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Abstract

Neurotransmitters and compounds of the brain’s energy metabolism are directly
linked to brain function. In vivo magnetic resonance (MR) spectroscopy is a use-
ful method to quantify the neurochemical profiles of localized brain regions non-
invasively and to provide valuable information for medical treatment or for the
study of underlying mechanisms. The concentrations of substances in the brain de-
tectable by MR, however, are at best in the range of millimols and the sensitivity of
MR methods that are based on the Boltzmann spin polarization is inherently low.
Most anatomical or functional structures in the brain of humans and monkeys are
in the millimeter range or below. The spatial resolution that would be necessary to
account for the small target dimensions could not be realized so far in humans and
with current MR systems. Reasonable signal strength could only be achieved at the
cost of limited spatial specificity.

The spectral quality of in vivo MR spectroscopy and the amount of information
available from it strongly depend on the existence and strength of potential experi-
mental artifacts like frequency drifts, localization errors or spectral contaminations.
In addition, the homogeneity of the magnetic field within the sensitive probe volume
is a critical issue.

The goal of the thesis was to establish different methods for MR spectroscopy and
chemical shift imaging at maximum spatial specificity and spectral quality. The
methods were to be adopted for investigations of the non-human primate visual cor-
tex, an area of intense study of the brain’s physiology and function.

To maximize the sensitivity and the quality of the MR spectra, a number of meth-
ods have been implemented and optimized. Artifact sources were analyzed and
methodological corrections were proposed to overcome them. For instance, strong
limitations of the MR scanner’s built-in capacity to compensate actively for inhomo-
geneities of the magnetic field by electrical coils were overcome by newly designed



ferromagnetic permalloy assemblies. A combined modular passive (ferromagnetic)
and active (electrical) shimming method was developed that provides very strong
and highly accurate correction fields for the homogenization of magnetic field dis-
tributions in the in vivo brain with reasonably low experimental effort.

MR spectroscopy of the macaque primary visual cortex (V1) is challenging, be-
cause of its position adjacent to the skull bone and the cortical thickness of only
1.7-2.0 mm. A dedicated 7 Tesla high field MR setup, an anesthetized monkey
preparation and optimized MR methods enabled single voxel MR spectroscopy from
40 pL volumes of V1. Due to the varying magnetic susceptibility conditions around
macaque V1 this region is prone for susceptibility induced field distortions. To
achieve optimal field homogeneity, field distributions were analyzed, and an appro-
priate shimming strategy was developed. With the established methods the suc-
cessful sampling from brain regions entirely confined within V1 gray matter is now
possible.

Chemical shift imaging methods were implemented and optimized to permit high
resolution spatial mapping of metabolite distributions from the macaque visual cor-
tex. The feasibility of chemical shift imaging along planar slices through the brain
with a spatial resolution of 1-2 mm has been shown using conventional phase en-
coding. In addition, Hamming acquisition weighting was provided to improve the
reliability of the metabolic mapping based on its favorable imaging properties.

Applying the techniques developed in this thesis the achieved resolution limits for
'H MR spectroscopy and chemical shift imaging in monkeys were 2-3 orders of
magnitude better compared to previous studies in humans. The spatial specificity
now reaches the level of cortical dimensions which is the basis for the investigation
of physiology and function in the primate visual system.



Zusammenfassung

Neurotransmitter und Metabolite des zerebralen Energiestoffwechsels sind unmittel-
bar mit Hirnaktivitdt korreliert. In vivo Magnetresonanzspektroskopie ermoglicht
eine direkte, nicht-invasive Messung einer Vielzahl dieser chemischen Komponen-
ten von lokalisierten Bereichen des Gehirns. Die so erzielbaren Erkenntnisse sind
von hohem Wert fiir die medizinische Diagnostik auf der einen Seite sowie fiir die
Erforschung der zugrunde liegenden Mechanismen auf der anderen. Die Konzen-
trationen der auf diese Weise detektierbaren Substanzen im Gehirn sind jedoch
sehr gering und bestenfalls im Bereich weniger Millimol. Zusétzlich ist die Sensi-
tivitdt von Magnetresonanzexperimenten an sich sehr begrenzt fiir Techniken, die
auf der Boltzmann’schen Spinpolarisation beruhen. Die Dimensionen anatomischer
und funktioneller Strukturen im Gehirn von Menschen und Affen liegen im Bereich
von Millimetern oder darunter. Rdaumliche Auflésungen, die in der Lage wéren solch
kleine Meobjekte zu erfassen sind bisher und mit heutigen MR Systemen am Men-
schen nicht realisierbar. Ausreichende Signalstédrken konnten nur auf Kosten einer
limitierten rdumlichen Auflosung erreicht werden.

Die spektrale Qualitit von in vivo MR Spektren und der daraus zu erzielende In-
formationsgehalt hdangen maflgeblich von der Existenz und Groflenordung potentiel-
ler Meflartefakte wie Frequenzverschiebungen, Lokalisierungsfehlern und spektralen
Verunreingungen ab. Inhomogenititen des Magnetfeldes innerhalb des betrachteten
Raumbereiches stellen ein weiteres, grundlegendes Problem dar.

Das Ziel dieser Arbeit war die Etablierung von Methoden fiir MR Spektroskopie
und spektroskopische Bildgebung mit maximaler rdumlicher Spezifitdt und best-
moglicher spektraler Qualitéat. Diese waren so anzupassen, dal Untersuchungen der
Sehrinde des nicht-menschlichen Primaten und die Erforschung von Hirnphysiologie
und -funktion in diesem Bereich des Gehirns ermoglicht werden.



Im Rahmen dieser Arbeit wurden verschiedene MR spektroskopische Methoden im-
plementiert und bzgl. der speziellen Erfordernisse optimiert. Artefaktquellen wurden
analysiert und methodische Korrekturen wurden vorgeschlagen, diese zu minimieren
oder zu beheben. So wurden etwa starke Limitierungen zur aktiven Homogenisierung
von Magnetfeldverteilungen mittels elektrischer Spulen des MR Tomographen durch
eine neue Entwicklung von modularen, ferromagnetischen u-Metall-Anordnungen
gelost. Durch die Kombination von Methoden zur (ferromagnetischen) passiven und
(elektronischen) aktiven Magnetfeldmodulierung ist es nun mdoglich, mit vertretba-
rem Aufwand sehr starke und trotzdem sehr prézise Magnetfeldverteilungen zur
Korrektur von Feldinhomogenitédten im in vivo Gehirn zu generieren.

MR Spektroskopie in der priméren Sehrinde (V1) im Makaken ist eine besondere
Herausforderung wegen der unmittelbaren Ndhe von V1 zum Schédelknochen und
weil die kortikale Dicke in diesem Bereich lediglich 1.7-2.0 mm betriagt. Die Ver-
wendung eines spezialisierten 7 Tesla Hochfeld MR Tomographen, eine Anésthesie-
praparation der Versuchstiere und optimierte MR Methoden waren notig, um volu-
menselektive MR Spektroskopie aus 40 pl kleinen Volumina von V1 zu ermoglichen.
Aufgrund der Regionen unterschiedlicher magnetischer Suszeptibilitdten im Bereich
von Kortex, Schiadelknochen und der den Kopf umgebenden Luft werden insbesonde-
re dort Feldverzerrungen beobachtet. Die auftretenden Magnetfeldinhomogenitaten
im Bereich der priméren Sehrinde wurden daher vermessen, analysiert und es konn-
te eine Strategie vorgeschlagen werden, diese effizient zu minimieren. Mit den hier
etablierten Methoden sind nun MR spektroskopische Untersuchungen von kleinsten
Volumina moglich, die sich komplett innerhalb der priméren Sehrinde befinden.
Desweiteren wurden Methoden zur spektroskopischen Bildgebung implementiert und
optimiert, um eine hochaufgeloste Kartierung der Metabolitenverteilung des visu-
ellen Kortex zu ermdoglichen. Mittels konventioneller Phasenkodierung wurde die
Machbarkeit von spektroskopischen Karten der Sehrinde mit einer Ortsauflosung
von 1-2 mm gezeigt. Zuséatzlich wurden Methoden zur Hamming Akquisitionswich-
tung bereitgestellt, durch deren verbesserte Lokalisierungseigenschaften eine weitere
Erhohung der VerlédBlichkeit erzielter metabolischer Karten zu erwarten ist.

Die vorgelegte Dissertation beschreibt die Verbesserung der rdumlichen Auflésung
von MR Spektroskopie und spektroskopischer Bildgebung im Primaten von 2-3
Groflenordnungen verglichen mit dhnlichen Studien am Menschen. Die rdaumliche
Spezifizitdt hat somit ein kortikales Niveau erreicht, das die Grundlage darstellt fiir
Studien von Physiologie und Funktion des visuellen Systems.
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Glossary

Abbreviation Description

ATP adenosine triphosphate

BW spectral bandwidth

CRLB Cramér-Rao lower bounds

CSF cerebro-spinal fluid

CSI chemical shift imaging

FLASH fast low angle shot

FOV field-of-view

FWHM full width at half maximum

LB line broadening

LCModel linear combination of model spectra
MR magnetic resonance

NA number of averages

OVS outer volume suppression

RF radio-frequency

ROI region-of-interest

SRF spatial response function
STEAM stimulated echo aquisition mode
T1 spin-lattice-relaxation time

T2 spin-spin-relaxation time

TCA tricarbolic acid

TE echo time

™ mixing time

TMS tetra-methyl silane

TR repetition time

VAPOR variable pulse power and optimized relaxation delays
V1 primary visual cortex



Introduction

The first magnetic resonance absorption experiment was done in 1939 and proofed
the existence of a nuclear magnetic momentum [1]. The finding of the effect of nu-
clear magnetic resonance (MR) in condensed matter at the end of 1945 opened a
completely new field of physical research [2,3]. The basis of MR spectroscopy was
laid 4 years later, when the dependence of the resonance frequency of a nucleus on
its chemical environment was discovered [4,5]. The initial MR applications were
limited to physics and chemistry. In 1973, however, a method to spatially encode
the nuclear spin density was presented such that the first MR imaging method was
provided [6]. Since then an enormous effort was made to improve the hardware
and the techniques for MR imaging and spectroscopy. Today’s MR methods are
able to measure biophysical parameters as different as metabolite concentrations,
functional activity or microscopic diffusion. MR spectroscopy is not only used in
analytical chemistry to retrieve information about chemicals, but also in vivo to
obtain quantitative information about biologically active compounds from living
subjects. The techniques are of great importance particularly in medicine and neu-
roscience, because they allow the non-invasive assessment of neurochemical profiles
of localized brain regions [7,8].

Neurotransmitters and substances of the brain’s energy metabolism are directly
linked to functional activity in the brain [9]. The brain metabolism consists of com-
plex mechanisms not only at the gross anatomical scale, but also with an extensive
cellular heterogeneity [10]. The spatial resolution of spectroscopic investigations in
the human, however, is strongly limited due to the small metabolite concentrations
in the brain and the inherently low sensitivity of MR spectroscopy when based on
the Boltzmann spin polarization. Therefore, up to now, these techniques are not
appropriate to study localized effects in the brain.
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The aim of the thesis was to push ahead the spatial resolution limit for single volume
MR spectroscopy and chemical shift imaging of the visual cortex to cortical dimen-
sions. Resolution improvements by 2-3 orders of magnitude were required compared
to similar studies in the human. At the same time the signal strength and the spec-
tral quality should enable the separation and quantification of a maximum number
of brain metabolites with focus on those involved in the brain’s energy metabolism
or neurotransmission.

To this end, high quality MR spectroscopy methods needed to be established and op-
timized. Potential artifacts that could reduce the sensitivity of 'H MR spectroscopy
or the amount of information available from the spectra were to be analyzed and
correction methods were to be developed.



Chapter 1

Physical Basics of Magnetic
Resonance

In this chapter the relevant physical concepts related to the phenomenon of nuclear
magnetic resonance are summarized. The origin of MR spectra is introduced and
the effects of nuclear coupling, relaxation or time dependent magnetic fields are
discussed. Magnetic field gradients, imaging and related artifacts are presented. The
importance of the homogeneity of the magnetic field for the spectral data quality
is rationalized. Finally, the k-space concept is introduced which is essential for the
understanding of chemical shift imaging (CSI) techniques.

Standard text book knowledge has been taken mainly from the references [11-15].
For the sake of clarity, literature citations are used in this chapter only when par-
ticular studies or work is referred to.

1.1 Spin Magnetization

For a nuclear spin with the angular momentum I in a static magnetic field By' the
Zeeman Hamiltonian is given by

A

H, = —yhBol, (1.1)

with By, by convention, aligned with the z-axis and Al, being the z-component of the
angular momentum operator I. The nuclear spin [ is proportional to the magnetic

'Here and in the following the letter B is used to describe the magnetic field. A distinction
between magnetic field and magnetic induction is only made when it is explicitly required.
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moment i of the nucleus according to i = fyhf with v being the nucleus specific
gyromagnetic ratio. For the hydrogen nucleus which consists of a single proton and is
the only nucleus considered here, the gyromagnetic ratio is v/2r = 42.57TM Hz/T.
Without an external magnetic field (By = 0), the two energy eigenvalues of the

E — +3N0
AE(;(B
A4 1
— -ha
o 2
B,=0 B,#0

Figure 1.1: Zeeman splitting of nuclear spin states. Without an external magnetic field
(By = 0), the energy eigenstates o and [ of the spin 1/2 particle are degenerated. For
By # 0, Zeeman splitting is observed.

spin 1/2 particle are degenerated and no Zeeman splitting is observed. For By # 0,
however, two different energy eigenstates F1/2vhB, exist for I, = +1/2 with an
energy difference AFE = vhB.

For an ensemble of non-interacting particles at thermodynamic equilibrium the pop-
ulation probabilities of the two possible spin states P, and Ps (with P, + Ps = 1)

Pa ’YhBO 19
Fﬁ—exp T (1.2)

follow the Boltzmann law

with kg being the Boltzmann constant (kg = 1.38-10723JK~'). For room tempera-
ture (300 K) and By fields of a few Tesla, a spin polarization of ~ 107° is induced for
'H nuclei that is aligned with EO. Notably, the small Boltzmann spin polarization
results in an inherently low sensitivity of magnetic resonance techniques and is the
major limitation for conducting MR experiments.

The first order expansion of the equilibrium polarization for temperatures T > 0
(high temperature approximation) together with My = N (P, — Ps)ji for N being the
total number of spins then leads to the observable macroscopic magnetic moment

of an ensemble of SpiIlS
M, = N'YQ 2B 1.3
0 4k BT 0 . ( ' )
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Based on the stationary spin ensemble, the time development of a spin system now
can be described by the Liouville equation (or density operator equation).

d )
—0 = 2 [@, H(t)} (1.4)

1.2 Bloch Equations and Relaxation

Based on equation (1.4) the time evolution of the magnetization can be calculated
to

o wixB (1.5)
dt

When the spin system encounters in a non-equilibrium state, e.g. after RF exci-
tation (see section 1.3), it will return to the equilibrium state. This process called
relaxation, however, is not included in equation (1.5). In general, relaxation of the
magnetization vector can be described by two characteristic parameters based on

the behavior of different vector components:

The magnetization component parallel to the main magnetic field By is called longi-
tudinal magnetization and the corresponding relaxation process, therefore, is called
longitudinal or spin-lattice-relaxation. It is described by the time constant 7T'1. The
projection of the magnetization vector to the plane perpendicular to the main mag-
netic field By is called transverse magnetization and the corresponding relaxation
process is called transverse or spin-spin-relaxation. It is described by the time con-
stant T'2. The total time-development of the magnetization vector is then achieved
by the combination of precession and relaxation processes, described by the Bloch

equations
d — — MO - Mz
EMZ = —y(M x By), + 1 (1.6)
d - M,
%Mw = —y(M x Bo)w ~ (1.7)

These equations have the solutions

M, = Myexp(—t/T2) cos(wpt)
M, = My exp(—t/T2) sin(wot)
M, = My [1 — exp(—t/T1)] . (1.10)
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The transverse component of the magnetization sz rotates around the axis of the
static magnetic field By with the characteristic Larmor frequency wy

wo = 2wy = By ) (1.11)

This process is called Larmor precession and can be measured as an induction signal
with an RF antenna since the transverse components M, , are physical observables.
Because of the decay of the transverse magnetization due to relaxation, however, a
FID (Free Induction Decay) signal is observed, i.e. a sinusoidal function with an
exponential damping (Fig. 1.2)%.

magnetization [1/M]

'1' 1 1 1 1 1 1 1 1 1 ]

time

Figure 1.2: Free induction decay (FID) of the transverse magnetization components
M, # 0. The sinusoidal functions are exponentially damped with time constant T2 (or
T2*). The longitudinal magnetization M, returns to its thermodynamical equilibrium value
My with the time constant T1.

If the magnetic field distribution within the sensitive region-of-interest is not ho-
mogeneous, the spin-spin-relaxation time T2 is further reduced. In case of a field
profile with a Lorentzian frequency distribution a parameter T2* can be defined by

1
e = g + 7AB (1.12)

2For presentation purposes T'1 ~ T2 was chosen in figure 1.2
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with ABj being the inhomogeneity of the By field. The total signal s(t) of a spin
density distribution p(7,v) of nuclei at positions 7 and with frequencies v is then
given by

s(t) = // p(7,v) e VT2 2T R dy : (1.13)

The signal constituents can be calculated by Fourier transform of the measured FID
signal. The spectral lines, however, are convoluted with a Lorentzian line shape

based on the factor e /72",

1.3 Radio-Frequency Excitation

The equilibrium magnetization M, is purely longitudinal, i.e. it is aligned with the
static magnetic field By. An observable transverse component J\7[xy of the magneti-
zation perpendicular to EO is only observed when the equilibrium state is distorted.
This is achieved by radio-frequency (RF) irradiation of the spin system that causes
transitions between the spin states. To incorporate this effect in the Hamiltonian,
the static main magnetic field By of the stationary Hamiltonian in equation (1.1)
has to be extended by a circularly polarized magnetic field B; (with w; = vBy)
perpendicular to éo

A

H,.(t) = —wol, —w <fmcos(wt) - fysin(wt)> : (1.14)

If the coordinate system is rotated around By with the angular frequency w (rotating
frame), an effective Hamiltonian H.;; can be defined

A A ~

RF,;p _(WO - W)Iz —wil, . (1.15)
For an irradiation frequency fulfilling the Larmor condition (w = wy), the effective
Hamiltonian reduces to —wq/l,, i.e. a magnetization vector that rotates with the
frequency w; around the x-axis. The rotation angle due to the RF irradiation is
determined by the B; RF field and the duration of the irradiation 7 according to

T

a= ’y/Bl(t)dt : (1.16)

t=0
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1.4 Chemical Shift

Based on the Larmor condition (equ. (1.11)), the resonance frequency of a nucleus is
given by its gyromagnetic ratio and the magnetic field. If the nucleus is not free but
part of a chemical compound, (in most cases) a shielding o of the external field B,
by the surrounding electrons is observed (screening) [4,5]. The Zeeman Hamiltonian
H, therefore becomes

~

H, = —vh(1 —0)Byl, with 0<o<]1. (1.17)

The related shift of a nucleus” MR frequency is called chemical shift and its mea-
surement provides a main concept of MR spectroscopy. To this end, a chemical shift
value 0 is determined which is usually in the order of ppm (parts per million)

W — Wref

S[ppm] = 10° . (1.18)

Wref
The shifted Larmor frequencies w are assigned relative to a frequency reference wy¢
that must be stable for experimental variations of relevant parameters like the pH
value? or the sample temperature. Since the electronic shielding is field dependent,
the frequency shifts are further normalized by the same reference. The chemical
shift value 0 then provides a frequency measure of the electronic shielding that is
independent of the applied external magnetic field strength.

Substances providing frequency standards like tetra-methyl silane (TMS) are added
for in vitro experiments in solutions. This is not possible in vivo in the brain and
internal standards like the 2.02 ppm methyl singlet of NAA are used (see section 3.3).

3The pH value is defined as the negative decadic logarithm of the HT ion concentration
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1.5 Dipolar Coupling

Hydrogen nuclei may directly couple one another based on their nuclear spin and
the related magnetic moment ji. The total Hamiltonian therefore has to be extended
by a term H, for the dipolar coupling of two nuclei N and M. H, is proportional
to the direct coupling D,,,, [13]

& ’YN’}/Mh (3 COS29NM B 1)

NMOTT A 8n2 3

FIDocD

(1.19)

with 6,,, being the angle between the distance vector 7,, of the nuclei and the
z-axis, i.e. the direction of the magnetic field By. Due to the cubic distance depen-
dence of the dipolar coupling, it is quite small and can be observed only for very close
nuclei. In solids with static geometrical conditions the consequences of the dipole-
dipole interaction are apparent. In solutions of low viscosity the molecular tumbling
due to the Brownian motion reduces the correlation times between nuclei and the
dipolar coupling may be averaged out. This is the regular case for in vivo MR spec-
troscopy of freely moving brain metabolites of low molecular weight [7]. The dipolar

coupling, however, leads to broadened resonances for macromolecules [16-20].
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1.6 J-Coupling

Nuclei in a molecule may not only couple in a direct way, but also indirectly via
their chemical bindings. Since the nuclei do not interact directly themselves, but
their spin states are correlated by the binding electrons, this type of interaction is

called J-coupling. For two nuclear spins N and M the Hamiltonian of the J-coupling
H , 1Is given by

~
~ —

H =J,,N-M . (1.20)

J = NM

This weak scalar coupling has to be included into the total Hamiltonian and leads to
a shift of the Zeeman niveaus based on the nuclear spin states. Corresponding shifts
are proportional to the magnetic moment of the coupled nucleus that caused the
multiplet splitting and therefore determined by the magnetic spin quantum number
and the multiplicity of the coupled nucleus. The peak intensities are given by the
probabilities of the particular spin states. J-couplings are assigned in Hertz and
values for 'H-'H couplings are in the range of 1-15 Hz, whereas values of 100-200 Hz
are observed for '"H-'3C couplings [21].

The absolute values of the chemical shift depend on the strength of the external
magnetic field, however the J-values do not. Therefore, the global appearance of the
MR spectrum becomes strongly field dependent. If the chemical shift differences of
a compound are big compared to its J-coupling constants (|Av| > J with w = 27v),
the spectrum is considered to be of first order. Magnetically equivalent nuclei, i.e.
nuclei that have the same coupling constant J with respect to another nucleus, do not
show J-coupling between themselves due to quantum-mechanical selection rules (e.g.
CHj of NAA at 2.02 ppm). If more than 2 first order nuclei are coupled, the complete
spectrum can be deduced by a stepwise consideration of the particular couplings.
Second order spectra for which the J-values and the chemical shift differences are
in the same range, however, can only be derived from the full quantum-mechanical
description [22].
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1.7 Magnetic Field Gradients

Magnetic field gradients are used to achieve a spatial dependence of the Larmor
resonance condition (equ. (1.11)) and are the basis for all types of localization and
imaging techniques in MR experiments

G_aBz G_aBZ G_aBZ 191
w_%7 y_a_yv Z_E . ( )

The gradient fields are superimposed to the MR scanners’ static By field
B(z,y,2) = By + G, + yGy + 2G., (1.22)
and make the Larmor resonance frequency with w(x,y,z) = vB(z,y,2) become

dependent on position. In general, the gradient fields are at least one order of
magnitude smaller than the By field.

B.(x)

(0, £A0/2)ly

1 (0, TA0/2)Hy

N

field
gradient

I
I

I

I
B
%)
I

I

I

I

I

] A4 >
X, EAX/2 X, 2 AX/2 X

Figure 1.3: Magnetic field gradients and chemical shift displacement. When a field
gradient G, = 0B,/0z is superimposed to the main By field, the Larmor frequency w
becomes dependent on position. For a RF pulse with a center frequency wo and a bandwidth
Aw the Larmor condition is fulfilled only in a particular spatial region xo+ Ax/2 and only
those spins are affected by the RF pulse (bright gray). A different chemical shift wy then
leads to a different spatial encoding (dark gray), i.e. the chemical shift displacement (CSD).
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1.8 k-Space

For a point-like sample the magnetization performs a precession at a constant an-
gular frequency. If relaxation effects are neglected the measured signal s(¢) in the
rotating frame (see section 1.3) therefore is given by

s(t) = s ™! : (1.23)

If a magnetic field gradient é(t) is applied, the Larmor frequency becomes time
dependent and the angular frequency is no longer constant

-

- iy [ G(t)Fdt
w(t) =~vG(t)T, s(t) =spe 0 . (1.24)
Using the definition
t
k= l/é(t’)dt’ (1.25)
2m

and based on the superposition principle the total signal from a spin density distri-
bution p(7) can then be calculated by spatial integration of all signal contributions

o i té(t)?dt o
s(k) = / e 4O g = / p(7) 2R g (1.26)

The signal representation in k-space and the spin density distribution in image space
build a Fourier pair and, therefore, can be directly transformed one to the other and
vice versa

p(7) = / s(k)e 2 FrgE (1.27)

In MR imaging experiments, the k-space vector k which corresponds to a particular
spatial frequency component, is encoded by a combination of appropriate magnetic
field gradients before the magnetization signal is measured. Since experimentally
no continuous k-space coverage can be achieved a reasonable sampling grid is to be
measured. The discrete Fourier pair corresponding to equations (1.26) and (1.27) in
two dimensions is then given by [23]
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Sampling information from a grid of k-space points provides the data matrix neces-
sary to reconstruct morphological /anatomical images with

1
Ak = —— . 1.
"= rov (1.30)

The spacing of the sampling points in k-space Ak is determined by the targeted
FOV. If signal contributions from outside the FOV exist, they are folded back into
the FOV and lead to an artifactual localization (aliasing). The (nominal) spatial
resolution Az in image space is then determined by the FOV size and the dimension
of the k-space sampling matrix N

A —FOV 1.31

The k-space concept was mainly introduced to provide a better understanding of
MR sequences [24,25] and proved its usefulness particularly for the development of
fast imaging techniques [26].

1.9 Chemical Shift Displacement

As described in the sections 1.4 and 1.6 the dependence of the Larmor frequency on
chemical shift and J-coupling is the basis of MR spectroscopy and is used to identify
metabolites based on their spectral pattern. Magnetic field gradients, however,
use the same frequency dependence to encode spatial position. This ambiguity is
the origin of an artifact called chemical shift displacement (CSD), i.e. a differing
spatial encoding based on the particular metabolic chemical shifts* (Fig. 1.3). For

4The term chemical shift is often used to summarize both the actual chemical shift as well as
J-coupling effects
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single voxel spectroscopy the artifact leads to shifts of the voxel position, in MR
imaging the consequence is an CSD artifact along the frequency encoding direction.
A strategy to minimize the CSD is to increase the strength of the encoding magnetic
field gradients. Thereby, the frequency bandwidth per spatial length is increased
and the chemical shift differences become less relevant.

1.10 Field Homogeneity

All MR methods are based on the same Larmor condition (equ. (1.11)) which relates
the resonance frequency to the static By field of the MR scanner. If the magnetic
field within the region-of-interest is varying, i.e. it is inhomogeneous, the conse-
quence are position dependent shifts of the Larmor frequency®. A non-homogeneous
distribution of the magnetic field within the sensitive probe volume therefore leads
to a broadening of spectral peaks and a reduction of the signal-to-noise ratio (SNR).
Furthermore, the distribution of the magnetic field has a direct impact on the line
shape of spectral peaks, which may lead to quantification errors, if inappropriate
model functions are used [27-29].

1.10.1 Magnetic Susceptibility

If a material is exposed to a magnetic field H , the magnetic moments of the material
interact with the external field and an overall magnetic induction B is observed®

B=pu(H+M) . (1.32)

po = 4m - 107" VsA tm~! is the vacuum permeability and M = nm/V is the mag-
netization of the object, i.e. the induced magnetic moment m per volume V. The
magnetization M describes the degree to which a sample is magnetized in an external
magnetic field and is commonly expressed by the volumetric magnetic susceptibility

Xm
M=y.H . (1.33)

The magnetic susceptibility x,, is a dimensionless factor and substances with a
magnetic susceptibility x,, < 0 are classified as diamagnetic. Materials with x,, > 0
are called paramagnetic while ferromagnetic substances have x,,, > 1.

>The magnetic field variations AB within the ROI are assumed to be small compared to the
scanner By field, i.e. the spectral pattern remains unchanged
SHere an explicit distinction is made between the magnetic field H and the magnetic induction B
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When ferromagnetic objects are magnetized by an external magnetic field, the mag-
netization curve is a non-linear function of the magnetization field strength and
hysteresis is observed [30]. In the literature, often the polarization J = poM is used
instead of the magnetic susceptibility x,,.

1.10.2 Biological Samples in a Magnetic Field

MR scanners are designed to provide static homogeneous fields in nearly spherical
target volumes around the iso-center. This center region of the magnet is used for
MR experiments and must have the appropriate size for the sample to be measured.
This is achieved by appropriate design of the superconducting By coil and addi-
tional field profiling with tons of iron. Residual inhomogeneities are minimized by a
one-time passive shimming during scanner installation [31-33]. Due to the thereby
achieved good field homogeneity of a modern MR scanner, experimental field distor-
tions are clearly dominated by those induced by the magnetically susceptible probe
placed inside the scanner. At the boundary of two media having different magnetic
susceptibilities, the component of the magnetic induction B perpendicular to the
interface must be continuous since no sources exist (ﬁg = 0). Brain tissue, bone,
cerebro-spinal fluid (CSF), i.e. mainly water, and skin are diamagnetic [34-36]. But
the magnetic susceptibility of air is ~ 1, so that strong field distortions are observed
around transitions from tissue and bone to air like at the inferior prefrontal cortex,
the inferior temporal lobe or adjacent to the skull surface [37-39].

1.10.3 Mapping and Analysis of Magnetic Fields

Magnetic field distributions in the brain can be directly measured with MR methods
based on the considerable water content in brain tissue. According to the Larmor
equation (equ. (1.11)) the magnetization accumulates a phase ¢ between spin ex-
citation and the formation of a gradient echo, i.e. during the echo time TE. A
difference in echo time ATFE of two similar scans thereby leads to a difference in
the magnetization phase A¢ and relative field distributions can be calculated. The
magnetic field strength and the frequency v provide the identical information based
on the Larmor equation
1 A¢
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1.10.4 Spherical Harmonics Decomposition

The Laplace equation AV = 0, with ¥ being the magnetic scalar potential, holds
in a volume that is free of sources of magnetic flux [40,41]. Every solution of the
Laplace equation can be represented in the infinite basis of the spherical harmonic
functions [41]:

U(r,0,0) =Y Y (A7 cos(me) + By sin(me)) r" P (u) (1.35)

m=0n=m

with u = cosf) and P)" being the associated Legendre functions. The parameters 7,
0 and ¢ assign the position in polar coordinates. In this expression, the field term
r™P™(u) contains the spatial dependence of the spherical harmonic functions [42].

The z-axis of modern MR scanners, by convention, is chosen to be aligned with
the By field. From equation (1.35) the z-component of the magnetic field can be
calculated by differentiation of the magnetic scalar potential ¥ with respect to z
40,41]

o S
B, = 5 Z Z (A™ cos(m) + BT sin(ma)) "~ (n+m) P (u). (1.36)

m=0 n=m+1

In table 1.1 the first-to-fourth order spherical harmonic terms ¥ (r, ) = r™ P (cost)
are summarized (n =1,...,4; m = —n,...,+n) in cartesian coordinates. Further-
more, the first and second order spherical harmonics are visualized in figure 1.4 for
a unity sphere (r = 1).

Since every static magnetic field can be decomposed into spherical harmonic func-
tions (or Legendre polynomials), the deviations of a magnetic field distribution from
homogeneity can be also expressed in that basis [43]. If modular and calibrated
magnetic fields corresponding to the spherical harmonic functions are available, in-
homogeneities of an arbitrary field distribution can be minimized (see section 2.7).
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Table 1.1: First-to-fourth order spherical harmonic functions. For n=1,...,4 and
m=—n,...,+n the term Y] (r,0) = r™ P/*(cosO) is expressed in cartesian coordinates.
The abbreviated names are assigned according to the dominating field term.

abbreviation | order (n) | degree (m) function
X 1 1 x
Z 1 0 z
Y 1 -1 Yy
X2-Y?2 2 2 3 (2% — y?)
ZX 2 dzw
72 2 0 22 —1/2(2* +y*)/2
Y 2 -1 32y
XY 2 -2 6zy
X3 3 3 152 (22 — 3¢?)
Z(X2-Y2) 3 15z (2% — y?)
72X 3 3/2x[42% — (2% + y?)]
73 3 0 z[2? = 3/2 (2% + y?)]
72Y 3 -1 3/2y 422 — (22 + y?)]
XYZ 3 -2 Vzyz
Y3 3 -3 —15y (y* — 32?)
X4+Y4 4 4 105 (z* — 6 22y* + y*)
X3Z 4 3 105 z (% — 3y?)
72(X2-Y?2) 4 2 15/2 (2% — y?) [(6 2% — (2 + y?)]
X73 4 1 5/2x 2[4 2% — 3 (2 + 4?)]
74 4 0 2 =322 (2 +y?) +3/8 (2 + y?)?
YZ3 4 -1 5/2yz 4 2% — 3 (2% + y?)]
XYZ2 4 -2 15/2zy[(6 2% — (2% + y?)]
Y3Z 4 -3 105y 2 (3% — y?)
X3Y 4 -4 420y (% — y?)




1.10. FIELD HOMOGENEITY 27

X (n=1,m=1) Z (n=1,m=0) Y (n=1,m-1)

Figure 1.4: First and second order spherical harmonic functions. The functions have
been normalized for the unity cube volume to the [-1, 1] range and are visualized for a
unity sphere.



Chapter 2

Techniques for 'H MR Spectroscopy

2.1 Single Voxel Spectroscopy

During the last 20 years a variety of different pulse sequences have been proposed
for in vivo single voxel spectroscopy [44]. They mainly differ by the way the exci-
tation pulses are used (slice selective versus non-slice selective) and by the number
of acquisitions required to generate a volume localized spectrum. Recently, the
so-called single-shot techniques PRESS (Point RESolved Spectroscopy, [45]) and
STEAM (STimulated Echo Aquisition Mode, [46]) prevailed since only one acquisi-
tion is needed for the volume localization. The susceptibility to artifacts, therefore,
is inherently lower compared to multi-shot techniques where several acquisitions are
necessary.

In general, three subsequent 90 degree RF pulses are known to generate three FIDs,
four normal spin-echoes and one stimulated echo [47]. Their timing depends on the
RF pulse timing and the relative amplitudes are determined by the nutation angles.
Magnetic field inhomogeneities, however, may produce additional multiple echoes.
For localized spectroscopy with STEAM, slice-selection gradients are added during
the irradiation of the RF pulses to select a particular voxel volume that corresponds
to the intersection of the three slices [46](Fig. 2.1). Since only the stimulated echo
is to be acquired, several so-called crusher gradients are used to dephase the other
signals. Magnetization outside the selected STEAM voxel is not exposed to all three
RF pulses and is therefore not refocused or not even excited. Phase cycling schemes
are also possible to eliminate unwanted echoes, but they are less preferable, since
the single-shot character of the method would be lost.
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Figure 2.1: STEAM localization. The spatially selective excitation of a cube volume with
STEAM for in vivo MR spectroscopy is achieved by 3 slice-selective 90 degree RF pulses.
Only the spins within the intersection of the 3 slices experience all pulses and contribute
to the stimulated echo.

Most of the brain metabolites are J-coupled, so that J-coupling, chemical shift and
spin displacement lead to a considerable time evolution of the magnetization in a
STEAM sequence [48,49]. During the mixing time TM between the pulses #2 and
#3 the magnetization has no transverse component and no spin-spin-relaxation is
apparent. Consequently, this period doesn’t contribute to the echo time TE and
very short echo times can be realized [8], which is one of the main advantages over
the PRESS technique. The theoretically achievable signal for STEAM, however,
is only one half of the spin-echo method PRESS (and can be further reduced in
real applications [44]). In recent years, shorter echo times were also achieved with
PRESS under certain conditions [50] and since sensitivity is inherently critical in
in vivo MR spectroscopy, the selection of the most appropriate technique depends on
the particular experimental design. In this thesis, STEAM was considered the most
reasonable sequence due to the realizable short echo times and due to an increased
insensitivity to imperfections of the exact RF pulse angles compared to PRESS.
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2.2 Conventional Chemical Shift Imaging

If MR spectroscopy is extended by a spatial encoding scheme, the signal from a spin
density distribution p(7, ) of equation (1.13) accumulates an additional phase and
becomes

s(t, k) = // p(F,v) e /T 2mivt e grdy (2.1)

The Fourier transform of all spatial and the spectral dimension then provides a
spatially resolved array of MR spectra rather than a single voxel spectrum only
[51,52]. This chemical shift imaging (CSI) technique (which is also called MR
spectroscopic imaging, MRSI) is widely used to measure spatially resolved metabolic
maps of the brain. The acquisition time that is necessary to achieve a given SNR is
determined by the experimental setup (e.g. magnetic field strength, RF coils) as well
as methodological parameters like the field-of-view (FOV) or the required spatial
resolution. SNR is proportional to the CSI voxel volume and (for homogeneous
k-space coverage) increases with the square root of the acquisition time [53].

The substitution of one phase encoding direction with an echo planar imaging (EPT)
readout can reduce the minimal acquisition time considerably [54,55]. In addition,
other fast CSI techniques with different types of gradient wave forms [56,57] or a
SPIRAL readout [58] are used to minimize the minimal acquisition time for CSI.
The conventional phase encoding and the fast CSI techniques, however, share the
same dependence on the acquired SNR per time [44,56]. In other words, there is
no net gain in data acquisition speed with the fast techniques and more averaging
is required for the fast techniques to achieve the sensitivity of conventional CSI.
But higher demands on the gradient performance for the fast techniques and an
increased susceptibility to artifacts make these techniques less preferable than the
conventional phase encoding for the purpose of acquiring a maximum number of 'H
brain metabolites at maximum spectral quality.
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2.3 Acquisition Weighted Chemical Shift Imaging

A reduction of spatial contaminations resulting in an improved spatial response
function (SRF) can be achieved by applying a spatial low-pass filter to the k-space
data. This can be done either as post-processing or by a corresponding k-space
sampling scheme during the experiment [52,54,59,60]. The sensitivity of latter
approach called acquisition weighted CSI is always higher than after post-processing
filtering and makes it the preferable method [61].

Different approaches exist in order to quantify the reduction of spatial resolution
for the use of spatial filters either in k-space or in image space (e.g. [15]). Here,
a definition for the spatial resolution based on the SRF is used [62,63]. The SRF
describes the signal contributions of the entire FOV to the center voxel position.
For a 1D imaging experiment the SRF is given by

SRF(x) =

N s T
L vy

The spatial resolution of the imaging system then can be defined as the minimum

distance of two point-like signal sources that still can be separated. Applying the
Raighley criterion [64] the width of the central peak of the SRF at 64% of the max-
imum amplitude is then considered the spatial resolution of the imaging modality.
This approach reproduces the definition of the nominal spatial resolution of equa-
tion (1.31), since without filtering the width of the SRF at the 64% level corresponds
to the voxel size [62](see chapter 8).

2.4 Water Suppression

Quantitatively, the biggest part of the human as well as the monkey body consists of
water. The water content of all types of tissue is at least 2/3 with the exception of
fatty tissue and bones. The exact values are in the range of 40 Mols, but depend on
anatomy, sex, age and health status. In the healthy human brain, water concentra-
tions of 83% and 70% were reported for the gray and white matter, respectively [65].
Concentrations of the detectable brain metabolites are, in contrast, 103-10* times
smaller [10] and therefore much harder to detect. For a limited dynamic range of
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the RF receive channel, the amplitude resolution of the acquired metabolite signals
is hampered, when the dynamic range is adjusted to the much stronger water signal.
Increased dynamic ranges of state-of-the-art receivers can partially overcome that
problem, but baseline distortions are still problematic [66]. Recently, the removal of
the water signal by a subtraction scheme of two spectra was presented. In the first
acquisition a frequency selective inversion of the metabolite magnetization is applied
and hence the metabolites signals are not affected by the subtraction [67,68]. The
direct experimental suppression of the water signal, however, remains the prefer-
able solution to the problem. Most of the water suppression techniques are based
on the differing chemical shifts of water and the brain metabolites. If the water is
excited exclusively by a frequency selective RF pulse, the water magnetization can
be dephased (spoiled) without affecting the magnetization of the brain metabolites.
This method called CHESS (CHEmical Shift Selective, [69]) can be repeated sev-
eral times to improve the suppression factor. Since there is no interaction with the
metabolite spins in CHESS, water suppression modules can be performed prior to
every MR spectroscopy sequence and for STEAM even in the mixing time interval.
The creation of unwanted echoes can be avoided by using irregular timing of the
suppression modules [70]. Combinations of CHESS with PRESS were published
as DRYPRESS [48, 70] those with STEAM as DRYSTEAM [70] and VAPOR [8].
The use of frequency selective pulses for water suppression, however, is inherently
restricted to those metabolites that have chemical shifts considerably different from
the water protons. The use of numerically optimized RF pulse powers and inter-
delays in a series of 7 or 8 suppression modules with VAPOR (VAriable Pulse Power
and Optimized Relaxation delays), furthermore, has been shown to provide a certain
insensitivity of the water suppression from the RF power B; and the spin-lattice-
relaxation time T1. Since this is a major issue for in vivo MR spectroscopy, VAPOR
has been considered the method of choice here.

2.5 Outer Volume Suppression

In practice, RF pulses are time limited and an exact step-function-like frequency
profile is not feasible. The STEAM localization pulses therefore have sidebands
that lead to spin excitation from outside the required voxel volume. Besides the
falsification of quantitative results for the selected MR spectroscopy volume, for
in vivo MR spectroscopy of the brain those sidebands may cause lipid and fat con-
taminations originating from the cranial bone. Lipid and fat signals are 100-1000
times stronger than those of the detectable brain metabolites [10] and, therefore,
even low amplitude sidebands may lead to strong artifacts [18-20]. Especially, skull
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lipids cause broad resonances in the range of 0.9-1.9 ppm and may strongly ham-
per the spectrum quantification [10]. T2 times of brain metabolites are in the
range of 100-500 ms [71] and are longer than those of water (~ 80 ms, [72]) or
fat (1-20 ms, [73]). Consequently, good water and fat suppression are particularly
important for MR spectroscopy methods that use short echo time of 10 ms or below.
If the magnetization from outside the selected volume, however, is actively spoiled
before the STEAM excitation, the risk of artifactual signal contributions is mini-
mized. Several techniques have been proposed for this complementary approach of
volume selection, called outer volume suppression (OVS), which manly differ in the
RF pulse profiles, the timing and the repetition modes (LOCUS [69], BISTRO [74]).

2.6 Spectrum Quantification

The main goal of MR spectroscopy is the detection and quantification of chemical
compounds. In vivo MR spectra of the brain, however, consist of a superposition
of a variety of more or less complex metabolite spectra [7,21]. Furthermore, the
appearance of the spectrum depends on experimental parameters like the B field
strength or the sequence timing. Therefore, a simple integration of peaks is not pos-
sible and statistical methods are required to disentangle the spectral information.
Different ways have been proposed to assess spectral composites of in vivo 'H MR
spectra of brain metabolites and to achieve a reliable quantification either in time
domain [27] or, equivalently, in frequency domain [28].

Here, the frequency domain method LCModel was used which determines the best
possible fit of the measured spectrum with a Linear Combination of Model spec-
tra [75,76]. Metabolite concentrations and errors are calculated by a non-linear
least square analysis. Differences of the in vivo vs. in vitro spectra in phase, line
shape or baseline are taken into account by a constrained regularization method.
The error of the spectral deconvolution and the quantification of substances are
given as Cramer-Rao lower bounds (CRLB) which are the lowest possible standard
deviations of all unbiased model parameter estimates [77]. Prior knowledge in terms
of a set of basis spectra from the potentially detectable metabolites is used with this
approach and has to be provided to run the analysis.

The particular metabolite spectra are commonly achieved by measuring them in
solutions under identical experimental conditions. The effects of potential sequence
imperfections (e.g. gradients or timing) as well as other experimental problems of
the particular MR setup (e.g. eddy currents) are then already in the solution spec-
tra and are, therefore, considered properly in the latter LCModel analysis. The
draw back, however, is the high experimental effort that is needed to prepare the
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solutions and to run the experiments. Furthermore any type of modification or read-
justment of the MR spectroscopy setup, consisting of hardware or methods requires
a new preparation of the short lasting metabolite solutions and the repetition of
their measurements. Even if there is no principle limitation for the time frame of
in vitro experiments, long experiment durations are required to achieve reasonable
SNR.

An alternative to the experimental measurement of the brain metabolite spectra is
their simulation based on the spectroscopic characteristics of the metabolites, i.e.
the chemical shifts, the J-couplings and the number and type of nuclei. This ap-
proach is far more flexible and requires only minimal effort, once the computational
infrastructure has been provided. In addition, SNR is no issue for simulated spectra
and the risk of systematic errors in the analysis of brain spectra, e.g. due to im-
perfections of the metabolite concentrations in the model solutions, is eliminated.
The drawback of the simulation approach is that hardware or experiment specific
artifacts are not considered.

The amplitudes of the metabolite signals from in vivo MR spectra from the brain
depend (besides the spin magnetization of the metabolites) on many experimen-
tal parameters like RF coil performance, the voxel geometry, the By field strength,
the receive channel characteristics and the MR sequence including the adjustment
quality. In practice, an absolute quantification of the metabolite signals and concen-
trations is difficult and, therefore, quantitative standards are used like a water probe
that is placed during the experiment beside the head to be targeted [78]. However,
these external standards are prone to systematic errors, e.g. due to differing B,
conditions in the standard and the brain. Well-known internal standards like the
tissue water [79] or particular brain metabolites from the same MR spectroscopy
voxel do not have that problem and are better suited as quantitative references.
Mostly, NAA or total creatine (Cr + PCr) are used as internal standard, since
these metabolites are easy to detect and to quantify due to their prominent singlet
resonances at 2.02 ppm and 3.03 ppm, respectively.
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2.7 Field Homogenization

2.7.1 Field Homogenization: 'Shimming’

The term shimming describes the homogenization of the magnetic field inside the
volume-of-interest (VOI) for MR examinations [80]. This can be achieved by placing
an ensemble of ferromagnetic objects with proper size and position into the mag-
netic field (passive shimming) [40]. Passive shimming is not only used to improve
the field homogeneity of the MR scanner, but also to compensate for field distortions
induced by the subject [41,81,82]. However, a flexible shim method is required to
account for varying conditions and passive shimming alone is not well suited to this
task, because the physical mounting of many metal pieces is time consuming and
inflexible. In practice, the utilization of passive shimming has been mostly limited to
special applications like the use of intra-oral passive shimming of the frontal cortex
in humans by diamagnetic mouth inserts [38,83,84] or shimming the mouse brain
by an optimized combination of paramagnetic and diamagnetic passive shims [85].
As stated in section 1.10, magnetic field inhomogeneities can be expressed by spher-
ical harmonic functions. Active shimming capitalizes on this principle by using a
set of appropriate electrical coils, each generating a magnetic field component that
corresponds to one specific spherical harmonic. By superimposing a shim field of
the same magnitude but opposite sign to the distortion, the field inhomogeneity is
minimized [40, 80,86-89]. Analytical and iterative approaches have been proposed
to optimize the active shimming procedure for accuracy and speed [90-92]. For
in vivo conditions, it was demonstrated that the inclusion of second- and possibly
third-order shim-terms can considerably improve the field homogeneity and thus the
data quality for in vivo MR spectroscopy [91,93,94].

2.7.2 Mapping and Analysis of Magnetic Fields

Shimming techniques require the exact knowledge of the field distortion that is to
be removed!. MR imaging techniques can measure magnetic fields based on equa-
tion (1.34) either as the full 3D field distribution [95] or as representative subvolumes.
These subvolumes can be like the surface of a sphere (homogeneity sphere) [96] or
diagonal sticks that cross the region to be analyzed [91]. The advantage of the lat-

!The passive shimming with diamagnetic mouth inserts is an exception for which the field
distortion needs not to be known. The origin of the field distortion is minimized with this technique
rather than to compensate the generated inhomogeneities.
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ter sparse sampling methods is that the experimental (and computational) time to
measure and analyze the field distribution is strongly reduced. If there are strong
fluctuations of the magnetic field within the region-of-interest, these techniques,
however, bear the risk of missing relevant information.

In this thesis, magnetic fields were measured in two different ways:

For full 3D field mapping, two FLASH (Fast Low Angle SHot) images were acquired
at different echo time and the magnetic field distribution was calculated from the
corresponding phase images. Based on equation (1.34) the difference in echo time
ATE for two similar scans was used to accumulate a difference in the magnetization
phase A¢ and to calculate the (relative) field distribution in Hertz. If necessary, 3D
phase unwrapping [97] was applied before the field decomposition into the spherical
harmonic functions with the algorithm presented in [98].

A second way of measuring magnetic field distributions was achieved with the map-
ping and analysis tool FASTMAP [91,99]. A sparse sampling algorithm measures
the field distribution along diagonal projections through the cube volume to be an-
alyzed. Then, the 3D field distribution is calculated and decomposed into spherical
harmonics, before the appropriate shim currents are adjusted to remove the field
distortion by active shimming. Here, the FASTMAP sparse sampling was used for
a fast determination of 3D field distributions only.



Chapter 3

MR Spectroscopy of the Brain

In this chapter the significance of the visual system in neuroscientific research is
summarized. Previous MR spectroscopy studies of function in the visual cortex and
other brain areas are reviewed and a detailed neuroscientific motivation for the use
of high resolution 'H MR spectroscopy to explore the living brain is given.

The 20 most prominent brain metabolites from 'H MR spectra of the healthy brain
are characterized with respect to their chemical structure, their biochemical signi-
ficance and their spectroscopic properties. This is followed by an analysis of the
problems of the spectral separation of some relevant brain metabolites: glutamate
versus glutamine and creatine versus phosphocreatine.

3.1 MR Spectroscopy in Neuroscience

Understanding what the brain does is one of the most exciting topics in the natural
sciences and of high relevance for the diagnosis and treatment of psychiatric and
neurologic diseases. The brain is a highly heterogenous and complex system that
can perform different tasks such as the evaluation of sensory input, the maintenance
of vegetative processes or the body’s motor control. Much of what is known about
the brain today, was only possible due to the invention of new physical techniques
like microscopy, electrosphysiology/EEG (electro-encephalography), PET (positron
emission tomography) and MR. Nowadays it is known for many brain functions
where they are located in the brain. Although localization is a basic requirement
and is useful for medical diagnosing and surgical planning, for a true understanding,
the knowledge of the underlying mechanisms is needed. For example, MR imaging
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can only yield the locus of a certain function, but not what processes are taking
place. Communication among nerve cells is based on electrical and chemical signals.
More specifically, transmitting information from one neuron to the next involves
the release of chemical compounds, so called neurotransmitters. Furthermore, the
concomitant energy requirement is reflected by the concentrations of related metabo-
lites. A number of neurological dysfunctions are related to neurotransmission (e.g.,
Parkinson, Huntington) and metabolism (creatine deficiency). MR spectroscopy
can provide neurochemical information from localized portions of the living brain
and enables the non-invasive quantification of a variety of neurotransmitters and
substances of the brain’s energy metabolism [100, 101].

All experiments described in this thesis focus on MR spectroscopy in the visual
cortex taking advantage of the elaborate knowledge that exists about this part of
the brain. Moreover, our perception of the world is dominated by vision. Among
all sensory modalities most of the cortical surface is devoted to vision.

3.2 The Visual Cortex: Function and Significance

The duty of the visual system is to provide coherent 3D percepts from 2D retinal pat-
terns of stimulation. The visual cortex is located in the occipital lobe at the back of
the brain. Based on criteria with respect to differences in cytoarchitecture, connec-
tivity, topography, and functional characteristics about 40 areas have been defined
in macaque visual cortex [102]. Information transmitted by the retinal ganglion cells
is relayed in the thalamus to the primary visual cortex (V1) and subsequently pro-
jected to higher visual areas [103-105]. Earlier areas are retinotopically organized
whereas higher visual areas are more dedicated to certain perceptual processes like
objection recognition, color and motion processing. Hierarchical feedforward pro-
cessing in visual cortex is probably oversimplified, e.g. there exist numerous parallel
and feedback pathways.

The functional units of visual areas are subcolumnar functional aggregates, termed
canonical microcircuits, whose operation shapes the local, modular properties of the
area. A pronounced characteristic of these microcircuits is their weak feedforward
input (e.g. thalamic input), strong excitation-recurrence and electrically inseparable
excitation-inhibition events [106-108]. To understand how different functional prop-
erties, such as orientation, direction or color selectivity arise in these areas and how
they are modified by learning or after nervous system injury an integrative approach
is required that investigates both the electrical and the neurochemical processes.



3.3. COMPOUNDS IN 'H MR SPECTROSCOPY OF THE BRAIN 39

3.3 Compounds in 'H MR Spectroscopy of the Brain

Based on 'H MR spectroscopy measurements, changes of metabolite concentrations
related to different type of sensory stimulation were reported for several substances
including lactate [109-116], glucose [109,115,116], glutamate [115-117] and the con-
version of phosphocreatine to creatine [118]. Such studies unambiguously provide
important information on the brains neurochemistry and metabolism. Based on the
limited spatial resolution they fail, however, to address questions regarding the orga-
nization of cortical microcircuitry, the principles of regional information processing,
and the role of sensory versus modulatory inputs [119]. Animal-preparations are ap-
propriate for such investigations as they can combine MR spectroscopy studies with
other, invasive, neuroscientific techniques, that can examine electrical and chemical
processes. The non-human primate model is ideally suited for the latter approach,
as the sensory systems of the monkey are comparable in their organization to those
of humans. In addition, the monkey sensory areas, here for instance the monkey
visual system, offer considerable practical advantages for achieving the best possible
resolution in MR spectroscopy experiments.

In general, a variety of metabolites contain nuclei that are detectable using MR
techniques. If these substances are of biochemical relevance, new insights into the
brain’s physiology can be gained. MR spectroscopy of substances containing 3'P
enables the measurement of the energy metabolism in the brain, *C labeling exper-
iments provide tracking of metabolic pathways. ?*Na and °F are less often used.
The most relevant nucleus for in vivo MR spectroscopy of the brain, however, is
the 'H nucleus. This is because the gyromagnetic ratio is highest for all stable iso-
topes and therefore its sensitivity in MR experiments is higher than for all other
nuclei. Since all organic compounds consist of hydrogen and the natural abundance
of the 'H nucleus is almost 100% compared to other hydrogen isotopes, many brain
metabolites are detectable in vivo with 'H MR spectroscopy [7].

In the following, the most prominent 'H metabolites in the in vivo brain are briefly
summarized in alphabetic order of the main constituents. They are characterized
with focus on their relevance for the brain’s neurochemistry and with respect to
their experimental accessibility with 'H MR spectroscopy. The chemical structures
were taken from literature [21] and the details are reviewed in Appendix A. The
exchangeable protons are indicated by asterisks and the assignments of the molecular
groups follow the [UPAC nomenclature. For all metabolites the MR, spectrum was
calculated at 7 Tesla field and for a STEAM sequence with TE 10 ms and TM 10 ms
based on the chemical shifts, J-couplings and number of nuclei as reported in [21]
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(see section 5.7). An exponential line broadening of 5 Hz was applied and the
spectra were normalized to the strongest spectral signal amplitude of the regarded
substances. To this end, the phosphorylcholine (PCho) singlet at 3.22 ppm was used
as a quantitative reference®. In other words, the signal amplitudes of all compounds
are consistently scaled by this value and provide a direct comparison of the particular
signal strengths for identical concentration values.

3.3.1 Alanine (Ala)

Alanine is a non-essential amino acid with a chemical structure similar to lactate for
which the 3C' Hz and the 2C'H protons form a spectroscopic AX3 system? [21]. After
being metabolized to pyruvate, it can enter the tricarbolic acid (TCA) cycle [44].
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Figure 3.1: Ala structure Figure 3.2: Ala spectrum

3.3.2 Aspartate (Asp)

Aspartate is a non-essential, dicarboxylic amino acid that is formed by transamina-
tion of the TCA cycle. It serves as a precursor for the synthesis e.g. of proteins and
can promote energy production via its metabolism in the TCA cycle. The 3C H,
and the 2C'H groups form a spectroscopic ABX system [21].

'Here and in the following, the ppm values assign chemical shifts §
2Tn the chemical structures, superscript is used to enumerate the carbon atoms and the number
of atoms is given in subscript
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Figure 3.3: Asp structure Figure 3.4: Asp spectrum

3.3.3 Choline Containing Compounds (Cho, PCho, GPC)

Several choline containing compounds are uniformly distributed in the brain, i.e.
choline (Cho), phosphorylcholine (or phosphocholine, PCho) and glycerophospho-
rylcholine (GPC).
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Figure 3.5: Cho structure Figure 3.6: Cho spectrum
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They are involved in the synthesis and degradation of phospholipids which are es-

sential for the normal cellular membrane composition [44]. Furthermore, choline

is a precursor for acetylcholine which acts as a neuromodulator in the brain. The

total choline concentration in the brain is 1-2 mM?, the contribution of choline it-

self, however, is far below 1 mM. The three methyl groups with their 9 magnetically

equivalent protons lead to strong singlet resonances around 3.2 ppm for the different

cholines. However, they can’t be resolved under in vivo conditions.

3The unit mM (millimols) is commonly used in the field of MR spectroscopy as an abbreviation
of the volume density millimols per liter
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3.3.4 Creatine (Cr) and Phosphocreatine (PCr)

Creatine (Cr) is a non-protein amino acid, that is synthesized in kidney, liver and
pancreas. The phosphorylation of creatine to the high energy substrate phospho-
creatine (or creatine phosphate, PCr) via the enzyme creatine kinase provides an
energy reservoir for keeping adenosine triphosphate (ATP) levels constant by the
conversion of PCr back to Cr. In the brain Cr and PCr are present in neurons and
glial cells [120].
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Figure 3.13: PCr structure Figure 3.14: PCr spectrum

Furthermore, PCr is thought to be an phosphorus buffer and acting as an energy
transporter that connects the energy production within mitochondria with the sites
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of energy consumption [44]. Two prominent peaks are observed at 3.03 ppm and
3.93 ppm which can be attributed to the methyl and methylene protons of creatine
and phosphocreatine [44].

3.3.5 ~-Aminobutyric Acid (GABA)

~v-aminobutyric acid (GABA) is an ionotropic and inhibitory neurotransmitter. It is
thought to be built by decarboxylation of glutamate (and therefore effectively from
glutamine), but additional synthesis pathways are assumed [121]. GABA is found
in the brain and the spinal cord and acts on (at least) two different receptor types
[121]. GABA has three methylene groups which can be considered as a spectroscopic
Ao My X5 spin system and forms spectral multiplets centered at 1.89 ppm, 2.28 ppm
and 3.01 ppm [21].
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Figure 3.15: GABA structure Figure 3.16: GABA spectrum

3.3.6 Glucose (Glc) and Lactate (Lac)

Glucose is the main substrate for the neuronal energy metabolism. Together with
oxygen it is metabolized into water and carbon dioxide to replenish the cerebral ATP
reservoirs by (anaerobic) glycolysis and in the (aerobic) TCA cycle [122,123]. The
triggering of glycolysis by glutamate has been proposed as a potential mechanism
for the coupling of neuronal activity and energy metabolism [9]. Glucose is the
precursor of neurotransmitters like GABA and glutamate and can be incorporated
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into lipids, proteins, and glycogen [9]. For glucose two anomers exist at portions of
36% and 64% that lead to complex multiplet patterns.
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Figure 3.19: Lac structure Figure 3.20: Lac spectrum

Lactate (Lac) is the product of the anaerobic glycolysis that is observed during
physiological effort or under pathological conditions like ischemia or hypoxia [9,124].
Its role for the energy metabolism of the brain under aerobic conditions, however, is
only poorly understood and a matter of current discussion [125-127]. Concentrations
in the normally oxygenated brain are in the range of ~ 1.0 mM. The methyl and
methine groups of lactate form a spectroscopic A3 X spin system [21]. The detection
of lactate with 'H MR spectroscopy methods is difficult due to potential influences
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of the water suppression on the 4.11 ppm quartet signal and lipid signal from the
skull bone which might interfere with the doubled signal at 1.33 ppm [44].

3.3.7 Glutamate (Glu)

Glutamate (Glu) is a low molecular weight, acidic amino acid, which is the most
important excitatory neurotransmitter in the primate central nervous system [124].
The neurotransmitter is found in different types of brain cells, although the con-
centrations are highest in neurons. In addition, glutamate is part of the TCA
and the urea cycle, and not exclusively found in the brain as being related to
neuronal activity. Furthermore, it is physiologically linked to glutamine in the
glutamate-glutamine cycle [128]. A partial invisibility of glutamate in 'H MR spec-
troscopy has been reported [44]. Glutamate has two methylene and one methine
group that form an AMNPQ spin system [21]. Since the J-coupling constants of
the glutamate protons are in the order of their chemical shifts, strong second order
effects are observed and the spectral pattern becomes complex and strongly field de-
pendent [21,129,130]. Glutamate concentrations in the brain are 9-12 mM [100,101],
however, splitting into many low amplitude signals make it hard to detect.
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Figure 3.21: Glu structure Figure 3.22: Glu spectrum

3.3.8 Glutamine (GIn)

Glutamine (Gln) is an inhibitory neurotransmitter built from glutamate by glu-
tamine synthetase in the glutamate-glutamine cycle [124]. It is located in astrocytes
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and plays an important role in ammonia detoxification, the regulation of gluta-
matergic neurotransmission and as an transport form of amino nitrogen [100]. Like
glutamate, glutamine has two methylene and one methine group that lead to multi-
plet structures at 2.46 ppm and 3.75 ppm, respectively [21]. Due to the strong second
order coupling effects, the MR spectroscopy pattern critically depends on the exper-
imental parameters of magnetic field strength and MR sequence timing [130, 131].
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Figure 3.23: Gin structure Figure 3.24: Glin spectrum

3.3.9 Glutathione (GSH)

Glutathione (GSH) is a non-essential tripeptide that can be synthesized from cys-
teine, glutamate or glycine. It is primarily located in astrocytes and is the major
intracellular non-protein thiol acting as buffer in order to maintain the intracellular
redox state.
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Figure 3.26: GSH spectrum

3.3.10 Glycine (Gly)

Glycine is a glucogenic protein amino acid that is of major importance for the
synthesis of a variety of proteins, peptides, ATP, glutathione, creatine, glucose, and
others. It has inhibitory properties in the spinal cord and is also apparent in the
brain. The potential role as antioxidant is still under discussion. It contains two
methylene protons that resonate at 3.55 ppm [21].
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Figure 3.27: Gly structure Figure 3.28: Gly spectrum

3.3.11 Myo-Inositol (Ins) and Scyllo-Inositol (Scyllo)

Myo-inositol is a 6-carbon cyclic sugar alcohol with concentrations of ~ 5 mM
in the human brain. The exact function of inositol in general and its different
derivates is still poorly understood, however, inositol is considered a growth factor
for mammalian cells. It is thought to be involved in the regulation of cell volume
and might act as a storage form of glucose. The best known function of inositol
is that it provides a precursor reservoir for second/third messenger substances and
thereby links hormone-receptor binding with intracellular activity [100]. The detec-
tion and quantification of myo-inositol is hampered by the overlapping of the promi-
nent myo-inositol resonance with the methylene protons of glycine at 3.55 ppm and
the overlapping of the myo-inositol resonance at 3.27 ppm with choline and taurine.
Scyllo-inositol, the second most abundant inositol isomer, can be observed since all
protons resonate at the identical chemical shift of 3.35 ppm [44].
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Figure 3.29: Ins structure Figure 3.30: Ins spectrum
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3.3.12 N-Acetylaspartate (NAA)

N-acetylaspartate (NAA) is an amino acid that is exclusively found in the central
and peripheral nervous system. The concentrations in the brain are second highest
(after glutamate) and depend on region, age, and health status [132]. Its exact
physiological functions are still not clear [133], however, potential involvements as
a storage for aspartate, a precursor for NAAG and osmotic functionalities are dis-
cussed. Due to its exclusive appearance in neurons and axons, and its absence from
mature glia cells, NAA can be used as neuronal marker [134]. The higher neuronal
density in gray brain matter is reflected by higher amounts of NAA (~ 8-11 mM)
compared to white matter (~ 6—9 mM) [71,135]. In pathologies with concomitant
degeneration of neurons a decrease of NAA levels is observed [136,137]. In '"H MR,
spectroscopy, the methyl group of NAA gives rise to the most prominent peak in
in vivo brain spectra, located at 2.02 ppm.
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Figure 3.33: NAA structure Figure 3.34: NAA spectrum

Since the frequency standard TMS can not be used in in vivo 'H MR spectroscopy,
the singlet peak of NAA is commonly used as internal quantitative and frequency
standard [44]. The position of the methyl peak of NAA remains relatively stable un-
der physiological changes of temperature or pH. No modulations of the 2.02 ppm res-
onance are observed for varying echo times and NAA concentrations remain mainly
unaffected under acute metabolic disturbances [135]. If NAA is used as quanti-
tative standard, potentially overlapping signals of glutamate (2.04 ppm), GABA
(1.91 ppm) or other metabolites with N-acetyl groups (like NAAG) have to be con-
sidered [44].
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3.3.13 N-Acetylaspartylglutamate (NAAG)

N-Acetylaspartylglutamate (NAAG) is a dipeptide of N-substituted aspartate and

glutamate with an heterogenous distribution in the brain. Potential
excitatory neurotransmission or a storage of glutamate are discussed.
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Figure 3.36: NAAG spectrum

3.3.14 Phosphorylethanolamine (PE)

Phosphorylethanolamine (PE) is a phospholipid that is formed from ethanolamine
by phosphorylation using ATP. It is involved in the brain’s lipid metabolism and

anabolism of cell membranes.
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Figure 3.37: PFE structure Figure 3.38: PFE spectrum

3.3.15 Taurine (Tau)

Taurine is a non-protein amino acid that is synthesized in astrocytes. It has antioxi-
dative properties and is needed for the osmoregulation of cells and the modulation
of neurotransmitter activity [138]. The two adjacent methylene groups can be con-
sidered as an Ay X5 spin system [21]. The detection of taurine is demanding since
the 3.27 ppm resonance can not be distinguished from the overlapping choline and
inositol signals. In the brain taurine is found in all cell types.
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Figure 3.39: Tau structure Figure 3.40: Tau spectrum
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3.3.16 Macromolecules and Lipids

There are several lipid and fat compounds known to contribute to the 'H MR spectra
of the brain as a macromolecule (MM) baseline that is underlying the signals of other
brain metabolites. The macromolecule baseline has to be minimized by experimental
minimization of spatial contaminations and has to be specifically considered for the
quantification of the metabolic compounds. The characterization and quantification
of the baseline is a main problem of in vivo MR spectroscopy, especially at short
echo time [16-20].

3.4 Spectral Separation of 'H Brain Metabolites

The goal of in vivo 'H MR spectroscopy of the brain is the detection of metabolite
signals in order to achieve an independent quantification of the neurochemical sub-
stances. The strongest experimental limitation arises, however, by the inherently
poor sensitivity of MR methods that are based on the Boltzmann spin polarization.
According to equation (1.3), an increase of the static By field leads to increased spin
polarization and therefore an improved sensitivity. The SNR of 'H MR spectroscopy
may be increased more than linearly, if the susceptibility related line broadening at
higher field is less then linear [139]. Strong magnetic fields are also advantageous to
reduce second order coupling effects and to improve the spectral dispersion.

The studies of brain activity with MR spectroscopy methods focus on the quantifica-
tion of neurotransmitters and substances related to the brain’s energy metabolism,
since these are directly or indirectly linked to functional activity. The problem
therefore no longer is the separation of single peaks or multiplet structures from the
same compound but the distinction of different potentially overlapping compounds
as will be discussed in the next two sections.

3.4.1 Glutamate vs. Glutamine

Based on the central role of glutamate and glutamine for neurotransmission and
brain metabolism, their independent quantification is of primary interest. The spec-
tral separation of glutamate and glutamine in vivo is possible using 'H MR spec-
troscopy techniques, but the highest spectral quality is required [140]. The 2C'H
and the 3C'H, groups of glutamate and glutamine resonate at ~ 3.75 ppm and
~ 2.10 ppm, respectively, and a separation based on these structures is not possible
under in vivo conditions. The *C H,-groups, however, lead to complex multiplet
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structures at 2.35 ppm for glutamate and at 2.45 ppm for glutamine. Figure 3.41
shows simulated spectra of glutamate (dotted line) and glutamine (dashed line) at
a physiological concentration ratio of 3:1. In practice, the summation spectrum
of both metabolite signals would be measured (solid line). The simulations were
done for different magnetic field strengths of 1.5 T, 4.0 T and 7.0 T, at in vivo
achievable line widths at those fields similar to [141]. At high magnetic fields, the
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Figure 3.41: Glutamate/glutamine separation. Glutamate (dashed gray) and glutamine
(dotted black) spectra at a physiological concentration ratio of 3:1 are shown for three dif-
ferent field strengths and in vivo achievable line widths. For high field and good shim,
the metabolites can be disentangled from the summation spectrum (solid black) at the
2.45/2.85 ppm position (assigned by an arrow).

details of the multiplet structures are lost due to the concomitant broadening of the
spectral lines in vivo. The increased absolute frequency shift of the C H,-signals
relative to each other, however, enables the spectral separation of glutamate and
glutamine [141,142]. The benefit of better SNR and simplified spectra at high fields
can only be exploited if optimal shimming is achieved, as field distortions due to
susceptibility effects also increase with field strength [142].

3.4.2 Creatine vs. Phosphocreatine

Creatine and Phosphocreatine are a second set of substances of particular interest
in neurochemistry based on their central role for the brain’s energy metabolism.
The separation of these compounds with 'H MR spectroscopy is even more chal-
lenging, since both substances show strongly overlapping singlet peaks only. The
N(CHj3)-groups of creatine and phosphocreatine resonate both at 3.03 ppm and the
chemical shift difference of the 2C Hs-signals at 3.91 ppm for creatine and 3.93 ppm
for phosphocreatine is very small. For a Larmor frequency of 300 MHz at 7 Tesla,
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the absolute frequency spacing is as small as 6 Hz. Simulations of equal concen-
trations of creatine and phosphocreatine [143] at in vivo achievable line width are
shown in figure 3.42 (with a presentation similar to figure 3.41 or [141]). In this
figure, however, the frequency axis is scaled to provide the same absolute frequency
spacing per unit axis length. In other words, doubling the field strength results in
double length of the frequency axis.
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Figure 3.42: Creatine/phosphocreatine separation. An improved separation of Cr (dashed
gray) and PCr (dotted black) at higher field is only achieved under excellent shimming
conditions, when the increased absolute frequency shift is larger than the susceptibility
induced line broadening effect.
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Since the creatine and phosphocreatine protons are not J-coupled, the appearance
of the spectra remains unchanged with increasing field strength. An improved sep-
arability of peaks therefore can only be achieved, if the broadening of the peak line
widths can be kept smaller than the improved separation based on the absolute fre-
quency splitting. At 9.4 T and 11.7 T, splitting of creatine and phosphocreatine has
been achieved in the rat that led to a dip between the peaks [8,118,144]. At 7 T in
the primate this is not to be expected in the near future under in vivo conditions.
However, under optimal shimming conditions the peak separation can be improved
compared to MR spectroscopy at lower field strengths (Fig. 3.43). Statistical meth-
ods have to be used for a deconvolution of the spectral peaks and the quantification
of the metabolites (see section 2.6).
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Figure 3.43: Creatine/phosphocreatine separation of the 2CHy signals. At 7 Tesla
(800 MHz) the chemical shift difference of 0.02 ppm for the Cr (3.91 ppm) versus the
PCr (3.93 ppm) singlets corresponds to 6 Hz. Excellent shimming is required to effectively
gain from the high field strength and to achieve an improved separation of the peaks.
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Experimental Setup

4.1 7 Tesla Magnet

All measurements described in this thesis were performed with a vertical 7 T'/60 cm
Bruker Biospec system (Bruker BioSpin, Ettlingen/Germany) dedicated to MR
imaging and spectroscopy in the monkey [145,146].

W chair for the anesth. monkey preparation
NN E== gradient and shim insert

W cryotank with supercon