hz. The 

measurement times were 1:19 min for one average and 5:16 min for four averages. 

The results for the different Spiral settings were compared with the PE measurements, 

especially metabolic (ratio) maps and the achieved SNR.  
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2.6 GRAPPA-Accelerated MRSI 

 

The implementation of GRAPPA acceleration as described in Subchapter 1.7 resulted in 

the addition of functions to the sequence that allow to decide upon the desired GRAPPA 

factors in LR- and AP-direction from which the pattern for the omission of k-space steps 

is calculated (an example can be seen in Figure 41). During data processing the GRE 

prescan images are utilised to calculate the coil weights that are used for the GRAPPA 

reconstruction. The successful reconstruction removes fold-in signal caused by the 

undersampling of the k-space as can be seen in Figure 61. 

To ensure the quality and to find the limits of our GRAPPA implementation and coil setup 

we conducted a phantom measurement in order to calculate g-factors for the possible 

acceleration patterns. As detailed previously, the g-factor describes the loss of SNR in 

addition to the reduction due to the acceleration itself and increases with higher Rs. 

We used a dedicated MRS phantom (Siemens, spherical, 17 cm diameter, containing 8.2g 

of NaC2H3O3 and 9.6 g C3H5O3Li per kg of distilled H2O). We acquired a fully elliptically 

sampled MRSI data set with a TR of 600 ms and a 64×64 matrix and a FOV of 220 mm 

that was processed once fully sampled and then with all possible GRAPPA patterns up to 

5×5 and additionally for different VD radii ranging from 1-10 for the 3×3 pattern. The g-

factor calculation using Equation (1.64) was based on the SNRs of the acetate peak 

calculated with the same method as described in Chapter 2.2.2 and calculated per-voxel 

values for all voxels inside of the phantom. 

2.6.1 GRAPPA-Accelerated HSI-MRSI 

 

After phantom validation we tested the application of GRAPPA to accelerate HSI 

measurements in three volunteer (28±1 years, all male) measurement. The Hadamard 

MRSI sequence utilised the same sequence parameters and Hadamard settings as the 

second measurement series of Chapter 2.4.2. except for a base resolution of 64×64×4 with 

a nominal resolution of 3.4×3.4×8 mm³ = 0.093 cm³. 
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Figure 41: 3×2 GRAPPA pattern with VD radius 1 for application to HSI 

Due to the VD radius, Reff was 5.95. Presented at (124). 

For acceleration a GRAPPA pattern of 3 in LR- and 2 in AP-direction was chosen (see 

Figure 41), leading to a total R of 6 and with a VD radius of 1 to an Reff of 5.95. Thereby 

an unaccelerated MRSI measurement time of 2 hours that would have been unacceptable 

was reduced to 20 minutes.  

For the evaluation we focused on the quality of metabolic maps, the achieved SNR, total 

acceleration, and the quality of GRAPPA reconstruction.  
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2.7 Lipid Suppression with Inversion Recovery Pulses with 

Symmetric Frequency-Sweep 

 

Further MRSI test measurements with GRAPPA-acceleration showed that volunteer 

movements and field inhomogeneities could cause fold-in artefacts of trans-cranial lipids. 

As this reduces the reliability of the MRSI method in general we investigated the addition 

of a lipid suppression module to the MRSI sequence. As described in Subchapter 1.8 we 

chose to implement non-selective adiabatic inversion recovery pulses to achieve robust 

lipid as well as macromolecule suppression at 7 T.  

The basic MRSI sequence with no IR pulses (NIR) was modified by adding either a single 

IR pulse (SIR) or a double inversion recovery pulse scheme (DIR). The comparison of 

results for SIR and DIR suppression would then decide which version would be better for 

application. 

As it is illustrated in Figure 42 A for SIR the inversion pulse was added before water 

suppression and excitation, while for DIR one IR pulse was added before water 

suppression and the second one between water suppression and excitation. The inversion 

time for SIR (TI 
SIR) was defined as the time between the centre of the IR pulse and the 

centre of the excitation pulse. For DIR, TI 1
DIR was the time between the centres of the two 

IR pulses and TI 2
DIR  was the time between the centre of the second IR pulse and the centre 

of the excitation pulse. The total TR was defined as the base TR without IR pulses + TI 
SIR 

or + (TI 1
DIR

 +TI 2
DIR). The TRbase would be the same for NIR, SIR and DIR. 

Due to the SAR constraints at 7 T (note that SAR increases with B1) we needed 

comparatively long IR pulse lengths and chose 100 ms per pulse, the maximum allowed 

for a single pulse by the RF amplifier. This was done to minimise the increase of total TR 

to stay under the SAR limit for the head (3 W/kg over 10 minutes according to the FDA, 

3.2 W/kg over 6 minutes according to the IEC). Using IR pulses with a non-negligible 

length lead to a beneficent side effect: As the adiabatic pulses sweep to the range of 

resonance frequencies they invert, the effective inversion times (TIeff) of different 

resonances varies. This allows tailoring the TIeffs of metabolites to be shorter than the 

ones for the lipids, therefore retaining more metabolite SNR, as displayed in Figure 42 B. 

This effect increases the further the metabolite resonances are away from the lipid ones. 
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Figure 42: IR sequence and pulse design scheme 

A) RF/Gradient scheme for the IR MRSI sequence with SIR using only the first IR pulse 

and DIR using both. Water suppression is timed after the IR pulse/between the IR pulses. 

B) Elaboration of the frequency sweep for the IR pulses over the non-negligible pulse 

time (inverted sweep for the second pulse). Different frequencies are inverted at different 

times, as indicated for NAA, leading to an optimisation of inversion times for the 

metabolites closer to the water resonance. Published in (2).  

In the next part the practical sequence design, optimisation and experiments for validation 

will be described.  
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2.7.1 Lipid Suppression for GRAPPA-Accelerated MRSI 

 

The first step in IR sequence design was the simulation of magnetisation behaviour. In 

order to do this we numerically solved the Bloch equations using 30 iterations for the 

magnetisation undergoing one (SIR) or two inversions (DIR) followed by a standard FID 

excitation using  T1- and T2-relaxation times as before (109,110). Lipid T1-values were 

determined as 725/405/334/333/883 ms for the 0.9/1.2/2.0/2.2/2.8 ppm lipid resonances 

by an in vivo inversion recovery measurement.  

We simulated the steady state behaviour of longitudinal and transversal magnetisation for 

the major metabolites (NAA, Cho, Cr) and lipids over a range of TRbase values from 600-

1500 ms and TIs from 400-1000 ms. The optimisation goal was to find TR/TI settings 

that retained as much metabolite SNR as possible while nulling the lipids at the shortest 

possible TRtotal allowed by SAR constraints. Then magnetisation pathways for NAA, Cr, 

and Cho were simulated in order to compare metabolite SNR and lipid suppression 

efficiency with phantom measurements. 

As second step the optimal excitation FAs for NIR, SIR and DIR were calculated for 

several brain metabolites (NAA, Cho, Cr, Glu and Ins). This FA calculations were further 

used to test for the robustness to B1
+ variations. The found parameters where then 

measured in a phantom to validate the lipid nulling. 

Aside from the base parameters used as in the previously presented methods and a 64×64 

matrix with a nominal resolution of 3.4×3.4×10 mm³ the following timings were used:  

TRbase of 1038 ms +  TISIR of 270 ms / TI 1
DIR of 210 ms and TI 2

DIR of 52 ms resulting in 

TRtotals of 1038 ms for NIR, 1308 for SIR and 1300 for DIR. The optimised FAs were 

56° for NIR, 117° for SIR, and 65° for DIR. The four-pulse WET water suppression (111) 

was shortened as described in Chapter 2.9 in order to allow this IR timings. 

The IR pulses were 100 ms long 40th-order WURST pulses with a bandwidth of 1300 Hz. 

Together with a delta frequency of -2.1 ppm relative to water this resulted in an effective 

inversion range from 0.9-4.3 ppm. Pulse length and sequence design therefore led to the 

minimal TI values of  TI 
SIR of 96 ms and TI 1

DIR /TI 2
DIR of 145/52 ms. The effective TI 

SIRs 

of metabolites due to the frequency sweep over 100 ms were 304 ms at ~1.2 ppm (lipid 

region), 293 ms at ~2 ppm (NAA), 250 ms at ~3 ppm (Cr), and 236 ms at ~4 ppm. For 
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the double sweep of DIR, the TI 1
DIRs were 278 ms at 1.2 ppm, 256 ms at 2 ppm, 170 at 3 

ppm, and 142 ms at 4 ppm while the TI 2
DIRs were 18 ms at 1.2 ppm, 29 ms at 2 ppm, 72 

ms at 3 ppm, and 86 ms at 4 ppm ( see Figure 42 B). 

 

Figure 43: 3×3 GRAPPA pattern for IR measurements 

With a VD radius of 3, an Reff of 8.3 was reached. 

In order to validate the simulations for metabolite SNR and lipid suppression efficiency 

the NIR, SIR and DIR sequence variants were measured fully sampled in an in-house 

built spherical phantom containing brain metabolites in physiological concentrations and 

with a T1 similar to that of GM, and a diameter of 16 cm and with an added outer layer of 

a corn oil-saturated textile to simulate trans-cranial lipids. These full data sets were then 

artificially undersampled with different GRAPPA patterns (2×2, 3×2, 3×3) and then 

compared. The lipid signal of the voxels in the lipid layer was calculated by two different 

frequency ranges (0-2 ppm and 0.75-1.75 ppm) by integrating the signal of the respective 

range. The ratios of these integrals (SIR/NIR and DIR/NIR) served as approximations of 

the effective lipid suppression factors and compared to the values obtained through 

simulation. For metabolite SNR the measurements were repeated without the lipid layer 

in order to avoid lipid contamination leading to increased SNR. NAA, Cho and Cr SNRs 

were calculated for a region of interest in the centre of the phantom (circular, 109 voxels) 
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with the best B1 homogeneity. Ratios of the metabolite SNRs (SIR/NIR and DIR/NIR) as 

a measure of metabolite signal loss were compared to the simulation results. 

The last step of validation was performed with volunteer measurements (age 28±2 years, 

3 males and 2 females,). After the standard prescans the NIR, SIR, and DIR scans were 

performed with the same position and orientation and the previously introduced TRs/TIs. 

With a GRAPPA-acceleration of 3×3 and a VD radius of 3 (see Figure 43) measurement 

times were 6:17, 7:53, and 7:51 min for NIR, SIR, and DIR (corresponding measurement 

times without acceleration: 52, 65:30, and 65 min; Reff of 8.3). The overall measurement 

time without adjustments was 26:17 min. 

One of the volunteers (25 y, male) was measured a second time to investigate the 

suppression behaviour at different accelerations: The NIR and DIR sequences were 

measured fully sampled and then reconstructed with different Rs applied in post 

processing. 

After data processing as described before paired t-tests between DIR and NIR as well as 

between SIR and NIR data were conducted in order to verify the significance of the 

achieved lipid suppression. 

 

2.7.2 Lipid Suppression for GRAPPA-Accelerated HSI-MRSI 

 

After the validation of DIR-based lipid suppression for single-slice MRSI we applied the 

method to HSI-MRSI measurements of three volunteers. One volunteer (28 y, male) was 

measured with a two-slice variant with a total duration of 15:42 min while the other two 

(27 and 29 y, male) were measured with a four-slice variant with a total duration of 31:24 

min. Both were using 3×3 GRAPPA acceleration and a 64×64 in-plane matrix size. One 

of the four-slice measurements used 6 mm slice thickness and the others used 8 mm. 

The resulting spectra and metabolic maps were screened for remaining lipid 

contamination and measurement quality parameters (NAA SNR, FWHM, CRLBs) 

compared to the previous single slice DIR experiment. 
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2.8 Ultra-High Resolution MRSI 

 

Obtaining even higher resolutions than the previously introduced 3.4×3.4×10 mm³ for a 

64×64 matrix would allow even better correspondence to anatomical detail structures of 

the brain as well as lesions with additional benefits such as an improved PSF and better 

B0-homogeneity per voxel. But aside from SNR issues due to reduced voxel sizes, just 

increasing the matrix size to 128×128 for a sequence with a TR of 600 ms used so far 

would increase the measurement time to 2:04 hours without acceleration and 14 minutes 

using 3×3 GRAPPA.  

Another venue to reduce measurement times presented itself due to the reduced duration 

of water suppression (see Chapter 2.9). A total WS duration of 60 ms and a reduction of 

ADC duration (1024 sampling points (including oversampling) and a readout bandwidth 

of 9000 Hz allowed to reduce the TR down to 200 ms. This reduced the time needed for 

a fully sampled measurement to 41:30 min, which is feasible to measure in a volunteer. 

The ultra-high resolution (UHR) was 1.7×1.7×8 mm for a 128×128 matrix, which 

approached low-resolution MRI values with a voxel volume of 0,023 cm³. With additional 

acceleration this could be reduced further, but with SNR as limiting factor this had to be 

tested first. 

Considering the reduced TR Ernst angle calculations for the optimal excitation FA 

resulted in an angle of 27° (average of the most important metabolite FAs).  

In order to evaluate the sequence one volunteer (35 y, male) was measured with the new 

TR200-UHR-sequence without acceleration that was then undersampled and 

reconstructed in data processing for Rs of 4, 6 and 9. For comparison a 64×64 

measurement with a TR of 600 ms and an R of 5 (125) was measured. Lipid signal was 

reduced during data processing by lipid regularisation (126). Further the UHR sequence 

was measured with an R of 9 in one volunteer (27 y, male) and with Rs of 4 and 9 in 

another (27 y, male). The resulting datasets were compared, SNRs evaluated as well as 

checked for lipid artefacts.   
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2.9 Water Suppression 

 

As water suppression (WS) is necessary for MRS we utilised the WET technique by Ogg 

et al. (111). It used three or four saturation pulses paired with spoiler gradients to null the 

water signal before the excitation pulse(s). This method was published for 1.5 T systems, 

but as it is insensitive to B1
+ and relaxation time variations it has been used without 

alterations at our site for 3 T and 7 T systems. 

As the implementation of double inversion recovery and ultra-short TRs required 

reducing the duration of the water suppression. Previously it was 180 ms (three pulses 

with a τ (duration of pulse + spoiler gradient) of 60 ms). Using the higher gradient 

performance at our disposal the gradients could be played out faster while keeping the 

same total spoiler gradient moment. With a pulse duration of 9 ms at a bandwidth of 100 

Hz and a minimal gradient duration of 1 ms the shortest possible τ achievable that 

preserved the spoiler gradient moment was 15 ms, while τs down to 10 ms were possible, 

but expected to cause artefacts due to insufficient spoiling. 

Further, as proposed by (111), the addition of a 4th pulse to the scheme was expected to 

increase the suppression stability even more, reducing the variation of magnetisation at 

15% deviation of nominal B1 by one order of magnitude. This was very desirable to 

counter the increased B1
+-inhomogeneities at 7 T. 

To evaluate the performance in comparison to the prior scheme the measurement of a 

volunteer (27 y, male) was conducted comparing the old and modified WET settings. 

After the previously described prescans a single slice MRSI measurement with a 32×32 

matrix, TR of 600 ms and an R of 9 was repeated with different water suppression 

settings. Measurement time per scan was 1:09 min, allowing the comparison of multiple 

τs at high SNR per voxel, with a matrix size that was detailed enough for evaluation. The 

original settings as well as four-pulse suppression with τ values of 

10,11,12,15,20,30,40,50,60 ms and a measurement without WS were conducted. 

Suppression efficiency was calculated by comparison of the water SNR of the scans with 

WS to the reference without WS. Water suppression was calculated per voxel and then 

averaged over the whole slice. Spectral quality was assessed by comparing the measured 

spectral range of selected voxels as well as the LCModel-fitted part of the spectrum.  
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2.10 Initial Glioma Patient Measurement 

 

To showcase the (pre-)clinical feasibility of accelerated high-resolution 7 T brain MRSI 

this subchapter presents one measurement protocol conducted with a glioma patient (35 

years, male). It was part of a series of initial patient measurements presented at the 

ISMRM annual meeting 2015 (127). The glioma was rated as grade 2 in the WHO 

classification and was located in the left frontal lobe (see Figure 44). This location at the 

rim of the brain meant that commonly used techniques for clinical MRS that require a 

selection box like PRESS would not be possible at all. 

 

Figure 44: Glioma location on a T1-weighted image 

WHO grade 2 glioma in the left frontal lobe. Presented at (127). 

The measurement was part of a general imaging protocol that included also a 

magnetization prepared gradient echo sequence (MPRAGE) for T1-weighted imaging and 

susceptibility-weighted imaging (SWI). The MRSI part consisted of the usual prescans 

as described for the previous experiments, a single slice MRSI and a four-slice HSI-MRSI 

sequence. For measurement acceleration controlled aliasing in parallel imaging results 

in higher acceleration (CAIPIRINHA), an advanced PI method based on GRAPPA 

(adapted to MRSI and presented by Bernhard Strasser at (128)), was used and, using a 

TR of 600 ms, resulted in measurement times of 6 min (R of 6, Reff of 5) for the single 

slice and 14:37 min (R of 10, Reff of 8.3) for HSI MRSI. With a 64×64 matrix, a FOV of 

220mm and 8 mm slice thickness, a nominal resolution of  3.4×3.4×8 mm³ = 0.093 cm³ 

was achieved. Lipid signal was reduced during data processing by lipid regularisation 

(126).  
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3 RESULTS 

 

This section presents the results of all measurements, phantom or volunteer, that were 

described in the last chapter. This includes, but is not limited to, individual spectra, 

metabolite, metabolic ratio and SNR maps as well as CRLBs. First cascaded HSI is shown 

to be a robust method to increase SNR in multi slice MRSI at ultra high fields (UHF). 

Spiral MRSI can, despite its innate bandwidth restrictions at UHFs, provide results 

comparable to Cartesian MRSI at shorter measurement times. 

In addition GRAPPA-accelerated MRSI massively reduces measurement times and 

retains sufficient SNR to allow proper metabolite fitting, as our results show. DIR lipid 

suppression reduces spectral lipid contamination very well while maintaining enough 

metabolite SNR. 

The first results of ultra-high resolution MRSI measurements are presented to show the 

possibility of achieving MRI-like resolutions for metabolic imaging, followed by the 

results of the quality control for the adapted water suppression. At the end of the chapter, 

the first results of glioma patient measurements demonstrate the clinical potential of high 

resolution MRSI at 7 T.  
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3.1 Hadamard Spectroscopic Imaging 

 

3.1.1 Phantom Measurements 

 

The slice profile measurements showed a good comparability of single slice and HSI 

profiles (Figure 45). Still every decoded HSI slice contains approximately 1-2% of each 

of the other slice signals varying with the slice distance. The most apparent difference is 

a relative increase of signal for the two middle slices of about 20% in comparison to the 

border slices. Due to the general broadening of real profiles due to non-infinite sinc pulses 

compared to ideal rectangular excitation profiles this indicated a signal overlap between 

the slices if not enough slice distance was chosen. This needed to be considered in vivo, 

but as our MRSI method is in general limited to the regions above the ventricles it was 

not feasible to use slice distances over 100% (no gap between the slices). 

The localisation measurements resulted in no significant differences between HSI and 

single slice MRSI: Comparing the Ac signal contamination in the Cr compartment to a 

reference slice in the Ac compartment, single slice MRSI had 6.4%±0.7%, HSI with 

100% slice distance had 6.8%±0.6% and HSI with 200% slice distance had 6.5%±1.1% 

of the Ac signal of the Ac compartment.  

The SNR control measurements resulted in a ratio of HSI to single slice MRSI averaged 

over the whole slice of 1.90±0.30. This is slightly lower, but still in the range of the 

expected factor of two increase for HSI relative to four separate single slice acquisitions. 
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Figure 45: HSI Slice profiles 

Slice profiles measured in a cylindrical MARCOL phantom with slice distances of 100-

400% compared to four single slice measurements. The magnitude decrease for slices 

farther away from the isocenter is caused by the coil geometry. 
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3.1.2 Volunteer Measurements 

 

The first series of volunteer measurements showed in general a good comparability of 

single slice and HSI MRSI data as well as the expected increased SNR, which was clearly 

visible in individual spectra (Figure 46). The NAA SNR calculations when compared 

over the whole slices (Figure 47) showed that while there was an SNR increase it fell 

short of the expected factor of two and ranged, depending on the volunteers, between ~1.4 

to 1.9. 

 

Figure 46: Comparison of single slice MRSI and HSI spectra  

Male volunteer, nominal spatial resolution of 5.2×5.2×6 mm; A) single slice MRSI, B) 

HSI MRSI. HSI shows a clear increase in spectral SNR.  Presented at (87). 

 

Figure 47: Comparison of HSI to single slice MRSI SNRs  

NAA SNR ratios of HSI to single slice MRSI for three volunteers. The SNR increase 

appears to be less than the expected factor of two. Presented at (87). 

Comparing metabolic ratio maps of Glx, tCr and mI to tNAA between single slice and 

HSI MRSI (Figure 48) showed good consensus of both methods for Glx and tCr. 
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Figure 48: Comparison of metabolic ratio maps between single slice and HSI MRSI  

Comparison of metabolic ratio maps (all to tNAA) in a male volunteer between the single 

slice MRSI and slice three of the HSI MRSI measurement. Glx/tNAA and tCr/tNAA appear 

nearly identical part from the border regions; mI/tNAA shows recognisable differences. 

Presented at (87). 

Metabolic ratio maps over all four slices in a selected volunteer (Figure 49) visualise 

differences in the brain structures like GM/WM or the separation of the hemispheres even 

at the “low” in-plane resolution of 42×42. 
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Figure 49: Metabolic ratio maps of HSI over all four slices 

Metabolic ratio maps of Glx, tCr and Ins (all to tNAA) for all four slices of a male 

volunteer HSI measurement. Presented at (87). 

The second series of volunteer measurements supported the previous results (good 

comparability of individual spectra while increasing the SNR as in Figure 50). 

Calculating the average NAA SNR for all volunteers measured in AC mode resulted in 

an SNR of 118±35 for HSI and 82±25 for single slice MRSI. This again showed an 

apparent average SNR increase of 1.45±0.30 that was less than expected (Figure 51). No 

significant differences in SNR ratios between AC and VC mode were found. Comparing 
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metabolic ratio maps (Figure 52) showed again consistent behaviour in the central regions 

while HSI apparently enhanced artefacts at the rim. Metabolic ratio maps over all slices 

corresponded again well to anatomical features (Figure 53). 

 

Figure 50: Further comparison of single slice MRSI and HSI spectra 

Male volunteer; spectra of a male volunteer central white matter voxel with a nominal 

spatial resolution of 5.2×5.2×6 mm; A) single slice MRSI, B) HSI MRSI. Presented at 

(119).  

 

Figure 51: SNR ratios of HSI to single slice MRSI  

SNR ratios HSI to CSI for three volunteers, note that SNR increase appears to be less 

than the expected factor of two. Presented at (119). 



Accelerated High-Resolution 3D Magnetic Resonance Spectroscopic Imaging In The 

Brain At 7 T 

94 

 

 

Figure 52: Comparison of metabolic ratio maps between single slice and HSI MRSI 

The comparison of metabolic ratio maps (all to tNAA) for the third slice of HSI and single 

slice MRSI in a male volunteer shows very close values except for the rim region for all 

four displayed metabolites. Presented at (119). 

 

Figure 53: HSI Metabolic ratio maps over all four slices 

Metabolic ratio maps (all to tNAA) for all four HSI slices in the same male volunteer as 

in Figure 52. Presented at (119).  
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3.2 Spiral MRSI 

 

The results of the first measurement series of three volunteers showed well comparable 

individual spectra at less SNR than PE MRSI as seen in Figure 54, with sufficient SNR 

for metabolite quantification. Closer inspection of the metabolic maps (Figure 55) and 

comparison of metabolic ratio maps to the ones obtained by PE MRSI (Figure 56) shows 

that while Spiral MRSI generally agrees with PE MRSI significant blurring can occur.  

 

Figure 54: Spectral comparison of a central white matter voxel for Spiral and PE 

MRSI 

Male volunteer; nominal spatial resolution of 7×7×7 mm (0.343 cm³); A) Spiral MRSI 

and B) PE MRSI. First order errors introduced by FID acquisition were considered in 

LCModel processing. 

CRLBs evaluated in one volunteer were below 20 for 95.6%/98.0% (Spiral MRSI/PE 

MRSI) of all voxels for tNAA, 95.2%/98.9% for tCr and 88.7%/96.8% for tCho. The 

respective mean CRLBs were 6.6±6.8/3.5±4.4 for tNAA, 6.9±6.3/4.1±3.8 for tCr and 

9.7±9.8/5.0±5.7 for tCho. While being noticeably worse than the PE MRSI ones, Spiral 

MRSI CRLBs remained reasonably good. 
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Figure 55: Metabolic ratio maps of Spiral MRSI for three volunteers 

All ratios to tNAA. Blurring can be noticed especially in volunteer two, while GM/WM 

differences can be best seen in the Glx/tNAA maps. 

 

 

Figure 56: Comparison of metabolic ratio maps between Spiral MRSI and PE MRSI 

Male volunteer, all ratios to tNAA. Increased blurring and rim artefacts can be clearly 

seen for Spiral MRSI. 
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For the second measurement of a higher resolution single-slice matrix with one and four 

averages compared to PE MRSI similar trends were observed. A comparison of single 

spectra (Figure 57) shows that with four averages quality is reasonable if compared to PE 

MRSI. 

 

Figure 57: Higher resolution 2D Spiral MRSI voxel comparison 

Centre-of-slice  WM voxel for A) Spiral MRSI with 1 average, B) Spiral MRSI with 4 

averages and  C)PE MRSI. Blue highlights of metabolites indicate CRLBs <20%, 

therefore while four average Spiral MRSI can properly quantify nearly as many 

metabolites as PE MRSI, with just one average it lacks sufficient SNR for that. Presented 

at (123). 

Considering the metabolic maps Figure 58 also shows that Spiral MRSI with four 

averages is comparable but noisier to PE MRSI, and with just one average blurring is 

predominant. The 3D MRSI sequence showed that it was also able to obtain usable spectra 

as demonstrated in Figure 59.  

Regarding the SNR results, the lower resolution Spiral MRSI achieved 43% of the PE 

MRSI SNR, while a hypothetically undersampled PE MRSI sequence with the same 

measurement time (equivalent to an R of 4.3) and a g-factor of 1 would result in 48%. 

For the higher resolution, the corresponding numbers for Spiral/PE MRSI were 33% to 

26% for one average (Requivalent of 14.8) and 46% to 52% for four averages (Requivalent of 

3.7). While the four-average results are similar the single average outperforms them, 

indicating problems in the averaging process or the SNR calculation. 
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Figure 58: Metabolic ratio map comparison of 2D Spiral MRSI with PE MRSI at a 

matrix size of 39×39 

All ratio maps to tNAA. Blurring clearly shows for only one average. Presented at (123). 

 

 

Figure 59: 3D Spiral MRSI spectra in central WM 

A) Central WM voxel, 1 average; B) Central WM voxel, 4 averages. Presented at (123).  
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3.3 GRAPPA-Accelerated MRSI 

 

The GRAPPA reconstruction was working with only minimal losses in data quality. As 

presented in Figure 60 and Table 1 average g-factors remained lower than 1.1 with good 

homogeneity for accelerations up to 3×3 and reached values around two for 5×5 while 

developing a rhombic pattern in the phantom.  

 

Figure 60: g-factor maps for different GRAPPA patterns in a phantom 

The maps for GRAPPA-acceleration patterns of 1-5 in the LR- and AP-directions (VD 2) 

in a phantom show low g-factors (< 1.1, see Table 1) and high homogeneity for Rs up to 

3×3 (highlighted by the red box). Published in (2). 
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Acc. LP  

AP 

×1 ×2 ×3 ×4 ×5 

×1 Median/IQR 1.02/0.06 1.06/0.1 1.16/0.15 1.45/0.31 

×2 1.01/0.06 1.01/0.08 1.06/0.1 1.12/0.15 1.29/0.25 

×3 1.04/0.09 1.04/0.09 1.08/0.12 1.17/0.16 1.37/0.29 

×4 1.14/0.14 1.11/0.14 1.18/0.16 1.27/0.2 1.57/0.43 

×5 1.37/0.28 1.32/0.26 1.37/0.27 1.56/0.4 2.03/0.78 

Table 1: Median g-factors for different GRAPPA patterns in a phantom 

Median g-factors and interquartile range (IQR) in a phantom for GRAPPA-patterns 

(from 1×1 up to 5×5 in the AP and LR directions) as displayed in Figure 60. Up to a 3×3 

pattern g-factors remain lower than 1.1. Published in (2). 

A closer look into the 5×1 and 1×5 results shows that acceleration AP-direction yielded 

better results than in LP-direction due to the geometry of the array coil used. Increasing 

the VD-radius from one up to ten increased the median g-factor from 1.08 to 

1.09/1.09/1.12/1.17 for VDs of 2/3/5/10, with interquartile ranges (IQR) of 0.12.  

In summary acceleration factors of up to nine can be realised with our approach without 

significant additional SNR losses. 
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3.3.1 GRAPPA-Accelerated HSI-MRSI 

 

The quality of GRAPPA-reconstruction can be seen in Figure 61. All fold-in artefacts due 

to oversampling could be removed with the approach of using GRE prescans as 

autocalibration data. 

 

Figure 61: First-FID-point-map before and after GRAPPA-reconstruction 

This single-slice MRSI with a 3×3 GRAPPA acceleration is affected by triple aliasing in 

each spatial direction due to the undersampling. A complete reconstruction removes all 

fold-in signal. The high intensity of the trans-cranial lipids at the beginning of the FID is 

evident.  

Examination of spectra over all four slices in one volunteer (Figure 66) shows robust 

spectral quality and sufficient SNR over all slices. The voxel of slice 1, placed in the 

ventricle, shows nearly no metabolite signal as expected from CSF except for partial 

volume effects from the surrounding area. 
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Figure 62: Comparison of the same voxel position over all HSI MRSI slices 

The different phases are caused due to the different acquisition delays per HSI slice and 

can be corrected in post processing if desired. Presented at (124). 

Concerning the SNR in the same volunteer, with a mean NAA SNR of 29.8±13.8, we 

obtained more than enough SNR than needed for good quantification, indicating the 

possibility for even higher accelerations. The SNR maps as shown in Figure 63 reveal an 

uneven distribution with generally less SNR in the centre of the slices, which is expected 

due to the use of an AC coil.  

 

Figure 63: SNR maps of NAA for all four slices for one volunteer 

Mean NAA SNR over all four HSI slices: 29.8±13.8. Presented at (124). 

The tNAA maps (Figure 64) show besides from a signal difference between left and right 

side, good correspondence with anatomical structures like gyri, lateral ventricles, corpus 

callosum and the longitudinal fissure. tCho maps (Figure 65) show the same behaviour 

but less anatomical detail, but some GM/WM contrast. 
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Figure 64: tNAA maps of all four accelerated HSI slices for one volunteer 

Anatomical structures such as gyri, the lateral ventricles, the corpus callosum and the 

longitudinal fissure are clearly visible. Presented at (124). 
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Figure 65: tCho maps of all four accelerated HSI slices for one volunteer 

The lateral ventricles and longitudinal fissure are clearly visible.  Presented at (124). 
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Figure 66: Metabolic ratio maps of all four accelerated HSI slices for one volunteer 

All ratio maps to tNAA. Presented at (124). 

The contrast between GM, WM and CSF is much more distinguished on the metabolic 

ratio maps as presented in Figure 66. Especially the Glx/tNAA maps show the GM/WM 

differences very well. Still a general “spottiness” reduces the quality of the maps. 

Especially in the ventricles ratios are not well defined. Partial volume correction for CSF 

may further improve results. 
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 tNAA tCr tCho mI Glx 

Av.CRLB 

[%] 

5.6 ± 5.1 6.4 ± 5.5 7.7 ± 6.5 9.6 ± 6.9  8.8 ± 6.3  

Voxels with 

CRLB <20 

[%] 

97.5 97.2 95.2 93.4 94.3 

Table 2: Mean CRLBs over all four slices for one volunteer   

All averages are well below the commonly accepted threshold of 20% in the majority of 

voxels. Presented at (124). 

The CRLBs as displayed in Table 2 show sufficient stability for the most important 

metabolites indicating that metabolite fitting is reliable over all slices. 

The resulting data of the other two volunteers confirmed the findings as is exemplified 

by the metabolic ratio maps in Figure 67. Especially the last volunteer’s maps display the 

high quality that can be achieved with this sequence. 

 

Figure 67: Metabolic ratio maps of slice 1 for two further volunteers 

All ratio maps to tNAA. Presented at (124).  
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3.4 Lipid Suppression with Inversion Recovery Pulses  

3.4.1 Lipid Suppression for GRAPPA-Accelerated MRSI 

 

The results of the simulations showed that the steady state signal of DIR magnetisation 

(longitudinal and transversal) for NAA as shown in Figure 68 was reached after four 

excitations indicating that the usual setting of four prescans was also sufficient for IR 

measurements. The same result was found for a comparison of the transversal 

magnetisation of NAA and Cho in NIR, SIR, and DIR (Figure 69 A+C). SIR lost more 

metabolite signal than DIR.  

 

Figure 68: Simulation of longitudinal and transversal DIR NAA and lipid 

magnetisation 

Simulated longitudinal and transversal magnetisation of NAA and the 1.2 ppm lipid 

resonance in steady state (reached after four excitations) for the DIR sequence. Uniform 

spins on-resonance to B0 were assumed for both. A) T1 = 1860 ms, T2 = 341 ms, 𝑇𝐼 1
𝐷𝐼𝑅

eff 

= 258 ms, 𝑇𝐼 2
𝐷𝐼𝑅

eff = 52 ms, TRbase = 1038 ms, TE = 1.3 ms. B) T1 = 405 ms, T2 = 100 ms, 

𝑇𝐼 1
𝐷𝐼𝑅

eff = 278 ms, 𝑇𝐼 2
𝐷𝐼𝑅

eff = 18 ms, TRbase = 1038 TE = 1.3 ms. While the NAA 

magnetisation appears lower than expected in steady state, it needs to be compared to 

the steady state magnetisation of NIR ( ~50% of maximum magnetisation) as seen in 

Figure 69. Published in (2). 

The optimal average FAs over all metabolites were 56° for NIR, 117° for SIR, and 65° 

for DIR. In Figure 69 B+D, FA curves for NAA and Cho are displayed and show that the 
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stability of magnetisation for deviations from the optimal FA was greater for DIR than 

for SIR. For SIR FA deviations of 10/15/20% reduced magnetisation to 97/92/85%, while 

for DIR it was only reduced to 99/98/97%. Considering typical FA variations in the range 

of 15° as shown in Figure 29 this indicates that DIR is slightly more robust to B1
+ 

inhomogeneities.  

 

Figure 69: Transversal DIR magnetisation and flip angles of NAA and Cho 

A, C) Simulation of steady-state behaviour for transversal NAA (A) and Cho (C) 

magnetisation for NIR, SIR, and DIR. B, D) Magnetisation of NAA (B) and Cho (D) in 

relation to the excitation FA for SIR and DIR. A TRbase = 1038 ms and TE = 1.3 ms were 

used together with FAs of 56/117/65° for NIR/SIR/DIR. For NAA, T1 = 1860 ms, T2 = 

341 ms, 𝑇𝐼𝑆𝐼𝑅
eff = 293 ms, 𝑇𝐼 1

𝐷𝐼𝑅
eff = 258 ms and 𝑇𝐼 2

𝐷𝐼𝑅
eff = 52 ms were used while for 

Cho, T1 = 1415 ms, T2 = 230 ms, 𝑇𝐼𝑆𝐼𝑅
eff = 250 ms, 𝑇𝐼 1

𝐷𝐼𝑅
eff = 170 ms and 𝑇𝐼 2

𝐷𝐼𝑅
eff = 72 

ms were used. Uniform spins on-resonance to B0 were assumed. Published in (2). 

The simulations of lipid and metabolite signal (Table 3 and Table 4) showed comparable 

lipid suppression (89% for SIR and 90% for DIR), but DIR featured more retained 

metabolite signal (e.g. a 45% higher NAA signal). 
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0-2 ppm region Mean ± sd [%] 0.75-1.75 ppm region Mean ± sd [%] 

DIR 

Simulated 10.0 Simulated 10.0 

R1 5.3±1.8 R1 5.5±1.4 

R4 5.8±2.2 R4 6±1.6 

R6 6.6±4.0 R6 6.3±2.6 

R9 7.9±5.0 R9 7.0±3.0 

SIR 

Simulated 11.4 Simulated 11.4 

R1 15.2±1.3 R1 15.6±1.4 

R4 15.9±2.6 R4 15.7±2.0 

R6 15.3±1.6 R6 15.6±1.6 

R9 16.1±2.2 R9 15.9±2.1 

Table 3: Lipid signal suppression for SIR and DIR in a phantom 

Comparison of lipid signal suppression of DIR and SIR relative to no lipid suppression 

(i.e., NIR sequence as 100%-reference) measured in a phantom and simulated for 

different Rs. The lipid amplitudes were calculated by integrating the part of the spectrum 

from 0-2 ppm or 0.75-1.75 ppm (two different ranges were calculated in order to facilitate 

a more robust comparison). Published in (2). 

In the phantom the comparison of measured lipid signal suppression as presented in Table 

3 showed that SIR underperformed by reducing the lipid signal to the range of 15-16% in 

comparison to the predicted 11.4%, which corresponded to a lipid suppression factor of 

~6.5. The DIR method did reduce the lipid signal to 5-8% of its unsuppressed value versus 

the simulated 10%. This corresponded to a lipid suppression factor of 12-19. The 

difference between SIR and DIR suppression was highly significant (p<0.001). 

For metabolites (as seen in Table 4), the retained SNR for the SIR method was lower than 

simulated, with ~36/27/30% for, respectively, NAA/Cr/Cho, which was probably 

affected strongly by B1
+-inhomogeneities. In contrast the measured metabolite signals for 

DIR were very close to the simulated ones with ~52/70/67% for NAA/Cr/Cho. 
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 DIR Mean ± sd [%] SIR Mean ± sd [%] 

NAA  Simulated 57.0 Simulated 48.1 

 R 1 51.7±1.9 R 1 36±6.4 

 R 2×2 53.3±4.7 R 2×2 36.9±7.6 

 R 3×2 51±11 R 3×2 35.1±8.2 

 R 3×3 52.7±4.7 R 3×3 35.5±7.8 

Cr  Simulated 70.8 Simulated 54.3 

 R 1 70±12 R 1 27.6±6.5 

 R 2×2 69±13 R 2×2 25.8±7.6 

 R 3×2 72±15 R 3×2 31±13 

 R 3×3 74±13 R 3×3 29.6±8.8 

Cho Simulated 72 Simulated 56.5 

 R 1 67.8±8.2 R 1 29.8±3.6 

 R 2×2 66.2±9.6 R 2×2 28.4±6.1 

 R 3×2 68±13 R 3×2 33±11 

 R 3×3 67.7±8.6 R 3×3 31.3±6.8 

Table 4: Retained metabolite SNRs for SIR and DIR in a phantom 

Overview of metabolite SNRs in phantom and simulation for SIR and DIR lipid 

suppression relative to the NIR sequence. NAA, Cr and Cho SNRS are given for different 

Rs. Published in (2). 

The results of the volunteer measurements are summarised in Table 5. Averaged per-

voxel NAA SNR, FWHM, and CRLBs for NIR, SIR, and DIR were compared. As 

expected an additional apparent NAA signal loss could be seen for SIR and DIR due to 

the removal of lipid artefacts in the NAA range. For SIR the average SNRs of 2-3 were 

too low for reliable quantification, while DIR SNRs were always >6. Further, CRLBs 

were increased for SIR and DIR, while in the DIR case the FWHMs were reduced 

compared to NIR indicating better spectral quality due to the removal of lipid 

contamination that was incorrectly fitted as NAA signal. 
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tNAA NIR DIR SIR 

 SNR [] CRLB 

[%] 

FWHM 

[Hz] 

SNR [] CRLB 

[%] 

FWHM 

[Hz] 

SNR [] CRLB 

[%] 

FWHM 

[Hz] 

Vol #1 21.7±9.8 5±5 19±16 7.7±3.0 9±7 15±13 3.0±1.4 17±8 20±15 

Vol #2 15.8±9.4 6±5 22±11 5.4±1.9 12±5 20±2 2.0±0.7 27±10 25±14 

Vol #3 19.9±10.7 7±5 19±10 8.±2.9 8±5 16±10 3.0±1.1 19±9 21±16 

Vol #4 16.8±8.8 6 ±5 18±11 6.8±2.4 9±5 13±8 2.5±0.9 21±10 22±15 

Vol #5 15.4±6.9 6±6 20±14 6.3±2.8 11±8 16±10 2.5±0.9 21±9 22±15 

Table 5: Comparison of average SNRs, CRLBs and FWHMs for NIR, DIR and SIR 

The SNR, CRLB, and FWHM values over the whole slice were calculated from the fitted 

tNAA signal. The comparatively smaller FWHMs for DIR in relation to NIR indicate the 

successful removal of lipid signals that were fitted as part of the NAA signal for NIR, 

mainly in the cortical regions. Published in (2). 

Examples of spectra are presented as a comparison of NIR, DIR and SIR in Figure 70. 

The removal of lipid signal even in the location of fold-in artefacts is clearly 

demonstrated. The lower general SNR for SIR is also clearly visible. 
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Figure 70: Comparison of three voxel spectra for NIR, DIR and SIR 

A-C) Central white matter voxel for NIR, DIR, and SIR; D-F) Position of a lipid-fold-in 

artefact; G-I)GM voxel of the occipital cortex, proximal to the cranium; A spectral range 

of 0-4 ppm was processed. SNRs stated are NAA values. The change of metabolite ratios 

should be addressed in post-processing or considered during evaluation of the results. 

Published in (2). 

Examining the quality of spectra over two 5×5 voxel regions, one in the centre of the 

brain and one at the rim as presented in Figure 71, further indicates that DIR retains more 

metabolite signal than SIR does. However considering the lipid suppression, SIR appears 

to be more effective, while DIR retains some lipid signal for the voxels close to the rim 

albeit not in the metabolite region.  
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Figure 71: Comparison of NIR, SIR and DIR spectra over a two 5x5-voxel regions 

Overview of the spectra (0-4 ppm) of two 5×5 regions for NIR, SIR and DIR, with the 

same scale for all spectra. To the left, in a central WM region, the lipid signal in NIR is 

removed by both SIR and DIR, with DIR retaining more metabolite signal. To the right, 

in an occipital region with a GM/WM mix, NIR is heavily contaminated by lipids that are 

removed by SIR. DIR only reduces them strongly, but well enough to remove them from 

the metabolite range, while maintaining more metabolite signal. Published in (2). 
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Taking a closer look on the lipid region, lipid images of the whole slice in one volunteer 

created by summing up the lipid signal over the 0-2 ppm range of the spectrum were 

compared as shown in Figure 72. Both the trans-cranial lipid signals as well as lipid 

contamination inside of the brain are efficiently removed by SIR and DIR, with SIR 

showing slightly better more lipid suppression. 

 

Figure 72: Lipid maps for NIR, SIR and DIR sequences 

Lipid maps generated by summing up the total signal of the 0-2 ppm range of every voxel.  

Baseline correction was applied to the voxels inside of the brain. A-C are scaled to one-

half of the maximum value of the NIR map, while D-F are scaled to 1/20th of this value. 

The subfigures A-C show the lipid suppression efficiency of SIR and DIR compared to the 

NIR method. D-F are scaled in order to show the removal of lipid signal by SIR and DIR 

in voxels inside of the brain. Published in (2). 

 

As a further visualisation maps of the lipid regions of each voxel plotted for the whole 

slice as in Figure 73 show the same result. 
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Figure 73: Lipid region maps for NIR, SIR and DIR 

Comparison of stack-of-spectra maps for the 0-3 ppm frequency range between A) NIR, 

B) SIR and C) DIR sequences in a volunteer, all scaled to one third of the maximum NIR 

lipid peak of all spectra. Published in (2). 

Therefore it can be concluded that both lipid suppression methods work well enough to 

eliminate the majority of lipid artefacts for brain MRSI. While DIR retains more 

metabolite signal, SIR shows the more efficient lipid suppression. 

The effectiveness of lipid fold-in removal for different Rs of GRAPPA acceleration is 

examined in Figure 74. Already for normal MRSI without PI, DIR removes artefacts and 

allows NAA maps of good quality. For the Rs of 4 and 6 and even for an R of , the lipid 

fold-in is nearly totally removed.  

After the in-vivo verification of lipid suppression performance, the final step was the 

analysis of metabolite and metabolic ratio maps. The tNAA maps of the NIR volunteer 

measurements (Figure 75) show the effects of light and very pronounced lipid fold-in 

artefacts. DIR removes or reduces them in all cases. SIR did remove them too, but the 

lack of SNR (as apparent from Table 5) impacts the general map quality. 

Looking into the metabolite maps of further metabolites (tCr, tCho and Glx) and into 

metabolic ratio maps (Figure 76) of a single volunteer showed improvement when 

comparing DIR to NIR. GM/WM contrast and some anatomical details could be seen that 

would otherwise be lost due to the lipid-fold in. These results are in  agreement with 

previous publications such as Emir et al. 2012 (44). Due to the different SNR-loss for 

different metabolites as caused by the IR methods metabolic ratios are shifted compared 

to NIR. If needed this could be adjusted for using the knowledge of metabolite attenuation 

as obtained by our phantom measurements and simulations. 
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Figure 74: Lipid artefacts in tNAA maps compared for NIR and DIR at different 

accelerations 

tNAA maps of a volunteer for different accelerations for the A: NIR and B: DIR sequence. 

Presented at (129). 
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Figure 75: Comparison of tNAA maps for NIR, DIR and SIR MRSI for five 

volunteers 

Maps of five volunteers for NIR, SIR and DIR sequences with an R of 9 with 

corresponding T1-weighted images. The maps are scaled to the individual maxima. On 

the NIR maps ring-like fold-in artefacts are clearly visible. Published in (2). 
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Figure 76: Comparison of metabolic ratio maps for NIR, DIR and SIR MRSI in one 

volunteer 

Metabolite and metabolic ratio maps of tNAA, tCr, tCho, and Glx for volunteer #4. Lipid 

fold-in artefacts present in NIR are successfully removed by DIR significantly improving 

the map quality. A noticeable effect of DIR is the change in metabolic ratios due to 

different SNR losses. Published in (2). 
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3.4.2 Lipid Suppression for GRAPPA-Accelerated HSI-MRSI 

 

As clearly seen in Figure 77 metabolite maps for volunteer #1 show excellent quality and 

anatomical correspondence for the middle slices, but the slices 1 and 4 are suffering from 

artefacts caused by failure of fitting over large regions. A closer look into the spectra 

leads to the assumption that over the FOV of 32 mm/4 slices either the B0-

inhomogeneities are strong enough to shift the frequency range of suppression pulses 

away from the lipid resonances or the adiabatic pulses do not reach adiabaticity over the 

whole FOV. 

 

Figure 77: Metabolite maps of the first volunteer measured with GRAPPA-DIR-

HSI-MRSI 

While the resulting maps for the slices 2 and 3 appear to be of very high quality showing 

minimal lipid artefacts the slices 1 and 4 show large regions without proper fitting.  

The SNRs, CRLBs and FWHMs for NAA presented in Table 6 compared to the values 

obtained for single-slice DIR (Table 5) show similar CRLBs and FWHMs, but the 

expected SNR increase of √𝑆𝑙𝑖𝑐𝑒𝑠 for HSI is also not reached similar to Chapter 3.1.2. 
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 SNR [] CRLB [%] FWHM [Hz] 

Volunteer #1 12.5±4.6 8.1±6.2 18±15 

Volunteer #2 6.6±2.0 12.3±7.9 16±10 

Volunteer #3 8.5±2.7 13.1±6.7 14±11 

Table 6: Quality parameters of the GRAPPA-DIR-HSI-MRSI volunteer 

measurements 

For all three volunteers NAA SNR is clearly high enough for robust quantification. 

CRLBs are below 20 as well as the FWHMs, even considering the problems encountered 

in the first volunteer. These results are comparable to the single-slice accelerated-DIR 

values presented in Table 5. The SNR increase was lower than anticipated. 

 

Figure 78: Comparison of WM voxel spectra of the three GRAPPA-DIR-HSI-MRSI 

volunteer measurements 

A) Volunteer 1, 4-slice; B) Volunteer 2, 2-slice; C) Volunteer 3, 4-slice; the general 

spectral quality and SNR are similar. The artefacts appearing in the residua were caused 

by non-optimal water suppression settings. 

The comparison of spectra (Figure 78) shows similar quality in all three volunteers. The 

metabolic maps of the other two volunteers (Figure 79 Figure 80) show less but still 

existing problems in the border slices due to a smaller z-FOV and are in general well 

comparable to the single slice DIR MRSI results. 
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Figure 79: Comparison of metabolite maps for the GRAPPA-DIR-HSI-MRSI 

volunteer measurements two and three 

Similar to the first volunteer the quality of the middle maps is higher than the quality of 

the border maps. Due to fewer slices/less slice thickness inhomogeneities have less effect. 
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Figure 80: Comparison of metabolic ratio maps for the GRAPPA-DIR-HSI-MRSI 

volunteer measurements two and three 

All ratios to tNAA. Except for Vol A/Sl 4 and local signal drops the maps show GM/WM 

contrast and compare well to the single-slice DIR measurements. As seen in Figure 79 

the signal drops occur for all metabolites, indicating that the spectra of these voxels do 

not contain usable information.  
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3.5 Ultra-High Resolution MRSI 

 

Comparing average SNR, CRLB and FWHM of NAA over all volunteers and 

accelerations as in Table 7 shows that the signal quality remained good enough for 

quantification in general, except for the measurements with an R of 9 in the volunteers 

#2 and #3. Compared to the NAA SNR of 70-90 for our unaccelerated basic MRSI 

sequence (50), the comparison sequence here underperformed while the UHR-version in 

volunteer #1 had higher SNR than expected considering the reduced voxel volume and 

the applied accelerations. The other volunteer’s results were in the expected range. 

  SNR [] CRLB [%] FWHM [Hz] 

Volunteer #1 R1 34.3±12.7 8.9±4.7 18±6.4 

Volunteer #1 R4 17.6±6.6 12.8±4.9 21.1±6.3 

Volunteer #1 R6 14±5.1 14.9±5.2 22±6.3 

Volunteer #1 R9 11.3±4.2 17.3±5.9 23.2±6.4 

64×64 Comp. 30.9±9.9 4.9±3.9 15.3±7.5 

Volunteer #2 R9 8.1±3 16.8±6.9 25.8±12.6 

Volunteer #3 R4 10.6±3.9 17.4±9 25.5±10.5 

Volunteer #3 R9 7.2±3.1 22.9±9.9 29.7±10.2 

Table 7: Quality parameter comparison of NAA for the UHR-MRSI measurements 

These results show that considering SNR alone even Rs of 9 should be reliable, but the 

CRLBs and FWHMs indicate a lack of stability for the higher accelerations. 

A comparison of the spectra for the different simulated Rs in volunteer #1 as illustrated 

in Figure 81 shows that adequate fitting was possible for all acceleration patterns with 

results close to the comparison scan (some differences are expected due to the shorter TR 

and different T1 times for the metabolites). The metabolite and metabolic ratio maps for 

the same volunteer (Figure 82 and Figure 83) show the best quality for the unaccelerated 

reconstruction, with the losses of quality indicating that an R between 4 and 6 should 

allow robust and fast acquisition as mostly Ins map quality decreases. Interestingly 

despite the good values in Table 7 it is the comparison measurement that shows the worst 

NAA map, also affecting the corresponding ratio maps. 
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Figure 81: Comparison of WM spectra of UHR-MRSI in the same location for 

different Rs, with a comparison voxel of a 64×64 R5 measurement 

A)R1; B) R4; C) R6; D) R9; E) 64×64 comparison; F) voxel position; The decrease of 

SNR with increasing Rs is well discernible, but it remains high enough for all Rs. 
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Figure 82: Comparison of metabolite maps of reconstructions for different Rs of a 

fully sampled UHR-MRSI data set, compared to a lower resolution MRSI 

measurement 

Nominal resolutions: 1.7×1.7×8 mm³ for UHR-MRSI, 3.4×3.4×8 mm³ for the 

comparison. The map quality of UHR-MRSI is in general better than the comparison - 

even at higher Rs.  
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Figure 83: Comparison of metabolic ratio maps of reconstructions for different Rs 

of a fully sampled UHR-MRSI data set, compared to a lower resolution MRSI 

measurement 

Nominal resolutions: 1.7×1.7×8 mm³ for UHR-MRSI, 3.4×3.4×8 mm³ for the 

comparison. While the UHR maps show higher quality and correspondence to anatomical 

structures than the lower resolution comparison, acceleration massively reduces it. 
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Figure 84: UHR MRSI metabolite maps for different volunteers and accelerations 

Nominal resolution: 1.7×1.7×8 mm³. Except from R 9 for volunteer #2 and #3, the results 

show good map quality and correspond to anatomical structures. 

Comparing maps of all volunteer measurements (Figure 84 and Figure 85) further show 

that while certain maps remain of usable quality up to an R of 9, it lacks robustness. 

Volunteers #1s results are the best, while volunteer #3s metabolic ratio map scaling 

deviate massively from the expected ones. 
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Figure 85: UHR MRSI metabolic ratio maps for different volunteers and 

accelerations 

Nominal resolution: 1.7×1.7×8 mm³. The quality of the higher-R maps is noticeably 

lower. Further, the last two volunteers’ maps feature ratios different from the expected 

FID MRSI values. 
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3.6 Water Suppression 

 

The evaluation of WS efficiency, as shown in Figure 86, showed comparable results for 

τ ≥ 12 ms for the four-pulse scheme compared to the previous version that had an average 

WS of <1%. This was actually surprising as the addition of another suppression pulse was 

expected to increase the suppression stability. 

 

 

Figure 86: Water suppression performance comparison 

Remaining water signal in % of the unsuppressed signal for the old WS scheme and 

different τs of the 4-pulse scheme. 

Comparing spectra over the whole measured spectral range, Figure 87 shows that old and 

new scheme remain comparable for the longer τs with water sideband artefacts only 

increasing significantly with insufficient spoiler gradient duration. A closer look into the 

region of interest containing the metabolite signals (Figure 88) reveals that only 

suppression with insufficient spoiling reduces spectral quality due to artefacts in the 4 

ppm region that interfere with the fitting of the second creatine peak. 

In summary the modified WS method is faster than the old one, but does not show the 

expected improvement in suppression efficiency. τs down to 15 ms can be used without 

losing WS quality. Further research that includes the calculation of optimised pulse FAs 

for 7 T is necessary. 
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Figure 87: Comparison of water suppression over a wide spectral range 

Spectra of a central brain voxel over a range of ~20 ppm, normalised to the same relative 

signal. A: Old WS scheme; B: New WS with τ= 30 ms; C: New WS with τ = 10 ms; 
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Figure 88: Comparison of water suppression over the metabolite range 

Spectra of a WM voxel fitted with LCModel for different WS settings. A: Old WS scheme, 

B: New WS with τ = 10 ms, artefacts at 4 ppm; C: New WS with τ = 15 ms; D: New WS 

with τ = 60 ms; 
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3.7 Initial Glioma Patient Measurement 

 

Although a high acceleration (Reffs of 5 and 8.3) was used sufficient metabolite SNR was 

retained to allow spectral fitting of the patient measurement (the criterion was an average 

tNAA SNR ≥ 5). Metabolic maps over the whole brain slice could be created for the major 

metabolites as presented in Figure 89.  

 

Figure 89: Metabolite and metabolite ratio maps of the single slice MRSI 

measurement clearly highlight the glioma location. 

In detail the decrease of tNAA and Glx in the glioma tissue as well as an increase of tCho 

and Ins compared to the surrounding tissue is a clear indicator of aberrant metabolic 

behaviour of the glioma. Presented at (127). 
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Deviations on the metabolite maps that align very well to the anatomical image appear 

very clear: tCho and Ins are increased with tNAA and Glx are reduced, indicating the 

metabolic differences of the glioma tissue. In general anatomical details like the 

separation of the hemispheres, hints of larger gyri on the tNAA map as well as the contrast 

between GM and WM on the Glx map can be seen. 

The Hadamard variant with four slices also worked well, but with slightly less SNR than 

the single slice, as it is shown in for tCho maps Figure 90. 

 

Figure 90: tCho/tNAA ratio maps of all four slices for the HSI measurement 

While the map quality is slightly less than for the single slice the presented tCho maps 

correspond well with the glioma location on all slices. Presented at (127). 
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4 DISCUSSION 

In this last chapter, the used methods and obtained results are summarised and discussed 

in the context of previous MRSI publications.  

In the first subchapter, “summary of results”, the main findings of the presented work are 

set into a context: HSI, Spiral MRSI, GRAPPA-acceleration, IR-based lipid suppression, 

7 T-adapted water suppression, UHR-MRSI and the combination of these methods.  This 

is followed by a comparison to previous works including brain MRSI publications in 

general, but focused on ultra-high field MRSI and alternative approaches to the presented 

ones. 

This leads to an overview of the advantages and limitations of the presented methods in 

the context of the state of the art for MRSI of the brain at 7 T. Additionally the 

significance of these methods for clinical studies is discussed before the chapter closes 

with an outlook that describes possibilities for further research and development.  
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4.1 Summary of Results 

 

In general the MRSI methods developed over the course of this thesis achieved the 

measurement of high-resolution metabolite maps that feature good correspondence to 

brain anatomy. For example on the NAA maps this encompasses the visibility of the 

hemispheres, ventricles, gyri and CSF, while Cho- and Glu-maps show GM/WM contrast. 

Also clearly visible is the Cho-hotspot in the mesial frontal grey matter, possibly linked 

to the cingulate gyrus as described by (130). 

The implementation of Hadamard encoding for 3D-MRSI of two or four slices was 

successful, with accurate localisation and low SAR due to the pulse cascading approach 

(29). While an SNR increase by a factor of two compared to previous single slice 

approaches was expected and approximately achieved in a phantom with a factor of 

1.90±0.30, the in vivo SNR increase was noticeably lower with 1.45±0.30 instead of two. 

The presented spiral MRSI approach allowed measuring faster than PE MRSI with 

acceptable SNRs and CRLBs and Reffs in the range of 17 for spiral sampling. As a 

downside the resulting maps suffered from blurring and other artefacts probably related 

to k-space undersampling and insufficient coil combination. In a different approach 

GRAPPA acceleration was employed to alleviate the long measurement times of PE 

MRSI. Using the abundant SNR at the 7 T scanner and the improved 32-channel 

combination allowed accelerating the MRSI sequence, making it possible to obtain a 

64×64×4 matrix in approximately 20 minutes with the possibility of even higher Reffs up 

to ~8. For the GRAPPA patterns and coil used g-factors showed to be < 1.1 even for these 

values. As a downside this lead to the increased presence of lipid fold-in artefacts that 

potentially decreased the quality of the results, especially the NAA maps. 

As a possibility to counter the lipid contamination introduced by PI, lipid suppression by 

inversion recovery was introduced. We showed that for our setup, and with the goal to 

keep as short TRs as possible, DIR retained more metabolite SNR than SIR, with 

marginally less lipid suppression. In the end around 50% of NAA SNR but less for the 

other metabolites (~30% for Cr and Cho) was the trade-off for a lipid suppression factor 

of ~13 while prolonging the TR up to ~1300 ms.  
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The application of this suppression scheme to multi-slice HSI MRSI was found to be 

working in general, but suffered from low spectral quality in the border slices that can 

most likely be attributed to field inhomogeneities. These artefacts were alleviated by the 

reduction of slice thickness or number of slices leading to a smaller FOV in z-direction. 

Again the SNR gain due to HSI was less than anticipated. 

The proposed acquisition of the ultra-high-resolution data set with a matrix size of 

128×128 corresponding to a resolution of 1.7×1.7×8 mm³ was successfully conducted. 

While a fully sampled measurement of 41:30 min resulted in metabolite maps of excellent 

quality, accelerations in the range of 4-6 retained enough SNR for stable quantification 

of NAA, Cr and Cho, with the SNR of Glu and Ins is too low for robust quantification at 

higher Rs.  

The improvement of WET water suppression timings via the application of shorter and 

stronger gradients was successful, allowing shorter TRs for UHR sequences and more 

flexibility for IR sequences. A τ of 15 was found to lead to a comparable quality as the 

previous τ of 60, but the expected additional improvements due to the application of a 4th 

WS pulse were not found. 

The preliminary measurement of a glioma patient was successful and showed localised 

metabolic deviations for several metabolites (NAA, Ins, Cho, Glu) at a high resolution. 

Due to acceleration the integration into a clinical study protocol would be possible. 

In summary different approaches to overcome previous MRSI limitations (SNR, 

resolution, measurement times, and lipid contamination) and their combinations were 

successfully implemented. Comparing the two different approaches for acceleration 

showed that GRAPPA was proven effective up to an R of 9 while Spiral MRSI allowed 

higher Rs up to 17, but suffered from too low SNR at such high Rs and blurring.   
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4.2 Comparison to Current Research at Ultra-High Fields 

 

General MRSI methods and localisation 

Apart from the short TE-FID approach (21,22) that was further developed in the course 

of this thesis other localisation schemes have been published. Semi-LASER localisation 

was proposed by Scheenen et al. (25) to measure a 24×20 matrix with a  voxel volume of 

0.5 cm³ and a volume of interest (VOI) of 90×70 mm. Schuster et al. (26) adapted 

spectroscopic missing pulse steady state free precession to 7 T in order to measure a 

22×22×12 matrix in 8.35 min with a voxel size of 0.62 cm³ with a short TR of 183 ms. 

PRESS MRSI at 7 T was used by Balchandani et al. (27) and Xu et al. (28) with adiabatic 

spatial-spectral lipid suppression pulses for B1-insensitivity. The first measured a 12×12 

matrix (5×5 inside the PRESS box) with 3 cm³ voxel volume in 7:10 min, while the 

second had up to a 12×12×8 matrix (8×7 inside the PRESS box) with 1 cm³ voxel volume 

measured in 17:30 min. 

For methods using longer TEs the minimisation of J-coupling was proposed by Pan et al. 

using double-echo J-Refocused Coherence Transfer (23). Further developed to selective 

homonuclear polarization transfer spectroscopic imaging (24) this was used for the 

imaging of GABA, with a 16×16 matrix and a total protocol duration of 70 min. 

In contrast to some these approaches, like semi-LASER (25) or PRESS (131), our FID-

sequence covers the whole slice without any selection box or ROI thus allowing 

measurement of brain regions close to the cranium. 

 

Hadamard MRSI 

For the application of Hadamard encoding to MRSI no other 7 T research was published 

since the introduction of cascaded Hadamard encoding by Goelman et al. (29). On the 

other hand this concept was proposed for multi-slice rosette-trajectory MRSI at 3 T by 

Schirda et al. (132), resulting in an average NAA SNR of 52 for a 24×24×4 matrix with 

1 cm³ voxel volume and a measurement time of 8 min. 

 

Spiral MRSI and EPSI  

The application of Spiral MRSI has so far only been published for 3 T systems (30)(133), 

corresponding to the limitations encountered by our research. A recent approach by 
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Bhattacharya and Jacob (134) who achieved matrix sizes of 96x96 in 3 min and 128×128 

in 7:12 min measurement time at 3 T may offer a lead for a 7 T adaption. Here the 

limitation of bandwidth and interleaves was eased by limiting the spectral bandwidth to 

~600 Hz and recording just the 1.5-4.5 ppm region of the spectrum, which is much less 

spectral coverage than previous approaches (135). This reduced the amount of temporal 

interleaves needed. Further the low rank method (126) was used for the removal of 

unwanted lipid signals. 

While EPSI was adapted to 7 T already by Otazo et al. (31) in 2006 it required a special 

gradient system optimised for head-only measurements (e.g. 80 mT/m, 600mT/m/ms but 

no body scans possible) to measure a 32×32 matrix in 8:32 min with a spectral BW of  

1380 Hz, showing the limits that the 2.3-increase receiver bandwidth imposed. Only 

recently, at the ISMRM 2015, a more advanced EPSI sequence for MRSI was introduced 

by Snoussi et al. (136). A 50×50×18 matrix with 0.3 cm³ voxel size was acquired in 25 

min with a spectral readout bandwidth of 2466 Hz. 

 

Parallel Imaging  

Different methods of parallel imaging allow to trade surplus SNR for a reduction of 

measurement times. Higher field strengths (32) and a larger number of coil elements 

improve the performance of parallel imaging. While GRAPPA MRSI has been used 

before at 3 T (35–37), it only reached Reffs ≤ 4. To our knowledge our group was the first 

to introduce 2D-GRAPPA for 7 T MRSI. In contrast to that SENSE-based acceleration 

methods have been presented before by Zhu et al. (33) and Kirchner et al. (34). Both 

reached Rs of up to 4, while simulating Rs up to 9. Due to long TRs necessitated by high-

SAR OVS schemes the results were 12.5 min measurement time for a 29×27 matrix (FOV 

of 21×19 cm) for Zhu and an unaccelerated measurement time of 42 min for a 20×16 

matrix for Kirchner. In comparison our approach of using GRE images as ACS data as 

well as low g-factors allows a high Reff of 8.3. 

 

Lipid Suppression techniques 

While lipid suppression was always an important consideration for applications of MRS 

it is especially important for MRSI with coverage of larger parts of the brain and in the 
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case of parallel imaging. While our approach of high matrix sizes for full slice coverage 

with the application of a Hamming filter worked well for unaccelerated MRSI (20), we 

also showed the possibility of non-selective DIR-based lipid suppression, reducing lipid 

signal by approximately a factor of 13 while losing up to half of the metabolite signal 

with far more losses for a SIR variant. 

In comparison in a similar implementation of SIR and DIR lipid suppression at 1.5 T, 

Ebel et al. (103) achieved better results for SIR over DIR (metabolite SNR ratios  

DIR/SIR of 60%) with a similar lipid suppression performance. This was due to different 

inversion timings, notably longer TIDIRs that would be expected to relatively reduce DIR 

SNR. Further examples of  lipid suppression approaches at 3 T are B1-insensitive 

suppression with dual-band frequency-selective preparation pulses with a lipid 

suppression factor of >100 by Gu and Spielman (137), OVS for GRAPPA-proton EPSI 

(PEPSI) by Tsai et al. (36) and  SIR (35,103,138) for GRAPPA-EPSI with a 50×50×18 

matrix in 16 min with a nominal voxel size of 0.31 cm³. All these techniques result in 

approximately the same metabolite SNR considering voxel volume, R and B0. 

At 7 T increased SAR and field inhomogeneities complicate lipid suppression. Therefore 

several different approaches have been published so far without the loss of metabolite 

SNR due to non-selective inversion. 

Boer et al. (38) achieved a lipid suppression factor of 4-5 using SWAMP water/lipid 

suppression and cost-function-optimised B0-shimming for a FID MRSI sequence 

measuring a 32×32 matrix in 28 minutes but could only quantify a limited ROI within the 

brain. They also used slice-selective hyperbolic secant pulses and dynamic shimming in 

multi-slice MRSI (39) for a lipid suppression factor of ~30. A 20×20×5 matrix was 

measured in 18 min. FIDLOVS by Henning et al. (21) reached a suppression factor of 25 

with a TR of 5s with the measurement of a 32×32 matrix taking 64 min. Zhu et al. (33) 

used SENSE MRSI with dual-band water/lipid suppression using adiabatic full passage 

pulses for a lipid suppression factor of over 20, with an SNR comparable to our method 

if adjusted for voxel volume and R. Spatial-spectral adiabatic pulses and PRESS were 

used by Balchandani et al. (40) with a lipid suppression factor of 7, loss of metabolite 

signal between 3.2 and 4.7 ppm and a 12×12 matrix with a 9×7 ROI. 
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Avdievich et al. (41) used nonselective inversion recovery lipid suppression with a short 

TE of 15 ms to measure a 24×24 matrix with 0.64 cm³ voxel size in 29 min, reaching a 

lipid suppression factor of 21. Another approach was the addition of non-standard 

hardware for effective lipid suppression. Hetherington et al. (42) achieved suppression 

factors of 9 for SIR and 58 for DIR by employing an eight-channel transmission array for 

ring-shaped B1
+-excitation of subcutaneous lipids. They measured a 32×32 matrix in 25 

min. Boer et al. (43) used an additional crusher coil fitted into the head coil that was 

activated during the TE for a lipid suppression of 20-70, abolishing the need for further 

suppression pulses. This allowed acquisition with a TR of 0.11 s, high matrix sizes with 

a voxel volume of 0.09 cm³ and a measurement time of 5 min. As a downside, water 

suppression was not stable over the whole slice. 

In summary, our DIR method reduced metabolite SNR, but was not limited by ROIs, long 

TRs or low resolutions while reaching similar lipid suppression that the other, non-

hardware-driven approaches. 

 

UHR MRSI 

To our knowledge at the time of writing of this thesis no other MRSI applications at ultra-

high fields with matrix sizes of 128×128 and nominal spatial resolutions as low as 23 

mm³ as demonstrated by us have been published. 

 

Further techniques for quality improvement 

Concerning further methods to improve the quality of MRSI measurements there are 

different approaches to improve B0- and B1
+-inhomogeneity, the implementation of 

parallel transmit systems and the optimisation of coil combination. Snaar et al. (139) 

demonstrated that the addition of dielectric pads between subject and coil reduced B0-

inhomogeneities of the temporal lobe. Pan et al. (45) demonstrated that the use of 3rd and 

4th order shim systems could reduce global B0-inhomogeneities  by 29% and 55%. A 

similar increase in quality for multi-slice MRSI was reported by Boer et al. (59) for 

dynamically shimming each slice separately. Combining a 3rd order shim system with an 

RF shim coil Hetherington et al (46) could reliably quantify NAA, Cho and Cr as far 

down as to the hippocampus. Duerst et al. (47) employed dynamic shimming using a B0-
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field camera, fast enough to counter breathing effects. A software-based approach was 

proposed by Fillmer et al. (140) introducing a region of less interest next to the region of 

interest as well as multiple starting values in order to avoid local minimum traps. 

B1
+-shimming using parallel transmit hardware was applied by Boer et al. (39) as well as 

Emir et al. (44). The first group performed separate B1
+-shimming for every slice of a 

multi-slice MRSI sequence combined with a global B1
+-shim for water suppression and 

a ring-shaped B1
+-shim for lipid suppression. The second group used 16 transmit channels 

B1
+-shimming, allowing metabolite quantification by MRS in deep brain regions such as 

putamen or substantia nigra. 

The MRSI methods presented in this work benefit from increased sensitivity due to coil 

combination with the MUSICAL method (50). In comparison to the standard method by 

Brown at al. (48) this leads to a SNR increase of 29%.  

 

Clinical Studies 

So far publications about clinical studies using 7 T MRSI have been few in number. Ratai 

et al. (55) studied adult X-linked Adrenoleukodystrophy (a hereditary disease causing 

progressive demyelination) in 13 patients. Using PRESS a 16×16 matrix with 2.3 cm³ 

voxel size was acquired in 8 min. Results showed different metabolite ratios for different 

phenotypes, such as an 46% increase of Ins/Cr between the ALD and AMN phenotypes.  

Srinivasan et al. (56) employed spectral editing to measure glutathione (GSH) in MS 

patients. A 16×16 matrix with 2.88 cm³ was acquired in 17 min. They found GSH to be 

significantly reduced in the GM of the patients compared to the control group as well as 

in MS lesions, while GSH was not reduced in healthy WM. 

Hetherington et al. (46) applied an MRSI sequence with 3rd order B0 shimming, RF-

shimming and OVS, with a 24×16 matrix and 0.64 cm³ voxel size measured in 14.24 min 

to the study of the medial temporal lobe in explosive blast mild traumatic brain injury. 

They discovered the ratios of NAA/Cho and NAA/Cr to be significantly decreased in 

their 25 subjects compared to the controls. 

Pan et al. (57) discovered that in Epilepsy patients the resection of regions with the most 

metabolic abnormalities (like the NAA/Cr ratio) led to the best outcomes. The MRSI 
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sequence used a 4th-degree shim insert and acquired a 16×16 or 24×24 matrix with 

2.44/0.64 cm³ voxel size as part of a protocol with 80 min duration. 

Except for the study of GSH that requires spectral editing techniques, the MRSI 

sequences presented in this thesis could be applied to research similar to the presented 

published clinical examples, and would increase resolution and reduce measurement 

times simultaneously. 

As an interesting note Chadzynski et al. presented the MRSI measurement of human brain 

glioma at 9.4T MRSI at the ISMRM 2015 (141). They used a modified STEAM sequence 

(142) with a voxel size of 1 cm³ and could distinguish grade II and III tumours with a 

Orthonormal Discriminant Vector method-based evaluation.   
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4.3 Advantages and Limitations 

 

The methods presented in this work follow the same general limitations as described in 

Chapter 1.2.1, such as the balance between SNR, voxel volume and measurement time, 

subject movement, B0- and B1-inhomogeneities leading to bad shims (limiting reliable 

measurements to the regions above the ventricles) and the possibility of lipid 

contamination. 

The main advantages over comparable MRSI sequences are the high in-plane resolution 

and the full slice coverage without any ROI that allow detailed metabolic maps even close 

to the cranium. The small voxel size reduces partial volume effects. High acceleration 

factors allow fast measurement and the resulting fast sequences were already successfully 

applied to patient protocols. Reduced measurement times also reduce motion artefacts, 

which is essential for patients with afflictions that limit their ability to lie still. Main 

limitations so far are the lack of absolute quantification and the limitation of 3D-MRSI to 

four slices. 

For HSI it has been difficult to assess the real SNR gain in vivo, while phantom results 

confirm the expected factor of two. Spiral MRSI suffered so far from gradient system and 

spectral bandwidth limitations, long reconstruction times and blurring. 

GRAPPA acceleration works very well at 7 T and with a 32-channel coil, with excellent 

g-factors and the advantage of using several seconds of imaging data as full set ACS-

lines, which is much more efficient than GRAPPA for MRI sequences. 

Non-selective DIR-based lipid suppression works robustly, but incurs SNR reduction for 

the metabolites and operates at the SAR limits even with 100 ms pulses. The short TRs 

of the UHR-MRSI approach make it necessary to consider the effect of T1-weighting on 

the metabolite mapping. Spectral fitting in tumour patients can be complicated by high 

lipid concentrations in the tumour tissue.  

The different presented methods, such as HSI, DIR, GRAPPA-acceleration and UHR-

MRSI have been or can be combined to a protocol depending on the anticipated 

resolution, coverage and measurement time, making FID-MRSI a flexible tool for 

research and future clinical use.  
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4.3.1 Significance for Clinical Studies 

As demonstrated by the measurement of a glioma patient accelerated high-resolution 

MRSI is a viable tool to gather metabolic knowledge noninvasively in a comparatively 

short measurement time. In comparison to other methods (see Chapter 1.3) MRSI can 

acquire information about a multitude of metabolites at the same time. Compared to other 

MRSI techniques our sequences are not limited to a ROI, which is crucial as diseases do 

not conform to predefined areas. The presented glioma patient shows that even a tumour 

close to the cranium can be measured successfully. 

In tumour measurements MRSI measurements could be used to give spatially resolved 

information about the metabolic activity, tumour grade, or allow distinguishing between 

necrosis and tumour recurrence. Another application lies in Multiple Sclerosis, as already 

demonstrated by Srinivasan et al. (56). Lesion activity could potentially be gauged by the 

analysis of metabolite ratios and the possibility that metabolic deviations may be 

measurable before lesions become visible on MRI scans needs to be investigated. 

Apart from clearly localised diseases HR/UHR-MRSI at 7 T can be used to research the 

differences in brain metabolism in Alzheimer’s disease, Parkinson’s disease, Epilepsy 

(57), Adrenoleukodystrophy (55) and potentially many more. Another field of 

investigation lies in the research of metabolic effects of brain injury (46). 

With UHR-MRSI reaching resolutions comparable to the upper range of other metabolic 

imaging modalities while at the same time acquiring information about multiple 

metabolites at shorter measurement times than ever before without the application of 

ionising radiation to a patient this technique offers high potential for further studies. 

There is also the possibility of using UHR-MRSI in volunteers to create high-detail maps 

of metabolite distribution in the brain as a reference “atlas” to aid further brain studies. 
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4.4 Outlook 

 

Despite the many improvements of our 7 T MRSI sequence(s) there are still many 

possibilities for improvement as the last few pages have illustrated. In general 

improvements in shim hardware and software, more advanced coils and gradient systems 

could all lead to better sequence performance. As a new generation of 7 T scanner was 

announced in May 2015, apart from overall performance improvement due to newer 

software and more powerful image reconstruction also these improvements may become 

more easily achievable in the next years. 

Specifically for phase encoded MRSI future development could lead to a greater brain 

coverage with 8-slice HSI or the combination of UHR- with HSI-MRSI (as displayed in 

Figure 91). Higher acceleration factors than reached so far (supported by the previously 

mentioned improvements) could allow this improved 3D-coverage as well as even higher 

in-plane resolutions. Further lipid suppression development based on lipid regularisation 

(126) and motion correction (133) could allow keeping artefacts at a minimum.  

 

Figure 91: Mock-up of the possible brain coverage of a UHR-HSI sequence 

For spiral MRSI the approach by Bhattacharya and Jacob (134), MUSICAL coil 

combination and parallel imaging could allow successful application at 7 T. With 

sufficient SNR and speed full 3D-coverage of the brain may be possible. Another long-

term goal is absolute quantification, which would improve the usability for clinical and 

basic research immensely. 

In summary, there is plenty of potential for imprvoing the already presented methods. 
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