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Zusammenfassung
Die Geschichte der Magnetresonanzspektroskopie (MRS) reicht bis ins Jahr
1946 zurück als das Phänomen der Kernspinresonanz entdeckt wurde. Nach
anfänglichen erfolgreichen in vitro Anwendungen wurde in den 80er Jahren
auch die lokalisierte in vivo MRS etabliert. Seither galt die MRS als eine viel
versprechende diagnostische Methode. Heute erlaubt sie nichtinvasiv den
Nachweis

von

für

bestimmte

Krankheitsbilder

charakteristischen

Stoffwechseländerungen und ist ausserdem eine weit verbreitete Methode für
wissenschaftliche Untersuchungen an Tieren und Menschen. Allerdings ist die
MRS bis heute nicht als routinemässig eingesetzte diagnostische Methode
etabliert worden. Die Gründe dafür sind vor allem ein zu niedriges Signal-zuRausch (S/R) Verhältnis sowie eine zu geringe spektrale als auch räumliche
Auflösung

für

Feldstärken,

bei

denen

klinische

MR-Tomographen

standardmässig betrieben werden (0.5 – 1.5 T). Weiterhin ist die
Anwendbarkeit von in vivo MRS durch Fluss, Organbewegung und grosse
Suszeptibilitätsunterschiede auf wenige Organe begrenzt. Andere limitierende
Faktoren sind lange Messzeiten, verschiedenste Artefakte sowie das Fehlen
einer

zuverlässigen

Methode

für

die

Bestimmung

von

absoluten

Konzentrationen (in mM) der beobachteten Stoffwechselprodukte („absolute
Quantifizierung“). Dank ausgefeilter Methoden für die Parameterschätzung
können

Konzentrationsverhältnisse

dahingegen

mit

hoher

Genauigkeit

bestimmt werden („relative Quantifizierung“). Während der letzten Jahre
wurden MR-Tomographen mit hohen (3T) und sehr hohen (7T) Feldstärken für
den Gebrauch am Menschen zugelassen. Dadurch wurden das erzielte S/RVerhältnis und die Anzahl der detektierbaren und quantifizierbaren
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Biomoleküle wesentlich erhöht. Dieser Fortschritt eröffnet völlig neue
Perspektiven für die Zukunft der klinischen MRS. Allerdings müssen
verschiedene, teilweise im Widerspruch zueinander stehende technische
Schwierigkeiten überwunden werden, um die Vorteile der hohen Feldstärken
auszuschöpfen.
Das Ziel der vorliegenden Dissertation war die Entwicklung für die
Hochfeldanwendung (3T, 7T) von MRS und spektroskopischer Bildgebung
(MRSI) geeigneter Sequenzen, die nach Möglichkeit den theoretischen S/RVorteil und erhöhten Informationsgehalt resultierender Spektren voll
ausnutzen. Dabei lag der Schwerpunkt auf der Entwicklung neuer MRS- und
MRSI-Lokalisationsverfahren für die Anwendung bei 3T und 7T. Diese wurden
dann im Anschluss mit geeigneten Methoden für die Korrektur von B0Feldinhomogenitäten sowie Techniken zum Unterdrücken von Wassersignal
und Artefakten kombiniert. Schliesslich sollte die Anzahl der detektierbaren
Biomoleküle und die für MRS zugänglichen Organe erhöht werden.
Eines der grössten Probleme der in vivo MRS bei hohen und sehr hohen
Feldstärken

ist

der

Dislokationsartefakt

für

verschiedene

chemische

Verschiebungen, der unterschiedlich positionierte Anregungsvolumen für
verschiedene Biomoleküle verursacht. Dieser Effekt führt zu diversen
Artefakten und Signalauslöschungen für skalar gekoppelte Spins. Er wird durch
zwei gegensätzliche Veränderungen bei hohen Feldstärken ausgelöst: eine
grössere spektrale Trennung der einzelnen Resonanzlinien und eine verringerte
Bandweite von Radiofrequenz-Pulsen, die durch eine Beschränkung des
maximalen effektiven B1 Magnetfeldes auf niedrige Werte verursacht wird.
Diese Dissertation beschreibt daher das Design von frequenzmodulierten
Radiofrequenz-Pulsen,
Magnetfeld

eine

die bei

grosse

niedrigem maximalem effektivem B1-

Bandweite

und

damit

einen

minimalen

Zusammenfassung
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Dislokationsartefakt erzielen. Da ihre Phasenantwort einem Polynom
entspricht, eignen sie sich besonders als Sättigungspulse für Anwendungen bei
3T und 7T. Daher wurde eine auf diesen Pulsen basierende sehr präzise
lokalisierte T1- und B1- unempfindliche Sequenz für die räumlich selektive
Unterdrückung von unerwünschtem Signal (OVS; „outer volume suppression”)
entwickelt. Diese Sequenz ermöglichte zwei neue Lokalisationsmethoden mit
vernachlässigbarem Dislokationsartefakt: die schichtselektive, mittels OVS
lokalisierte Spinecho Aufnahme (SELOVS) bei 3T und die schichtselektive,
mittels OVS lokalisierte Aufnahme des freien induzierten Signalabfalls (FID;
„free induction decay“) (FIDLOVS) bei 7T. Die wirkungsvolle Unterdrückung
von Fettsignal, das vom Knochenmark im Schädel stammt, ermöglichte die
Ermittlung

der

räumlichen

Verteilung

von

verschiedenen

Stoffwechselprodukten mittels MRSI im gesamten Hirn einschliesslich
äusserer, kortikaler Bereiche. Die FIDLOVS Sequenz wurde mit der effizienten
VAPOR Wasserunterdrückungstechnik und einer FASTMAP basierten
Korrektur von B0-Feldinhomogenitäten kombiniert. Die resultierende Qualität
der MRSI-Daten erlaubte zum ersten Mal die Erstellung von quantitativen
Konzentrationsverteilungskarten eines umfassenden neurochemischen Profils
(14 einzeln vorkommende Metaboliten und 4 Resonanzen von Molekülen die in
Makromolekülen eingebunden sind) für das menschliche Gehirn. Darüber
hinaus wurde die OVS Sequenz für die Sättigung nicht überlappender Teile der
für verschiedene Metaboliten inkonsistenten Anregungsvolumen und für die
Reduzierung von Flussartefakten und Fettsignal für die MRS im menschlichen
Rückenmark angewendet. Dafür wurde die OVS mit einer Korrektur von B0Feldinhomogenitäten, die auf der Aufnahme von B0-Verteilungskarten beruhte,
kombiniert. Quantitative MRS war im gesamten zervikalen Rückenmark
sowohl in gesunden Probanden als auch in Patienten mit Multipler Sklerose und
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verschiedenen
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Tumoren

möglich.

Im

Fall

von

Läsionen,

die

den

Rückenmarkskanal ganz ausfüllen, konnte auch weiter kaudal noch eine gute
Spektrenqualität erreicht werden.

Summary
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Summary
Magnetic resonance spectroscopy (MRS) has a long history that reaches back
until 1946 as the phenomenon of nuclear magnetic resonance was discovered.
After successful in vitro applications, also localized in vivo MRS was
established in the 1980s. Since that time in vivo MRS was rated as promising
diagnostic tool. Today it allows for the non-invasive detection of characteristic
metabolic changes in many diseases and is widespread used as a research tool
in humans and animals. However, it still has not established as a routine tool
for clinical diagnostics. The reasons behind are insufficient SNR, spectral
information content and spatial resolution at standard field strength of clinical
MR scanners (0.5 - 1.5T). In addition flow, motion and susceptibility effects
restrict the application of MRS to very few organs. Other limiting factors are
acquisition speed, diverse artifact sources and the lack of reliable methods for
the estimation of absolute metabolite concentrations in mM (“absolute
quantification”). In contrast, concentration ratios can be determined with high
accuracy due to advances in curve fitting („relative quantification“). The recent
introduction of high (3T) and ultra-high field (7T) MR scanners for humans
allowed for a substantial increase in SNR and in the number of detectable and
quantifiable metabolites. Thus a completely new perspective for the future of in
vivo MRS opens up. However diverse and contradicting technical challenges
have to be solved in order to take full advantage of these improvements.
The objective of this thesis was the development of in vivo MRS and magnetic
resonance spectroscopic imaging (MRSI) sequences that allow for exploitation
of the theoretical SNR advantage and the increased spectral information content
at high (3T) and ultra-high (7T) field strength. The main focus of this
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dissertation was MRS and MRSI localization at 3T and 7T. Emerging
sequences were combined with appropriate shimming, solvent and artifact
suppression methods. In addition an increase in the number of detectable
metabolites and the number of organs accessible by MRS was aimed at.
One of the major problems in high and ultra-high field in-vivo MRS is the
chemical-shift displacement artifact, which renders the selected volume
inconsistent across different metabolites. This effect leads to signal
cancellations of J-coupled metabolites and diverse artifacts in single voxel
MRS and MRSI. It is caused by the contradicting finding of increased chemical
shift separation and decreased bandwidth of RF pulses due to intrinsic
limitations of the achievable maximum B1 at 3T and 7T. Thus this thesis
describes the design of frequency-modulated RF pulses with polynomial phaseresponse (PPR) that reach large bandwidths at low maximum B1 field strengths
and thus minimizes the chemical shift displacement artifact. They are ideally
suited as saturation pulses at 3T and 7T. Hence a highly selective T1- and B1insensitive outer-volume suppression (OVS) scheme based on these PPR
saturation pulses was developed. This OVS scheme enables two new MRSI
localization methods with negligible in-plane CSD artifact: slice-selective spinecho acquisition localized by OVS (SELOVS) at 3T and slice-selective FID
acquisition localized by OVS (FIDLOVS) at 7T. Efficient skull lipid
suppression is achieved that allows for metabolite mapping in the entire brain
including cortical tissue. In addition, FIDLOVS in combination with VAPOR
water suppression and FASTERMAP shimming also enables quantitative
mapping of the neurochemical profile (14 metabolites and 4 macromolecular
resonances) in the human brain for the first time. Finally the OVS scheme was
used for inner-volume saturation, flow artifact and lipid suppression in single
voxel spectroscopy of the human spinal cord. To that the OVS was combined
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with shimming based on static magnetic field B0-mapping. Quantitative MRS
was possible in the entire cervical spinal cord in healthy volunteers and patients
with demyelinations and intramedullary tumors. In the case of lesions that
occlude the spinal canal good spectral quality could also obtained further
caudally.

12

Summary

Chapter 1: Introduction

Chapter 1:

Introduction

13

14

Chapter 1: Introduction

1.1 Introduction
The history of magnetic resonance spectroscopy (MRS) reaches back until
1946 as Purcell and Bloch simultaneously proved nuclear magnetic resonance
experimentally for the first time. During the 1950s first applications of NMR
spectroscopy for chemical analysis followed. Two more major steps forward
were achieved during the 1970s: first magnetic resonance images were
produced, and 2D NMR spectroscopy was introduced that finally enabled
structure determination of biological macromolecules. Shortly after in vivo
magnetic resonance images also first localized in vivo magnetic resonance
spectra were acquired in the 1980s. Later relevant developments included
magnetic resonance spectroscopic imaging (MRSI) and related acceleration
methods as well as spectral quantification based on fitting of a linearcombination of basis-spectra to the original spectrum.
While in vivo MR spectroscopy allows today for the non-invasive detection of
characteristic metabolic changes in many diseases, it has still not established as
a routine tool for clinical diagnostics. The reason behind are insufficient SNR,
spectral and spatial resolution and a resulting small number of detectable
metabolites at standard field strength (0.5 - 1.5T); flow, motion and
susceptibility effects that limit the application of MRS to very few organs;
acquisition speed; diverse artifact sources and the lack of reliable absolute
quantification methods. However, a continuous increase in field-strength of
whole-body MR scanners from 0.1 T to 3T during the last decades improved
SNR and spectral information content significantly. Only very recently even 7T
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whole-body MR scanner for applications in humans became available. These
developments open completely new perspectives for the future of in vivo MRS.
Unfortunately the advantages of high and ultra-high field strength come along
with extensive technical challenges. Parts of which have been addressed in this
dissertation.

1.2 Objectives
The objective of this thesis was the development of in vivo MRS and MRSI
sequences that allow for exploitation of the theoretical SNR advantage and the
increased spectral information content at high (3T) and ultra-high (7T) field
strength. Specific aims were precise localization, sufficient shimming and
artifact suppression at 3T and 7T. The number of detectable metabolites and the
number of organs accessible by MRS should be increased.

1.3 Theoretical Background
Localization
Particularly at high field strength of 3T and beyond, the maximum achievable
B1 field is subject to tight limits. This leads to bandwidth limitations of sliceselective RF pulses, and therefore to strong chemical-shift displacement Δx due
to an additional increase in spectral separation Δν (Hz) for the same shielding
Δδ (ppm) in proton MRS (gyro-magnetic ratio γ / 2π = 42.577 MHz / T) as
compared to lower field strength:
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Δδ ⋅ B0 γ ⋅ x ⋅ Δδ ⋅ B0 2π ⋅ Δν x ⋅ Δν
=
=
=
γ ⋅ Gx
Gx
BW
2π ⋅ BW

(1.1)

Thus, all gradient-based (Gx) MRS localization techniques introduce a
misregistration of the chemical-shift dependent excitation volumes (of size x).
This effect is called chemical shift displacement (CSD) artifact and leads to
signal cancellations of J-coupled metabolites [1-3] and artifacts [4] in single
voxel MRS and limits reliable spectral analyses and quantification to central
regions of the investigated FOV when MRSI is used [5]. CSD is particularly
severe for conventional amplitude-modulated excitation, refocusing and
saturation pulses that simultaneously rotate the magnetization in the entire pass
band. Such pulses contain most of their RF energy in the main lobe, thus the
area underneath is approximately proportional to the flip angle [6]. To achieve
sufficiently large bandwidths in order to reduce chemical-shift displacement to
practical applicability, a very short duration of the main lobe and hence a
mostly unattainably high maximum B1 amplitude is required [6, 7]. In contrast
to purely amplitude-modulated RF pulses, those with additional frequencymodulation excite spins consecutively by sweeping through all Larmor
frequencies in the pass band. Thus, the main lobe of the pulse amplitude
spreads out along the pulse duration, which leads to a significant reduction of
the maximum B1max field, required to achieve a certain bandwidth for a given
flip angle [8]. However, conventional 1H MRS localization schemes such as
point-resolved spectroscopy (PRESS: 90° - 180° - 180°) [9] or stimulated-echo
acquisition (STEAM: 90° - 90° - 90°) [10] methods are based on slice-selective
excitation and refocusing pulses, which require an approximately linear phaseresponse. In contrast to that it was shown that near optimal B1max reduction for a
given bandwidth is only achieved for frequency-modulated RF pulses with
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quadratic [8] or higher-order phase-response [7], while such with linear phase
response [11] are less advantageous in comparison to purely amplitude
modulated RF pulses. In addition, frequency-modulated RF pulses get very
long if a large bandwidth is required in the presence of low B1max. At 3T and
especially at 7T, long echo times TE result for spin-echo based localization
sequences, which lead to substantial signal loss especially for fast relaxing
metabolites [12]. STEAM on the other hand reaches short echo-times but
shows an intrinsic 50% SNR loss in comparison to PRESS. Thus conventional
localization sequences are inappropriate at 3T and 7T. Hence, the major
objective of this thesis was the development of new MRS and MRSI
localization sequences that are appropriate for the use at high and ultra-high
field strength.

Shimming
Inside an empty MR scanner the static magnetic field is highly homogeneous.
However, the introduction of any phantom or volunteer causes significant B0
inhomogeneities due to susceptibility differences inside the human body or
phantom. Separate shim coils - an essential part of every modern MR scanner can partly compensate for the introduced B0 inhomogeneities. However, the
effect of microscopic and macroscopic susceptibility differences on B0
homogeneity increases with increasing field strength. Thus especially at high
and ultra-high fields efficient B0 inhomogeneity correction e.g. shimming is
crucial in order to obtain narrow spectral line width. The latter is an absolute
necessity in order to obtain both - a sufficient spectral resolution as well as
sufficient SNR in the resulting spectra. The better the shim quality the more
reliable is spectral quantification especially for smaller resonance lines and J-
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coupled metabolites. Previous advances on shimming included an increasing
number of shim coils at high field strength in order to achieve not only linear
but also second and third order B0 inhomogeneity correction. In addition, the
maximum available shim currents have to be substantially higher at 3T and 7T
in comparison with lower field strength in order to generate correction fields
large enough to compensate the B0 inhomogeneities. Last but not least efficient
algorithms are necessary in order to compute optimal shim currents.
Considering the large number of interdependent shim terms that need to be
determined for efficient higher order shimming manual or automatic iterative
shim adjustments are time-consuming and might not converge. Much better
alternatives are the acquisition of B0 inhomogeneity projections along different
directions (FASTMAP) [13, 14] or even the acquisition of entire B0
inhomogeneity maps [15]. Based on these data fast optimization routines can
determine the optimal shim currents. FASTMAP is significantly faster than B0mapping and advantageous if the organ geometry is similar to a sphere,
ellipsoid or cylinder as f. i. the human brain. It also previously proved to work
at high and ultra-high field strength [12]. In contrast to that B0 inhomogeneity
mapping showed better results if complicated susceptibility distributions and
organ geometries are present as e.g. in the human heart [15]. Both methods
were adjusted to and compared for different applications at 3T and 7T in the
present thesis.

Additional artifact sources
Ghosting
Ghosting is caused by water signal stemming from outside the VOI, which is
not suppressed by the water suppression. Due to strong B0 inhomogeneities,
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water may have resonance frequencies that lie outside the suppression window
and may be also insufficiently spoiled during the localization sequence [4].
Phase cycling, a shim volume of sufficient size and good shim convergence,
robust localization and spoiling as well as a T1 and B1 insensitive water
suppression [12] can help to avoid this problem.

Modulation side bands
Gradient induced modulation sidebands have their origin in insufficient water
suppression and local fluctuations of the B0 field due to gradient vibrations [16,
17]. If the residual water peak is large, additional anti-phase peak-pairs occur
symmetrically at both sides of the water resonance. Multiple modulation
sideband pairs might occur. Since their intensity and frequency can be similar
to those of real resonance lines water modulation sidebands can be mistaken as
real peaks. Since gradient vibrations can hardly be further reduced, an efficient
T1- and B1 insensitive water suppression [12] is the most obvious answer to this
problem. Other approaches include cancellation of modulation sidebands due to
adding up two MRS examinations with opposite gradient directions [16] or
postprocessing based methods [17].

Flow and motion
CSF flow and organ motion might induce major phase fluctuations in the water
and metabolite signal, respectively. This can lead to signal cancellation effects
if multiple spectra are averaged without prior phase correction of each
individual spectrum. Besides, in the case of organ motion the voxel of interest
changes its position relative to the organ and thus e.g. diagnostic relevance is
questionable. Constructive averaging after phase correction of each individual
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spectrum, ECG and respiratory gating, voxel tracking and saturation of
inflowing CSF can significantly enhance spectral quality.

Anomalous J-modulation
For J-coupled metabolites signal cancellation might occur that are caused by
adding up signals with different phase evolution. These arise, if due to chemical
shift displacement all resonance lines of a coupled spin systems (with different
resonance frequencies) experience both refocusing pulses in certain parts of the
excited volume and in other parts only one of the coupling partners experiences
one or both refocusing pulses, while the other does not. This well understood
phenomenon is especially important for lactate detection, but also substantial
for other coupled metabolites as GABA or Alanine and can be avoided by
saturation of the non-overlapping parts of the excitation volumes by highly
selective outer volume suppression [2, 3].

Lipid contamination
Since intensities of lipid signals from lipid rich tissue such as bone marrow or
subcutaneous lipid are substantially higher than the metabolite signals of
interest they distort the baseline, hamper metabolite quantification and might
even completely overlay certain metabolites. Lipid might end up in a single
voxel MRS spectrum if the chemical shift displacement artifact shifts the lipid
box into the area of the lipid rich tissue. This can be avoided by inner-volume
saturation using a highly selective B1- and T1- insensitive OVS or sometimes
also by changing the direction of the chemical shift displacement for lipids. In
the case of brain MRSI an additional problem is the point-spread function that
causes spreading of lipid signal from the skull or other lipid rich tissue into
neighboring voxels. While at low resolution MRSI and bad lipid suppression
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spectra of all voxels might be contaminated, in high resolution MRSI spectral
distortions occur more locally. However, efficient lipid suppression by
frequency selective inversion recovery or OVS is mandatory.

Stimulated echoes
Due to B1 inhomogeneities effective flip angles of applied RF pulse can differ
substantially from its intended value. Due to these effects stimulated echoes can
be induced in areas remote to the volume of interest especially by refocusing
pulses in spin-echo sequences. Sufficient spoiling, outer-volume suppression
and phase cycling can eliminate spurious stimulated echoes.

1.4 Outline
The main focus of this dissertation is MRS and MRSI localization at high and
ultra-high field strength. Emerging sequences are combined with optimized
shimming, solvent and artifact suppression procedures. Specifically, the second
chapter of this thesis describes the design of frequency-modulated RF pulses
with polynomial phase-response (PPR) that reach large bandwidths at low
maximum B1 field strengths and thus show ideal properties for saturation pulses
at 3T and 7T. In the third chapter a highly selective T1- and B1- insensitive
outer-volume suppression (OVS) scheme based on these PPR saturation pulses
is introduced. This OVS scheme enables two new MRSI localization methods
with negligible in-plane CSD artifact and efficient skull lipid suppression that
allow for metabolite mapping in the entire brain including cortical tissue. While
slice-selective spin-echo acquisition localized by OVS (SELOVS) at 3T is
described in the third chapter, the forth chapter delineates slice-selective FID
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acquisition based on broadband frequency-modulated excitation pulses
localized by OVS (FIDLOVS) at 7T. FIDLOVS in combination with VAPOR
water suppression and FASTERMAP shimming also enables quantitative
mapping of the neurochemical profile in the human brain for the first time. The
fifth chapter describes the application of the OVS introduced in chapter two for
inner-volume saturation, flow artifact and lipid suppression in single voxel
spectroscopy of the human spinal cord. To that the OVS is combined with
shimming based on static magnetic field B0-mapping.

Chapter 2: PPR pulses
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Design of broadband RF pulses with
polynomial-phase response

Published in:
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2.1 Introduction
Shaped radio-frequency (RF) pulses are ubiquitous in all kinds of MR
experiments. Their design is generally difficult due to the complex nature of the
underlying spin dynamics. For MRI purposes, the latter are usually described
by the Bloch equations, whose coupled differential equations are difficult to
invert. One approach to the RF pulse design problem is the inverse scattering
transformation (IST) [1-3]. A more elegant and semi-analytical way to design
RF pulses is the Shinnar-Le Roux (SLR) transformation [4], which reversibly
converts an RF pulse into two finite impulse response (FIR) filters. The
problem of inverting the Bloch equations is hence reduced to FIR filter design,
which is a highly advanced discipline in electrical engineering.
RF pulses have to fulfill several, often contradicting requirements. Besides high
selectivity and short duration, a common desire is a large bandwidth for
reducing artifacts such as chemical-shift displacement or curved slices. For
regular linear-phase amplitude-modulated pulses, the bandwidth is tightly
limited by the maximal allowed RF field strength (B1max) of the transmitting
system, which is low especially at high B0 such as 3T and above. This
limitation is related to the fact that linear-phase pulses concentrate the applied
RF power in a central main lobe. The overall B1 of the pulse is scaled to this
maximum in order not to exceed the system limitation although most of the
time the necessary B1 is much lower. This represents an inefficient usage of
available RF power. It is therefore desirable to design RF pulses with more
efficient use of B1 amplitude and hence inherently broader bandwidths.
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One way of achieving this is to overlay a quadratic phase onto the frequency
response of the RF pulses, hence yielding frequency-modulated pulses. The
central main lobe of the RF amplitude is spread out over a longer period of the
pulse; hence B1 efficiency of these pulses is increased. The disadvantage of
non-linear phase pulses, however, is the inability of refocusing the phase by
linear gradients. Therefore, these pulses cannot function as general excitation or
refocusing pulses. Suitable applications are inversion or saturation of
magnetization, such as required for outer-volume suppression [5, 6].
Non-linear-phase pulses can also be used for 3D imaging, where the pulse
phase is resolved in through-slice direction [7]. Alternatively, the frequency
modulation can also be used for actual image encoding [9, 10].
It has been argued previously that pulses with an overlaid quadratic phase are
near-optimal in terms of minimal B1max [5, 11]. Ideal in terms of excitation
profile and minimal B1max would be a rectangular envelope in both domains. A
rectangular profile in the spectral domain represents a good excitation profile,
and a rectangular profile in the temporal domain exhibits the most uniform
distribution of power across the pulse duration, which is conserved according to
Parseval's theorem. Mathematically, the near-optimality of the quadratic phase
can be derived with an asymptotic series expansion [12]. The envelope (i.e.,
absolute value) of a function with an overlaid quadratic phase is the same in
both time and frequency domain, assuming a smooth envelope and sufficient
amount of quadratic phase [11, 12]. For practical quadratic-phase pulses [5,
11], both conditions are fulfilled to a large extent, but somewhat violated in
detail. The first violation stems from the fact that a rectangular function
contains discontinuities in the transition bands. The asymptotic series
expansion can nevertheless be applied to the continuous areas of the function
[12]. The second violation stems from the limit on the amount of quadratic
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phase applicable [11]. Therefore, quadratic-phase RF pulses are only nearoptimal in terms of minimal B1max, suggesting that further reduction of B1max
may be possible by deviating from a purely quadratic-phase response.
The objective of this work was hence to investigate how the quadratic-phase
response can be modified in order to spread out the overall RF power even
more effectively. To this end, the phase response is modeled generally as a
polynomial of finite order. The effects of various monomial-phase responses
are studied first. The minimal B1max is then approached by two different forms
of non-linear optimization, an exhaustive and a direct search. The exhaustive
search is a systematic combination of quadratic with a single even-order phase,
iterating through the various amounts the two phase terms. The main benefit of
an exhaustive search is to safely find the global optimum. However, it is highly
time consuming, hence permitting only two parameters at a time to be
optimized. The direct search algorithm allows more phase terms to be
optimized at the same time; however there is no proof of reaching the global
minimum. Using the direct search approach, pulses with a combination of 2nd to
10th order phases were designed for various parameter settings.

2.2 Methods
The SLR transformation reversibly transforms an RF pulse into two FIR filters,
the “A” and “B” polynomials [4]. In this work, the B polynomial is designed
with the complex Remez exchange algorithm [11, 13, 14], while the A
polynomial is subsequently generated with the Hilbert transformation [4]. The
complex Remez exchange algorithm fits a FIR filter polynomial to an arbitrary
response function by minimising the Chebyshev (i.e., maximum) error norm,
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hence yielding equi-ripple error functions. The desired complex response
function D is specified by

D(ω ) = R(ω )eiϕ (ω ) ,

(2.1)

where R(ω) is the magnitude, φ(ω) the phase response and ω ∈ [− π , π ] the
normalized offset frequency [11]. In the scope of the present work, the phase
function is modeled as

ϕ (ω ) = ∑ kλω λ

(2.2)

λ ∈Λ

where Λ is the set of polynomial phase orders considered and kΛ denotes the
corresponding coefficients.
The target profile is a low-pass filter with its magnitude response specified by

⎧
⎪⎪ 0
R(ω ) = ⎨
⎪sin( θ2 )
⎪⎩

for ω ≥ ωs
,

(2.3)

for ω ≤ ω p

where θ is the desired flip angle. The pass and the stop band frequencies ωp and
ωs are related to the bandwidth by

BW = ωs + ω p

(2.4)

and the fractional transition width by

FTW =

ωs − ω p
BW

(2.5)

The fitting error is related to these parameters by an empirical relationship [4]
derived for equi-ripple FIR filters

D∞ = n ⋅ BW ⋅ FTW = f (δ1 , δ 2 )

(2.6)
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where n is the number of samples (i.e., normalized time [11]). D∞ is also a
function of the error amplitudes δ1 and δ 2 in the pass and stop bands,
respectively [4]. This relationship was derived for linear-phase filters. For the
present study it was hypothesized that it holds approximately for polynomialphase pulses as well. Hence, equation (2.6) was used throughout to calculate

n ⋅ BW ⋅ FTW from given error specifications. The validity of this approach
was then verified by checking the actual resulting ripple amplitudes.
In the following and as introduced in Ref. [11], the tilde symbol denotes
physical units, which are related to the normalized units from FIR filter design
by
~

~

T = nΔ t

(2.7)

where T̃ denotes the pulse duration and Δt̃ the sample spacing. The number of
samples n is equivalent to the normalized time. The physical RF amplitude is
given by

B1

~

B1 =

,

~

(2.8)

γΔ t

and the bandwidth by
~

BW =

BW
~

(2.9)

Δt

leading to the time-bandwidth product
~

~

T ⋅ BW = n ⋅ BW .

(2.10)

The achievable bandwidth of RF pulses can be increased by minimizing the
B1max of the pulse. The underlying relationship between B1max and the physical
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bandwidth BW̃ can be derived by equating Δt̃ in equations (2.8) and (2.9) and
multiplying both sides with n
~

nB1 max = B1 max γ

n ⋅ BW
~

.

(2.11)

BW

With a fixed physical B̃1max of the system, gyro-magnetic ratio

γ

and time-

bandwidth product n ⋅ BW , equation (2.11) translates into the following antiproportionality
~

BW ∝

1
,
nB1 max

(2.12)

where B1max is the maximum pulse amplitude in normalized units. Hence, the
key dependence of bandwidth limits on the feasible B1max is confirmed.
The optimization problem is to find the phase polynomial yielding the minimal
B1max for a given set of parameters. An RF pulse is typically specified by the
flip angle θ, the time-bandwidth product n ⋅ BW and the fractional transition
width FTW. Side-constraints are an acceptable error δ (= δ1 = δ2) of the
response function and a sufficient number of samples n in order to fulfill the
hard-pulse approximation inherent to the SLR approach [4].
The first step in exploring the phase polynomial was to design RF pulses with
monomial phases of up to tenth order and investigate their B1max behavior.
Subsequently, the minimal B1max was approached by an exhaustive search. This
kind of optimization generally finds the global optimum, however it is
computationally demanding permitting in our case only two phase terms to be
optimized simultaneously. Therefore, a quadratic phase was systematically
combined with one other higher even-order phase up to ten at a time (i.e., Λ =
{2,4}; Λ = {2,6}; Λ = {2,8}; Λ = {2,10}). The minimum-B1max solution with an

30

Chapter 2: PPR pulses

acceptable error was identified within the resulting two-dimensional parameter
landscape.
Finally, a direct search method was implemented for finding the optimal
combination of more than two phase terms. Direct search algorithms are
preferable to gradient-descent methods, because the cost function is not
sufficiently smooth and its gradients cannot be calculated analytically.
The cost function for the direct search minimization was chosen as

κ = B12max + Pδ2 ,

(2.13)

where Pδ is a penalty term given by

⎧
for δ < δ 0
⎪⎪ 0
Pδ = ⎨
⎪η (δ − δ 0 ) for δ ≥ δ 0
⎪⎩

,

(2.14)

with δ (= δ1 = δ2) being the equi-ripple error of the FIR filter response, δ0 the
maximum tolerable error and η a scaling factor for improving the convergence.
The direct search is repeated three times with each successive optimization
being initialized by the previous one. The first two stages use a pattern-search
algorithm [15], initialized with the amount quadratic phase from the empirical
factor (equation 19 in [11]) and zero for all other phase terms. The last
optimization stage applies a Nelder-Mead Simplex algorithm [15]. The penalty
factor η was increased during the three stages (for n = 256, η was 0.05, 1, and
100).
All numerical procedures were implemented in MATLAB V7.0 SP2 (R14)
(The MathWorks, Natick, MA, USA). The pattern search algorithm uses the
MATLAB function “patternsearch” in the “Genetic Algorithm and Direct
Search Toolbox”, while the Nelder-Mead Simplex method applies the function
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Figure 2.1: Various kinds of pulses all designed with different phase functions but the
same target profile (θ = 90°; n·BW = 130, D∞ = 20; which leads with n=256 to BW =
0.508 and FTW = 0.154. The high time-bandwidth product of 130 (in radians) leads to a
fairly large amount of side-lobes. On the left side are RF pulses with single odd-orderphase functions, which lead to pure amplitude modulation. The (partially) self-refocused
linear-phase pulse leaves a reduced phase at the end of the excitation period, which
corresponds to moving the temporal reference point further to the end of the RF pulse.
Adding even-order-phase functions (right side) yield complex FIR filter coefficients and
hence frequency-modulated pulses. The polynomial-phase pulse combines even orders
up to ten (Λ = {2,4,6,8,10}).
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“fminsearch” from the “Optimisation Toolbox”. The complex Remez exchange
algorithm uses the function “cfirpm” (formerly “cremez”) from the “Signal
Processing Toolbox”. MRI experiments were performed on a Philips Achieva 3
T scanner equipped with a transmit/receive head coil allowing for a B̃1max = 20
μT (Philips Medical Systems, Best, The Netherlands).

2.3 Results and Discussion
RF pulses with monomial phase functions are depicted in Figure 2.1. Oddorder phase functions (left) lead to purely amplitude-modulated pulses, while
even orders result in frequency-modulated pulses. A third-order phase (Λ =
{3}) leads to an asymmetric pulse shape. Hence, B1max is reduced by distorting
the central main lobe to give about equal positive and negative heights (Figure
2.1) according to empirical findings. The possible reduction, however, is not
more than roughly half the original height. It was observed, that the B1max
reduction achievable with odd-order phases is limited by the fact that the
energy of the RF main-lobe is mainly distributed towards one side only. Thus,
it should be possible to further reduce B1max by spreading the central main lobe
symmetrically, which can be achieved with even-order phases (Figure 2.1, right
side). The area of spreading out B1 is increasingly contained to the central part
of the RF pulse with an increased order. Of all the monomial-phase functions,
the quadratic phase spreads the central main lobe over the widest area of the
pulse, hence supporting the B1max near-optimality argument [11]. Only a
combination of quadratic with higher even-order phase functions (Λ =
{2,4,6,8,10}) distributes the energy even further.
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Figure 2.2: Maps of B1max (colour scale) for different amounts of 2nd (k2; x-axis) and
higher (4th, 6th,8 th and 10 th) order phase (kλ; y-axis) for pulses with the same target
profile as in Figure 2.1. The dashed white line exhibits pure quadratic phase. Due to
symmetry, only positive k2 are shown. The blue outer region with excessive fitting errors
(δ > 0.05) is excluded because of meaningless results. The minimal B1 max with an
acceptable error (δ < 0.00125) is marked with a white cross for each combination and
listed in Table 2.1. Note that the x (k2) and y (kλ) axes have different scales.

The B1max for a systematic combination of quadratic with a single higher evenorder phase (i.e., Λ = {2,4}, Λ = {2,6}, Λ = {2,8}, Λ = {2,10}) is shown in
Figure 2.2 for pulses with the same target profile. With each combination it is
possible to further reduce B1max as compared to a pure quadratic phase (Table
2.1). The design parameters for these polynomial-phase pulses seem to be
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subject to certain restrictions, similar to pure quadratic-phase pulse design [11].
In particular, this means that not all parameter specifications result in
acceptable pulses with a low fitting error. In this example the error limit was set
to δ < 0.00125. Under this constraint, the minimal B1max was found for a
combination of 2nd and 8th order (k2 = 226, k8 = -186·103) (Table 2.1).
Optimisation

Phase

B̃1max

No
Empirical [11]
Exhaustive

Linear
2nd
2nd + 4th
2nd + 6th
2nd + 8th
2nd + 10th
Combination

0.1402
0.0594
0.0527
0.0485
0.0468
0.0484
0.0436

Direct

Rel. to linear (%)
100
42.4
37.6
34.6
33.4
34.5
31.1

T̃ [ms]
6.7
2.8
2.5
2.3
2.2
2.3
2.1

B̃W [kHz]
3.1
7.3
8.2
8.9
9.2
8.9
9.9

Table 2.1 Different reductions of B1max relative to the linear-phase design (n·BW = 130,
D∞=20; same as in Figures 2.1 and 2.2). B1max is given in normalized units (equation
2.8). The physical time T̃ and bandwidth B̃W are for a maximal RF field strength of
B̃1max =20 μT. The best combination found with the exhaustive search method for pairs
of phase orders is Λ = {2,8}. This minimum can be further reduced with the direct
search method when using a polynomial combination of phases (Λ = {2,4,6,8,10}).

A further reduction of B1max is possible by optimizing a combination of more
higher-order polynomial-phase terms with the direct search method (Table 2.1).
Various polynomial schemes (Λ) were considered in order to investigate the
underlying relations. Higher even-order phase terms (Λ = {2,4,6,8,10}) were
compared to all higher-order phase terms up to ten (Λ = {1,2,3,…,10}) in order
to further support the argument that odd orders are not useful for reducing
B1max. Although the optimization indeed yielded contributions of odd orders as
well, the resulting B1max was larger with odd orders included. Therefore, only
combinations of even-order phase terms are considered in the following
investigations.
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The influence of the selection of the various phase terms on the RF pulses were
investigated by optimizing polynomial-phase functions (Λ = {2,4,6,8,10}) with
various fitting errors ( δ = 0.032, 0.0056, 0.00125 and 0.00032), reflected by
empirical performance measures of D∞ = 10, 15, 20 and 25, respectively.
Time-bandwidth products ranged from n ⋅ BW = 30 to 500 in steps of 5 (in
radians), resulting in fractional-transition widths according to FTW = D∞ /
( n ⋅ BW ) (equation (2.6)). The resulting RF pulses are then scaled to B̃1max =
20 μT, hence resulting in different pulse durations T̃ and physical bandwidths
B̃W. The relationship between T̃ and B̃W for polynomial as well as for
quadratic and linear-phase pulses with the same parameter specifications is
depicted in Figure 2.3. The optimization scheme did not always converge, yet it
found several suitable minima for a range of time-bandwidth products. As
Figure 2.3 suggests, the successfully optimized pulses are grouped
approximately along a straight line, reflecting a linear increase in bandwidth as
a function of the pulse duration. To indicate this heuristic relationship, the
favorable pulses are marked by circles and fitted by linear regression. Each
pulse was considered favorable if it achieved a higher bandwidth than any
previous pulse with a lower time-bandwidth product. These results show a
considerably increased bandwidth for the polynomial-phase functions. This
advantage is especially pronounced for pulses with low fitting errors (i.e., D∞
high), while at D∞ = 10 the regression lines of quadratic and polynomial phase
are approximately the same. The error in the FIR filter response is generally not
considerably increased, as indicated in Figure 2.4. This supports the
assumption made in equation (2.6), that the empirically derived performance
measure D∞ is also valid for polynomial-phase pulses.

36

Chapter 2: PPR pulses

Figure 2.3: The physical bandwidth BW̃ and the fractional-transition width FTW
plotted over the actual pulse durations for B̃1max = 20 μT. The time-bandwidth products
increase from left (30) to right (500) in steps of 5. All points with an increase in
bandwidth from one time-bandwidth product to the other are marked by circles and
fitted by a linear regression curve. All other points with the wiggles pointing right, are
sub-optimal parameter combinations or poor fits and should be discarded. Interesting
to note in the plots is that the polynomial phase is especially advantageous for pulses
with a high performance factor D∞ and hence low errors. Three pulses (linear,
quadratic and polynomial) with D∞ = 20 (top right, line in magenta) were selected and
compared in Figure 2.5.
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Figure 2.4: The physical bandwidth BW̃ and the error of the FIR filter response plotted
over the time-bandwidth product n·BW. This plot should illustrate, that the proposed
fitting procedure does not lead to a significantly increased error. However, the errors of
non-linear phase pulses are slightly increased. In order to compensate for this effect and
provide an equitable comparison, slightly smaller D∞ were used for linear-phase pulses
(7.5, 13.7, 19 and 23.9; instead of 10, 15, 20 and 25, respectively).
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Linear-phase pulses (blue in Figure 2.3) exhibit always the same bandwidth,
while the selectivity improves with a higher time-bandwidth product
(decreasing FTW in equation (2.6)). Both quadratic (red in Figure 2.3) and
polynomial (green in Figure 2.3) phase pulses lead to an approximately linear
increase in bandwidth as a function of pulse duration along with further
enhanced selectivity. Polynomial-phase

functions have

basically two

advantages over quadratic ones: the gain in bandwidth starts earlier and the
slope of the regression line is steeper throughout. The gain in bandwidth is
especially considerable for shorter pulse durations, which is crucial for good
outer-volume suppression. Broad bandwidth comes along with high selectivity,
which is therefore also better for polynomial-phase pulses. Again, this
advantage is particularly pronounced for short pulse durations.
Interesting to note is the nature of the polynomial-phase modulation. While the
quadratic-phase term is increased, the higher-order term attenuates the phase
modulation close to the transition bands. The qualitative behavior is visible in
the B1max maps (Figure 2.2) as well as in the excitation profile (Figure 2.5). The
attenuation is contained mainly near the transition bands, where the optimality
argument of Papoulis [12] for quadratic phase is violated.
One of the main applications of polynomial-phase pulses is outer-volume
suppression. Important for a successful saturation of magnetization are short
pulses with a broad bandwidth, high selectivity and low errors in the remaining
magnetization. A whole range of linear, quadratic and polynomial-phase pulses,
all with D∞ = 20, was designed and implemented into the scanner software for
outer-volume suppression. The parameters of the selected polynomial-phase
pulses are listed in Table 2.2. Pulses with a maximum duration of 3 and 5 ms
were selected and their suppression profiles in a water-oil phantom and in the
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human brain measured (Figure 2.6). The chemical-shift displacement artifact is
considerably reduced, while the selectivity is enhanced for pulses with a
polynomial-phase response, as compared to both linear and quadratic phase.

Table 2.2 Pulse parameters for various favourable pulses selected from Figure 2.3 for
D∞=20 and n=256. Note, that both B1max and k'λ are dependant on n. The amount of
phase is given by k'λ = sign (k'λ) | k'λ |λ.
n·BW

B1max

k'2

k'4

k'6

k'8

k'10

30
55
75
100
130
170
240

0.0251
0.0295
0.0347
0.0406
0.0436
0.0526
0.0624

33.485
21.097
17.652
15.775
11.845
10.416
8.529

-26.498
-4.489
6.354
5.773
5.452
4.34
3.522

-20.247
-11.472
4.153
-5.808
-2.44
-2.251
-1.435

-24.582
3.048
-8.027
-4.647
-3.276
-0.307
1.13

-26.925
-10.353
-6.029
-5.506
-4.541
-3.454
-2.5

Figure 2.5: RF pulses with the same B̃1max (20 μT) and duration (T̃ = 2.1 ms), but
various phase functions. The bandwidth is increased from 3.1 kHz for a linear and 3.8
kHz for a quadratic to 9.9 kHz for a polynomial-phase pulse.
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Figure 2.6: Various suppression profiles for maximum pulse durations of 3 and 5 ms.
Profiles are measured in a water-oil phantom and in the human brain. The gradient
strength was scaled to the according bandwidth in order to excite always the same slice
thickness. Due to the higher bandwidth and gradient strength, the chemical-shift
displacement can be considerably reduced. Note, that the B1 inhomogeneities commonly
present on 3 T scanners lead to a degradation of profiles, here especially pronounced in
the oil section for the linear-phase pulse. The right hand side shows the cross-section
through the water section in the lower part of the phantom.

2.4 Conclusion and Outlook
Polynomial-phase pulses achieve both very broad bandwidths and high
selectivities. They are particularly beneficial for short pulse durations and high
performance D∞ (i.e., low errors and small transition widths). For a typical
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B̃1max = 20 μT (whole-body 3 T scanner) and pulse duration of 2 ms, the
bandwidth was increased from 3 kHz (linear-phase) to 10 kHz (polynomialphase pulse). The advantages seem to be related to the fact that the phase
variation is attenuated in the transition bands by the more local, higher-order
polynomial-phase terms.
Polynomial-phase pulses have a great potential for outer-volume suppression,
particularly for whole-body scanners with higher field strengths. Outer-volume
suppression is generally most effective when the time between the suppression
pulses and the acquisition is short. This places tight constraints on both RF
pulse durations and gradient times. Polynomial-phase pulses are particularly
beneficial for short pulse durations; hence they can considerably enhance outervolume suppression.
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SELOVS: Brain MRSI localization based on
highly selective T1- and B1-insensitive outervolume suppression at 3T
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3.1 Introduction

Proton magnetic resonance spectroscopic imaging (MRSI) is one of the most
promising applications of in-vivo high-field MR. Benefiting greatly from SNR
gain and increased spectral resolution, highly spatially resolved detection and
reliable quantification of an expanding number of metabolites becomes
feasible. Reaping these benefits is particularly desirable for whole-brain MRSI,
yielding spectral information from the entire organ including cortical brain
tissue. However, conventional localization schemes based on slice-selective
excitation and refocusing pulses restrict high-field MRSI applicability to central
brain regions. Most frequently the PRESS method is used, combining three
pulses (90°, 180°, 180°) for 3D selection [1]. Due to its high efficiency in
suppression of signal stemming from outside the volume of interest (VOI) it is
widely utilized. However, this approach has serious limitations.
One problem is the so-called chemical-shift displacement artifact. It reflects the
fact that the selected volume is displaced in all three dimensions according to
the difference in Larmor frequency for differently shielded protons bound to
distinct molecules. Hence, it distorts metabolic information by rendering the
selected volume inconsistent across different metabolites, water and fat, giving
rise to anomalous J-modulation, and causing signal cross-talk from peripheral
signal sources, e.g. lipid-rich tissue in brain MRSI [2-3]. In addition, variation
in the effective position of the PRESS box also compromises shimming and
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water suppression. Chemical-shift displacement is caused by tight restrictions
in the maximum B1 field strength and hence bandwidth (BW) limitations of
conventional amplitude-modulated RF pulses, with approximately linear phase
response, leading to confinements of the respective selection gradient strength.
Due to the combination of increasing spectral separation with decreasing
achievable maximum B1 values chemical-shift displacement scales with field
strength [3, 4]. This problem is particularly severe for slice-selective refocusing
pulses.
Another problem with PRESS localization is its limited geometric flexibility.
Based on three perpendicularly applied slice-selective RF pulses the PRESS
volume is essentially a cuboid and thus insufficiently adapted to most
anatomical structures. Often it is important to safely exclude tissue outside an
organ of interest, e.g. lipid-rich tissues in brain MRSI. In these cases the
PRESS cuboid must be entirely inscribed in the respective organ, missing most
of its potentially interesting periphery, e.g. the cortex in brain studies.
Both of these problems, chemical-shift displacement and lack of geometric
flexibility, have been tackled with outer-volume suppression (OVS) [2-3, 5-11]
based on highly selective, broadband saturation pulses [3, 12-14]. Metabolitespecific PRESS boxes with varying chemical-shift displacement can be cropped
to a common core region by suppressing inconsistent outer parts [3]. This core
region does not need to be a cuboid but can be tailored to approximate any
desired convex volume with a sufficient number of overlapping OVS bands [611, 13, 15]. Thanks to these benefits, OVS-enhanced PRESS is currently the
localization method of choice for brain MRSI [2, 9-10, 13]. However, at field
strengths as high as 3T and beyond, even the combined method is unsuited for
whole-brain studies. This is because the chemical-shift displacement becomes
so large that the nominal PRESS box needs to encompass the entire head if the
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correct metabolic information of cortical brain tissue shall be accessed. As a
consequence, confounding signal from the periphery pass the PRESS selection
largely unfiltered and would need to be suppressed by OVS alone. However,
present-day OVS methods are not adequate for this task. In spite of recent
developments including enhanced spoiling [10, 16-17] and highly selective
saturation pulses [12-14] sufficient presaturation-based OVS has only been
demonstrated in combination with additional PRESS or STEAM selection [1011, 13]. This is mainly related to the fact that T1 relaxation effects and band
crossings have been neglected. Flip-angle adjustment considering both B1
inhomogeneity and progressing T1 relaxation to minimize longitudinal
magnetization at the beginning of excitation was proposed for watersuppression already in 1994 [18]. However, this approach has never been
applied for OVS based on multiple, overlapping suppression bands, but only for
a single saturation band [13].
These considerations illustrate that the requirements of high-field whole-brain
MRSI render PRESS selection virtually useless, while calling for advances in
the effectiveness and reliability of OVS. This approach is pursued in the present
work.

3.2 Theory
According to the preceding considerations, chemical-shift displacement can be
minimized by abandoning narrow-band spin-echo refocusing for localization in
the 2nd and 3rd dimension, as used in PRESS, and substituting it by OVS based
on broadband saturation pulses. At the same time OVS permits tailoring of the
excitation volume to the shape of anatomical structures. The remaining
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through-plane chemical-shift displacement due to slice-selective excitation can
be addressed by two additional OVS bands parallel to the selected slice
according to the principle of inner-volume saturation [2-3]. In this fashion
accurate metabolic information can be obtained across the entire field of view
(FOV). For the adjustment of any desired echo time TE an optionally selective
or non-selective refocusing pulse is added. Figure 3.1 depicts the resulting
MRSI sequence. Relative to the PRESS approach spin-echo MRSI localized by
OVS (SELOVS) enables significantly shorter echo times, which translate into
valuable SNR gains as T2 relaxation times shorten with increasing field
strength.
Targeting a successful implementation of this concept, it is indispensable that
the OVS is highly spatially selective, successful at nulling longitudinal
magnetization at the time of the subsequent excitation pulse and robust against
progressing T1 relaxation and variations in T1 and B1. To ensure precise
prescription of the OVS bands frequency-modulated RF pulses with
polynomial-phase response (PPR) [19] (chapter 2) are utilized. Compared to
linear- and quadratic-phase pulses [12-14], PPR pulses achieve significantly
greater bandwidth and selectivity, particularly for short pulse durations. Hence,
the chemical shift displacement is minimized and the accuracy of the volume
selection is maximized. Suppression efficiency and B1 inhomogeneity tolerance
is greatly improved by introduction of OVS cycling and numerical optimization
of flip angles for multiple, overlapping saturation bands. This approach
accounts particularly for band crossing and progressing T1 relaxation during the
OVS scheme. The flip-angle scheme of such cycles can be chosen such that all
bands and their crossings are saturated simultaneously and for variable B1 and
T1. Details about RF pulse design and numerical flip-angle optimization are
described in the following paragraphs.

48

Chapter 3: SELOVS

Figure 3.1: Schematic representation of slice-selective MRSI in combination with outervolume suppression based on PPR-pulses for localization in the 2nd and 3rd dimension.
The 180° refocusing pulse is either nonselective or selective. 2D phase encoding is
performed. CHESS for water suppression is applied. Amplitude and direction of spoiling
gradients are modulated periodically. Due to the sequential application of the outervolume suppression bands T1 relaxation progresses during the OVS scheme. Flip angles
φ1 … φ2n of 2n individual PPR pulses for two OVS cycles prescribing n geometrically
distinct saturation bands have to be adjusted aiming at nulling of all residual Mz at the
time of excitation considering the delays

τ1

…

τ2n

for non-overlapping bands and

τc11, τc12, τc13, τc14 …τcn3, τcn4 for n crossings of two saturation bands as well as tissue
dependent T1 relaxation times.

Chapter 3: SELOVS

49

RF pulses with polynomial phase-response
In contrast to purely amplitude-modulated RF pulses, such with additional
frequency-modulation excite spins consecutively by sweeping through all
Larmor frequencies in the pass band. Thus, the main lobe of the pulse
amplitude spreads out along the pulse duration, which leads to a significant
reduction of the maximum B1 field, required to achieve a certain bandwidth for
a given flip angle [14]. Particularly broad bandwidths and narrow fractional
transition widths (FTW) were reported for RF pulses utilizing a quadratic-phase
modulation with additional higher-order-polynomial correction terms [19]
(chapter 2). Due to the introduction of their nonlinear-phase response, PPR
pulses cannot be used for conventional slice-selective excitation or refocusing,
but would require more advanced acquisition and reconstruction methods [2023]. However, they are perfectly suited for slice-selective saturation, since
enhanced dephasing is combined with a high selectivity and a large bandwidth
and therefore a minimal chemical-shift displacement.
PPR pulses are based on a design strategy that combines FIR filter design based
on the complex Chebyshev approximation, the Shinnar-LeRoux transform and
a direct search algorithm [14, 19] (chapter 2). This approach focuses on narrow
fractional transition width and large bandwidth at a given pulse duration while
fulfilling the adiabatic condition is not aimed. Hence flip angles of PPR pulses
depend on the effective B1 field. However, following principles discussed by
Luo et al and Ogg et al [10, 18] the B1 inhomogeneity tolerance of an OVS
sequence based on frequency-modulated RF pulses can be enhanced by
consecutive application of two or more pulses.
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Flip-angle optimization
Taking the duration of a presaturation-based OVS sequence into account,
consideration of T1 relaxation effects is an absolute necessity particularly for
metabolites with short T1 relaxation times such as lipids. In addition, OVS band
crossings can lead to localized suppression failure. The joint effect of two
consecutively applied RF pulses, at the same spatial position, might increase
the amount of residual longitudinal magnetization Mz at the beginning of
excitation. This is due to a misadjustment of the inversion needed to
compensate for certain T1 relaxation properties. These problems have to be
addressed by interdependent flip-angle adjustment for multiple, overlapping
saturation bands. Taking the above considerations into account, an algorithm is
proposed, which solves this combined optimization problem aiming at
minimized longitudinal magnetization for all OVS bands and crossings at the
time the excitation pulse is applied.
Assuming ideal pulse profiles and optimal spoiling, the residual longitudinal
magnetization M z1 , after a single saturation band of the total duration τ,
consisting of a RF-pulse with the flip angle φ, a slice-selective and a spoiling
gradient and the delay to the excitation pulse, can be derived from Bloch
equations to [18]:

M z1 = M I1 e −τ / T1 cos ϕ + M 0 (1 − e −τ / T1 ) ,
M0 is the equilibrium magnetization and

(3.1)

M I1 is the initial magnetization,

which depends on the repetition time TR (assuming TR >> OVS sequence
duration):

M I1 = M 0 ⋅ (1 − e −TR / T1 ) ,

(3.2)
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For n crossing saturation bands or single saturation bands represented by n
suppression elements with durations τ1, τ2, …τn and flip angles φ1, φ2, … φn the
total residual magnetization M z n can be derived from equation (3.1) by n
consecutive replacements of M I n by the residual magnetization M z of the
( n −1 )
previous RF pulse

M zn = M z( n −1) e −τ n / T1 cos ϕ n + M 0 (1 − e −τ n / T1 )

M z ( n −1 ) = M z ( n − 2 ) e

−τ ( n −1 ) / T1

cos ϕ ( n −1) + M 0 (1 − e

….

−τ ( n −1 ) / T1

)
(3.3)

M z2 = M z1 e −τ 2 / T1 cos ϕ 2 + M 0 (1 − e −τ 2 / T1 )
M z1 = M I1 e −τ 1 / T1 cos ϕ1 + M 0 (1 − e −τ1 / T1 )
to:

M z n = M I1 e

−

n

∑ τ k / T1
k =1

n
n ⎡
⎤
−τ k / T1
+
−
cos
ϕ
M
(
1
e
)
e −τ l / T1 cos ϕl ⎥ . (3.4)
∏
∏
k
0∑ ⎢
k =1 ⎣
k =1
l = ( k +1)
⎦
n

Pulse and gradient durations are assumed to be equal, while element durations
τ1, τ2, … τn are individual for each OVS element, as they contain a specific
delay towards the next pulse applied at the same spatial position. This can be
another saturation pulse (crossings or OVS cycling) or the 90° excitation pulse
(Figure 3.1).
If each OVS band is implemented by only one saturation pulse, one distinct
zero-crossing for the residual Mz magnetization results from equation (3.1).
Figure 3.2 a - c illustrate this for 6 consecutively applied geometrically distinct
OVS bands. As the above described frequency-modulated PPR-pulses are
based on the Shinnar-LeRoux transform and hence do not scale [12, 24], they
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Figure 3.2: Dependency of the residual magnetization on flip-angle combinations for
suppression of subcutaneous fat (a, d, T1 = 290 ms), grey matter (b, e T1 = 1200 ms),
and CSF (c, f, T1 = 3120 ms) as well as optimal flip-angle combinations for a residual
magnetization IMzI < 1% for subcutaneous fat (g), grey matter (h), CSF (i) and
simultaneous suppression of signal with distinct T1 relaxation times (k, l, m).
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Simulations are based on equation (3.4) and assume 6 sequentially applied outervolume suppression bands (duration = 9.08 ms, pulse duration = 5.63 ms, TR = 1500
ms) using one (a-c) or two (d-m) OVS cycles. One distinct zero-crossing for the residual
Mz magnetization per OVS band and tissue dependent T1 relaxation time results for one
OVS cycle (a-c). For two OVS cycles a range of optimal flip-angle combinations exists,
which leads to equal suppression and is depicted in dark blue in the magnitude plots of
residual Mz for the last OVS band in d to f. Regions of residual |Mz| < 1% depend on the
sequential position of a saturation pulse pair inside the OVS sequence and on T1
relaxation times (g-i). Using two OVS cycles flip-angle combinations can be selected,
that enable a residual magnetization IMzI < 1% and hence simultaneous suppression
(red) for substances with distinct T1 relaxation behavior such as subcutaneous fat (T1 =
290 ms, yellow) and CSF (T1 = 3120 ms, blue). These flip-angle settings also depend on
the sequential position of the saturation pulse pair inside the OVS sequence (k - 2nd OVS
band, l – 4th OVS band, m – 6th OVS band).

need to be designed for each flip angle individually. This has been performed
only for non-negative, even integer values. Therefore, exactly one optimal flip
angle exists aiming at nulling all residual transversal magnetization at the
beginning of excitation when using only one saturation pulse per OVS band.
This optimal flip angle depends on its sequential position within the OVS
sequence and therefore on the delay between it and the 90° excitation pulse. In
addition, a strong dependence on the T1 relaxation time can be observed.
Hence, an OVS sequence based on only one OVS cycle is neither capable to
consider OVS band crossings nor to reach sufficient simultaneous suppression
of signals with a range of tissue dependent T1 relaxation times, which is both
needed for practical applications.
These problems can be addressed by applying at least two saturation pulses per
OVS band. According to equation (3.4) not only a single optimal flip-angle pair
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but a range of optimal flip-angle combinations leading to equally minimized
residual longitudinal magnetization exists for each T1 in the case of two
suppression cycles. This is illustrated for the last out of 6 sequentially applied
OVS bands in Figure 3.2 d - f. Due to progressing T1 relaxation the range of
optimal flip-angle pairs per OVS band depends on the time delay between the
first and second saturation pulse as well as the time between the second
saturation and excitation pulse. Figure 3.2 g - i show those flip-angle pairs for 6
sequentially applied OVS bands leading to a residual Mz < 1% for different T1
relaxation times, assuming that the sequential order of the saturation pulses
stays the same in both OVS cycles. Fortunately, regions of optimal flip-angle
pairs overlap for different T1 values. The overlapping areas depend on the
sequential position of a certain OVS pulse pair inside the OVS sequence
(Figure 3.2 k - m). Hence, for each saturation band a T1-independent flip-angle
adjustment can be achieved, which enables for instance simultaneous water and
lipid suppression. OVS band crossings can be considered in a similar manner.
Using equation (3.4) for two OVS cycles, four consecutive saturation pulses
have to be considered for each crossing of two OVS bands (Figure 3.1), six
consecutive saturation pulses for crossings of three OVS bands and so on.
Based on these findings, an iterative numerical optimization algorithm has been
developed, that aims at finding flip-angle settings leading to a residual
longitudinal magnetization Mz smaller than a minimal Mz threshold, at each
OVS band and each OVS band crossing. Input parameters are RF pulse and
gradient durations, T1 relaxation times, repetition time TR, chronological order,
geometrical arrangement and crossings of the OVS bands as well as the number
of OVS cycles. The algorithm starts at any particular OVS band and proceeds
to the subsequent OVS bands and crossings consecutively, following the
geometrical arrangement. In doing so flip-angle pairs are searched, which fulfill
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the condition of a residual longitudinal magnetization Mz smaller than the
selected starting threshold for all selected T1 relaxation times. The search is
based on the brute force principle. Hence the algorithm systematically stops
and restarts with a new flip-angle pair for two saturation pulses of a certain
OVS band, whenever no solution can be obtained at one of the consecutively
considered OVS bands and crossings for the selected Mz threshold. Optimized
flip-angle settings for all saturation pulses are only found, if the algorithm can
continue until the first OVS band is reached again. The threshold for residual
Mz is increased iteratively until a solution is obtained. Thus the calculation time
is kept short, since only a low percentage of all possible flip-angle settings need
to be calculated, while running into local minima is prevented. Output
parameters include the optimal flip angle for each saturation pulse, the
maximum residual Mz magnetization observed at a specific geometrical
position with the worst allover suppression as well as the average residual Mz
considering all OVS bands and all OVS band crossings. The optimization
algorithm can be adapted to any number of saturation pulses of any duration
and any sequential order considering any geometrical arrangement and any
number of suppression cycles and different T1 values.

3.3 Methods
RF pulse design
The design algorithm was implemented in MATLAB V7.0 SP2 (The
MathWorks, Natick, MA, USA). RF pulses with even-order polynomial phaseresponses up to the 10th order have been designed for flip angles between 10°
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and 178° in 2° intervals. For each flip angle PPR pulses with time-bandwidth
products (TBW) between 30 and 500 (in radians) were generated. The designed
PPR pulses have an empirically derived performance measure of D∞ = 20.
Aiming at an ideal rectangular saturation profile and assuming a flip angle of
90°, this translates into effective fitting errors (ripple amplitudes) of δ1 = 0.25
% in the pass and δ2 = 0.000156 % in the stop band as well as to a FTW of 4 %
(for TBW = 500) [19, 25] (chapter 2).

Simulations
In order to determine optimal flip-angle combinations the iterative numerical
optimization algorithm described in the “Theory” section was implemented into
MATLAB considering number, sequential order, duration and geometrical
arrangement of the saturation bands as applied at the MR scanner as well as T1
relaxation. Computations have been performed on a conventional PC and
required less than one hour. Optimal flip-angle combinations have been
determined for 4 or 8 saturation bands respectively in plane and 2 saturation
bands parallel to the plane for either simultaneous CSF and lipid suppression or
pure lipid suppression as needed for brain MRSI. The optimization was based
on T1 relaxation times determined for grey matter, white matter, cerebrospinal
fluid and subcutaneous lipids by in vivo single-voxel MRS inversion-recovery
measurements at 3T. The T1 estimates were based on 20 increments of the
delay τ between the inversion pulse and the excitation pulse.
Numerical integration of Bloch equations implemented in C++ based on the
Runge-Kutta method [26] was used to simulate 1D and 2D suppression profiles
using the original PPR pulse shapes, pulse durations, scaling of amplitude and
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frequency modulation, gradient settings, number, sequential order and
geometrical arrangement of the saturation bands as well as T1 relaxation times
of the prospective tissue. Simulations were performed on a conventional PC
and required a calculation time of 20 s for 1D and 3 to 7 days for 2D depending
on the number of RF pulses and the spatial resolution. B1 sensitivity of PPR
pulses at different flip angles and time-bandwidth products was investigated by
1-dimensional numerical integration of Bloch equations varying the scaling of
the amplitude modulation. 2-dimensional simulations based on numerical
integration of Bloch equations were used to visualize and verify the optimal
flip-angle combinations calculated by the MATLAB algorithm. Spoiling was
considered by inclusion of the original spoiling gradient strength, simulation at
a high spatial resolution and consecutive application of a low-pass filter.

MRI & MRS measurements
All MR experiments were performed on a Philips Achieva 3T scanner (Philips
Medical Systems, Best, The Netherlands) using a transmit-receive birdcage
head coil. Saturation bands based on PPR pulses were sequentially applied
prior to either PRESS MRSI or slice-selective MRSI. To avoid accidental
signal rephasing, amplitude and direction of spoiling gradients were
periodically modulated following sinusoidal envelope functions that are shifted
against each other in all three spatial dimensions [10, 16-17]. Two CHESS [27]
pulses were included prior to the OVS pulses for water suppression (Figure
3.1).
For a given “maximum-pulse-duration“ and “flip-angle” pair at a given
maximum B1 field strength of 20 μT, PPR pulses with the highest possible
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Figure 3.3: Simulation based on numerical integration of Bloch equations: a) excitation
profiles of PPR pulses with a time-bandwidth product TBW = 500 (in radians) for flip
angles of 30°, 90° and 150°. B1 dependence of those excitation profiles for b) 30° c) 90°
d) 150°.

time-bandwidth product were iteratively ascertained for each individual
saturation band. Therefore PPR pulses with the largest possible bandwidth and
the lowest possible fractional transition width were selected. While flip angles
were separately adjustable for each saturation band, the “maximum pulse
duration” was the same for all saturation bands aiming at a small deviation of
the real from the average pulse duration assumed during the numerical
optimization. All pulses were scaled to the maximum B1 field strength. Two
cycles of OVS bands with flip angles optimized for suppression of
subcutaneous lipid were applied in brain MRSI. OVS bands automatically

Chapter 3: SELOVS

59

adopted towards an elliptical shape around the selected shim volume. In
addition two OVS bands were placed parallel to the MRSI slice.
The proposed OVS sequence was validated on a water-oil-phantom as well as
on 8 healthy volunteers, who provided written informed consent prior to the
examination. The changes in lipid signal strength were obtained by peak
integration.

3.4 Results
RF pulses with polynomial phase response
Simulations based on numerical integration of Bloch equations and phantom
measurements demonstrate that highly selective, broadband PPR pulses can be
designed for a large range of flip angles based on design parameters initially
optimized for 90° PPR pulses as described by Schulte et al [19] (chapter 2)
(Figure 3.3 a and 3.4). For flip angles of 30°, 90° and 150° bandwidths of 56.6
kHz, 18.2 kHz and 9.3 kHz respectively were achieved for a maximum B1 field
strength of 20 μT and a time-bandwidth product of 500. PPR pulses excite a
constant bandwidth despite changing the pulse amplitude due to B1
inhomogeneities, but their non-adiabaticity leads to a B1 dependence of the
nominal flip angle (Figure 3.3). While the excitation profile remains nearly
unchanged even for large B1 variations of up to 30 % for PPR pulses designed
for small and medium flip angles, significant distortions occur for large flip
angles and large frequency offsets. By application of two consecutive pulses
with different flip angles per OVS band, the B1 sensitivity of an OVS sequence
based on PPR-pulses was practically eliminated, for B1 changes of up to 20%
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Figure 3.4: Suppression profiles in a sunflower oil - tap water phantom using one 90°
PPR pulse (left) and a 92°,118° PPR pulse pair as optimized for the 5th saturation band
for 6 OVS bands (right). TBW = 500 (in radians), pulse duration: 5.63 ms, delay
between pulses: 45.4 ms, delay between last pulse and excitation pulse: 9.08 ms. The
excitation profile after application of only one PPR pulse reveals significant B1
inhomogeneity problems (indicated by the white arrow) which are especially severe
inside the tap water due to dielectric effects. The suppression of the fast relaxing
sunflower oil is insufficient (left). Due to application of two sequentially applied PPR
pulses with optimized flip-angle adjustment B1 and T1 insensitivity was significantly
improved (right). A negligible water-fat shift is reached due the broad bandwidth of
PPR pulses enabling high gradient strength for slice selection (a, b).
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Figure 3.5: Suppression profiles for lipid suppression (T1 = 290 ms, TR = 1500 ms) in
brain MRSI at 3T as simulated by numerical integration of Bloch equations. Original
PPR pulse shapes, pulse durations (5.63 ms), scaling of individual amplitude and
frequency modulations and gradient settings for 8 saturation bands in plane and 2
saturation bands perpendicular to the MRSI plane were used. a) 1 saturation cycle, all
flip angles 90°: |Mz|max= 30%, b) 1 saturation cycle, numerical flip-angle optimization:
|Mz|max = 20%, c) 2 saturation cycles, numerical flip-angle optimization (range: 10° to
170°): |Mz|max= 8%. d) Geometrical arrangement and sequential order (indicated by
white numbers) of saturation bands in brain MRSI (the 4th and 7th OVS bands are
applied parallel to the MRSI slice and are not shown in the simulation). Only crossings
of saturation bands along the skull were considered in the numerical optimization
(yellow dotted line) and the estimation of the maximum residual longitudinal
magnetization |Mz|max.
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as occurring in a water-oil phantom due to dielectric effects using a transmitreceive birdcage head coil at 3T (Figure 3.4).

Flip-angle optimization
As demonstrated by phantom measurements, T1 insensitive saturation is
impossible using only one OVS cycle even for a single saturation band.
Whereas the application of two consecutive PPR pulses with an optimized flipangle pair enables simultaneous suppression of metabolites with such distinct
relaxation behavior as sunflower oil (T1 = 290 ms) and tap water (T1 = 3120
ms) (Figure 3.4).
Figure 3.5 shows suppression profiles for lipid suppression (T1 = 290 ms) for 8
circularly arranged, overlapping OVS bands (Figure 3.5 d) simulated by
numerical integration of Bloch equations. Due to the short T1 relaxation time of
lipid, strong T1 relaxation effects can be observed when applying only one OVS
cycle using a constant flip angle of 90° for all saturation bands (Figure 3.5 a).
The application of one OVS cycle with flip angles adapted to T1 relaxation of
lipid improves the suppression profile, but suppression is still insufficient at
band crossing (Figure 3.5 b). The use of at least two PPR pulses per OVS band
with optimized flip-angle settings reduces the maximum residual longitudinal
magnetization to 8 % (Figure 3.5 c) compared to 30 % for one OVS cycle
using constant flip angles and 20% for one OVS cycle using optimized flip
angles.
Optimized flip-angle combinations as well as maximum and average residual
transversal magnetization for a 2-cycle OVS scheme depend on duration,
number, sequential order and geometrical arrangement of the individual
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Figure 3.6: Pulse duration versus a)
maximum

residual

longitudinal

magnetization Mz (TR = 1500 ms, T1lipid =
290 ms, T1CSF = 3120 ms, spoiler
gradient: 3.5 ms), b) bandwidth and c)
fractional transition width of PPR pulses
with time-bandwidth products TBW (in
radians) of 30, 55, 75, 100, 130, 170, 240,
325, 380, 470, 500 and flip angles 30°,
90°, 150° for a maximum B1 of 20 μT (b,
c).

saturation

elements.

Utilized

flip

angles range from 10° to 178°. The
overall

suppression

theoretically

improves with decreasing duration of
the

entire

OVS

sequence

and

therefore with decreasing number and
duration of OVS elements (Figure 3.6
a). For PPR pulses a decrease of pulse
duration is achieved by selecting a
pulse with a lower time-bandwidth product and therefore results in a decreased
selectivity and bandwidth (Figure 3.6 b and c). Hence, depending on the
application of the proposed OVS sequence selectivity and bandwidth of the
PPR pulses have to be traded against the required suppression quality.
Restricting the T1 range helps to improve the suppression for a selected
substance as for instance subcutaneous lipid (Figure 3.6 a).
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Application in Brain MRSI
The proposed two-cycle OVS sequence with optimized flip-angle settings using
8 OVS bands perpendicular and 2 OVS bands parallel to the selected MRSI
slice, as shown in Figure 3.5 d and 3.7 e, was applied for lipid suppression in
brain MRSI. PPR pulses of 5.63 ms duration resulted in an OVS element
duration of 9.08 ms. Slightly over-prescribed PRESS MRSI as well as sliceselective MRSI without OVS lead to strong lipid contamination of spectra
coming from voxels in cortical regions (Figures 3.7 a and 3.7 b). By
combination of OVS and PRESS localization the entire lipid signal is
eradicated, but due to strong chemical-shift displacement and hence
misregistration of the excitation volumes the metabolic information in spectra
from border regions of the PRESS box inside the cortical brain tissue is
distorted. In the example in Figure 3.7 c all metabolites with a chemical shift
larger than 2.9 ppm such as Choline and Creatine are completely missing in one
third of the selected FOV. Only the combination of the proposed OVS scheme
with slice-selective MRSI enables spectra with minor lipid contamination and
shows the correct metabolic information in voxels directly adjacent to the skull
(Figure 3.7 d). Using the above described pulse and OVS element durations the
residual lipid signal from the skull amounts to 5.9 + 0.2 % (mean + standard
deviation) of its non-suppressed intensity (Figure 3.7 f). This result was
reproducibly obtained for 3 different echo-times (Figure 3.8) and complies with
results based on numerical integration of Bloch equations shown in Figure 3.5
and simulations based on equation (3.4) shown in Figure 3.6 a. Due to OVS in
combination with T2 relaxation effects the remaining lipid signal in skull voxels
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Figure 3.7: Brain MRSI: 20 x 20 voxel, FOV 220 mm, TE = 144 ms, TR = 1500 ms. a)
PRESS without OVS, b) slice selection without OVS, c) PRESS with optimized OVS
based on PPR pulses, d) slice selection with optimized OVS based on PPR pulses.
Saturation bands adapt an elliptical shape around the PRESS volume (e). Metabolite
maps of N-acetyl-Aspartate (NAA) and Choline (Cho) as well as groups of spectra are
scaled to their individual maximum. PRESS causes significant chemical-shift
displacement and therefore distorted metabolic information (a, c). Only slice-selective
MRSI in combination with the optimized OVS scheme enables both - efficient lipid
suppression and correct metabolic information (d). Average spectra of skull voxels,
depicted on the anatomy, showing the resulting lipid signal (top) w/o and (bottom) with
optimized OVS (same scaling) demonstrate the suppression efficacy in combination with
slice selection (f).
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Figure 3.8: Brain MRSI: 20 x 20 voxel, FOV 220 mm, TR = 1500 ms, slice selection, a)
TE = 28 ms with OVS based on PPR pulses, b) TE = 144 ms with OVS based on PPR
pulses, c) TE = 288 ms with OVS based on PPR pulses, d) TE = 28 ms without OVS, e)
TE = 144 ms without OVS, f) TE = 288 ms without OVS. The optimized OVS scheme
suppresses lipid signal efficiently independent of the selected echo-time. Thus, only
signal from cerebral macromolecules is visible in spectra from voxel adjacent to the
skull at short TE (a, d). Metabolite maps as well as spectra are scaled to their individual
maximum.

becomes smaller than the signal from metabolites inside the brain tissue for
long echo times (Figure 3.8 c). For medium and short echo times the residual
lipid signal around the skull and metabolite signal in the brain tissue have
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approximately the same intensity (Figures 3.8 a and b). The correct metabolic
information can be extracted from spectra of voxels directly adjacent to the
skull even at short echo times despite the fact that T2 relaxation hardly
diminishes the lipid signal (Figures 3.8 a and d). The residual signals at 0.9
ppm and 1.7 ppm visible in the short echo time spectrum depicted in Figure 3.
8 a can be mainly assigned to cerebral macromolecules. Macromolecular
resonances between 1.0 ppm and 1.5 ppm are not observable due to signal
cancellation effects caused by arbitrarily phased residual skull lipid. The
apparent line broadening in Figure 3.8 d compared to Figure 3.8 a can be
assigned to imprecise phasing , CSF flow effects and infolding metabolite
signal from cortex boundaries, which is otherwise suppressed by OVS.

3.5 Discussion
RF pulses
In comparison to quadratic-phase pulses (QPP) [12-14] and hyperbolic-secant
(HS) pulses, as used for BISTRO [10] as well as for OVS at 7T [11], PPRpulses combine a higher selectivity with a significantly larger bandwidth and
hence minimize chemical-shift displacement at 3T. In compliance with all
previously reported OVS schemes based on non-adiabatic, frequencymodulated RF pulses [10-11, 13] flip angles of PPR-pulses depend on the
actual B1 field strength, while excitation profiles show just minor distortions.
This effect is compensated for by sequential application of several PPR pulses
per OVS band according to the principles discussed by Luo et al and Ogg et al
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[10, 18]. Hence, the proposed PPR-based OVS is capable to deal with large B1
inhomogeneities at ultra high-field beyond 3T [28] (chapter 4).

Flip-angle optimization
To account for OVS band crossings and tissue dependent T1 relaxation in
addition to B1 inhomogeneity the application of at least two PPR pulses per
OVS band with interdependent adjustment of flip angles for multiple,
overlapping saturation bands is shown to be necessary. No time consuming
flip-angle optimization at the scanner is needed since inter-subject variations of
T1 relaxation times are small. Hence, considering a certain sequential and
geometrical arrangement of OVS bands and a specific T1 range, the numerical
optimization has to be performed only once and can be applied to numerous
volunteers or patients. Thus, the comparatively long computation time of the
optimization algorithm is irrelevant. In theory the optimization algorithm can
be adapted to any number of OVS cycles with any number of saturation pulses
of any duration and any sequential order considering any geometrical
arrangement. But the use of three or more OVS cycles has small practical
relevance due to limitations regarding the specific absorption rate (SAR) and
progressing T1 relaxation, which requires a short OVS sequence. Outer volume
saturation pulses have to be included into the optimization of the water
suppression scheme accounting for its number, flip-angles and inter-pulsedelays. Considering the duration of the OVS sequence an interleaved waterand outer-volume suppression scheme as VAPOR is most favorable [11]. Flipangle optimization is performed assuming a given sequential order of the OVS
bands, which could be opened for optimization. Furthermore, B1 effects have
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not been directly considered during the flip-angle optimization, but only by the
use of more than one OVS cycles. While initial results proove the applicability
of SELOVS at 7T [28] (chapter 4), direct consideration of B1 effects as
suggested for spinal cord DTI might be advantageous [29]. Both extensions
lead to an increased complexity of the optimization problem, which might be
addressed by more sophisticated search algorithms.

Selectivity and bandwidth versus suppression quality
Taking specific application dependent needs into account, high selectivity,
small chemical-shift displacement and geometrical adaptation of the OVS
towards the anatomy, and therefore the number of OVS bands, has to be traded
against the achievable suppression and SAR levels. Theoretically the shorter
the OVS sequence and hence the shorter and smaller the number of RF pulses,
the better is the suppression and the lower is the SAR level. However, in
practical application excitation profiles at very short pulse durations deteriorate,
which leads again to insufficient suppression. The total residual longitudinal
magnetization considering all OVS bands can be significantly reduced by
constraining the T1 range. Long PPR pulses, being equivalent to small
fractional transition width and large bandwidth, may lead to scan time
prolongation due to a required increase of the repetition time to fulfill SAR
limitations. For application of the proposed OVS sequence at high field
strength beyond 3T a careful selection of pulse duration, number of pulses,
inter-pulse delays and T1 range becomes even more relevant.

70

Chapter 3: SELOVS

Comparison to alternative OVS and lipid suppression
methods
Both BISTRO [10] and an OVS sequence, reported for the use at a 7T human
scanner for over-prescribed STEAM [11], are based on hyperbolic secant
pulses, which are partly scaled down to the non-adiabatic regime. An excellent
B1 insensitivity is achieved by application of multiple RF pulses with varying
B1 amplitudes for each saturation band. However, neither of those two
sequences considers T1 relaxation or OVS band crossings. Furthermore more
RF pulses per OVS band are applied in both cases compared to the OVS
sequence proposed in this work, leading to higher SAR levels. OVS based on
VSS pulses was optimized to reach B1 as well as T1 insensitivity according to
similar assumptions as discussed in this work, but the optimization has been
performed only for a single suppression band [13]. VSS performance using
multiple OVS bands has only been demonstrated using either non-overlapping
OVS bands or choosing the geometrical arrangement in a way that OVS band
crossings were located outside the PRESS volume [2-3,13]. Instead of presaturation, spatially selective echo dephasing (SSED), which is similar to
MEGA [30] or BASING [31], was introduced by Chu et al [16]. While
achieving high suppression factors SSED is limited to combination with either
STEAM or spin echo sequences restricted to long echo times, which is both
unfavorable for MRSI localization due to its intrinsic loss of SNR. OVS band
crossings were indirectly considered in the SSED approach by adequate
spoiling and combination with presaturation-based OVS leading to a
comparable suppression at crossing points as reached by the proposed PPRbased OVS sequence. To minimize user dependence and to ensure time-
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efficient planning of the OVS bands as well as optimal adaptation to the
anatomical shape automated saturation band placement could be performed
[15]. In contrast to lipid suppression by OVS, frequency selective lipid
suppression using inversion recovery was proposed, which is inapplicable in
pathologies in which either lipid or lactate have diagnostic value [32].

Further applications and comparison to alternative MRSI
localization methods
Besides to brain MRSI, the SELOVS approach is also directly applicable to
muscle MRSI in the extremities. However, for MRSI in organs inside the body,
such as prostate or liver, a robust field-of-view reduction is indispensable. In
these cases the proposed PPR-based OVS can still significantly enhance
PRESS-based localization and lipid suppression, if used for inner-volume
saturation and better geometrical adaptation of the VOI. Alternative methods to
overcome the chemical-shift displacement artifact at high field strength are
STEAM [33], spectral-spatial excitation [34-37] or the use of broadband
frequency-modulated excitation and refocusing pulses for PRESS localization
[28, 38] (chapter 4). While STEAM [33] abandons refocusing pulses as does
SELOVS, it is unfavorable for MRSI localization due to its intrinsic 50% SNR
loss in comparison to spin-echo techniques [1] and its incapability for adoption
to the anatomical shape. Spectral-spatial excitation and refocusing has proven
to be very useful for prostate MRSI [37]. However, the general loss of the
lactate and lipid signal is unfavorable in brain MRSI since it contains a
significant diagnostic value for instance in brain tumor differentiation. PRESS
based on broad-band refocusing pulses is still restricted to medium and long
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echo times, since short echo times can not be achieved due to long pulse
durations [28] (chapter 4). In addition PPR-pulses still allow for a much larger
bandwidth and a smaller fractional transition width than the recently reported
frequency-modulated refocusing pulses [28, 39] (chapter 4). The combination
of either of these methods with the proposed PPR-based OVS sequence can
extend its applicability, but might lead to SAR problems.

3.6 Conclusion
In conclusion, the combination of a highly selective T1- and B1-insensitive
presaturation-based outer-volume suppression sequence with slice-selective
spin-echo

acquisition

(SELOVS)

significantly

enhances

brain-MRSI

localization at high field strength. Both, numerical flip-angle optimization and
broadband PPR pulses are a necessity to access correct metabolic information
of cortical brain tissue using this approach. As the described outer-volume
suppression sequence is also perfectly suited for inner-volume saturation [3] the
way for complementary future applications is open. High-resolution, reduced
field-of-view MRSI of brain and prostate at 3T and 7T requires robust foldover suppression and precise localization. The prerequisite for successful
quantification of coupled resonances as neurotransmitters based on 1D and 2D
single voxel MRS at 3T and 7T is efficient inner-volume saturation to avoid
anomalous J-modulation [3]. And also for MRS of organs, that are difficult to
access such as the spinal cord [40] (chapter 5) or the heart, accurate
localization and sufficient outer-volume suppression is a necessity. Hence, the
proposed outer-volume suppression sequence is a versatile tool and its range of
possible application goes beyond the example described in this work.
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Slice-selective FID acquisition localized by
outer volume suppression (FIDLOVS) for 1HMRSI of the human brain at 7T without
signal loss

74

Chapter 4: FIDLOVS

4.1 Introduction
Magnetic resonance spectroscopy (MRS) is one of the most promising
applications of 7T human MR scanners that became more widespread available
only very recently. Animal studies [1-4] and first studies in humans [5-6] at
ultra-high B0 fields (7T, 9.4T) demonstrated that in vivo MRS enormously
profits from the resulting SNR gain, increased chemical shift dispersion and
simplification of spectral pattern of J-coupled metabolites due to a regime
change from strong towards weak scalar coupling. In comparison to lower field
strengths, the number of metabolites quantifiable based on conventional 1H
single voxel spectroscopy in the brain of healthy volunteers and animals was
increased from 6 (N-acetyl-aspartate, choline, creatine, myo-inositol, lactate,
the total of glutamate and glutamine) to 18 [2, 6], the so called neurochemical
profile, at 7T. At 3T, similar results were only achieved combining maximumecho sampled J-resolved spectroscopy [7] and 2D prior knowledge fitting
(ProFit) [8]. Thus mapping of a significantly larger number of metabolites by
magnetic resonance spectroscopic imaging (MRSI) as well as exploitation of
the SNR gain for significant increase in spatial resolution should become
possible at 7T and above. However, to our knowledge there is only one work
demonstrating mapping of the neurochemical profile at high spatial resolution
in the rat brain at 9.4T [9]. While there are additional publications and
conference contributions about MRSI at ultra high-fields in animals (7T, 9.4T)
[10-14] and humans (4T, 7T) [15-24] none of them reported a raise in spectral
information content and SNR nearly as substantial as demonstrated for SV
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spectroscopy. Especially preliminary MRSI results from the human brain at 7T
did not show any advantage regarding number of detectable metabolites in
comparison to lower field strength [16, 19, 20-24].
The reason behind this phenomenon are severe and contradicting technical
challenges related to ultra-high field strength that have to be solved in order to
take full advantage of SNR gain and increased spectral resolution. One major
issue are extremely short T2 relaxation times due to an increased effect of
microscopic susceptibility differences [5, 16]. While an echo time TE of 60 ms
is considered as rather short at 1.5 or 3T, most fast relaxing metabolite signals
have disappeared already and hardly any effective SNR gain in comparison to
3T can be found for the remaining ones at 7T. In order to maximize the SNR in
presence of short T2 relaxation times ultra-short echo-time STEAM based on
purely amplitude-modulated asymmetric RF pulses was introduced for SV
MRS in animals at 9.4 T (TE = 1 ms) [1] and at an experimental human 7T
systems (TE = 6 ms) [5, 6]. Similarly short echo-time (TE = 2.2 ms) but double
SNR was achieved combining one ISIS encoding step with a selective spinecho for 3D volume selection in animals at 9.4 T (SPECIAL) [3, 9]. However,
in both cases the maximum achievable B1 field strength was substantially
higher (animal 9.4T: 236 μT, experimental human 7T scanner: 35 μT) than
those available in all commercial 7T systems, where the maximum achievable
B1 field strength is tightly limited to values between 10 and 15 μT. The result is
a considerable decrease in bandwidth for amplitude modulated RF pulses such
as used in the above described sequences. In combination with the large
increase in spectral separation, an undesirably large chemical shift
displacement artefact occurs. Previously, it has been demonstrated that
frequency-modulated RF pulses can overcome this problem [15, 19, 25, 26]
(chapter 2). However, to achieve a sufficient bandwidth, long pulse durations
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are required. Thus the minimal echo times become too long for spin-echo based
localization methods as PRESS, SELOVS [27] (chapter 3), semi-LASER [19]
or LASER [15] when short T2 relaxation times are considered. In addition, Jevolution is progressing leading especially for strongly coupled spins to
multiplets, which further diminishes SNR and increases spectral overlap.
STEAM is still feasible echo-time wise, but especially for MRSI the intrinsic
50% SNR loss is unfavourable. Additional problems are significantly increased
B0 and B1 inhomogeneities at ultra-high field strength, which are caused by
increased effects of macroscopic susceptibility differences and decreased
electromagnetic wave length, respectively. The latter one leads to standing
waves which length are in inverse proportion to resonance frequencies and thus
field strength. Due to safety aspects and the larger field-of-views (FOV)
limitations in maximum B1+ field strength and B1 field inhomogeneities are
more severe in human MR scanners, while they are hardly restricting the
application of MRS in ultra-high field animal systems. In addition, restrictions
regarding the specific absorption rate, present only in human MR systems, lead
to prolongation of scan times when broadband adiabatic or non-adiabatic
frequency-modulated RF pulses, that solve the chemical-shift artefact problem,
are used. In conclusion, due to additional restrictions regarding B1+ and SAR
applying to 7T human MR scanners sequences that were developed for MRS in
animals at ultra-high field are not directly applicable in humans.
Considering all above described restrictions of human 7T MR scanners, it is
therefore proposed to solve the contradictory problems of short T2 relaxation
times and long pulse durations by direct acquisition of the free induction decay
(FID). To minimize the chemical shift displacement artefact and to enable a
moderately homogeneous excitation over a large FOV a broadband frequencymodulated excitation pulse is used for slice-selection [26]. Along with this a
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numerically optimized T1- and B1- insensitive outer-volume-suppression
scheme [27] (chapter 3), based on broadband frequency-modulated saturation
pulses with polynomial-phase response [25] (chapter 2), enables skull-lipid
suppression and in-plane localization. High quality B0 correction was enabled
by automatic localized 3rd order FASTERMAP shimming [28, 29] and
sufficiently high maximum shim currents. In order to suppress modulation
sidebands and artefacts the OVS was interleaved by a water suppression
scheme based on eight variable power RF pulses with optimized relaxation
delays (VAPOR) [1]. The high spectral quality and striking signal-to-noise ratio
(SNR) that resulted from the described MRSI sequence along with the fielddependent increase of spectral resolution, enabled unambiguous quantification
and mapping of 14 metabolites, including glutamate (Glu), glutamine (Gln), Nacetyl-aspartatyl-glutamate (NAAG), γ-aminobutyric acid (GABA), taurine
(Tau), glutathione (GSH), aspartate (Asp) and scyllo-inositol (sI) at medium
spectral resolution (1 ml voxel size). The high SNR was also the basis for
highly spatially resolved metabolite mapping of 11 metabolites and 4
macromolecular resonances (0.2 ml voxel size).

4.2 Methods
All MR experiments were performed on a Philips Achieva 7T scanner (Philips
Medical Systems, Best, The Netherlands) using a Philips quadrature head coil
(maximum B1 = 10 μT) for transmission and reception. Prior to the MRSI
examinations T2-weighted multi spin echo scout images where recorded for
planning and as an anatomical reference. For MRSI examinations, the FID was
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Figure 4.1: Schematic representation of FIDLOVS. Slice-selective excitation and direct
acquisition of the FID is combined with an interleaved water- and outer-volume
suppression sequence for MRSI localization at 7T (a). Rephasing and phase encoding
gradient are applied simultaneously. Eight water suppression (WS) pulses are applied
with optimized inter-pulse delays, flip angles and spoiling gradients (VAPOR) (a).
Saturation pulses with numerically optimized flip angles for the 2-cycle OVS scheme are
applied in inter-pulse delays of the WS scheme and as close as possible before the
excitation pulse (a, b). Number and duration of saturation pulses as well as inter-pulse
delays of the WS scheme can be freely adjusted (b). To avoid rephasing, amplitude and
direction of spoiling gradients of the OVS scheme are periodically modulated following
sinusoidal envelope functions that are shifted against each other in all three spatial
dimensions (b). For comparative SELOVS acquisition the slice-selective excitation and
FID acquisition in (a) was substituted by slice-selective excitation and refocusing and
acquisition of a spin echo (c). Frequency-modulated RF pulses are utilized for
excitation, refocusing and saturation and narrow-band sinc-gauss pulses for water
suppression.
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directly acquired and localized by slice-selective excitation in the 1st and outer
volume suppression in the 2nd and 3rd dimension (FID acquisition Localized by
OVS) (Figure 4.1 a and b). In order to minimize the acquisition delay (5.5 ms)
rephasing and phase-encoding gradients were driven simultaneously and on the
maximal possible gradient strength (30 mT / m). A broadband frequency
modulated excitation pulse (fremex05), based on an iterative design approach
[26], and broadband frequency-modulated saturation pulses with polynomial
phase-response (PPR) [25] (chapter 2) were utilized (Figure 4.2). The design of
the latter was based on a strategy that combines finite impulse response (FIR)
filter design based on the complex Chebyshev approximation, the ShinnarLeRoux (SLR) transform, and a direct search algorithm. Since SLR pulses are
not scalable, PPR pulses were designed for flip angles between 10° and 178° in
2° intervals and normalized time-bandwidth products (TBW) between 30 and
500 [25, 27] (chapter 2 & 3). Considering the maximum B1 amplitude of 10
μT, bandwidth and duration of the fremex05 excitation pulse were 3.6 kHz and
11.7 ms (Figure 4.2). For 30°, 90° and 150° PPR saturation pulses, with a
normalized TBW of 500 [25] (chapter 2), bandwidths and durations of 28.8
kHz / 4 ms, 9.1 kHz / 8.6 ms, and 4.65 kHz / 14 ms were achieved for a B1
amplitude of 10 μT. PPR pulses with smaller TBWs resulted in shorter
durations, but also smaller bandwidths. The frequency of the excitation pulse
was set to the NAA resonance, while saturation pulses were centered on lipid
frequencies.
The outer-volume suppression sequence (OVS) followed the same principles as
described in detail previously for slice-selective spin-echo acquisition localized
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Figure 4.2: Amplitude and frequency modulation shapes of the utilized broadband
excitation, refocusing and saturation RF pulses. Pulse durations for a maximum B1 of 10
μT are indicated.

by outer-volume suppression (SELOVS) [27] (chapter 3). Eight OVS bands
adapted automatically to an elliptical shape around the shim volume. Thus the
size of the shim volume was adjusted in order to well cover the skull and to
maximize the unsaturated inner-volume depending on the anatomy of the
individual brains. The OVS-band thickness was 4 cm. For each of the eight
geometrically described OVS-bands two PPR saturation pulses with individual
flip angles, which have been numerically optimized considering T1-relaxation
times of skull lipid (410 ms) were utilized. The T1 relaxation time of skull lipid
was experimentally determined in vivo by inversion-recovery measurements at
7T using single-voxel STEAM MRS based on the fremex05 excitation pulse.
Thus, T1- and B1-insensitive suppression of unwanted lipid signal was
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achieved. Depending on the selected general maximum saturation pulse
duration and individual flip angles, PPR pulses with the highest possible TBW
products were used. To avoid rephasing, amplitude and direction of spoiling
gradients were periodically modulated following sinusoidal envelope functions
that are shifted against each other in all three spatial dimensions (Figure 4.1 b).
In contrast to the previously described SELOVS sequence, the OVS was
interleaved by a eight-pulse VAPOR [1, 5] water suppression scheme (Figure
4.1 a and b) based on conventional narrow-band sinc-gauss RF pulses. The
implementation allowed for flexible choice of inter-pulse delays and bandwidth
for the water suppression sequence and saturation pulse numbers and durations.
T1 and B1 insensitivity was achieved by the use of numerically optimized interpulse delays and flip angles for the VAPOR scheme. The same parameters as
described previously for single voxel STEAM MRS at 7T were chosen [5], with
one exception: due to the longer excitation pulse duration the last delay
amounted to 20 ms instead of 14 ms (Figure 4.1 a). In addition an experimental
flip angle optimization was performed for the first water suppression pulse
prior each measurement. The water suppression window was 140 Hz wide.
A repetition time of 5000 ms was used to reduce SNR loss due to saturation
effects and to fulfill strict specific absorption rate (SAR) limitations (< 1.7 W /
kg). Frequency locking [30] was switched on to avoid F0-maladjustments due
to frequency drifting during the comparatively long scan durations. Third order
FASTERMAP shimming [28, 29] was performed to compensate for
macroscopic B0-gradients. The shim volume corresponded in-plane to the
unsaturated volume and through-plane to approximately three times the MRSIslice thickness. This choice of the shim volume size prevented steep transitions
between homogeneous and inhomogeneous areas and thus water suppression
failure and ghosting artifacts [31]. Elliptical k-space shuttering (25 %) was
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applied during acquisition. Medium (1 ml voxel volume, 10 mm in-plane and
10 mm through-plane resolution, FOV 200 mm, 20 x 20 voxel) and high
resolution (0.21 ml voxel volume, 6 mm in-plane and 6 mm through-plane
resolution, FOV 190 mm, 32 x 32 voxel) FIDLOVS-MRSI examinations of
slices planned through periventricular white matter parallel to the corpus
callosum (Figure 4.7) were acquired in scan times of 26 min and 64 min,
respectively. MRSI acquisition from a rectangular FOV would significantly
reduce these scan times and is possible with the present implementation. It was
just avoided for these pilot trials due to temporary limitations of the
postprocessing and viewing package.
Chemical shift displacement, SNR and information content of FIDLOVS MRSI
data were compared to STEAM, based on fremex05 (minimal TE = 21 ms),
SELOVS [27] (chapter 3) (minimal TE = 60 ms, Figure 4.1 c) and PRESS
(minimal TE = 90 ms) based on the fremex05 excitation pulse and a broadband
frequency-modulated refocusing pulse (fmref07, Figure 4.2) as well as PRESS
based on sinc-gauss and asymmetric amplitude modulated excitation and
refocusing pulses (minimal TE = 40 ms). The fmref07 refocusing pulse was
designed using the same iterative approach as described before for the
fremex05 excitation pulse [26]. It was centred on the NAA frequency and had
bandwidth and duration of 1.6 kHz and 22.7 ms, respectively (maximum B1 of
10 μT). In addition, the interleaved OVS-VAPOR sequence was compared to
standard water suppression based on frequency selective excitation and
rephasing followed by adiabatic frequency selective refocusing and rephasing
prior to the OVS sequence.
The custom written IDL-based (http://www.ittvis.com/idl/) software SIview
was used for postprocessing and displaying of the MRSI data and resulting
peak-integration based metabolite maps. Due to the acquisition delay of 5.5 ms
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Figure 4.3: Chemical shift displacement artifacts for different purely amplitude
modulated RF pulse (1st row: sinc-gauss 90° + 180°, 2nd row: asymmetric 90° + 180°)
and those with additional frequency modulation (3rd row: fremex, fmref07, 4th row:
fremex, 5th row: PPR 90°, nBW 500; compare Figure 2) were experimentally
determined using PRESS, STEAM and FIDLOVS MRSI (2 cycle a 4 saturation bands) in
a spherical phantom containing brain metabolites in physiological concentrations at 7T
(B1 of 10 μT). For PRESS chemical shift displacements are depicted in vertical direction
for 90° pulses and in horizontal direction for 180° pulses.

(delay between the reference point of the excitation pulse and the actual
sampling start) a strong first order phase was introduced. Cyclic shifting of the
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FID in the time domain by minus 5.5 ms and additional zero order phase
correction could eliminate all phase distortions. By this procedure a periodic
baseline distortion with amplitudes that mainly depended on the quality of
water suppression was introduced. A high-pass water filter was applied in order
to further decrease the intensity of the residual water down to the metabolite
level. Phase corrected and non-apodized MRSI data were quantified using LCModel (http://www.s-provencher.com/pages/lcmodel.shtml) [32] and a set of
basis-spectra simulated using GAMMA (http://www.nmr.ethz.ch/Gamma.html)
including 19 brain metabolites. Lipids (Lip) and macro-molecules (MM) were
simulated according to Seeger et al [33] and included into the metabolite basis
by default in LC-Model. Metabolite maps were created for metabolites which
concentration estimates were based on fitting results with Cramer-Rao Lower
Bounds (CRLB) smaller than 20% on average for all fitted spectra. SigmaPlot
10.0 (Systat Software Inc, http://www.systat.com/products/SigmaPlot/) was
used to display metabolite maps based on LC Model fitting results.
Sequence optimization was performed on a phantom containing brain
metabolites in physiological concentrations and in healthy volunteers. The
finalized FIDLOVS sequence was tested in 7 healthy volunteers.

4.3 Results
Chemical shift displacement
The chemical shift displacement artefact was compared for different RF pulses
based on phantom measurements using PRESS, STEAM and FIDLOVS
(Figure 4.3). As a consequence, conventional amplitude modulated sinc-gauss
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Figure 4.4: Signal-to-noise ratio comparison for non-apodized spectra from a voxel (1
cm3) inside cortical grey matter (a) using FIDLOVS (b), STEAM (c) and SELOVS (d)
based on broadband frequency modulated RF pulses (compare Figure 4.2, 4.3). The
acquisition delay for the FIDLOVS sequence is 5.5 ms, minimal echo-times for STEAM
and SELOVS are 20 ms and 60 ms, respectively. FIDLOVS spectra show the best NAA /
noise ratio, followed by SELOVS and STEAM. In addition, the FIDLOVS spectrum
allows for the visual distinction of the most metabolites, while STEAM and even more
SELOVS spectra suffer from loss of information content due to T2 relaxation. FIDLOVS
spectra shows a slight baseline distortion due to correction of the strong linear phase
cause by the acquisition delay of 5.5 ms by cyclic shifting the FID.

excitation and refocusing pulses showed completely insufficient results at 7T
considering the restriction of B1 to a maximum of 10μT. For this case the
chemical shift displacement between NAA (2.0 ppm) and Glx (Glu + Gln; 3.75
ppm) was so strong that the selected volumes for NAA and Glx do hardly
overlap. More advanced design approaches for purely amplitude modulated RF
pulses including the ones suggested in previous ultra high-field publications [1,
3] could also not overcome this problem. The situation was significantly
improved by the use of broadband frequency modulated excitation (fremex05)
and refocusing (fmref07) pulses. However, the chemical shift displacement for
slice-selective refocusing based on fmref07 is still about 38% between NAA
(2.0 ppm) and Glx (3.75 ppm). A change from PRESS to STEAM localization,
which avoids slice-selective refocusing and is just based on fremex05 further
reduced the chemical shift displacement between these two metabolites to 23%
along all dimensions. However, the minimal chemical shift displacement of
11% between NAA (2.0 ppm) and Glx (3.75 ppm) for a maximum B1 of 10 μT
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was achieved by PPR saturation pulses (measured by FIDLOVS using 4 OVS
bands and 2 OVS cycles). This chemical shift displacement is exactly the same
as reported for asymmetric RF pulses scaled to a maximum B1 of 35 μT as
previously used in human 7T experiments at an experimental scanner [5]. Thus,
the theoretical advantage of frequency modulated excitation (fremex05) and
saturation (PPR) pulses, as used in the proposed FIDLOVS sequence, over
conventional amplitude modulated excitation and refocusing pulses could be
experimentally validated.

Signal-to-noise ratio
Comparative in vivo SNR measurements were performed for FIDLOVS
(acquisition delay 5.5 ms), STEAM (TE = 21 ms) and SELOVS (TE = 60 ms)
using frequency-modulated RF pulses exclusively. Figure 4.4 shows nonapodized spectra and demonstrates the resulting SNR for all three sequences
measured from a 1 ml voxel. While due to its intrinsic 50% SNR loss STEAM
shows the lowest NAA / noise ratio (all spectra are scaled to the same NAA
amplitude), SELOVS results in the smallest information content, since most
metabolites and macromolecules that resonate between 0 and 1.9, 2.1 and 3 as
well as 3.2 and 3.8 ppm are relaxed out. Thus FIDLOVS proves to be by far the
best choice considering SNR and information content for 7T in vivo MRSI. In
accordance with previous ultra-high field MRS publications, very broad signals
or severe baseline distortions due to macromolecules were not observed using
FIDLOVS and an acquisition delay of 5.5 ms.
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Figure 4.5: Comparison of conventional water suppression based on frequency selective
excitation and rephasing with succeeding adiabatic frequency selective refocusing and
rephasing applied prior the OVS scheme (a) and the interleaved VAPOR-OVS scheme
(see Figure 4.1) (b) for FIDLOVS MRSI. The VAPOR water suppression (b, large
spectrum) resulted in a reduction of the residual water peak intensity by a factor of 25
in comparison to the conventional one (a, large spectrum). Thus water modulation side
bands (arrows) that are evident upfield (right) and downfield (left) of the water peak
using conventional water suppression (a) completely disappear using VAPOR (b). In
addition the baseline distortion introduced by correction of the linear phase (acquisition
delay 5.5 ms) by cyclic shifting scales with the intensity of the residual water peak
(inset) and is substantially milder for the VAPOR water suppression scheme (b) in
comparison to the conventional one (a). Thus only VAPOR enables artifact free
FIDLOVS spectra and thus undistorted metabolite pattern and macromolecule detection
upfield as well as NAA detection downfield of the water resonance. The displayed
spectra stem from a voxel (1 cm3) inside cortical grey matter in the center of the FOV
and are non-apodized. For spectra displayed inside the inset the residual water peak
was further diminished by post-acquisition high-pass filtering to better visualize
baseline distortions. The corresponding spectral segments for (a) and (b) have the same
scaling, while spectra showing upfield and downfield parts are scaled different.
Downfield spectra and large spectra are shown before linear phase correction in
contrast to phased spectra everywhere else.
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Shimming
In vivo, 3rd order FASTERMAP shimming showed good convergence towards
full line width at half maximum (FWHM) of the methyl resonance of total Cre
(3.03 ppm) of 10.8 + 2.3 Hz (mean + standard deviation) inside one voxel (1
ml) and 16.6 + 2.7 Hz over the entire FOV. However, it was observed that
shimming quality slightly deteriorated in the outer cortical areas in comparison
to the central brain.

Water and lipid suppression
A direct comparison of the interleaved VAPOR-OVS scheme and conventional
water suppression applied prior to the OVS revealed a 25 times smaller
intensity of the residual water peak for VAPOR (Figure 4.5). In all investigated
volunteers modulation side bands originating from the water signal could be
entirely eliminated by VAPOR. This prevents mistaking water side bands as
alanine (Ala) or lactate (Lac), enables the detection of macromolecules in the
upfield frequency range and made the downfield NAA resonance visible
(Figure 4.5). In addition, the amplitude of the periodic baseline distortion,
which is introduced by linear phase correction based on cyclic shifting of the
FID to compensate for the acquisition delay, mainly depends on the quality of
water suppression. While in the case of conventional water suppression the
underlying baseline distorts the overall appearance of the spectra (Figure 4.5
a), this is not the case for VAPOR (Figure 4.5 b). However, VAPOR water
suppression resulted in a residual water intensity that was smaller than the
NAA intensity just in one volunteer. In all other volunteers the residual water
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Figure 4.6: In vivo medium-resolution (1 cm in-plane and through-plane resolution)
FIDLOVS MRSI. Visual inspection (top and middle panel) of non-apodized grey matter
and white matter spectra and corresponding LC Model fits (top panel) reveal good
spectral quality even in the outer range of the FOV. NAA, NAAG, Cre, Cho, mI, scylloI,
Glu, Gln, GABA, GSH, Asp and Tau can be distinguished by eye. LC Model yields valid
quantification for these 12 metabolites, four macromolecular resonances at 0.9, 1.2, 1.4
and 1.7 ppm in most voxels and partly also for PE and Glc. Thus mapping of these
metabolites is enabled (bottom panel). Metabolite maps are in good agreement with the
anatomical reference. Characteristic differences in the neurochemical profile between
grey matter and white matter such as higher NAAG levels in white matter and higher
Cre, Glu, GABA or mI levels and smaller NAA / Cre ratios in grey matter are evident
from spectra and metabolite maps.

intensity was about 4 to 6 times as large as the NAA intensity (Figure 4.5). Due
to local B0 inhomogeneities caused by macroscopic susceptibility differences
and CSF flow local deterioration of water suppression quality occurred
occasionally (compare Figure 4.7 – peak integration-based metabolite maps).
Skull lipid was suppressed to below 4% of its original intensity using the
numerically optimized 2-cycle OVS scheme based on PPR pulses. Hence
quantification of metabolites and even macromolecular resonances between 0
and 2 ppm was possible in large parts of the FOV (Figures 4.6 and 4.7).
Maximum saturation-pulse durations of 6 ms provided the best compromise
between chemical-shift displacement, selectivity and OVS sequence duration
and thus best quality of lipid suppression. Skull lipid suppression depended on
the local shim quality.

Information content of spectra and metabolite maps
Medium (1 ml voxel size) and high resolution (0.2 ml voxel size) MRSI data
were acquired from a slice through periventricular white matter parallel to the
corpus callosum (Figure 4.6 and 4.7) and quantified by LC Model. Visual

Chapter 4: FIDLOVS

91

inspection of phase-corrected medium resolution MRSI data (1 cm3) enabled
the distinction of 12 metabolites: NAA, NAAG, Cho (PCh + GPC), Cre (PCr +
Cr), mI, scylloI, Glu, Gln, GABA, GSH, Tau and Asp (Figure 4.6 – middle
panel). Quantification was possible for the before mentioned 12 metabolites,
PE, Glc and 4 macromolecular resonances (compare Figure 4.4, 4.5 and 4.7)
with CRLB values below 20 % for most of the voxels. While CRLB values
below 10% indicated especially robust fitting for NAA, NAAG, Cho, Cre, mI,
Glu and macromolecules, fitting was least reliable for Asp, PE, scylloI and
especially Glc, that showed CRLB values up to 50% in some voxels. Glc
quantification also depended strongly on shimming and was not possible in
most volunteers. PE quantification and quantification of total Cho seemed to be
interdependent. CRLB values for GSH, GABA, Gln and Tau mostly stayed
between 5% and 20%. The metabolite maps reflect these differences in fitting
reliability (Figure 4.6 – bottom panel). LC Model quantification was also
possible in most cortical voxels in the outer range of the FOV (Figure 4.6 – top
panel). However some of the related fitting results in this area were unreliable
due to line broadening, insufficient water suppression or lipid contamination.
From spectra and metabolite maps grey and white matter differences are
evident based on the medium resolution data set (Figure 4.6). Metabolite maps
also correspond well to the anatomical reference (Figure 4.6 – bottom panel).
To our surprise, high resolution MRSI (0.2 cm3) still enables visual distinction,
reliable LC Model quantification and thus mapping of 11 metabolites (the
above 14 except Glc, PE and scylloI) and four macromolecular resonances
between 0 and 2 ppm (Figure 4.7). Differences between grey matter and white
matter can be clearly recognized from spectra and metabolite maps (based on
LC Model quantification and simple peak integration). Due to the higher spatial
resolution and decreased influence of the point spread function metabolite maps
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Figure 4.7: In vivo high-resolution (6 mm in-plane and through-plane resolution)
FIDLOVS MRSI. Visual inspection of grey matter and white matter spectra (2 Hz
apodization) and peak-integration based metabolites maps (top panel) reveal decent
spectral quality in the entire FOV and excellent skull lipid suppression, while localized
failure of water suppression in CSF rich spots that experience both – OVS and water
suppression can be also observed. NAA, NAAG, Cre, Cho, mI, Glu, Gln, GABA, GSH,
Asp, Tau and four macromolecular resonances at 0.9, 1.2, 1.4 and 1.7 ppm can be
distinguished by eye and quantified by LC Model in most voxels and thus mapped
(bottom panel). Characteristic differences in the neurochemical profile between grey
matter and white matter such as higher NAAG levels in white matter and higher Cre,
Glu, Gln, GABA or Tau levels and smaller NAA / Cre ratios in grey matter are evident
from spectra and metabolite maps (bottom panel). Interestingly also all four
macromolecular resonances show higher concentrations in grey matter. The
correspondence of anatomical reference and peak-integration and LC Model
quantification based metabolite maps is high. The peak-integration based tAsp map is
based on the resonance of the aspartate rest of NAA and free aspartate (top panel).

correspond even better to the anatomical reference (Figure 4.7) in comparison
to the medium resolution data. The metabolite maps shown on the right side of
the top panel in Figure 4.7 are based on simple peak integration and can thus be
seen as measure for the spectral quality over the entire FOV since baseline
distortions would be obvious. They reflect a remarkable lipid suppression
quality, since in the NAA metabolite map the position of skull lipid is hardly
visible. However, it is also evident from signal hot spots at top and bottom of
the FOV that water suppression failed in voxels containing mainly CSF and
experience both – OVS and water suppression scheme. Another observation
that can be made is a slight intensity weighting most likely due to B1
inhomogeneity.
Both – medium and high resolution metabolite maps (Figures 4.6 and 4.7) –
reveal characteristic differences between grey and white matter as higher
NAAG concentrations in white matter and higher Glu, Gln, GABA, mI, Cre,
Tau and Glc levels in grey matter. In contrast to these metabolites NAA shows
a more even distribution, while the change of the NAA to Cre ratio is also
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reflected by regarding ratio maps. Interestingly also all four macromolecules
showed higher concentrations in grey matter.

4.4 Discussion
Slice-selective FID acquisition Localized by Outer Volume Suppression
(FIDLOVS) was introduced for MRSI at 7T with full signal intensity. Thus,
significant loss of SNR and spectral information content due to fast T2
relaxation and J-evolution as occurring for spin-echo based sequences at 7T due
to long pulse durations and the intrinsic 50% SNR loss characteristic for
STEAM was avoided. A through-plane chemical shift displacement between
NAA (2.02ppm) and Glx (3.75 ppm) of 23% and an in-plane chemical shift
displacement of 11% was enabled by the use of broadband frequency
modulated excitation (fremex05) [26] and saturation (PPR) [25] (chapter 2)
pulses. This precise localization in presence of a strict limitation of the
maximum B1 to 10 μT enabled a low artefact content and good agreement of
anatomical reference and metabolite maps for all metabolites. Excellent lipid
suppression was achieved based on the T1-optimized and B1-insensitive PPRbased outer volume suppression scheme [27] (chapter 3). Longer T1 relaxation
times of skull lipid at 7T (410 ms) in comparison to 3T (290 ms) [27] (chapter
3) are advantageous for lipid suppression by OVS and enabled a residual skull
lipid level of 4% of the original intensity at 7T in comparison to about 6% at 3T
[27] (chapter 3) when using saturation pulses of the same duration (6ms). The
VAPOR [1, 5] water suppression scheme was shown to be an absolute
necessity, while conventional water suppression proved to be insufficient.
VAPOR eliminated water modulation side bands [34, 35] that could be
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mistaken as real peaks. Even more importantly for FIDLOVS it also minimized
the baseline distortion introduced by correction of the linear phase that is
caused by the acquisition delay of 5.5ms. Finally general shim convergence
was good and resulted in an intra-voxel line width of 9 to 12 Hz for the methyl
resonance of Cre. Thus distinction of NAA from NAAG was enabled.
Resulting spectra were nearly artefact free and showed an impressive SNR and
information content at medium (1 ml voxel size) and high (0.2 ml voxel size)
spatial resolution. Up to 12 metabolites and 4 macromolecular resonances could
be distinguished by visual inspection and up to 14 metabolites and all 4
macromolecules could be quantified by LC Model [32]. Thus mapping of the
neurochemical profile [2, 6] in humans was possible for the first time.
Characteristic differences between grey and white matter were evident from
spectra and metabolite maps.
The high SNR and good spectral separation are also the basis of highly spatially
resolved metabolite mapping. To that FIDLOVS can be easily combined with
MRSI acceleration methods as sensitivity encoding [36], PEPSI [18] or spiral
acquisition [24, 37] in future. SSFP based MRSI acceleration is rather
inappropriate for 1H-MRSI at 7T due to its restrictions regarding spectral
resolution and thus information content [20, 22, 38]. Accelerated MRSI
methods have been combined with spin-echo based localization methods with
long-echo times so far at human 7T scanners. Thus neither fast mapping of an
increased number of metabolites in comparison with 3T and 4T [18] nor ultrahigh spatial resolutions were achieved [21, 23, 24], which would be most likely
be enabled by FIDLOVS.
However, the present VAPOR-FIDLOVS sequence might be further improved.
Quality of spectra from voxels at the border areas of the brain and thus also
metabolite maps could be enhanced by improved B0 correction of these areas.
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One way to achieve this might be additional passive shimming [39]. In
addition, B1+ mapping and corresponding B1 correction should be applied if
quantitative evaluation e.g. of metabolic changes in different diseases is aimed
at. An adiabatic BISS-8 RF-pulse [40] that enables B1+ insensitive sliceselective excitation might be implemented. Unfortunately, due to the restrictive
SAR limit of 1.7 W / kg it would prolong scan times even more due to the
necessary prolongation of repetition times in order to meet SAR restriction.
However, after final evaluation of the B1+ pattern produced by the utilized RF
coil the SAR limit might be increased to 3.2 W / kg, the standard value at lower
field strength. This would decrease current scan times, since repetition times
could be shortened. Fitting and subtraction of the highly periodic baseline
caused by linear phase correction using information from the entire frequency
range prior to quantification might improve quantification results and thus
metabolite maps. Another possibility to eliminate baseline distortions is
backwards linear prediction. Finally, coils that enable higher maximum B1+
field strength might be developed and would help to reduce pulse durations and
thus acquisition delay and resulting baseline distortion. Shorter pulse duration
would also enable shorter OVS sequences with the same selectivity and
chemical shift displacement and thus even better skull lipid suppression. Last
but not least, a reduction of the delay between the last water suppression pulse
and the excitation pulse from the present 20 ms to the theoretically optimal 14
ms would be enabled by shorter pulse durations due to higher B1+. This would
allow for water suppression down to metabolite level as it was demonstrated for
SV MRS before [1, 5]. Another possibility to improve water suppression is the
interdependent optimization of flip angles for water and outer volume
saturation pulses. Local water suppression failure might be avoided. In
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addition, a reduced FOV – FIDLOVS approach for fast, highly resolved MRSI
with maximized SNR and spectral information content might also be enabled.

4.5 Conclusion
A new MRSI localisation scheme based on slice-selective FID acquisition
Localized by Outer Volume Suppression (FIDLOVS) was introduced. It enables
SNR loss free MRSI data acquisition and thus for the first time mapping of the
neurochemical profile in the human brain at 7T, subject to very short T2
relaxation times. Localization and skull lipid suppression is achieved by direct
FID acquisition after slice selective excitation in the 1st dimension and a T1and B1- insensitive OVS sequence in the 2nd and 3rd dimension. Broadband
frequency modulated excitation and saturation pulses enable a minimization of
the chemical shift displacement artefact in presence of strict limitations of the
maximum B1 field strength. The VAPOR water suppression scheme is
interleaved with the OVS and eliminates modulation side bands and minimizes
baseline distortions. Shimming is based on 3rd order FASTERMAP.
Visualization of the spatial distribution of up to fourteen metabolites including
NAAG, Glu, Gln, GABA and GSH is enabled by LC Model quantification of
the resulting MRSI data. In addition the achieved strikingly high SNR is the
basis for high-resolution metabolite mapping.
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5.1 Introduction
Magnetic resonance spectroscopy (MRS) non-invasively provides information
on the biochemistry of neuronal tissue which is complementary to conventional
MRI investigations. Concentration changes of metabolites such as N-acetylaspartate (NAA), choline containing compounds (Cho), creatine (Cre) or myoinositol (mI) indicate decreased neuronal density or neuronal dysfunction such
as decreased neurotransmitter excretion, distorted membrane synthesis,
malfunction of the energy metabolism or demyelination, respectively. Specific
patterns of metabolic changes observable by MRS point towards certain
disorders of the central nervous system such as multiple sclerosis, low and
high-grade tumors, amyotrophic lateral sclerosis or spino-cerebellar ataxia.
Hence, MRS aids in the differential diagnosis of space-occupying lesions and
various metabolic diseases. Therefore, investigation of human brain pathology
by quantitative MRS has gained increased acceptance by the clinicians [1].
However, due to technical challenges quantitative spinal cord MRS has been
rarely used and was mainly restricted to brain-stem and upper part of the
cervical spine down to the C2/3 level [2-6]. Preliminary studies indicate that
metabolite concentrations are sufficiently high to be observed by MRS in the
entire spinal cord, but spectral quality was insufficient for quantification in the
middle and lower cervical and even more in the thoracic and lumbar spinal cord
[7-9]. Susceptibility differences between vertebral bodies, inter-vertebral discs
and the surrounding tissue lead to strong magnetic field inhomogeneities [2].
The pulsatile flow of the cerebrospinal fluid (CSF) induced by cardiac and
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respiratory motion causes phase fluctuations, water suppression failure and
movement of the spinal cord. F0-misdetermination leads to dislocation of the
spectroscopy voxel and therefore, to lipid contamination arising from epidural,
muscular, subcutaneous fat and bony marrow. The chemical shift displacement
artefact, caused by bandwidth limitations of slice selective excitation and
refocusing pulses, limits the SNR due to imprecise localization and anomalous
J-modulation [10] and induces ghosting artefacts [11] due to the inclusion of
CSF into the voxel as well as lipid contamination.
In this work, the applicability of quantitative MR spectroscopy is expanded to
larger segments of the spinal cord. Furthermore the spectral quality and its
consistency is improved. To that, an enhanced acquisition sequence is proposed
that takes the above mentioned technical problems into account. The use of
inner-volume saturated PRESS [10] aims at precise localisation, CSF-flow
artefact reduction and avoidance of lipid contamination. To that a T1- and B1insensitive outer-volume suppression (OVS) [12] (chapter 3) based on highly
selective, broadband saturation pulses with polynomial-phase response (PPR)
[13] (chapter 2) is utilized. Localized higher-order shimming and F0determination, based on high-resolution cardiac-triggered static magnetic field
B0-mapping [14], aims at reduction of static magnetic field inhomogeneities
and avoidance of dislocation of the spectroscopy volume. To obviate motion
artefacts and to enhance shimming ECG-triggering is applied [2].
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Figure 5.1: Conventional PRESS localization (solid box) leads to chemical-shift
displacement (dashed and dotted boxes) and therefore to lipid contamination and
artifacts arising from pulsatile CSF flow and susceptibility differences (a). Enlargement
of the PRESS box (solid box) and inner-volume saturation (dotted lines) based on the
proposed PPR-based OVS has a significant impact on artifact reduction (b). Iterative 1st
order shimming and F0-determination was performed. No ECG-triggering was used
during the acquisition.

5.2 Methods
Inner-volume

saturation

based

on

RF-pulses

with

polynomial-phase response
Inner-volume saturated PRESS localization [10] using six OVS-bands based on
highly selective, broadband RF-pulses with polynomial-phase response (PPR)
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[13] (chapter 2) was applied for single-voxel proton MRS in the spinal cord
(Figure 5.1). To account for the water-fat shift 1.5 mm over-prescription was
applied. The frequency of excitation, refocusing and saturation pulses was set
to the NAA resonance. As described in detail by Henning et al [12] (chapter 3),
for each geometrically described OVS-band two saturation pulses with flip
angles, which have been numerically optimized for T1-relaxation times of lipid
(T1 = 290ms) and CSF (T1 = 3120ms), were utilized. Thus, T1- and B1insensitive suppression of unwanted signal to below 3% of its original intensity
was achieved. The maximum duration of each saturation pulse was 6 ms. To
account for pulsatile CSF flow, which amounts up to 1 cm per cardiac cycle in
the cervical spine [15], OVS-slabs were not only placed anterior-posterior and
right-left of the spectroscopy voxel but also along the head-feet direction. PPR
pulses achieve bandwidths of 38.2 kHz, 12.3 kHz or 6.2 kHz for flip angles of
30°, 90° and 150° respectively for a maximum B1-field strength of 13.5 μT
(body coil – compare “experimental setup”). These large bandwidths enable
high gradient strength and hence a negligible chemical shift displacement
artifact [12, 13] (chapter 2 & 3). Fractional transition widths of 0.04 using PPR
pulses with a normalized time-bandwidth product (nBW) of 500 [13] (chapter
2) are sufficiently narrow for inner-volume suppression even combined with
very small volume sizes as required in spinal cord spectroscopy [12, 13]
(chapter 2 & 3). The OVS-band thickness of 4 cm provides a good suppression
of CSF and lipid signal. However, it compromises on the absolute fractional
transition width of the saturation bands and therefore, their selectivity. To avoid
rephasing, amplitude and direction of spoiling gradients were periodically
modulated following sinusoidal envelope functions that are shifted against each
other in all three spatial dimensions [12, 16-18] (chapter 3, Figure 4.1).
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Figure 5.2: Shimming based on static magnetic field B0-mapping in the cervical spinal
cord for a spectroscopy voxel (dotted line) at the C2-C3 level: shown are modulus
image (a), initial B0-map (pixels shown in black are masked and not used for the shim
calculation) (b), inhomogeneity corrected B0-map (same threshold for masking) (c) and
frequency distribution used for F0-determination based on (c) inside the cylindrical shim
volume (bold circle). Line width (FWHM) of unsuppressed water after 1st order iterative
shimming (e), 2nd order shimming based on B0-mapping using the spectroscopy volume
as shim volume (f), using a cylindrical volume as shim volume and a B0-map acquired
without (g) and with ECG-triggering (h) are compared. ECG-triggering and PPR-based
OVS were applied for the MRS acquisitions.

Localized shimming and F0-determination based on static
magnetic B0-mapping
Localized shimming and F0-determination was based on high-resolution,
cardiac-triggered static magnetic field B0-mapping as described in detail by
Schär et al [14]. B0-maps were recorded in coronal direction with an in-plane
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and through-plane resolution of 2.1 mm. Up to 18 slices were acquired
covering spinal cord, CSF and parts of the vertebral bodies in the region of
interest. The shortest possible repetition time TR of 9 ms and a difference in TE
of 2.3 ms were used for acquisition of the two necessary phase maps. The
resulting B0-maps were unwrapped prior to shim calculation if necessary. The
calculation of optimal shim values to achieve field inhomogeneity corrections
up to the 2nd order was performed for a cylindrical volume around the MRS
volume of interest, instead of the MRS volume itself (Figure 5.2). This
procedure avoids immediate transitions to inhomogeneous regions adjacent to
the spectroscopy voxel due to the 2nd order inhomogeneity correction.
Therefore artefacts such as ghosting are obviated and better convergence of the
shim optimization routine is achieved due to increased shim volume size. The
optimization is based on a constraint Levenberg-Marquardt least-square
minimization routine, aiming at fitting the linear and quadratic field terms,
adjustable by the available shim coils, and thus correcting for the B0inhomogeneity distribution inside the selected shim volume. Localized F0determination was performed subsequently by adding the calculated shim
corrections to the initial B0-map and determining the resonance frequency at the
phase centre of the selected shim volume. F0-corrections were calculated in
relation to the initially determined F0 of the scout images, thus ensuring precise
co-registration of plan-scan and spectroscopy voxel.

Experimental Setup
All MR experiments were performed on a Philips Achieva 3T scanner (Philips
Medical Systems, Best, The Netherlands) using the integrated body-coil
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(maximum B1 = 13.5 μT) for transmission and a Philips 12-element array spine
coil for reception. Depending on the voxel location two to four channels were
combined for the MRS acquisition. ECG-triggering with a trigger delay of 300
ms was performed to minimize motion artifacts, signal cancellation due to
phase fluctuations and to enhance shimming [2, 19]. In healthy volunteers,
MRS voxel placement aimed at minimization of the number of spanned spinal
processes in order to further minimize B0-distortions as suggested by Cooke et
al [2] (Figure 5.1). This procedure has not always been applicable in patients
since an adaptation of voxel size and position towards the lesion was necessary
to avoid partial volume effects. Voxel sizes (unsaturated inner volume) were
maximized depending on the size of the spinal cord or the lesion respectively
and amounted to volumes between 0.36 ml and 1.49 ml, which correspond to
dimensions of 4 x 6 x 15 mm to 6.5 x 8.5 x 27 mm. A high-resolution
transversal T2-weighted scout image was acquired to precisely plan the
spectroscopy voxel. For the MRS acquisition, the minimum possible echo time
(TE) of 42 ms was used to maximize the SNR. A minimal repetition time of
2000 ms was used to reduce SNR loss due to saturation effects and to fulfill
specific absorption rate (SAR) limitations. Due to ECG triggering, the actual
repetition time depended on the individual heart rate and was slightly longer.
For 512 averages a combined 16-step CYCLOPS and EXORCYCLE phase
cycle was applied for artifact suppression. Depending on the actual heart rate,
the total MRS scan time amounted to between 17 min and 21 min. Frequency
locking [20] was switched off to avoid F0-maladjustments during the scan
arising from the limited signal intensity due to the small voxel sizes. For water
suppression two CHESS [21] pulses were applied prior to the OVS-pulses.
MRS data were quantified using LC-Model [22, 23] and a set of basis-spectra
simulated using GAMMA (http://www.nmr.ethz.ch/Gamma.html) including 20

Chapter 5: Spinal cord MRS

107

metabolites such as NAA, Cho, Cre, mI, glutamate/glutamine (Glx), alanine
(Ala) and lactate (Lac). Lipids (Lip) and macro-molecules (MM) are simulated
according to Seeger et al [24] and included into the metabolite basis by default
in LCModel [23]. Metabolite concentrations based on fitting results with
Cramer-Rao Lower Bounds (CRLB) smaller than 25 % were considered in the
quantitative analysis.
To test the influence of OVS on artifact suppression, ECG-triggering was
switched off, shimming and F0-determination were based on conventional
iterative methods. For shimming tests inner-volume saturated PRESS
localization and ECG-triggering was used, but only 16 averages were acquired,
since the line width of unsuppressed water was evaluated. All other
measurements were performed according to the above description.

Volunteers & Patients
Sequence optimization was performed in 11 healthy volunteers. The finalized
sequence was tested in 8 healthy volunteers and 3 patients suffering from either
an active demyelination in the spinal cord or a spinal cord tumor. Scout
images, acquisition of a highly resolved cardiac triggered B0-map and
calculation of shim settings, additional MRS preparation steps and the MRS
acquisition itself required 45 min to 1h scan time. To minimize the time
patients spent inside the MR scanner only one spectrum at the position of the
lesion was acquired instead of recording an additional spectrum of adjacent
healthy appearing tissue. Spectra from healthy volunteers at the same position
along the spinal cord were acquired instead for comparison.
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5.3 Results
Inner-volume

saturation

based

on

RF-pulses

with

polynomial-phase response
Comparative measurements in the cervical spinal cord at the C2-C3 level using
PRESS localization without (Figure 5.1a) and with inner-volume saturation
based on PPR-pulses (Figure 5.1b) demonstrated the impact of OVS on artefact
reduction and spectral quality enhancement. Since chemical-shift displacement
(indicated by the dashed and dotted boxes around the solid box of the
spectroscopy voxel in Figure 5.1a causes severe CSF contamination, spectra
acquired using conventional PRESS localization revealed artifacts and SNR

Figure 5.3: Representative spectral quality and LC Model fitting results (see 5.1) at
the C2/3 (a) and the C4/5 (b) level, which were reproducibly achieved in 8 healthy
volunteers at different levels along the cervical spine using ECG-triggering, innervolume saturation based on PPR-pulses as well as shimming and F0-determination
based on static magnetic field B0-mapping (TE = 42 ms, TR = 2000 ms, 512 averages).
The arrows indicate modulation sidebands.
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Table 5.1: Relative metabolite concentrations in the cervical spine of eight healthy
volunteers (mean + SD, different levels C1-C2 to C6-C7) and three individual patient
cases indicate the diagnostic value of quantitative spinal cord MRS. (*TE = 144 ms
instead of 42 ms as for all other measurements.)
NAA/Cre

NAA/Cho

Cho/Cre

mI/Cre

Glx/Cre

Lac/Cre

1.22 + 0.06

4.9 + 1.3

0.27 + 0.08

1.4 + 0.6

2.1 + 0.7

x

tumor C 4/5

1.86

1.9

0.97

12.9

1.9

4.7

demyelination C 6/7

0.68

1

0.68

0.7

x

0.9

tumor Th 9*

0.47

1.1

0.42

1

2.3

x

healthy volunteers
cervical spine

loss caused by signal cancellation due to phase fluctuations. While the most
prominent peaks visible in neuronal tissue NAA, Cho and Cre were not
assignable, resonances at macromolecule and lipid frequencies were
predominant in that case (Figure 5.1 a). The use of the proposed inner-volume
saturation scheme enhanced the spectral quality significantly (enlarged solid
box indicates the spectroscopy volume and the dotted lines the borders of the
OVS-bands in Figure 5.1 b). NAA, Glx, Cre, Cho and mI could be clearly
assigned (Figure 5.1 b). The remaining lipid / MM resonances indicated a
dislocation problem of the excited volume due to F0-misdetermination using
conventional iterative shimming and F0-determination.

Localized shimming and F0-determination based on static
magnetic B0-mapping
The proposed 2nd order shimming algorithm based on static magnetic field B0mapping (Figure 5.2a-d) was compared to localized iterative 1st order
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Figure 5.4: Spinal cord MR spectra (TE = 42 ms, TR = 2000 ms, 512 averages) acquired
in a patient with an intramedullary tumor at the C4-C5 level (a) and a patient with an
active demyelinating lesion due to multiple sclerosis at the C6-C7 level (b). Compared
to the average metabolite concentrations determined in healthy volunteers a decrease of
N-acetyl-aspartate and Creatine as well as an increase of Choline, myo-Inositol and
Lactate are observable in the tumor patient (a, Table 5.1). In the MS patient a decrease
of N-acetyl-aspartate and Creatine as well as an increase of Choline and Lactate are
detected (b, Table 5.1). Modulation sidebands contribute to the MM resonance at about
1.5 ppm. ECG-triggering, PPR-based OVS and shimming as well as F0-determination
based on static magnetic field B0-mapping were applied.

shimming and to localized 2nd order shimming based on the FASTERMAP
algorithm [25, 26]. In order to clearly resolve resonances and increase the peak
amplitude to achieve a sufficient SNR, a B0-inhomogeneity correction leading
to a water line width (FWHM, unsuppressed) of 12 Hz or below is necessary.
Both FASTERMAP and iterative shim showed only sporadic convergence
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towards this criterion at the C2-C3 level, in about 1 out of 6 volunteers and did
hardly ever converge at lower levels along the spinal cord. The proposed
localized shim based on static magnetic B0-mapping did converge in all
investigated volunteers in the upper and medium cervical spinal cord down to
the C5 level towards the above mentioned criterion and even showed improved
performance as compared to the two alternative methods further caudal along
the thoracic spinal cord. Figure 5.2 demonstrates the typical enhancement of
inhomogeneity correction and therefore water line width at the C2 / C3 level
using B0-mapping compared to iterative shimming. Best convergence of
inhomogeneity correction and F0-determination was achieved when the shim
volume was cylindrical with a diameter of about the double voxel size centered
at the position of the spectroscopy volume rather than a voxel-sized box or a
larger shim volume (Figure 5.2 f and g). Further improvement was attained by
using ECG-triggering during the acquisition of the B0-map (Figure 5.2 h). The
described localized F0-determination based on the inhomogeneity corrected B0map (Figure 5.2 d) enabled precise co-registration of the spectroscopy voxel
with the scout image. Hence, the combination of OVS and localized F0determination effectively prevented lipid contamination stemming from the
surrounding epidural, muscle and subcutaneous fatty tissue (Figure 5.3).

ECG-triggering
Measurements performed on 3 healthy volunteers at the C2 – C3 level with and
without ECG-triggering proved that the line width of the unsuppressed water
signal increases significantly from 8 Hz to up to 15 Hz in the case ECG-

112

Chapter 5: Spinal cord MRS

triggering is switched off. This is in accordance with findings of Cooke et al
[2].

MRS in the cervical spine
Reproducible shim convergence and precise localization extended the
applicability of quantitative MRS to the entire cervical spinal cord (Figures 5.3,
5.4). Unambiguous resonance assignments and LC-Model based quantification
was achieved in the upper (Figure 5.3 a) as well as in the medium and lower
cervical spine (Figure 5.3 b). Average metabolite concentration ratios from 8
healthy volunteers measured at different levels along the cervical spinal cord
were in accordance with earlier findings (Table 5.1) [2, 3]. While NAA, Cho
and Cre concentrations show a low inter-subject variability and hence indicate
precise quantification, the determined Glx and mI concentrations vary
significantly. As illustrated in Figure 5.4, the proposed measurement protocol
also allowed for the acquisition of sound spectra from spinal cord lesions in the
entire cervical spine, even if their inhomogeneity introduced further artefact
sources (Figure 5.4 a). Metabolite concentration ratios in individual patients
were clearly distinct compared to the average values of healthy subjects and
reveal similar trends as reported previously for the brain (Table 5.1) [27].
Detection of pathologic Lac was possible. Macromolecule resonances are
visible in both patient spectra at around 1.5 ppm (Figure 5.4) [27, 28], but have
significant contributions from modulation side bands [29, 30] as indicated by
anti-phase peaks at the same distance in Hz downfield of the water (compare
Figure 5.3).
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MRS in the thoracic and lumbar spine
In contrast to the cervical spinal
cord,

sufficient

convergence

could

shim
not

be

reached in the thoracic and
lumbar spinal cord of healthy
volunteers (Figure 5.5). This is
probably due to more complex
CSF flow pattern, spinal cord
movement

and

the

smaller

dimensions of the thoracic cord.
Resulting water line widths
using the proposed shimming,
F0-determination

and

acquisition scheme indicate that
inhomogeneity
Figure 5.5: Shim quality in healthy
volunteers along the spinal cord.
Line

width

(FWHM)

of

unsuppressed water at the level of
C1-C2 = 8 + 1 Hz (n = 3), C2-C3
= 8 + 2 Hz (n = 5), C4-C5 = 10 Hz
(n = 1), C6-C7 = 14 + 2 Hz (n =
3), T2-T3 = 25 Hz (n = 1), T9 = 25
+ 5 Hz (n = 3), L1-L2 = 22 + 3 (n = 3) (mean + SD for n > 3).
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correction is especially difficult in the thoracic spinal cord, while shim
convergence improves again in the lumbar spine. However, in the thoracic
spinal cord at the T9 level, sufficient shimming (12 Hz unsuppressed water line
width at FWHM) and hence a quantifiable spectral quality was achieved in a
patient with an intramedullary space-occupying lesion, which obliterates the
adjacent subarachnoid space and hence significantly reduces pulsatile CSF flow
and movements of the spinal cord due to its dimensions (Figure 5.6). No
modulation sidebands obscured the spectrum [29, 30]. Detected changes
comprise Cho, Glx and MM increase as well as NAA decrease.

5.4 Discussion
Impact of methodological advances on artefact suppression
Inner-volume saturated PRESS [10] using highly selective T1- and B1insensitive OVS based on broadband PPR-pulses [12, 13] (chapter 2 & 3)
minimizes chemical shift displacement. Thus lipid contamination and
anomalous J-modulation are diminished. Hence pathologic lactate detection is
enabled. In addition, SNR increase and correct metabolite ratios are achieved,
since inner-volume saturation ensures the same effective voxel size inside the
spinal cord for all metabolites. CSF flow artefacts such as signal cancellation
due to phase fluctuations and ghosting are significantly reduced by saturating
inflowing CSF by OVS-slabs above and below the spectroscopy volume and
ensuring precise voxel localization along the border between CSF and neural
tissue in anterior-posterior and left-right direction. Both, highly selective,
broadband PPR-pulses [13] (chapter 2) and numerical flip angle optimization

Chapter 5: Spinal cord MRS

115

[12] (chapter 3) are prerequisites for the use of inner-volume suppression in
spinal cord MR spectroscopy. A very narrow fractional transition width is
required to avoid suppression of desired signal due to the small voxel size.
Considering close proximity of CSF, bone, muscle and subcutaneous fat tissue,
robust simultaneous suppression of lipid and CSF signal is additionally needed.
The latter requires broadband saturation pulses, which allow for high gradient
strength and therefore a minimal water-fat shift, as well as T1- and B1insensitivity of the OVS, which is enabled by the use of two OVS cycles and
numerical flip angle optimization [12] (chapter 3). Disadvantages of the innervolume saturation sequence are a slight scan time prolongation and the
occurrence of water modulation side bands [29, 30] due to the prolonged delay
between water suppression pulse and excitation pulse. The former is
unavoidable, since a minimal repetition time of 2000 ms has to be used to fulfill

Figure 5.6: Shim quality at the T9 level in a healthy volunteer (a) and a patient with a
space-occupying intramedullary lesion, which occludes the entire spinal cord canal (b,
c). Line width (FWHM) of unsuppressed water in healthy volunteers amounts to 25 + 5
Hz (n = 3), leading to an undesirable spectral quality. In the patient a much better line
width of 12 Hz could be achieved, which enabled the acquisition of a quantifiable spinal
cord MR spectrum at the T9 level (TE = 144 ms, TR = 2000 ms, 512 averages) (c).
Compared to the average metabolite concentrations determined in healthy volunteers a
decrease of N-acetyl-aspartate as well as an increase of Choline and Glutamate is
observed (Table 5.1). No modulation sidebands were detected. Thus the resonance at
about 1.5 ppm was tentatively assigned to increased MM. No ECG-triggering was used.
PPR-based OVS as well as iterative shimming and F0-determination were applied.
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specific-absorption-rate restrictions. On the other hand, this prevents additional
SNR loss due to saturation effects. The latter might be significantly improved
using an interleaved VAPOR [31] and OVS scheme. Alternative approaches are
the consideration of the modulation sidebands during postprocessing and
quantification [29] or the use of two acquisitions with inverted gradients [30].
High-quality inhomogeneity corrections, and therefore narrow resonance lines,
are crucial to achieve sufficient SNR and an interpretable spectral quality using
small voxel sizes as required for MRS in the spinal cord. Hence, reproducible
shim convergence is a prerequisite for the successful use of spinal cord
spectroscopy in physiological studies or clinical diagnostics. The proposed
localized shimming and F0-determination method based on static magnetic B0mapping fulfils the reproducibility requirement. It proves to be superior to
iterative shimming and FASTERMAP in presence of strong susceptibility
differences as well as increased flow and motion adjacent to the volume of
interest, as in the case of the spinal cord. This has also been demonstrated in
previous MRI studies of the myocardium [14]. Precise F0-determination and
correction relative to the F0 of the scout image enables correct co-registration of
the spectroscopy voxel. Hence lipid contamination is avoided and SNR
maximized. However, the acquisition of the cardiac triggered B0-map and the
offline determination of shim currents and F0-correction values prolongs the
overall scan protocol significantly.
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Extended applicability and diagnostic value of spinal cord
MRS
The proposed combination of ECG-triggering, inner-volume saturation and
localized shimming and F0-determination improves both - the quality and
consistency of the spectra. In contrast to all previous quantitative spinal cord
MRS studies, which were limited to the upper cervical spine down to the C2/3
level [2-6], the proposed measurement protocol allows for quantitative analysis
of MRS data from the entire cervical spinal cord even in inhomogeneous
lesions. To clarify whether metabolite concentrations change along the healthy
cervical spinal cord, further studies including larger groups of volunteers are
needed. The comparison of patient spectra with spectra from healthy volunteers
demonstrates the potential clinical use of spinal cord spectroscopy. In
comparison with corresponding brain lesions similar trends of metabolite
concentration changes are detected [27, 28], while absolute concentrations
might significantly differ between pathologies in brain and spinal cord.
However, identification of pathology specific changes in spectral pattern for
disorders such as demyelination or certain tumors requires studies with larger
patient groups. Earlier MRS studies in spinal cord lesions of multiple-sclerosis
and tumor patients either suffered from poor spectral quality [9] or lack of
quantification [8].
High quality MRS data from a patient with a space-occupying intramedullary
tumor in the lower thoracic spinal cord, which occluded almost the entire spinal
canal and therefore hindered CSF flow, were obtained using inner-volume
saturation and advanced shimming, but no ECG-triggering. This demonstrates
that susceptibility problems introduced by the lung are not of vital importance
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for obtaining successful MRS in the thoracic spinal cord. However, shim
convergence in healthy volunteers was insufficient in this anatomical region.
Hence, the source of artefacts and shim problems in the thoracic cord is most
likely CSF flow induced by respiratory motion. It was demonstrated by Cooke
et al [2] and our own work that ECG-triggering efficiently compensates for
CSF flow and the resulting movement of the spinal cord induced by cardiac
motion and thus significantly improves shimming and spectral quality in the
cervical spine. According to Friese et al [32, 33], further caudally in the
thoracic and lumbar spine CSF flow is additionally induced by respiratory
motion, whereas the influence of cardiac motion is decreasing. Additional CSF
flow compensation using techniques such as respiratory gating, navigator
gating and volume tracking [34-37] is most likely a prerequisite for the general
extension of spinal cord MRS to the thoracic spinal cord. Shim convergence
improves again in the lumbar spinal cord, where CSF flow is significantly
decreased in comparison to cervical and thoracic spinal cord, while the flow
pattern is more complex [15]. Examples of interpretable MR spectroscopy data
in the conus medullaris and in patients with large intramedullary lesions in the
lumbar region occluding the spinal canal have been reported by Dydak et al [7]
and by Kim et al [8]. However, the small size of the lumbar spinal cord
(although its diameter is larger than the thoracic cord, it is still smaller than in
the cervical region) and its large degree of freedom regarding motion limit the
applicability of spinal cord MRS in that area. Considering the propagation of
the pulsatile blood flow during one cardiac cycle the moment of peak CSF flow
depends on its position along the spinal canal [32, 33]. Hence a separate
adjustment of the ECG-trigger delay depending on the spinal cord level might
be necessary [19]. The impact of pulsatile CSF flow might be further reduced
by storing each individual phase cycle separately, which allows for sorting out
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spectra with motion artifacts and averaging only the remaining artifact free,
individually post-processed spectra as suggested by Tkac et al [38].
Furthermore SNR might be significantly increased by the use of dedicated
spinal cord spectroscopy RF-coils [39-40].

5.5 Conclusion
In conclusion, the proposed combination of ECG-triggering, inner-volume
saturation based on a numerically optimized OVS utilizing broadband, highly
selective PPR-pulses as well as localized shimming and F0-determination based
on static magnetic field B0-mapping, extends the applicability of quantitative
MRS to the entire length of the cervical spinal cord. In this anatomical region,
quantitative metabolic information of the healthy spinal cord as well as spinal
cord lesions can be assessed. Furthermore, examination of oedematous or space
occupying lesions, that fill the spinal canal thus reducing CSF flow and cord
movements, are possible along the entire spinal cord including lower thoracic
and lumbar segments.
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Conclusion and Outlook
The objective of this thesis was the development of MRS and MRSI sequences
that take full advantage of SNR gain and increased spectral information content
at high (3T) and ultra-high (7T) field strength. In order to achieve this
contradicting technical challenges related to localization, shimming and artifact
suppression had to be solved.
One of the major problems in high and ultra-high field in-vivo MRS is the
chemical-shift displacement (CSD) artifact [1, 2], which renders the selected
volume inconsistent across different metabolites. This effect leads to signal
cancellations of J-coupled metabolites [1, 3] and diverse artifacts in single
voxel MRS [4]. It limits reliable spectral analyses and quantification to central
regions of the investigated FOV and thus also organ, when MRSI is used [2]. It
is caused by the contradicting finding of increased chemical shift separation
and decreased bandwidth of RF pulses due to intrinsic limitations of the
achievable maximum B1 at 3T and 7T [4, 5].
In order to overcome the resulting localization problem an algorithm was
developed that allows for the design of frequency-modulated RF pulses, which
reach large bandwidths at low maximum B1 field strengths (chapter 2). Due to
their polynomial-phase response (PPR) they perfectly match the requirements
for the use as saturation pulse, but cannot be used as excitation or refocusing
pulses in standard localization methods as PRESS and STEAM. Hence, PPR
pulses were subsequently used for a new highly selective T1- and B1insensitive outer-volume suppression (OVS) scheme (chapter 3). To that two
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saturation pulses per geometrically described OVS band were applied to
substantially reduce B1 sensitivity. In addition, flip angles of all individual
saturation pulses were numerically optimized considering progressing T1
relaxation and band crossing. This OVS scheme finally enabled two new MRSI
localization methods with negligible in-plane CSD: slice-selective spin-echo
acquisition localized by OVS (SELOVS) (chapter 3) and slice-selective FID
acquisition localized by OVS (FIDLOVS) (chapter 4). Due to the excellent
achieved skull lipid suppression both sequences enable quantitative analysis of
MRSI data from the entire brain including cortical brain tissue. SELOVS is
especially suited for brain and muscle MRSI at 3T, since flexible adjustment to
different echo-times is necessary to diminish the macromolecular baseline and
to detect certain J-coupled metabolites as lactate. Beside the CSD artifact
problem, FIDLOVS solves the contradicting problem of very short T2
relaxation times and very long pulse durations at 7T, which make the use of
spin-echo based localization methods unfeasible. Due to the striking resulting
SNR and spectral separation along with minimal J-coupling evolution
FIDLOVS enables mapping of an extended neurochemical profile in the human
brain for the first time (chapter 4). Last but not least the highly selective PPRbased OVS was used for inner-volume saturation, flow artifact and lipid
suppression in single voxel spectroscopy of the spinal cord (chapter 5). To that
the OVS was combined with shimming based on static magnetic field B0mapping. A quantifiable spectral quality was achieved in the entire human
cervical spinal cord in healthy volunteers and patients. In the case of lesions
that occlude the spinal canal single voxel MRS in the entire spinal cord
including thoracic and lumbar segments was enabled. In conclusion, the
methods presented in this thesis extend the applicability of MRSI to the entire
brain including cortical tissue and single voxel MRS to the spinal cord at 3T. In
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addition, mapping of a neurochemical profile that comprises 14 metabolites in
the human brain at 7T is presented for the first time.
Future developments might include the combination of SELOVS-MRSI at 3T
and FIDLOVS-MRSI at 7T with sensitivity encoding [6] and echo-planar [7] or
spiral k-space trajectories [8]. The resulting acceleration might enable 3D
encoded MRSI in reasonable scan times. B1 correction might be applied to
improve

metabolite

maps

and

quantification.

In

addition,

absolute

quantification has to be established for MRSI. At 7T slice-selective adiabatic
excitation based on a BISS-8 RF pulse [9] would further decrease B1
inhomogeneities for FIDLOVS, but increase the applied power and lead to
prolongation of repetition and thus acquisition times in order to fulfill SAR
limitations. Another problem of FIDLOVS at 7T is the remaining baseline
distortions which might be addressed by fitting and subtracting the periodic
baseline, or by reconstruction of the missing part of the FID using backwards
linear prediction. In this context, the development of short but broadband
excitation pulses and RF coils allowing for higher maximum B1 values at 7T
would ease this problem as well. Metabolite nulled FIDLOVS would be also of
interest to further characterize the macromolecular part of the baseline. If all
baseline distortions can be eliminated it might be possible to detect further
downfield resonances next to the NAA peak at 7.8 ppm. SELOVS and
FIDLOVS might also be applied to muscle spectroscopy. The developed OVS
sequence itself might be applied in further organs e.g. prostate or breast to
improve PRESS localization by inner-volume and lipid suppression. It could
also be useful for localization in 31P and 13C MRS. Finally spinal cord
spectroscopy might be further improved by additional passive shimming [10]
and flow and motion compensation due to volume tracking and navigator
gating [11].
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