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Abstract
Magnetic resonance spectroscopy (MRS) allows the non-invasive measurement of
selected biological compounds in vivo. Despite MRS proven potential it is not yet a
routine clinical tool operated by clinicians. This is mainly due to the complex
procedure of MRS acquisition, lack of standardisation in both acquisition and
analysis protocols along with lack of a standard quality control. This thesis intended
to address these issues with the focus on four metabolites glutathione, glutamate,
glutamine and GABA using MEGA-PRESS pulse sequence.
Recommendations on acquisition and spectra analysis is made for the MRS protocol
MEGA-PRESS aiming to detect glutathione in vivo. This is based on an
investigation of glutathione acquisition in vivo and in vitro and was aimed to answer
the question: can glutathione be measured reliably using conventional pulse
sequence PRESS or does it require editing? The results showed strong evidence of
using editing in order to have a reliable glutathione concentration measurement.
An analysis along with a quality control method is also presented to enable the
extraction of glutamate and glutamine from a GABA-optimised MEGA-PRESS
pulse sequence. This enables simultaneous measurements of GABA, glutamate and
glutamine in a single acquisition. A criterion of NAA linewidth <8 Hz and Glx
CRLB <16% were defined as optimum features in the GABA-edited spectrum for a
reliable glutamate and glutamine quantification.
Finally, due to the increasing interest in functional MRS of GABA using MEGAPRESS an investigation on the feasibility of measuring GABA in a functional-MRS
setting was performed with recommendations on study designs and subject size.
Power calculations suggest that detecting a 40% change in GABA using a 4’30”
acquisition requires 9-93 subjects per group in a between-group study design and 1368 participants in a within-session design, depending on the region of interest.
This thesis is set out in the Journal format thesis. Three introductory chapters, with
each experimental study presented as a chapter and a final chapter that summarizes
and discusses the work. Results in this thesis provide a basis for a standard and
reliable MRS pipeline to reliably measure glutathione, glutamate, glutamine and
GABA using MEGA-PRESS pulse sequence at 3 Tesla.
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CHAPTER
ONE

Chapter 1 Introduction
1.1 Motivation
In vivo magnetic resonance spectroscopy (MRS) is the only imaging modality
that can non-invasively provide information on metabolism and metabolite
concentration. MRS has been used in research and clinical settings to gain a new
insight on brain function, disease and treatment monitoring. Two main areas that 1H
MRS can provide critical information are oncology and neurology1. As an example
1

H MRS gives novel information related to cell membrane proliferation, neuronal

damage, energy metabolism and necrotic transformation of the brain or tumour
tissues. Adding spectroscopy to the magnetic resonance imaging (MRI) protocol can
improve tissue characterization of intracranial mass lesions, leading to a more
accurate diagnosis of focal brain disease2. Despite MRS proven potential, it is not yet
a routine clinical tool operated solely by clinicians. This is mainly due to the
complex procedure of MRS and lack of standardisation and quality control.
Detection of some prominent metabolites in the brain spectrum such as Nacetylaspatate (NAA) and creatine have been more standardized and commonly used
in research and clinical platforms3,4. The detection of these metabolites is performed
using conventional MRS methods, commercially available on clinical scanners.
However, measurement of some metabolites is more complicated due to either their
low concentration and/or their overlapping resonances with other compounds5.
Glutamate derived amino acids: glutathione (GSH), -aminobutyric acid (GABA),
glutamate (Glu) and glutamine (Gln) are challenging metabolites to be measured by
MRS. Because of the key role these metabolites play in brain function and in
psychiatric disease they have been of great interest in the past few years6–8. However,
there are inconsistencies in the literature as to how these metabolites should be
measured. The first step in understanding the function of a metabolite in the healthy
and unhealthy brain is to perform reliable and robust measurement.
The overall aim of this Ph.D. project was to contribute to transferring existing
magnetic resonance spectroscopy methods focused on detecting glutamate derived
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1.2 Objectives
amino acids in the brain into a reliable clinical tool for neuroimaging
assessments. This goal was followed through:


Validation and robustness measurements for metabolite quantitation methods



Development of criteria and standards for data quality assessment in MRS

1.2 Objectives
The main focus of this Ph.D. project was to develop and improve spectroscopy
methods that provide information on glutamate related amino acids in the brain
including, GSH, GABA, Glu and Gln. The detection of these metabolites with a 3
Tesla (T) scanner using conventional spectroscopy pulse sequences such as point
resolved spectroscopy (PRESS) or stimulated echo acquisition mode (STEAM) is
challenging. The J-editing (or scalar-editing) pulse sequence Mescher-GarwoodPRESS (MEGA-PRESS) has been the most common alternative sequence to detect
these metabolites. The focus of this Ph.D. project was on the challenges surrounding
J-editing MEGA-PRESS data acquisition and data processing; aimed to detect GSH,
GABA, Glu and Gln. The detailed objectives were to:


Identify the issues in detecting GSH in the brain at 3 T using conventional
pulse sequence PRESS and suggesting a reliable alternative method using
MEGA-PRESS pulse sequence;



Investigate the possibility and reliability of detecting Glu and Gln
simultaneously from a GABA edited MEGA-PRESS spectrum;



Investigating the feasibility of functional GABA editing MEGA-PRESS in
the brain along with sample size estimation and power calculation.

1.3 Contributions
The work described in this thesis led to method developments using MEGAPRESS pulse sequence on 3 T clinical scanners to measure GSH, GABA, Glu and
Gln. The detailed contributions of this work are:


A robust method to measure GSH in the human brain: This
method is an optimized MEGA-PRESS pulse sequence to detect
GSH, along with a detailed comparison of this method with PRESS.
Phantom and in vivo data in 2 different brain regions were used to
18

1.4 Outline of the thesis
investigate this matter. Due to the inconsistencies observed in the
PRESS method, the proposed MEGA-PRESS pulse sequence is
concluded to be a robust and reliable measurement method for
detecting GSH.


A method for simultaneous measurement of Glu, Gln and GABA
from a GABA-edited MEGA-PRESS spectrum in the human
brain along with a pipeline to evaluate the reliability of the
results: This method exploits co-editing of Glu and Gln when editing
for GABA using MEGA-PRESS. Phantom and in vivo data in 5
different brain regions were used to investigate this matter. It was
found that glutamate and glutamine can be quantified reliably from
GABA optimized acquisition method (MEGA-PRESS) under certain
circumstances. Quality assessment of the spectra and the framework
proposed in this study can be used as a tool to reject or accept the Glu
and Gln quantification from a GABA optimized MEGA-PRESS
spectra.



An estimation of subject numbers required in common study
designs for functional GABA MRS in the human brain: This
method presents data on GABA measurements from a number of
different studies in the human brain (>50 volunteers) in 5 different
brain regions and calculates sample sizes needed for within-group and
between-group analyses.

1.4 Outline of the thesis
This thesis is presented in Journal format. After two background chapters,
there are three results chapters that are the core of this thesis and are based on three



At The University of Manchester, a Ph.D. thesis in Journal format allows the incorporation

of sections that are written in a format suitable for submission for publication. Materials included in a
Journal format thesis may include those which are solely and/or partly authored by the thesis author
and may be already published, accepted for publication, or submitted for publication in externally
refereed contexts such as journals and conference proceedings.
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original papers that were written as stand-alone journal articles. These are followed
by a general discussion chapter linking the outcomes of the results chapters and
concluding with ideas for future work and some final remarks. The following
provides a quick summary of all chapters:
Chapter 2 introduces technical methodologies in nuclear magnetic resonance
relevant to the work in this thesis.
Chapter 3 gives a short overview of relevant metabolites (GABA, Glu, Gln and
GSH) in the brain which were the focus of this Ph.D.
Chapter 4 evaluates the reliability and accuracy of glutathione measurements
from the conventional pulse sequence PRESS at 3 T and compares the results to
those obtained with the pulse sequence MEGA-PRESS.
Chapter 5 the reliability of the composite Glx (Glu + Gln) peak estimation and
the possibility of Glu and Gln separation in GABA edited MEGA-PRESS spectra is
described.
Chapter 6 the acquisition duration and sample sizes required in functional
spectroscopy to detect concentration changes in GABA using MEGA-PRESS at 3 T
for common study designs (a) between-groups and (b) within-session measurements
are presented.
Chapter 7 summarises the work presented in this thesis, discusses its limitations
and suggests directions for future work.
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Chapter 2 Clinical magnetic resonance spectroscopy
2.1 Overview
In this introductory chapter an overview of clinical magnetic resonance
spectroscopy is presented. First, basic physical principles of nuclear magnetic
resonance are discussed followed by the molecular characteristics that are reflected
in a magnetic resonance spectroscopy acquisition. Finally, more practical areas such
as pulse sequences used in clinical MRI scanners along with techniques necessary
for MRS signal detection are explained. De Graaf1 and Barker et al.2 have been
consulted for this part. This chapter concludes with the standard data processing
steps taken to analyse an MRS spectrum in vivo.

2.2 Physical principles of magnetic resonance
The nuclear magnetic resonance (NMR) phenomenon is a result of an atomic
property known as nuclear spin. All isotopes that have an odd number of protons
and/or neutrons have an intrinsic nuclear spin. Nuclei such as hydrogen (1H) and
carbon (13C) are the most commonly studied particles in this field. When an atom
with non-zero spin is placed in a constant magnetic field (B0), the spins tend to align
with the magnetic field. The energy (E) of the nuclear spin state while applying a
constant magnetic field (B0) to an atom can be calculated as 2.1.
•
where

2. 1

is the nuclear magnetic moment. The magnetic moment is related to

the spin angular momentum, , by a gyromagnetic ratio, , as shown in equation 2.2.
2.2
Quantum mechanics is used to describe the spin angular momentum of
elementary particles as in equation 2.3.

2

1

2.3

where is the spin quantum number, composed of discrete half integer values,
0, , 1, , … and

is Plank’s constant (6.626068 × 10-34 J s). Due to the quantized
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nature of the angular momentum, the nuclear magnetic moment will be quantized as
well. In quantum mechanics the direction of angular momentum is specified by the
quantum number m, which has been shown to have 2
,

1,

1 values, given by:

2, … ,

2.4

The component of angular momentum in the z direction can be calculated by:
2.5

2
Since the z-axis is the direction of

, by analogy with equation 2.5 equation

2.1 can be described as:

2.6
2
For example, hydrogen has a spin quantum number of
up two different energy states ( ,

, so they will take

). The energy difference is given by 2.7.
∆

2.7

2

In the absence of a magnetic field the spinning hydrogen nuclei takes random
orientations and the microscopic net magnetization is zero; however, by applying a
constant magnetic field, a bulk magnetization will appear. The cause of bulk
magnetization is the slight difference in magnetization of the two energy state
populations, which is also aligned with

. The two energy states consist of an upper

energy level and a lower level. Their ratio follows the Boltzmann distribution as
follows:
exp

∆

2.8

where KB is the Boltzmann constant (1.380650×10-23 JK-1) and T is the
absolute temperature measured in Kelvin and n is the number of nuclei (Figure 2.1).
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Figure 2-1 Energy levels for a half-spin nucleus.

In NMR, the resonance phenomenon is created when an oscillating magnetic
field is applied perpendicular to

(perpendicular to

) with a

frequency, such

that the energy is equal to the magnetic energy difference in 2.7. The energy of an
electromagnetic wave is calculated as in equation 2.9.
∆

2.9

Combining equations 2.7 and 2.9 yields the Larmor frequency equation:

2

2.10

A radio frequency (RF) pulse at the Larmor frequency, with the magnetic field
of

and with

pulse duration will cause the protons to absorb energy, and it will

cause transitions between the two energy states. This will cause the net
magnetization to have an angle with the

field, which is calculated as following:
2.11

This angle with the z axis will create magnetization in the xy plane. When the
RF pulse is turned off, the magnetization in the xy plane will rotate around
Larmor frequency

at the

until it decays to zero. The oscillating bulk nuclear magnetic

moment will generate an electromotive force that can induce a current in a tuned
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detection coil which can be detected and amplified into a meaningful signal. This
process is illustrated in Figure 2.2.

Figure 2-2 Motion of the bulk magnetization M in the rotating frame (a) no RF pulse (b)
presence of the RF which creates magnetization in the xy plane and (c) After the RF pulse ends
the bulk magnetic moment will start to precess about the z axis at frequency .

The rate of recovery of the z axis magnetization (Mz) is defined as:
1
where

0

2. 12

is magnetization at thermal equilibrium and

of this exponential function Figure 2.3.

1

is the time constant

When considering a pulse-acquired

experiment that is repeated, enough time must be given before the next acquisition to
prevent saturation of the longitudinal magnetisation. TR is the time to the repetition
of the excitation pulse.

Figure 2-3 T1 is the time constant of the exponential function describing longitudinal
magnetization.
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The magnetization in the xy plane (

decays due to the loss of phase

coherence between spins caused by magnetic field inhomogeneity as well as intrinsic
relaxation of spins. The transversal magnetization decay is described as:
2.13

where

2

is the time constant of this decaying exponential function Figure 2.4.

After an initial excitation pulse (90˚ pulse) spins begin to lose coherence due to the
fact that some spins will precess slightly faster or slower than the Larmor frequency.
By applying a second RF pulse that rotates the spins through 180˚ this dephasing of
spins turns into a process of spins becoming re-phased, in a way that after an equal
delay the phase of the spins is refocused. This leads to what is termed a spin echo.
The interval between the excitation and the refocused spin is called the echo time
(TE).

Figure 2-4 T2 is the time constant of the decaying exponential function describing transverse
magnetization.

In practical terms, the transverse magnetization decays with the constant of
∗
2

. This constant reflects the two main factors that affect transverse magnetization.
is the intrinsic relaxation time arising from the laws of thermodynamics.

is the

relaxation time due to magnetic field inhomogeneity. The relation between these
time constants can be described as:
1
∗

1

1
2. 14
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It is important to mention that

1

and

2

relaxation times vary depending on

the molecule structure and their environment. This is the basic principle that
provides contrast to show anatomical structures in magnetic resonance imaging.
The coherent magnetization in the xy plane generates a signal in the RF
receiver coil known as the free induction decay (FID). This signal is where all the
information lies. By using a Fourier transformation, the FID can be transferred into
the frequency domain as a spectrum of frequency and amplitude.
The physical mechanisms behind relaxation are numerous, complex and
beyond the scope of this thesis. However, the principals of chemical shift and scalar
coupling will be reviewed in the next section as they are fundamental to
understanding NMR spectroscopy.

2.3 Magnetic Resonance Spectroscopy
2.3.1 Chemical shift
The precise Larmor frequency of a 1H, as discussed before, depends on the
magnetic field the proton experiences. Electrons produce their own magnetic
moment µe, which is in opposition to the B0 field. In each molecule, the magnetic
field observed by protons can differ as they are shielded by a unique surrounding
covalent electron structure. Thus, the Larmor frequency of the protons within the
molecular structure will differ depending on the degree of electron shielding.
Depending on the chemical environment surrounding the nucleus, the applied
magnetic field

will be experienced by this nucleus as an actual field

, which

can be calculated by:
1
where

2.15

is the shielding constant, created by the chemical environment. Hence

the Larmor frequency equation is modified as:

2

1

2.16

This equation means that nuclei in different chemical environments resonate at
slightly different frequencies. This phenomenon is known as chemical shift. Since
this shift depends on the surrounding electronic density, it can give specific
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information of the chemical functional groups and composition of the molecule the
nuclei lies in.
As discussed, chemical shift depends on the magnetic field strength; this can
be a limitation when looking at molecules across different magnetic fields. To
overcome this issue chemical shift ( ) is usually expressed in parts per million
(ppm), it represents the difference of a measured frequency (fs) in parts per million
from the reference frequency (fref) as presented in equation 2.16:
10
The reference frequency standard for 1H and

2.17
13

C is tetramethylsilane (TMS),

which is assigned to an arbitrary chemical shift of 0. Frequency differences between
compound and standard in proton spectroscopy are also normally less than a few
hundred Hz, hence, ppm is a convenient way to express them. Setting a compound as
a reference in magnetic resonance spectroscopy depends on the available compounds
during the scan. Normally, for in vivo scans, the N-acetyl resonance of NAA, set to
2.02 ppm, is used as the chemical shift reference. The chemical shift is assigned to
2.02 ppm by reference back to the primary standard TMS by acquiring spectra in
vitro.
2.3.2 Spin-spin coupling
The number of expected peaks in a 1H MR spectrum depends on one main
factor: the different environments the hydrogens of the molecule experience
depending on their position in the structure. This is with the assumption that there is
no interaction between the nuclear spins. However, the neighbouring nuclear spins in
a chemical compound often interact with each other. This interaction causes a single
resonance to split into two or multiple peaks. When protons are close enough they
can interact either directly through space (dipolar coupling) or through electrons in
the chemical bonds (scalar coupling or J-coupling). The dipolar coupling in vivo
does not play a role in the spectrum since dipolar interactions will average out to
zero in liquid, with no effect on the nuclear energy levels. In J-coupling however,
electron interactions through chemical bounds can be observed as splitting of the
resonances.
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Quantum mechanics is the tool for understanding J-coupling to its full extent.
Each two proton interaction in a molecule, depending on their respective quantum
spin number ( ), can lead to an increase or decrease of the energy states of the
spins. The scalar coupling J is a through-bond interaction, in which the spin of one
nucleus perturbs the spins of the intervening electrons, and the energy levels of
neighbouring magnetic nuclei are in turn perturbed by the polarized electrons. This
leads to a lowering of the energy of the neighbouring nucleus when the perturbing
nucleus has one spin, and a raised energy when it has the other spin. The J coupling
(reported in Hz) is field-independent because the effect is usually transmitted
through the bonding electrons. Coupling over one (1J), two (2J) and three (3J) bonds
usually dominates the fine structure of NMR spectra, but coupling across four and
five (4J, 5J) bonds is often seen, especially through π bonds (double and triple bonds,
aromatic carbons).

As an example a simple doublet splitting is described as

following in proton A and B within a molecule. Coupling constants can be either
positive or negative, they are positive if the energy of A is lower when B has the
opposite spin as A, and negative if the energy of A is lower when B has the same
spin as A. If proton A and B have no interaction, the spin number of A will not affect
the energy level of B. If A and B have a positive J coupling, the energy level they
have will depend on the spin number of the other. When the magnetic moment of A
has the same spin as B, B will experience a higher energy level. This higher energy
level will increase the energy difference between the two spin states, increasing the
Larmor frequency (see equation 2.10). When the spin state of A is opposite the spin
state of B, B will consequentially have a lower energy state. This will decrease the
energy difference between the two spin states, decreasing the Larmor frequency.
This will cause the B resonance to split into two, resulting into a doublet. The A
proton will experience the same effect from the B proton, also splitting into two.
This has been illustrated in Figure 2.5.
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Figure 2-5 Doublet splitting (a) If proton A and B had no interaction, the spin number of A
would not affect the effective the energy level of proton B. (b) In the presence of a positive Jcoupling between A and B, when A spin number the same as B spin number, B will experience a
higher energy state. (c) When A and B have opposite spin numbers, B will have a lower energy
state. (d) This will cause the B resonance to split into two, resulting into a doublet. The A proton
will experience the same effect from the B proton, also splitting into two.

The number of splits depends on the number of chemically equivalent or
magnetically equivalent protons in a molecule. This will increase the possible
combinations of the magnetic moments and the external magnetic field. The higher
the number of combinations, the more energy levels created for the other proton,
hence the more splits in its resonance. This splitting is directly related to the
chemical structure of the molecule.
When a scalar-coupled spin system is perturbed by RF pulses, it will evolve
following the principles of relaxation described in section 2.3. However, because of
J-coupling the dephasing of spin coherences will be more complicated than
uncoupled nucleus. The temporal evolution in the case of scalar coupled spins is not
only influenced by the

inhomogeneities but also by chemical shift and J-coupling.

For example, in a simple doublet splitting, each of the resonances will have a
different Larmor frequency, leading to difference in phase shifts at the end of the
spin echo. As explained before, this arises from energy level transitions. By applying
an echo pulse (180˚) pulse, at TE/2 two effects occur. First the phase of the spins is
inverted as expected, and second the non-selectivity of the refocusing pulse means
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that it excites all frequencies in the sample, causing the coupled spins to
simultaneously be inverted. This means that the lower-frequency spins are now
attached to the spins at higher energy level and begin to resonate at the higher
frequency and vice versa. Thus the phase rotation is reversed. At the top of the spin
echo the spins are not refocused and have acquired a phase shift relative to
uncoupled spins. In strongly coupled systems this phase shift is related to the TE, the
coupling constant and the frequency shift. The dual effect of the refocusing pulse on
phase coherence in scalar coupled spin systems is the basis of detecting resonances
of molecules such as GABA. This will be discussed in section 2.5.5 and 3.2.1.

2.4 MRS data acquisition
MRS provides a non-invasive measurement of selected biological compounds.
The most interesting nuclei which have been studied in vivo are 1H, 13C,
1
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P, 23Na.

H MRS has been the most commonly applied for spectroscopy. It can provide

valuable information in the brain, regarding neurotransmitters and is sensitive to
various neurological changes. 1H MRS provides higher sensitivity in comparison to
other nuclei because of its high γ and high natural abundance. It also has relatively
preferable relaxation times. Another factor making 1H MRS feasible is the fact that
most available MRI scanners can perform MRS with none or minor hardware and
software upgrade.
2.4.1 Fourier Transform in NMR
As discussed in section 2.2, the detectable signal of the magnetization created
with the RF pulse will decay over time with a time constant

∗

. The FID can be

described as a complex signal as follows:
exp
where

∆

is the signal amplitude at

∗

0, ∆

2.18

is the difference between the

Larmor frequency and the frequency of the compound (resonance frequency offset),
is the phase at

0 in radian. In this equation, the real component corresponds to

magnetization in the x direction and the imaginary to the y direction. The FID signal
is where all the information lies. By using a Fourier transformation, the FID can be
transferred into the frequency domain and exhibited as a spectrum of frequency and
amplitude (Figure 2.6). The frequency domain FID signal is described as:
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2.19

Figure 2-6 An example of an in vivo free induction decay and the corresponding frequency
domain spectrum obtained by Fourier transformation.

The real and imaginary compartment of the Fourier transform corresponds to
magnetization along the x and y axis accordingly. This can be described as:

2.20

The

and

can be described using the real and imaginary

compartments. When the offset phase is zero

0 as in the following:
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∗

0

∗

1

∆
2.21

∗

0
and

1

∆
∗
∆

have a absorption and a dispersion mode Lorentzian line

shape. The full width half maximum of the absorption is equal to 1/

∗

. In a

spectrum acquired in vivo, the metabolite spectra linewidth depends on the

∗

assuming an homogenous magnetic field. However, magnetic field inhomogeneity
can increase the

∗

of metabolites, broadening the spectrum linewidth. Due to this,

spectra linewidth can be used as a quality control of the magnetic field
inhomogeneity. The linewidth can be decreased using homogeneity enhancing
methods (shimming methods).
2.4.2 Single voxel spectroscopy
All MRS acquisitions consist of three magnetic field gradients responsible for
spatial localization, enabling signal detection from a defined volume of interest. The
spatial position with an MRI scanner is determined with magnetic field gradients that
linearly modulate the

field. The frequencies within the spatially defined magnetic

field are then selectively excited by frequency-selective RF pulses to produce a
spatial slice. There are two classes of region of interest selection in MRS. Single
voxel (SV) selection and multi-voxel, a 2D surface, known as MR spectroscopic
imaging (MRSI) or chemical shift imaging (CSI) (Figure 2.7)
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Figure 2-7 Diagram illustrating single voxel and slice localisation by collecting signals from one
slice or the intersection of three slice-selective RF pulses applied in orthogonal direction.

Two conventional clinical 1H spectroscopy sequences are STEAM and PRESS.
Both can be combined with slice-selective gradients measuring SV and MRSI data.
In addition to these pulse sequences, LASER and semi-LASER volume selection
methods have also been adapted for spectroscopy. In this study, PRESS was the
conventional pulse sequence of choice.
PRESS
The Point Resolved Spectroscopy (PRESS) pulse sequence consists of one 90o
and two 180o RF pulses, and localizes the signal with a double spin-echo. PRESS
pulse sequences can have numerically optimized slice selective 180o pulses which
can refocus most of the available magnetization.
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Figure 2-8 PRESS pulse sequence, only showing a slice selective 90o excitation pulse and two
180o refocusing pulses for simplicity. TE is the echo time. The slice selection gradients are also
shown. The RF line shows the radiofrequency pulses and their flip angle as they occur in time.
The three gradient lines show the gradients applied along 3 orthogonal directions (x, y and z)
also as a function of time. This convention is followed throughout the thesis.

STEAM
Stimulated Echo Acquisition Mode (STEAM) is a pulse sequence with three
90o RF pulses in the presence of 3 orthogonal gradients (Figure 2.9). Using 90o pulse
sequences, STEAM has good slice selection profiles and it adapts with hardware
limitations; however, this method could perform poorly for components with short
relaxation times3,4. STEAM and PRESS are generally similar; thus they differ in a
few key aspects. The slice profile is more precise in STEAM since it’s easier to
produce good frequency selective 90o pulses rather than 180o pulses. Also, a shorter
TE can be achieved using STEAM compared to PRESS; however, PRESS has in
principle twice the signal to noise ratio (SNR) since it refocuses the full
magnetization5.
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Figure 2-9 A STEAM pulse sequence only showing three 90o slice selective pulses and slice
selection gradients for simplicity. The mixing time (TM) crusher gradient in also depicted. TE is
the echo time. The slice re-phasing gradients and other crusher gradients have been omitted.

Other pulse sequences
Simplified Localized Adiabatic SElective Refocusing (semi-LASER) pulse
sequence consists of one 90o pulse for the excitation and two pairs of refocusing
pulses in three directions for localization. This pulse sequence can overcome the
chemical shift displacement error, by using adiabatic RF pulses with bandwidths in
the order of 5 kHz6. This sequence produces a more uniform excitation profile.
However, in comparison to the other sequences this method requires higher RF
power and longer TE7. MR spectroscopy has a vast variety of pulse sequences which
try to overcome the restrictions and shortcomings of PRESS and STEAM, however
they are mostly not available on standard scanners and require modification of the
scanner software. LASER, semi-LASER and adiabatic pulses are amongst these
pulse sequences.
2.4.3 Multiple voxel techniques
By adding phase encoding along one or two axes during TE for PRESS or
STEAM pulse sequences, a magnetic resonance spectroscopic image can be
produced. These images provide spatially resolved metabolite information, and
different metabolite concentration maps can be produced from these images (Figure
2.10). In chemical shift imaging, due to the phase encoding, the acquisition
procedure is relatively time consuming, thus different methods have been developed
to speed the process. Proton echo-planar spectroscopic imaging (PEPSI) and
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sensitivity encoding (SENSE) can be mentioned as relatively fast MRSI
techniques8,9.

Figure 2-10 An MRSI image and the NAA concentration map produced by quantifying the
NAA signal in each voxel.

2.4.4 Water suppression
Water concentration is much higher than any other component in body tissue.
Since the main interest of 1H MRS is to study the non-water molecules, bearing in
mind that ~70% of the human body consists of water, its signal is approximately 104
times stronger than any other. Therefore in 1H MRS there are a series of pulse
sequences to suppress the water signal and make other metabolites visible. Most of
the water suppression techniques require optimization to perform adequately. On a
clinical scanner this is done using an automated pre scan. Existing water suppression
techniques normally are based on (1) frequency selective excitation or refocusing,
(2) utilization of differences in relaxation parameters, (3) spectral editing methods
such as polarization transfer. In a Philips 3 T clinical scanner, the common water
suppression techniques currently available and used can be mentioned as:
1) MOIST (multiple optimizations insensitive suppression train) is a method
that has been developed to improve the water suppression providing better efficiency
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or increased B1 inhomogeneity tolerance. In this method, gradients are placed after
each RF pulse along all three axes, in order to dephase the water magnetization.
Suppression is achieved by adjusting the flip angle of the fourth RF pulse, so that the
longitudinal magnetization of the water signal is minimal at the time of the RF
excitation pulse.
2) CHESS (chemical shift selective)

water suppression is a method that

suppresses the water signal using the frequency selective 90o pulses followed by
dephasing gradient to minimize the water z-magnetization prior to excitation10. This
pulse oscillates at the Larmor frequency of water. Crusher gradients are also applied
after each CHESS pulse to null the water transverse magnetization.
3) BASING is a method aimed to dephase only the water signal using spoiler
gradients11. This adds extra gradients and a frequency selective inversion pulse to the
sequence enabling the possible shortest TE in a pulse sequence to increase. This can
also be used as an additional suppression method.
2.4.5 Spectral editing
Spectral editing is normally performed to obtain signals from metabolites that
are difficult to detect in conventional spectroscopy sequences. Spectral editing
exploits J-coupling of a certain molecule with pulse sequences that are able to
selectively perturb the magnetisation of specific coupled spins. This will allow
distinguishing a specific scalar coupling of a spin system from all other uncoupled
resonances. In vivo spectroscopy spectral editing is commonly used for metabolites
that are obscured by water, lipid bands or other metabolite signals. Quantifying
GABA, Glu, lactate and GSH are mostly the aim of clinical spectral editing. The two
main forms of spectral editing used in clinical spectroscopy are multiple quantum
coherence editing and J-difference editing. In this thesis, only the latter has been
discussed since it was the method used in this Ph.D. project and is commonly used in
vivo clinical spectroscopy.
MEGA (MEscher–Garwood) frequency selective method was originally
introduced for water suppression in 199612. This successful method soon proved
more ability than just water suppression. The use of this method in J-difference
editing was introduced in 199813.

MEGA is a frequency selective refocusing

technique that can be placed into any pulse sequence element designed to generate a
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spin echo. MEGA can be used for editing J-coupled resonances, using a double or
single banded pulse that selectively inverts a J-coupling partner. MEGA includes two
180o frequency (and therefore chemical shift-) selective pulses. These pulses will
selectively invert spins based on their chemical shift while leaving all other spins
unaffected. The scalar-coupled partners of the spins which receive the pulse will
refocus as explained in section 2.4.2. while any uncoupled resonances are unaffected
and evolve as normal. The difference between a spectrum with the MEGA pulse off
and a spectrum with the MEGA pulse on will be the resonances that have been
affected by the selective pulse. This is called J-difference editing. The use of two
symmetrically placed 180o selective pulses in the pulse sequence ensures that the
phase coherences are fully refocused. Further detailed application of MEGA in
detecting metabolites can be found in chapter 3. By incorporating MEGA in STEAM
or PRESS pulse sequences, efficient metabolite editing can be achieved 13. Figure 2.
11 illustrates the MEGA-PRESS pulse sequence implemented in the scanners used in
this study. MEGA-PRESS in explained further in chapter 3. MEGA-PRESS has
been successful in detecting metabolites such as GABA, Glu, GSH and ascorbate14–
16

. MEGA-PRESS is now a proven and well established pulse sequence for detecting

these metabolites and its reproducibility and robustness has been well examined
during the past 20 years.

Figure 2-11 MEGA-PRESS pulse sequence and slice selection gradients implemented in the
Philips scanner at 3 T.

2.5 MRS data analysis and jMRUI software
The macroscopic magnetization at thermal equilibrium

determines the

magnitude of the NMR signal. This magnetization is proportional to the number of
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spins in a sample, and the number of spins is proportional to the number of detected
molecules. Therefore, the NMR signal is directly proportional to the concentration of
the molecule. In order to report a molecule concentration using the NMR spectrum,
several steps of pre-processing and quantification are required. MRS data analysis
consists of three main steps. The first step is the pre-processing procedures aimed to
enhance spectrum quality. The second step is the determination and fitting of the
peak areas of the metabolites and the third step is the metabolite concentration
calculation. The quantification can be performed in either the time or frequency
domain. Theoretically processing the data in the time domain or frequency domain
shouldn’t make a difference. However, there are more attempts to process the data in
the time domain17. Transformation of a signal from time domain to frequency
domain can introduce artifacts to the data due to sampling rate and transformation
itself18.
Currently there are a number of software packages such as LCModel19 and
Tarquin20 which apply metabolite fitting and are commonly used in MRS data
quantification. jMRUI21 is also a quantification package which includes a quantum
mechanical simulation algorithm (NMR-SCOPE22) and metabolite basis set fitting
routines QUEST23 and AMARES24. This software is based on time-domain analysis
for spectra quantification18. In this study the jMRUI software package was used for
handling and analysing the spectra. In the following sections, the main MRS data
analysis steps are explained. All operations discussed here are done with jMRUI
software in the time domain, however for better visualization of the operational
effect on the spectrum all figures are presented in the frequency domain.
2.5.1 Pre-processing of the spectrum
The pre-processing of the spectrum can be defined as all operations applied to
the spectrum before the metabolite quantification step. These operations aim to
enhance the quality of the spectrum and compensate for low signal to noise ratio
(SNR), magnetic field inhomogeneity and poor shimming. These steps can be named
as:
1- Water peak filtering: the spectrum acquired from the clinical scanner, despite
the hardware water suppression, still has a considerable amount of residual
water. This is commonly resolved using further pre-processing techniques. In
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this study the residual water is suppressed using a tool in jMRUI software
called HLSVD (Hankel Lanczos singular values decomposition). This tool
models a signal in the time domain as a sum of harmonics based on singular
value decomposition. Figure 2. 12 shows a spectrum in vivo before and after
residual water filtering in jMRUI.

Figure 2-12 In vivo PRESS spectrum before and after residual water filtering in jMRUI
software using HLSVD. The NAA peak at 2.02 ppm has been marked as a scaling reference.

2- Truncation: This method is mainly used to improve the signal to noise of the
spectrum. An FID signal amplitude is high at the beginning and decays by
time, while the noise is considered to be constant through the whole
acquisition time. This means that the SNR is lower at the tail of the FID.
Noise reduction can thus be achieved by truncating the tail of the FID which
mainly contains noise. However, it is most likely that some information will
be lost at the cost of SNR enhancement. With the same logic the first few
points of a spectrum can also be truncated to eliminate low frequency
contaminations. In this Ph.D. project only the first four points were truncated
in all data.
3- Apodization: In this method, the FID is multiplied with a filter that mimics
an ideal FID decay. This overcomes FID misshapes due to several reasons
such as the acquisition time being shorter than the FID decay. In jMRUI, this
filter is an exponential filter and is described with the full width half
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maximum (FWHM) of the filter. Figure 2. 13 illustrates a 4Hz apodization of
an in vivo PRESS spectrum in jMRUI. This can result into loss in spectrum
resolution. In this Ph.D. project apodization was only used for visualization
and not for changing the underlying time-domain data.

Figure 2-13 Apodization of an in vivo PRESS spectrum using jMRUI.

4- Phase correction: When the initial phase in the FID is non-zero, phase
correction can fix the phase to zero. This method restores the real and
imaginary components of the FID into pure absorption and dispersion
Lorentzian line shapes. Figure 2. 14 shows a phase correction applied to a
spectrum in jMRUI. In the clinical Philips scanner an extra water spectrum is
acquired. The water peak phase is used for phase correction of the metabolite
spectrum, hence the extracted data from the scanner will normally have the
phase fixed to zero. However in the absence of the water spectrum other
metabolites such as NAA are used as a phasing reference. In the jMRUI
softwere this can be done visually using the phasing tool, or automatically
using the fitting tools such as AMARES and QUEST.
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Figure 2-14 Spectrum phase correction using jMRUI.

There are various pre-processing methods available to enhance different
features of a spectrum such as DC correction and zero filling. These tools are
available in jMRUI software, but are not discussed here. The quality of the
spectra acquired in this project made these corrections unnecessary.
2.5.2 Spectrum quantification
As discussed before, the NMR signal is proportional to the molecular
concentration, and the signal intensity in the frequency domain is equivalent to the
area under the curve. A simple way to calculate the signal intensity would be to
calculate the area under a desired peak in the frequency domain. This method is
inadequate when different molecules have overlapping peaks, which is the case for
spectroscopy in vivo. A more robust method is to first deconvolve the individual
peaks with a peak fitting algorithm and then evaluate their areas. This method is
based solely on peak fitting (either in time domain or frequency domain). In this
approach, all the important peaks are selected and estimations of the resonance
frequency, line width and peak intensity are performed. A fit is done by using a
least-squares optimization algorithm which iteratively fits all peaks to a line shape
model function. This method has the merit of ease of use and short preparation time.
However it is quite sensitive to baseline imperfections and the accuracy of this
method is not high25. This method can be enhanced by the incorporation of prior
knowledge about the metabolites that contribute to the 1H MR signal. The prior
knowledge can consist of all known characteristics of a certain metabolite and its
signal parameters. Relative frequencies, amplitude ratios, scalar coupling, number of
equivalent spins and phase of resonances are examples of prior knowledge that can
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be implemented as constraints in the fitting routine

26

. This method has no serious

drawbacks other than over-fitting the data. An example of a method that enables
prior knowledge application in jMRUI is the AMARES toolbox24. Figure 2. 15. is an
example of fitting a spectrum in AMARES. Note that all fittings are performed in
time domain in jMRUI and only displayed in frequency domain.

Figure 2-15 AMARES fit of a PRESS spectrum in jMRUI with 6 peak fit. Prior knowledge the
peak amplitude line width and chemical shift was provided.

Advanced prior knowledge is another method in which the real data is
analysed as a linear combination of the spectra of the prior knowledge’s individual
metabolites. In this way, the prior knowledge of each metabolite, including chemical
shifts, signal intensity, amplitude ratios, splitting patterns, and J evolution is
produced. The two common ways of producing this information is either using in
vitro measurements or simulation

27,28

. In jMRUI, the QUEST23 toolbox is this

method of fitting and the prior knowledge can also be simulated using NMRSCOPE22. Figure 2. 16 illustrated a spectrum fitted with QUEST toolbox in jMRUI
using simulated prior knowledge.
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Figure 2-16 QUEST fit of a PRESS spectrum in jMRUI with 10 metabolites as prior
knowledge. The prior knowledge was simulated using the pulse sequence parameters of the
acquisition in NMR-SCOPE.

2.5.3 Concentration calculation
Converting the signal intensity of a metabolite to concentration is the last step
in MRS data analysis. The concentration can be calculated using different methods.
It can be measured relative to a known metabolite within the same spectrum.
Metabolites with a distinguishable singlet resonance are mostly the best choice.
NAA, creatine and choline are the commonly used reference metabolites for human
brain. The use of a metabolite in the spectrum comes with the assumption that the
reference metabolite concentration is constant across different conditions; however,
this assumption is not always true. Therefore, alterations of concentration can remain
unnoticed or unclear.
Concentration can also be calculated using an external signal such as water.
This concentration is often reported as molarity, which is the number of moles of
metabolite per litre of tissue water or molality, which is the number of moles of
metabolite per kilogram of tissue water. With the knowledge of the brain tissue
density, molal concentration can be converted to molar. Here the main concentration
calculation methods using a signal apart from the spectrum are described:
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1) External reference method: In this method a reference solution with a known
concentration is used to determine the concentration of other metabolites. The
reference solution can be placed in the magnet alongside with the patient’s
data acquisition, or it can be placed on the position of the patient after the
patient’s data acquisition. This method can suffer from the RF pulse
inconsistencies across the sample voxel and result in incorrect concentrations.
2) Internal reference method: In this method a data acquisition without water
suppression is performed alongside the water suppressed data acquisition.
This water signal is used as a reference to determine other metabolite
concentrations. However, the water content of brain can alter in the presence
of different diseases, introducing an error in quantification.
3) Principal of reciprocity: In this method, the B1 value at the VOI is determined
by the maximum signal that is obtained in the spectra, known as Vmax. The
absolute concentrations are then obtained by dividing the MRS signal by Vmax
and adding more calibrations with a solution of a known concentration.
In this study, using the unsuppressed water signal as a reference was the
desired method to report the metabolite concentration. However, if the water signal
was not available as a result of the acquisition, the concentration was reported
relative to NAA.
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Chapter 3 Glutamate related amino acids in the brain:
Glutathione,

-Aminobutyric

acid,

Glutamate

and

Glutamine

3.1 Overview
GSH, GABA, Glu and Gln are all amino acids chemically related through
glutamate. The focus of this Ph.D. project is to achieve accurate measurements of
these metabolites in vivo. In this chapter, an overview of these metabolites in the
brain, their chemical structure and their practical measurement using clinical MRS is
presented. At the end of this chapter a short review of four commonly reported
metabolites: NAA, creatine, phosphocreatine, choline-containing compounds and
myo-inositol is given.

3.2 Glutamate related Amino Acids in the brain
Amino acids are organic compounds containing four key elements: carbon,
hydrogen, oxygen and nitrogen. These molecules are structured containing amine (NH2) and carboxyl (-COOH) along with a side chain specific to each amino acid
group. The chemical structure of amino acids means they can be linked in
macromolecular chains through peptide bonds to make proteins, which, along with
RNA and DNA, form the basis of life, acting as catalysts to synthesize and degrade
biomolecules and act as a regulator for the overall biological needs of an organism1.
In the human body amino acids are involved with a number of process such as
biosynthesis, gene expression and neurotransmission1. The core role of amino acids
in the human body, especially in the brain, makes these molecules of great interest
for understanding the brain and its disorders. More than twenty amino acids and
closely related compounds have been found in the brain2. Advances in MRS have
made it possible to gain information on a number of these amino acids and other
neural metabolites. Some are easily detected and quantified with conventional pulse
sequences (PRESS or STEAM) such as choline, creatine and NAA. However,
detection and quantification of some metabolites is not as straight forward. This is
due to their low concentration or their overlapping resonances with other
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metabolites. An introduction on four amino acids: GSH, GABA, Glu and Gln that
are challenging to be measured using MRS is provided in the following sections.
3.2.1 GABA
GABA is the major inhibitory neurotransmitter in the mammalian brain. It is
responsible for maintaining the excitation-inhibition balance of neuronal synaptic
transmission3. For this reason, GABA can be said to be involved in nearly every
function of the central nervous system4. GABA can theoretically serve as a
neurochemical substrate for a host of cognitive processes and behaviours. GABA is
also a part of metabolism and neuronal energy consumption in the Glu/Gln cycle5. In
the past years MRS has contributed to revealing the role of GABA in brain function,
behaviour, cognition and pathology. Several hypotheses have been based on the role
of GABA with particular aspects of psychiatric dysfunction, neuropathology,
cognition and behaviour in humans6. Measuring changing GABA concentration in
the course of disease can also guide the use of GABA receptors and GABAergic
target drugs7,8.
Abnormalities in GABA concentration have been investigated in a clinical
setting using 1H MRS in various diseases such as anxiety9,10, epilepsy11, mood
disorders12,13, neurodegeneration14, schizophrenia and psychosis15. The main
question in all these investigations is why and by how much the GABA
concentration is altered in disease. The measurement method used for GABA
concentration can affect the answer to these questions. Detection of GABA with
conventional MRS is challenging at clinical field strengths (<4 T)16. This is mainly
due to its low concentration and overlap with other metabolites with higher signal
intensities.
The GABA molecule has a weakly coupled spin system with three pairs of
magnetically equivalent nuclei. These nuclei are the 3.01 ppm GABA-H4 resonance
(where 4 refers to the bonded carbon atom using conventional nomenclature), the
1.89 ppm GABA-H3 resonance and the 2.28 ppm GABA-H2 resonance17 (Figure
3.1). The H4 and H3 and the H3 and H2 resonances are coupled respectively. A
complete list of the chemical shifts and J-coupling constants of the GABA
resonances are provided in Table 3.1.
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Figure 3-1 GABA molecule schematic and its 1H MRS spectrum from a 25 mM phantom at 3 T
acquired with a PRESS pulse sequence.
Table 3-1 Chemical shifts and coupling constants of the GABA spin system18.

Spin

Chemical

Scalar couplings (Hz) to

shift(ppm) H2’

H3

H3’

H2

2.2840

7.678

6.980

H2’

2.2840

6.980

7.678

H3

1.8880

H3’

1.8880

H4

3.0130

H4’

3.0130

-15.938

-15.000

H4

H4’

8.510 6.503
6.503 8.510
-14.062

Exploiting the J-coupling present in the GABA molecule, J-difference spectral
editing and multiple-quantum methods were first applied in animal studies and man
in the 1980’s and 1990’s19–22. More widespread clinical use has occurred with the
development of MEGA-PRESS on clinical 3T scanners as a robust and reliable way
to measure GABA concentration23,24. In the GABA-edited MEGA-PRESS pulse
sequence, the selective editing pulses are applied to the 1.9 ppm GABA-H3
resonance. This has the effect of refocusing all the spins that are coupled to this
resonance, in particular the 3.0 ppm GABA-H4 resonance. Any uncoupled
resonances are unaffected and evolve as normal23. As described in section 2.4.1 the
MEGA-PRESS sequence also contains an OFF acquisition. This is when the editing
pulse is symmetrically placed about the water resonance (4.7 ppm), which for GABA
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is at 7.6 ppm. This symmetrical placement ensures that any magnetisation transfer
effects that may occur on the water peak are nullified25. All the resonances including
the GABA H3 and H4 will evolve as normal in this scan. The GABA H4 resonance
is then unambiguously resolved in the spectrum obtained from the difference
between the ON and OFF scans. This is due to the nulling of any peaks that are
unaffected by the selective editing pulse (Figure 3.2). The difference between the
two scans leads to a pseudo-doublet at 3.01 ppm which is the H4 resonance.
However, in experiments performed in vivo this will most often change into a singlelobe Gaussian peak as a result of B0 inhomogeneity and line-broadening (Figure 3.2).
It is worth mentioning that editing other metabolites such as glutathione using
MEGA-PRESS follows a similar process, with the difference of the selective pulse
frequency being set according to the molecular properties.

Figure 3-2 (a) In vivo MEGA-PRESS editing of GABA spectrum and the MEGA ON and OFF
spectrum in a human brain at 3 T is illustrated. (b) 25 mM GABA phantom spectrum edited
with MEGA-PRESS at 3 T.

3.2.2 Glutamate and Glutamine
Glutamate (Glu) and glutamine (Gln) are relatively abundant in the human
brain. Glu is the major excitatory neurotransmitter in the brain and responsible for
more than 90% of the excitatory brain functions26. With a concentration range of 653
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12 mM, Glu is one of the dominant amino acids in the human brain17. A balanced
cycling between Glu, Gln and GABA is essential for normal brain function. Glu and
Gln play an important role in almost every brain function.

In a glutamatergic

synapse during neuronal excitation, Glu is released and diffuses across the synapse,
where it is rapidly taken up by post-synaptic cells and astrocytes. The astrocyte
converts the Glu to Gln, which is then released and reuptaken by neurons. In the
neuron, glutamine is converted back to Glu and the process is repeated. In the
GABAergic synapse the released neurotransmitter GABA is taken up into both the
surrounding astrocytes and the GABAergic neurons. In the astrocytes, GABA is
metabolized in two steps to succinate, which is further metabolized in the tricarboxylic-acid (TCA) cycle and can be then recycled into Glu. From here on, the
steps are similar to the glutamatergic synapse5 (Figure 3.3). What makes the role of
these two metabolites complicated is that Glu is the metabolic precursor of GABA
and glutathione27,28.

Figure 3-3 The Glutamate/glutamine GABA cycle in the human brain.

Abnormalities in Glu and Gln concentration have been investigated in a
clinical setting either as individual compounds or as Glx (Glu+Gln), in several
diseases such as schizophrenia29,30, mood disorder31–34, epilepsy11 and many others as
well as normal ageing35,36. Glu also plays a role in brain development and forming
heterogeneity in brain structure37. Knowledge of the function of these metabolites
and how they alter with disease not only provides deeper understanding of the brain
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but also provides biomarkers for drug discovery and treatment monitoring.
Therefore, accurate and reliable estimation of these metabolites in vivo is of
significant interest.
Glu has two methylene groups and a methine group that are strongly coupled,
forming a complicated spin system. These nuclei are the 3.74 ppm H2 resonance and
the H3-H4 resonances are between 2.03 and 2.35 ppm (Figure 3.4). The H2 and H3
and the H3 and H4 resonances are coupled respectively17. A complete list of the
chemical shifts and J-coupling constants of Glu resonances is provided in Table 3.3.

Figure 3-4 Glutamate molecule schematic and its 1H MRS spectrum from a 25 mM phantom at
3 T acquired with a PRESS pulse sequence.
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Table 3-2 Chemical shifts and coupling constants of the glutamate spin system17.

Spin

Chemical
shift(ppm)

H2

3.74

H3

2.03

H3’

2.12

H4

2.33

H4’

2.35

Scalar couplings (Hz) to
H2

H3

H3’

7.33

4.65
-14.84

H4

H4’

6.41

8.4

8.47

6.87
-15.91

Gln is structurally very similar to Glu with two methylene groups and a
methine group. Its coupling pattern is also the same as Glu. A triplet from the
methine proton resonates at 3.75 ppm. The multiplets from the four methylene
protons are closely grouped from 2.12 to 2.46 ppm (Figure 3.4). A complete list of
the chemical shifts and J-coupling constants of Gln resonances is provided in Table
3.4.

Figure 3-5 Glutamine molecule schematic and its 1H MRS spectrum from a 25 mM phantom at
3 T acquired with a PRESS pulse sequence.
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Table 3-3 Chemical shifts and coupling constants of glutamine spin system17.

Spin Chemical

Scalar couplings (Hz) to

shift(ppm) H2 H3
H2

3.75

H3

2.12

H3’

2.10

H4

2.43

H4’

2.45

H3’

H4

H4’

9.16

6.34

6.32

9.20

5.84 6.50
-14.50

-15.37

Glu and Gln both have a complex spectrum, and their molecular structure is
very similar. This makes their identification and separation in a conventional MRS
spectrum challenging, especially at clinical field strength (<4 T). Also the Glu
resonances overlap with those of GABA, NAA, and Gln complicating specific
identification of their individual signal contributions in vivo. Some studies quantify
the peak at 3.75 ppm as Glx38–41. This approach is incapable of evaluating Glu and
Gln separately and also it will not be useful in conditions where the Glu and Gln
concentration change in opposite directions. At high magnetic fields it is easier to
identify the Glu and Gln resonances separately in the spectrum42. Glu and Gln have
been measured at 3 T using different methods such as: TE averaged PRESS43, short
echo STEAM (TE=6.5 ms)44, PRESS45, PEPSI46 and MEGA-PRESS23.
3.2.3 Glutathione
Glutathione (GSH) is ubiquitously distributed throughout the human body. In
the brain, GSH plays a role in cell signalling regulation, protein function, gene
expression, cell differentiation and cell proliferation47,48. However, its most
important role can be considered as an intracellular antioxidant protecting against
reactive oxygen species in the brain48,49.
Disorders of GSH metabolism causing decrease in its concentration highly
correlates with increased levels of oxidative stress generated by reactive oxygen
species in the brain50. Oxidative stress is an imbalance between the oxidant and
antioxidant systems, where the production of free radicals outweighs a system’s
ability

to

detoxify

reactive

intermediates51.

This

commonly

occurs

in

neurodegenerative diseases such as Parkinson’s and Alzheimer’s and amyotrophic
lateral sclerosis52,53. GSH also plays an important role during progression of
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neuropsychiatric diseases such as bipolar disorder54 and schizophrenia55. Whether
the GSH reduction is the cause of these diseases or a symptom is an unanswered
question; however, it still can be used as a biomarker for the disease56. In vivo
clinical MRS has provided the possibility to measure this metabolite in the human
brain.
GSH is a tripeptide consisting of glutamate, cysteine, and glycine present in
cells and is produced within each type of brain cell from these three amino acids
through two consecutive steps. Both steps require ATP. GSH is combined with
cysteine in an ATP dependent reaction catalysed by -glutamylcysteine synthetase to
form -glutamylcysteine. This dipeptide is then further combined with glycine, in
another ATP dependent reaction catalysed by glutathione synthase57. The GSH
molecule, similar to GABA, has coupled spin systems in its molecular structure. The
coupled system that is exploited in measuring GSH using editing is the 2.97 ppm
resonance GSH-H7’’ coupled with the 4.56 ppm GSH-H7 resonance. A complete list
of the chemical shifts and J-coupling constants of the GSH resonances is provided in
Table 3.5.

Figure 3-6 Glutathione molecule schematic and its 1H MRS spectrum from a 25 mM phantom
at 3 T acquired with a PRESS pulse sequence.
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Table 3-4 Chemical shifts and coupling constants of glutathione spin system48.
Spin

Chemical
shift
(ppm)

H2

3.76

H3

2.15

H3’

2.14

H4

2.51

H4’

2.56

H6

8.17

H7

4.56

H7’

2.92

H7’’

2.97

H9

7.15

H10

3.77

H10’

3.75

H2

H3

H3’

6.34

6.36
-15.48

H4

H4’

6.7

7.6

7.6

6.7

H6

H7

H7’

H7’’

7.09

4.71

-15.92

-14.06

The low concentration of GSH relative to other metabolites and its overlap
with other metabolite signals make the correct measurement, especially at low
magnetic fields (<4T) challenging. The GSH signal is mainly obscured by creatine,
aspartate, Glu, Gln, NAA and GABA17. To overcome these problems spectral editing
techniques such as J-difference editing58 and multiple quantum coherence editing
have been applied59,60. J-difference edited 1H MRS pulse sequence MEGA-PRESS
has been introduced58 and successfully applied to quantify GSH in different
studies61–64. Regardless of the former problems mentioned in GSH measurement
using non-edited spectroscopy methods, there have been reports of GSH
quantifications using short echo PRESS and STEAM pulse sequences54,65–69.
MEGA-PRESS spectra aims for the measurement of the GSH cysteinyl β-protons
resonating around 2.97 ppm. The GSH signal is visually detectable which provides
unambiguous GSH concentration measurements. J-editing GSH using the MEGAPRESS pulse sequence follows the same logic as in GABA editing (explained in
section 3.2.1). Figure 3.7 illustrates MEGA-PRESS editing of GSH in vivo at 3 T in
the human brain and in a phantom.

59

3.3 Other metabolites measured with MRS

Figure 3-7 (a) In vivo MEGA-PRESS editing of GSH spectrum and the MEGA ON and OFF
spectrum in a human brain at 3 T is illustrated. The edited spectrum has a scale 7 times bigger
than the MEGA ON/OFF spectra. The GSH peak can be seen at 2.97 ppm (b) 25 mM GSH
phantom spectrum edited with MEGA-PRESS at 3 T. The 2.97ppm peak spectrum change as a
result of the MEGA pulse can be seen. The subtraction of MEGA-ON/OFF results in a pseudosinglet at 3.01 ppm.

3.3 Other metabolites measured with MRS
The detection limitations in 1H MRS have simplified the spectrum acquired in
vivo from the brain. Yet, more than 25 additional compounds have been assigned in
proton spectra of the human brain70. Some of these components are only present
during disease and some are hard to detect by routine clinical spectroscopy and
require spectral editing71. At 3 T using standard clinical MR spectroscopy in human
brain, four metabolites NAA, creatine, and choline-containing compounds and myoinositol are easily distinguishable due to their well resolved resonances (Figure 3.8).
These metabolites are mentioned in the following sections.
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Figure 3-8 A spectrum acquired in the human brain, the NAA, creatine, choline and myoinositol peaks are marked.

3.3.1 NAA
N-acetyl aspartate (NAA) is an amino acid derivative thought to be present
almost exclusively in neurons and their dendritic and axonal extensions; hence, NAA
is a prominent peak in the proton spectrum. NAA provides acetyl groups for lipid
synthesis and it represents the largest peak in a healthy brain at approximately 2.02
ppm17,72 (Figure 3.8). The decreased levels of NAA in MRS data can indicate
neuronal or axonal loss, or compromised neuronal metabolism. In contrast, high
levels of NAA were found in the brains of many Canavan disease patients, who
lacked the degradative enzyme aspartoacylase. NAA levels have been useful in
different CNS diseases such as stroke, tumours, epilepsy, multiple sclerosis and
psychiatric diseases 73.
3.3.2 Creatine and Phosphocreatine
Creatine and phosphocreatine play a vital role in energy and muscle
metabolism and can facilitate intra-cellular energy transfer; therefore interest in
creatine is not only in the CNS but also in muscles and heart tissues74,75. In 1H MRS
the creatine and phosphocreatine signal can be observed as a total peak at 3.03 ppm
(Figure 3.8). This peak is reported to be stable at different ages and a variety of
diseases17. Although there are several diseases which can cause creatine deficiencies,
61

3.4 References
the main affected organ in primary creatine deficiencies is the brain, which can be
visualized as a strongly decreased or absent peak of creatine in 1H MRS76.
3.3.3 Choline containing compounds
Compounds

containing

choline

such

as

glycerophosphocholine

and

phosphocholine are intermediates in membrane metabolism. In 1H MRS the sum of
all choline containing compounds can be observed at 3.20 ppm (Figure 3.8). Due to
the uncertainty of the metabolites contributing to the signal observing alterations in
the MRS signal is quite complicated17. However it has been reported that in 1H MRS
data the choline signal is elevated due to cancer, and can be detected and utilized in
cancer diagnosis and cancer stage classification. With the use of MRS data
therapeutic response of tumours can be monitored since a decrease of choline levels
occurs during effective cancer treatments and an increase or no change occurs due to
non-responding treatments76,77. There is also evidence that suggest acetylcholine is
involved in cognitive processes such as visuospatial attention, and the choline MRS
signal can be a used as a biomarker78.
3.3.4 Myo-inositol
Myo-inositol is a sugar like molecule mainly present in glial cells in the human
brain and it functions as an osmolyte79. In 1H MRS the myo-inositol gives four
groups of resonances. A doublet-of-doublet centred at 3.52 ppm and a triplet at 3.61
ppm, are the two prominent multiplets each corresponding to two protons. The triplet
at 3.27 ppm is hidden under the cholines and the 4.05 ppm peaks are susceptible to
effects of water suppression17 (Figure 3.8). Altered levels of myo-inositol have been
associated with Alzheimer’s disease, Hepatic encephalo-pathy and brain injury17.
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4.1 Abstract

4.1 Abstract
Purpose: Glutathione (GSH) is an important intracellular antioxidant in the
brain. A number of studies report its measurement by localized 1H spectroscopy
using PRESS and STEAM. This study evaluates the reliability and accuracy of GSH
measurements from PRESS at 3T and compares the results to those obtained with
MEGA-PRESS.
Methods: Phantoms containing brain metabolites, identical except for variable
GSH concentration between 0mM and 24mM, were scanned using PRESS
(TE=35ms) and MEGA-PRESS (optimized TE=130ms) at 3T. Spectra of the anterior
cingulate cortex and occipital cortex in 7 healthy volunteers were also acquired.
Results: Phantom GSH concentrations from 0 to 3mM were unreliably
quantified using PRESS although at 4mM and above there was a linear relationship
between measured and true concentrations (R2=0.99). Using MEGA-PRESS, there
was no signal detected at 0mM GSH, plus a linear relationship (R2=0.99) over the
full range from 0-24mM. In brain, concentrations calculated from MEGA-PRESS
and PRESS were significantly different in occipital cortex (P<0.001). Moreover only
MEGA-PRESS reported significant differences in [GSH] between the two brain
regions (P=0.003).
Conclusion: Due to uncertainties in GSH quantification raised by the study,
authors conclude that physiological concentrations (<4mM) of GSH cannot be
reliably quantified from PRESS (TE=35ms) spectra at 3T.
Keywords: Glutathione, PRESS, MEGA-PRESS, Quantification
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Glutathione (GSH) is a tripeptide consisting of glutamate, cysteine, and
glycine present in cells at millimolar concentrations. It plays a role in cell signalling,
protein function, gene expression, cell differentiation and cell proliferation in the
brain. Most importantly it acts as an intracellular antioxidant, protecting against
reactive oxygen species in the brain1. GSH content differs between brain regions,
which may reflect regional variation in the availability of GSH for cellular and
extracellular functions. Forebrain and cortex seem to have the highest GSH content,
followed by cerebellum, hippocampus, striatum and substantia nigra2,3. Disorders of
GSH metabolism causing a decrease in its concentration highly correlate with
increased levels of oxidative stress generated by reactive oxygen species in the
brain4. Therefore, accurate and reliable estimation of GSH concentration in vivo is of
great interest and clinical significance.
Detection of GSH in vivo in the human brain can be achieved using proton
magnetic resonance spectroscopy (1H MRS). The 1H MRS detection limit in vivo of
approximately 100 µM greatly simplifies the spectral appearance of a human brain;
still the relatively short echo time (TE) spectrum (TE=20 ms) contains more than 15
different metabolite signatures5. The signal from GSH is obscured by creatine,
aspartate, glutamate, glutamine, N-acetylaspartate and γ-aminobutyric acid6, such
that no single signal peak or combination of peaks in the spectrum can be
unambiguously assigned to GSH. The fact that the GSH signal is not visually
identifiable in PRESS and STEAM spectra renders its quantification solely
dependent on solving a complex mathematical equation: fitting the signal to a model
function of spectroscopic components in either the time or frequency domain7–9 and
assuming that the GSH signal lies in the spectra. This estimation is prone to errors
and bias: the algorithm will often find a solution, which may be stable and consistent
(low Cramer Rao Lower Bounds (CRLB)) and within the expected range, but can
still be inaccurate. Another challenge is the lack of consensus about the
spectroscopic properties of GSH glycine signal10 which directly affects the prior
knowledge required for model based fitting. Regardless of the above mentioned
difficulties in measuring GSH, there have been reports of GSH quantification from
PRESS and STEAM spectra11–17.
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To overcome the quantification uncertainties for low concentration (<4mM)
metabolites such as GSH and GABA, spectral editing techniques such as J-difference
editing18 and multiple quantum coherence editing have been described19,20. Jdifference spectroscopy differs from multiple quantum coherence editing, since the
latter is done in a single acquisition and is less susceptible to movement and
spectrometer instability. However, J-difference methods provide single resonances
within the sub-spectra which can be used for accurate phase and frequency
correction and are now the method of choice for estimating GABA in the human
brain21–25.
The J-difference edited 1H MRS pulse sequence MEGA-PRESS (MEscher–
GArwood-Point RESolved Spectroscopy) has been introduced to measure GSH18,
based on quantification of the visually detectable GSH cysteine β-proton resonating
around 2.95 ppm. This measurement method has successfully been applied to
quantify GSH in a number of studies26–30.
The objective of the work described here was to evaluate the accuracy and
precision of GSH quantification from two different methods used to acquire spectra
from the human brain at 3 T, namely PRESS (TE=35 ms) and MEGA-PRESS. We
performed simulations and did preliminary measurements on phantoms and human
subjects in order to confirm the optimum TE for GSH detection by MEGA-PRESS,
since a variety of echo times (TE=68-136 ms)26–29 have been reported. The primary
outcome of our study is the comparison of the performance of the sequences in GSH
quantification on a series of brain-mimicking phantoms, containing variable amounts
of GSH (0-24 mM) and a constant composition of other brain metabolites at
physiological concentrations. A complementary outcome is derived from studying 7
healthy volunteers in whom we compared the performance of the two methods in
measuring GSH in two regions of the brain.

4.3 Methods
All acquisitions, in vitro and in vivo were performed on a 3 T MR scanner
(Philips Achieva, Best, the Netherlands), using a body coil for transmission and an
eight-channel head coil for signal reception.
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4.3.1 MEGA-PRESS TE optimization from GSH/Ace phantom and
simulation
A phantom containing 25 mM GSH and 25 mM sodium acetate (Ace) was
prepared in phosphate buffer (25 mM KH2PO4; 25 mM K2HPO4) and adjusted to pH
7.0. All chemicals were from Sigma-Aldrich (Dorset, UK). Phantom temperature
was kept at 21ºC for data acquisition. This phantom was used to study the effect of
TE on the GSH signal from MEGA-PRESS. The two pulses of MEGA-PRESS were
set to the frequency of the cysteine resonance at 4.56 ppm, (coupled to the detected
signal at 2.95 ppm) and at 1.44 ppm symmetrically disposed about 2.95 ppm. The
pulses were Gaussian with 14 ms duration and 106 Hz bandwidth. TE was varied
from 70-240 ms in 10 ms steps. The first PRESS echo time TE1 was fixed at 12.6 ms
and the second echo duration TE2 was adjusted to change the total TE (=TE1+TE2).
The spectra were acquired in blocks of 4 averages when the MEGA pulse was set at
4.56 ppm (MEGA-on), referred to as a single dynamic, followed by 4 averages of
MEGA pulse set at 1.44 ppm (MEGA-off). The dynamics were then repeated in an
interleaved manner until 16 were acquired at each frequency making the total of 32
dynamics. In all scans repetition time (TR) was 2000 ms with 1024 samples. The
voxel size of 20×20×20 mm3 was chosen in the middle of the phantom. Receiver
bandwidth was 2000 Hz, water suppression method was excitation with a window of
140 Hz and the shimming was second order pencil beam. The excitation pulse
bandwidth was 1987 Hz and the refocusing pulse bandwidth was 1263 Hz. The same
water suppression and shimming techniques as well as the same values for receiver
bandwidth, pulse bandwidths, and number of samples were used in the other
measurements. The Ace peak in the spectra was used for frequency referencing at
1.92 ppm. The above phantom experiment was also simulated using NMRSCOPE31,
a jMRUI32 routine where coupling constants and chemical shift values are
automatically set based on Govindaraju et al.6. Time domain metabolite signals were
generated quantum mechanically under the pulse sequence conditions used in vitro.
TE was varied from 30-250 ms. The simulation results were corrected for
relaxation effects.

76

4.3 Methods

4.3.2 Determining the accuracy of GSH measurements from PRESS and
MEGA-PRESS
Brain‐mimicking phantoms
Twelve phantom solutions with a range of GSH concentrations (0, 0.5, 0.75, 1,
1.5, 2, 2.5, 3, 4, 8, 12, 24 mM) were prepared in phosphate buffer (25 mM KH2PO4;
25 mM K2HPO4) and adjusted to pH 7.0. The phantoms contained brain metabolites
that interfere with the GSH signal, at physiological concentrations6: Nacetylaspartate (NAA, 12.25 mM), creatine (Cr, 7.85 mM), choline (Cho, 1.7 mM),
glutamate (Glu, 9.25 mM), glutamine (Gln, 4.4 mM), myo-inositol (Myo-Ins, 5.95
mM), aspartate (Asp, 1.2 mM) and γ-aminobutyric acid (GABA, 1.6 mM). All
chemicals were purchased from Sigma-Aldrich (Dorset, UK). Phantom temperature
was kept at 21ºC for data acquisition. PRESS spectra were acquired with TE=35 ms,
TR=2000 ms, 64 averages per dynamic, 4 dynamics with 1024 samples and voxel
size=30×30×30 mm3. An additional water reference scan (4 averages, no water
suppression) was acquired which was used as a concentration reference and to
automatically phase the spectrum. MEGA-PRESS spectra (TE=130 ms, TR=2000
ms, 4 averages per dynamic, 32 dynamics for each MEGA pulse frequency for a total
of 64 dynamics, voxel size=30×30×30 mm3) with a Gaussian selective pulse
duration of 14 ms and bandwidth of 106 Hz were acquired from each phantom. The
total number of averages and the acquisition time were the same for both sequences.
Shorter but more numerous dynamics were used for MEGA-PRESS in order to
provide the opportunity of correcting dynamic to dynamic frequency and phase
variations33. However, both in vivo and in vitro, the high stability of the scanner and
the full co-operation of the healthy volunteers made the corrections unnecessary.
In vivo
Spectra were acquired from 7 healthy volunteers (5 female, 2 male, age range
23-35 years old) who all gave informed consent in accordance with procedures
approved by the local ethics committee. A total of five measurements, in two
different brain regions were made on each volunteer as follows: a voxel sized
40×25×25 mm3 was placed in the left anterior cingulate cortex (ACC), see Figure
4.1. A TE=35 ms PRESS spectrum was acquired, with TR=2000 ms, 2 dynamics and
128 averages per dynamic. An additional water reference scan (4 averages, no water
suppression) was acquired which was used as a concentration reference and to
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automatically phase the spectrum. A MEGA-PRESS spectrum with TE=130 ms,
TR=2000 ms, 64 dynamics and 4 averages per dynamic with a Gaussian selective
pulse duration of 14 ms and bandwidth of 106 Hz was also acquired in the same
voxel. In order to confirm in vivo that TE=130 ms yields more signal than TE=70 ms
for MEGA-PRESS, an additional MEGA-PRESS sequence with TE=70 ms was run
in the ACC voxel. A volume of 30×30×30 mm3 was placed in the occipital cortex
(OCC), see Fig.1, and the MEGA-PRESS TE=130 ms and the PRESS TE=35 ms
were repeated as in the ACC voxel.

Figure 4-1 T1 images showing the positioning of the 1 H MRS voxel in the anterior cingulate
cortex (a) and the occipital cortex (b). Diagrams for the PRESS (c) and MEGA-PRESS (d) pulse
sequences used in this study.

4.3.3 MRS Quantification
There were two types of spectra in this study: PRESS and MEGA-PRESS. All
spectroscopy processing and CRLB calculation, both in vitro and in vivo were done
using routines in jMRUI software package32. A non-linear-least-squares fitting
algorithm was used for both data types. The PRESS spectra required detailed prior
knowledge while the simplicity of the MEGA-PRESS spectra made this
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unnecessary. Hence two different tools were used for quantification of the spectra.
The detailed quantification method is described as follows:
PRESS data
Analysis of the spectroscopic data was performed using QUEST, a time
domain algorithm which fits a weighted combination of metabolite signals directly to
the data acquired in vivo7. An initial metabolite basis set for the appropriate
sequence timings was obtained using the routine NMRSCOPE, where the theoretical
signals of metabolites can be computed by quantum mechanics based on the
modified product-operator formalism31. The following metabolite signals were
simulated for the human data set: NAA, Cr, Cho, Asp, GABA, glucose, Glu, Gln,
Myo-Ins, scyllo-inositol and GSH. For analysis of the phantom data, the basis set
included only the metabolites present in the phantom: NAA, Cr, Cho, Glu, Gln,
Myo-Ins, Asp, GABA and GSH.
Spectra were phased prior to analysis, using the Ace (1.92 ppm) or NAA (2.02
ppm) peak as reference. Residual water was removed using the Hankel Lanczos
Singular Values Decomposition (HLSVD) routine in jMRUI. The macromolecular
background signal was estimated using the Subtract routine in QUEST from the first
12 points in the FID. The unsuppressed water signal was used as internal reference
for quantification.
MEGA‐PRESS data
Analysis of the spectroscopic data was performed using AMARES, a peak by
peak quantification method based on a non-linear-least-squares quantitation
algorithm that requires starting values for the parameters to be estimated8. The
starting values are singlets set at appropriate frequency shifts with a line shape
definition of either Lorentzian or Gaussian. For accurate frequency referencing and
phase estimation of the spectrum, preprocessing was performed as follows: the
dynamics which had their MEGA frequency set at 4.56 ppm (MEGA-on spectra)
were summed. The NAA peak was set as 2.02 ppm and its phase was estimated
using AMARES. This phase was applied to all dynamics (MEGA-on and MEGAoff). In this implementation of MEGA-PRESS on the Philips scanner23 there is an
extra 180 degree phase shift for the MEGA-off acquisition, so the final MEGAPRESS spectrum was the sum of the MEGA-on and MEGA-off dynamics. Any
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residual water peak was removed using the HLSVD filter. GSH, NAA and Cr were
quantified using defined prior knowledge; including the frequency shift and the
Lorentzian line shape. Since the phase estimation was done in the pre-processing
step, the phase in the quantification process was set to the calculated value. The
reference water signal from the PRESS acquisition was used as a concentration
reference.
4.3.4 Editing efficiency
In J-edited spectra, because the bandwidth of the slice selective pulses is
similar to the chemical shift difference of the GSH coupled spin system, the
evolution of the scalar coupling of C7-GSH protons becomes spatially dependent,
resulting in signal loss22,34,35. Hence, to have a proper comparison of the PRESS and
the MEGA-PRESS signal, a calculation of the MEGA-PRESS signal loss has been
/2

made. A MEGA-PRESS difference-edited spectrum is obtained by subtracting
“MEGA-on” scans (
editing efficiency (

/2 “MEGA-off” scans (

from

, the

can be calculated as following:
∑
2
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∑

/

is the edited MEGA-PRESS signal acquired from the scanner
is the signal available when the editing pulses are turned off. The

and

factor of 2 compensates for the fact that the edited signal is from twice as many
averages as the “MEGA-off” signal. To calculate the editing efficiency of GSH, the
GSH/Ace phantom data were used (determined to be 0.74 at TE=130 ms).
4.3.5 Concentration calculation
Water referenced GSH concentrations were estimated using the following
equation22:
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1
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1
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1

are the raw signals of GSH and water respectively,

is the concentration of pure water (110 mM , the default value in jMRUI ),
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is the % of water in brain tissue with the value of 0.8;

is the editing

efficiency (determined as above to be 0.74), TR is the repetition time,
are the

and

of water respectively,

and

are the

and
and

of

GSH respectively.
The in vitro

was estimated from the GSH/Ace phantom using saturation

recovery data: a PRESS pulse sequence with a fixed TE=35 ms and a variable TR
350 ms and

with six different values from 2 s to 17 s.

4400 ms

estimates were obtained from the non-linear least square fit of the amplitude of the
fitted time domain signal which is equivalent to the area under the peak in the
frequency domain (signal intensity) measured at each TR value. For measuring in
vitro

, a PRESS pulse sequence with a fixed TR=2000 ms and a variable TE with
150 ms and

15 different values from 70 ms to 240 ms was carried out.

2800 ms estimates were obtained from the non-linear-least-squares fit of
the signal intensity measured at each TE value. The relaxation values of water in
vivo were assumed to be
were assumed to be

1100
400 ms36 and

95

and

22

and GSH values

67 ms37.

4.3.6 Segmentation
The

weighted images, acquired to position the MRS voxels during the scan,

were segmented with a statistical parametric mapping approach using spm8
(http://www.fil.ion.ucl.ac.uk/spm/). Voxel registration was performed using custommade scripts developed in MATLAB by Dr. Nia Goulden, which can be accessed
at http://biu.bangor.ac.uk/projects.php.en. The scripts generated a mask for voxel
location by combining location information from the Philips SPAR file with
orientation and location information contained within the

image. The application

of this mask to the grey matter (GM), white matter (WM) and cerebrospinal fluid
(CSF) images enabled the calculation of partial volume by establishing the
percentage of each tissue type within the relevant voxels. These percentages were
used to correct metabolite concentrations for differences in cerebrospinal fluid
content (assumed to contain no GSH).
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4.3.7 Statistical Analysis
Paired two tailed t-tests were performed on GSH concentrations estimated
from PRESS and MEGA-PRESS spectra in each voxel of the human brain. The
hypothesis was that if GSH could be accurately quantified from PRESS, there should
not be a significant difference in the concentrations calculated from PRESS and
MEGA-PRESS in each region. Paired t-tests were also used to assess whether the
GSH content was different between the two voxels when estimated from the same
type of spectra (either both from PRESS or both from MEGA-PRESS), as well as to
determine whether the white and grey matter contents were significantly different
between the two voxels. Statistical significance was considered reached when
P<0.05.

4.4 Results
4.4.1 TE optimization
Simulation and GSH/Ace phantom
Figure 4.2 illustrates curves of GSH signal versus TE. There are two
simulation curves, one taking

effect into account and the other without this

correction. The simulation results are overlaid with the GSH signal from the
GSH/Ace phantom. The simulation with the

relaxation and the measurement in

vitro were in good agreement; the maximum signal was acquired at TE=130 ms (see
Figure 4.3 for edited spectra at varying TEs).
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Figure 4-2 Simulation and phantom signal intensity results of the MEGA-PRESS pulse
sequence showing the maximum signal at TE=130 ms.

Figure 4-3 GSH signal from the GSH/Ace phantom using the MEGA-PRESS pulse sequence at
different TE values.

In vivo
The GSH concentration [mean±S.D.] was calculated to be 3.2±0.6 mM at
TE=130 ms and 2.0±1.1 mM at TE=70 ms from MEGA-PRESS acquisitions. The
average CRLB at TE=130 ms was 18±5% and 26±5% at TE=70 ms. The average
ratio of GSH signal at TE=130 ms over TE=70 ms was 1.8±0.6 (Figure 4.4). No
significant correlation was found between the two TE acquisitions.

83

4.4 Results

Figure 4-4 GSH signals from an ACC voxel in five different healthy volunteers, acquired with
TE=130 MEGA-PRESS (a) and TE ¼ 70 MEGA-PRESS (b).

4.4.2 MEGA-PRESS and PRESS comparison
Brain‐mimicking phantom
The results from the brain-mimicking phantom experiments are presented in
Table 1 and Figure 4.5. When using QUEST to quantify GSH from PRESS spectra it
was not possible to discriminate GSH concentrations within the physiological range
(<4 mM). In this concentration range a similar concentration for GSH was returned
from PRESS, regardless of its actual concentration (Figure 4.5 and Table 4.1). GSH
could only be quantified accurately from PRESS spectra if present at high
concentrations (≥4 mM). The CRLBs of the quantified GSH in all phantoms were
below 28%. On the contrary, the GSH concentration was accurately quantified from
the MEGA-PRESS acquisitions even down to the lowest concentration of 0.5 mM
(Figure 4.5). As illustrated in Figure 4.5, the PRESS linear fit for concentrations of 4
mM and higher does not go through the origin and the slope is 1.1 while in
estimations from MEGA-PRESS the slope is ~ 1 and the linear fit goes through the
origin. Table 4.1 presents the estimated and true concentrations and CRLBs for all
the phantoms.
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Figure 4-5 GSH concentration quantified in phantoms versus the actual concentration in
spectra acquired using PRESS (a) and the spectra of six phantoms with different GSH
concentrations (b). The corresponding MEGA-PRESS data can be seen in (c) and (d). The
zoomed in regions show that, despite the strong linear relationship for PRESS at high
concentrations, the relationship is chaotic at physiological concentrations. In contrast, MEGAPRESS is well-behaved in both locations.
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Table 4-1 The GSH concentrations measured from phantoms in PRESS and MEGA-PRESS
TE=130 ms spectra. The concentrations are in mM.

PRESS Estimate

MEGA-PRESS Estimate

#Phantom True [GSH] [GSH] CRLB% [GSH]

CRLB%

1

0

0.62

14%

0

N/A

2

0.5

2.11

18%

0.60

17%

3

0.75

2.00

15%

0.81

19%

4

1

0.68

17%

1.09

32%

5

1.5

2.01

18%

1.36

21%

6

2

2.30

27%

1.73

22%

7

2.5

1.99

16%

2.43

15%

8

3

1.9

15%

2.98

12%

9

4

5.34

15%

3.90

9.6%

10

8

8.96

10%

7.48

2%

11

12

14.50

9%

10.4

2%

12

24

27.2

5%

24.25

1.6%

In vivo
In the PRESS spectra no particular peak can be assigned to GSH, while the
GSH signal can be clearly identified in the MEGA-PRESS spectra (Figure 4.6).
Table 2 presents the mean±S.D. of the GSH concentrations and CRLBs calculated
from PRESS and MEGA-PRESS spectra. GSH concentrations quantified from
PRESS were not significantly different between the two regions (P=0.4). Figure 4.6
illustrates quantification of a healthy volunteer PRESS and MEGA-PRESS
spectrum. GSH was significantly higher in ACC compared to OCC when quantified
from the MEGA-PRESS spectra (P=0.003). There was no significant difference
between PRESS and MEGA-PRESS GSH estimations in the ACC (P=0.3), while
there was a significant difference in the OCC (P=0.003).
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Figure 4-6 ACC voxel spectra and fitting with jMRUI, using PRESS (a) and MEGA-PRESS
TE=130 ms (b) acquisition.

Table 4-2 The average GSH concentrations quantified from in vivo PRESS and MEGA-PRESS
TE=130 ms spectra. The concentrations are in mM.

PRESS Estimate

MEGA-PRESS Estimate

Voxel position [GSH]±S.D. CRLB±S.D. [GSH]±S.D. CRLB±S.D.
ACC

2.8±0.3

19±3%

3.2±0.6

18±5%

OCC

2.5±0.7

12±2%

1.4±0.4

24±6%

4.4.3 Segmentation Results
The percentages (mean±SD) of GM, WM and CSF in ACC were 41.9±3.3 %,
50.8±5.0 % and 7.3±2.0 %, respectively. The corresponding segmentation
percentages in OCC were 59.0±2.7 %, 28.7±3.8 % and 12.3±2.2 %, respectively. A
two-tailed paired t-test detected that GM (P<0.0005) and CSF (P<0.005) contents (in
percentages) were significantly higher in the OCC MRS voxel compared to the ACC
voxel, while the content of WM was significantly lower in the OCC voxel compared
to the ACC voxel (P<0.0005). The average GM proportion versus the average GSH
concentration estimated from MEGA-PRESS is illustrated for each of the ACC and
OCC voxels in Figure 4.7.
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Figure 4-7 Mean of GM percentages versus mean of GSH estimations from TE ¼ 130 MEGAPRESS acquisitions. The standard errors of mean are plotted as error bars. Individual values
for each subject are also plotted.

4.5 Discussion and conclusions
The simulation results that include the effect of

relaxation were in good

agreement with the GSH/Ace phantom data (Figure 4.2), confirming that TE=130 ms
is optimal for detection of GSH by MEGA-PRESS, due to higher editing efficiency
compared to the commonly used TE~70 ms10,11,18. Our finding is in line with two
other studies also presenting TE ~ 130 ms (TE=131 ms29, TE=120 ms38) as the
optimum for detecting GSH using MEGA-PRESS. However, the optimum TE will
depend on field strength and temperature29.

In vivo, the average GSH signal

intensity acquired from the ACC of seven healthy volunteers at TE=130 ms was
1.8±0.6 fold higher than at TE=70 ms (Figure 4.4), confirming the findings of the
GSH/Ace phantom study. Moreover, the signal to noise ratio and the CRLB both
showed a better signal quality at TE=130 ms compared to TE=70 ms. There was no
significant correlation found between the concentration estimated from the spectra at
TE=130 ms and TE=70 ms. This could be due to relatively low inter subject
variability or low signal to noise at TE=70 ms.
When fitting the PRESS spectra acquired in the brain-mimicking phantoms, it
is clear that at physiological concentrations (<4 mM) the estimates are imprecise and
inaccurate (Figure 4.5 and Table 1). This undermines the contention that
physiological levels of GSH can be accurately and reliably measured from PRESS
TE=35 ms. Additionally, our data from the GSH/Ace phantom showed that the
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glycine component of GSH was a pseudo-doublet, supporting the interpretation of
Kaiser et al.10 and suggesting that simulations of GSH using just the coupling and
chemical shifts from Govindaraju et al.6, which are comprised as prior knowledge in
most quantification software, cannot fully model the glycine proton of its spectrum.
This can add further inaccuracy to the quantification of GSH using PRESS spectra.
In contrast, the GSH glycine peak cancels out using MEGA-PRESS editing at 4.56
and 1.44 ppm.
The inaccurate detection and estimation of GSH from PRESS could not have
been revealed by CRLB values since they were below 28% in all measurements. The
above observation is in agreement with Kreis39, who suggested that CRLB cannot be
used as a sole criterion to assess quantification reliability for MRS data. However,
the low CRLBs (less than 10%) in high GSH concentrations in the brain-mimicking
phantom study can be a further assurance that GSH in high concentrations (≥ 4 mM)
can be accurately quantified in PRESS spectra.
This study proved that when fitting PRESS spectra, the solution for GSH
concentration found by the mathematical algorithm may be consistent and within the
expected range, but can still be inaccurate. Other studies12,13,40, which analysed the
relationship between GSH estimations from PRESS or STEAM pulse sequences at 3
T and known values, reported a linear relationship between true and estimated GSH
concentrations. However, inspection of the data presented shows that MRS
estimations of GSH are non-zero for phantoms without GSH and the values returned
for all concentrations lower than 3 mM are similar. Moreover the linear fit from
which physiological concentration values are derived, is driven by the values from
the phantoms containing high concentrations of GSH. It is difficult to assess the
accuracy of the method at low concentrations because of too few data points.
In humans, the concentrations calculated from the PRESS and MEGA-PRESS
spectra were significantly different in the OCC region. Also, results from MEGAPRESS, but not from PRESS, detected significantly different concentrations between
the two regions. One reason for differing concentrations could be a different
GM/WM ratio, with GM usually presumed to have higher metabolite concentrations,
as found by27. However, we found higher GM content in OCC, which had lower
GSH concentration than ACC. Additionally, if we extrapolate the line on Figure 4.7;
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we could see that GSH would have a 0 mM concentration for 70% GM content,
which is unrealistic. This suggests that the significant difference in GSH content
between the two voxels is rather a genuine, physiological feature based on regional
concentration differences rather than a result of differences in GM and WM contents.
The literature also suggests a high to low GSH concentration gradient in frontal to
occipital brain regions2,3,27. Interestingly, although MEGA-PRESS results proved to
be more reliable, the CRLB values from PRESS spectra fitting were lower than the
MEGA-PRESS ones. As well as the brain-mimicking phantom results, this also
challenges the infallibility of CRLB values as sole criterion for assessing
quantification reliability, as discussed in Kreis39. Without ground truth on ACC and
OCC GSH concentrations we cannot say with certainty that MEGA-PRESS
measurements are correct and those using PRESS are not. Nevertheless, when taking
into account the brain-mimicking phantom data, the likelihood of a positive detection
of a regional GSH concentration difference by MEGA-PRESS is higher than lack of
detection of regional differences from PRESS. The data acquired in this study can be
available on request for further investigation on the fitting methods.
In summary, due to the uncertainties in GSH quantification raised by the
phantom and human study, we conclude that normal physiological concentrations of
GSH cannot be reliably quantified using PRESS at 3 T, whereas in MEGA-PRESS
the GSH signal is visually detectable and more accurate quantification can be
performed. We therefore recommend using editing pulse sequences rather than
PRESS TE=35 ms; however this may increase the scanning time if non-edited
acquisitions are also needed for quantification of other metabolites. These results
support the case for using MEGA-PRESS GSH editing sequence with TE=130 ms in
future studies aiming at assessing possible GSH concentration alterations in
psychiatric and other brain diseases where the oxidative equilibrium could be
disturbed.
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5.1 Abstract
Purpose: γ-aminobutyric acid (GABA) and glutamate (Glu), major
neurotransmitters in the brain are recycled through glutamine (Gln). All three
metabolites can be measured by magnetic resonance spectroscopy in vivo, though
GABA measurement at 3T requires an extra editing acquisition such as MEGAPRESS. In a GABA-edited MEGA-PRESS spectrum, Glu and Gln co-edit with
GABA; providing the possibility of measuring the three in one acquisition. Here the
reliability of the composite Glu+Gln peak (Glx) estimation and the possibility of Glu
and Gln separation in GABA-edited MEGA-PRESS spectra have been investigated.
The data acquired in vivo was used to develop a quality assessment framework
which identified MEGA-PRESS spectra that Glu and Gln can be reliably estimated.
Method: Phantoms containing Glu, Gln, GABA and N-acetylaspartate (NAA)
at different concentrations were scanned using GABA-edited MEGA-PRESS at 3T.
56 sets of spectra in 5 brain regions were acquired from 36 healthy volunteers. Based
on Glu/Gln ratio, data were classified as either within or outside the physiological
range. A peak by peak quality assessment was performed on all data to investigate if
quality metrics can discriminate between these two classes of spectra. The quality
metrics were: GABA signal-to-noise ratio, NAA line width and Glx Cramer-Rao
lower bounds (CRLB).
Results: The Glu and Gln concentrations were estimated with precision across
all phantoms with a linear relationship between measured and true concentration,
R2= 0.95 for Glu and R2= 0.91 for Gln. A quality assessment framework was set
based on criteria necessary for a good GABA-edited MEGA-PRESS spectrum.
Simultaneous criteria of NAA line width < 8 Hz and Glx CRLB< 16% were defined
as optimum features for reliable Glu and Gln quantification.
Conclusion: Glu and Gln can be reliably quantified from GABA-edited
MEGA-PRESS acquisitions. However, this reliability should be controlled using
quality assessment methods suggested in this work.
Keywords: Glutamate, Glutamine, GABA, MEGA-PRESS, Quantification
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Human brain function depends on the balance between the major inhibitory
neurotransmitter

γ-aminobutyric

acid

(GABA)

and

the

major

excitatory

neurotransmitter glutamate (Glu). GABA is a product of Glu metabolism, which is
synthesized from glutamine (Gln)1. These three metabolites contribute to
neurotransmitter cycling. Changes in each of these metabolites have been implicated
in the pathophysiology of a number of neuropsychiatric and neurological disorders
such as schizophrenia2, epilepsy3, HIV4, autism5 and addiction6. Knowledge of these
metabolite levels is useful not only in understanding brain function but can also
provide biomarkers for drug discovery and treatment monitoring. Therefore, accurate
and reliable estimation of these metabolites in vivo is of significant interest.
The chemical and structural similarities of Glu, Gln and GABA result in
similar magnetic resonance spectra7,8, making their separation in vivo challenging at
3 T. Glu and Gln have been measured at 3 T using different methods such as: TE
averaged PRESS9, short echo STEAM (TE=6.5 ms)10, PRESS11 and PEPSI12.
GABA, on the other hand, has mostly been detected using J-difference edited
MEGA-PRESS13, which has developed into a robust and reliable method to quantify
GABA14–18. J-difference editing is based on quantification of the visually detectable
GABA protons resonating around 3.01 ppm. The GABA C3 multiplet that is
manipulated for editing resonates at 1.89 ppm close to the Glu and Gln C3
multiplets7,8. Thus these amino-acids co-edit with GABA, showing peaks around
2.2-2.4 ppm and 3.75 ppm. This provides the potential to quantify Glu and Gln from
the GABA-edited acquisition.
There have been a number of studies in which Glu and Gln have been
measured in a GABA-edited MEGA-PRESS. However, reliable quantification of
Glu and Gln has proven to be challenging given the low editing efficiency of Glu
and Gln in this acquisition method. Some studies quantify the peak at 3.75 ppm as
Glx (the sum Glu+Gln)19–22. This approach is incapable of evaluating Glu and Gln
separately and also it will not be useful in conditions where the Glu and Gln
concentration change in opposite directions. Some studies have reported Glu
concentrations using LCModel software16,23, however these studies fall short in
quantifying Gln and they do not investigate the precision of Glu estimation.
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There has been an investigation on the accuracy and precision of simultaneous
measurements of Glu, Gln and GABA from edited MEGA-PRESS spectra in
phantoms at 4 T24, but translation of these results to 3 T requires further investigation
and independent validation. Here, using phantoms, we first investigate the reliability
of the Glx peak in the GABA-edited MEGA-PRESS spectra and the precision of
separate Glu and Gln estimations. Then, using quality assessment of data acquired in
vivo, we introduce a framework in order to identify the GABA-edited MEGAPRESS spectra from which Glu and Gln can be estimated reliably.

5.3 Methods
All acquisitions, in vitro and in vivo, were performed on a 3 T MR scanner
(Philips Achieva, Best, the Netherlands), using a body coil for transmission and a
32-channel head coil for signal reception.
5.3.1 Experiments in vitro
Ten phantom solutions with a range of GABA, Glu and Gln concentrations and
8 mM N-acetyl aspartate (NAA) were prepared in phosphate buffer (25 mM
KH2PO4; 25 mM K2HPO4) and adjusted to pH 7.0 as listed in Table 5.1. All
chemicals were from Sigma-Aldrich (Dorset, UK). Phantom temperature was kept at
21ºC for data acquisition. The selective pulses of MEGA-PRESS were set to the
frequency of 1.89 ppm, coupled to the detected GABA signal at 3.01 ppm, and to 7.6
ppm symmetrically disposed about the water signal. The pulses were Gaussian with
14 ms duration and 106 Hz bandwidth. TE (=TE1+TE2) was 70 ms with a TE1 of 12.6
ms and the TE2 of 57.4 ms. The spectra were acquired in blocks of 4 averages when
the MEGA pulse was set at 1.89 ppm (MEGA-on), referred to as a single dynamic,
followed by 4 averages of MEGA pulse set at 7.6 ppm (MEGA-off). The dynamics
were then repeated in an interleaved manner until 32 were acquired at each
frequency making a total of 64 dynamics. In all scans repetition time (TR) was 2000
ms with 1024 samples. The voxel size of 30×30×30 mm3 was chosen in the middle
of the phantom. Receiver bandwidth was 2000 Hz, water suppression method was
excitation and the shimming was second order pencil beam (FASTMAP). The NAA
peak at 2.02 ppm was used for frequency referencing.
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Table 5-1 Phantom concentration.

#Phantom [Glu]mM [Gln]mM [GABA]mM
1

25

0

0

2

0

25

0

3

0

0

25

4

8

2

1

5

10

4

2

6

12

6

3

7

11

2.2

2

8

9

6

2

9

15

5

3

10

18

3

3

5.3.2 Experiments in vivo
A total number of 56 spectra were acquired from 36 healthy volunteers (18
female, 18 male, age range 20-55 years old) who all gave written informed consent
in accordance with procedures approved by the local ethics committee. 10 of the
volunteers had measurements in three different brain regions with a voxel size of
32×32×32 mm3 as follows: left occipital cortex (LOCC), left motor cortex (LMC)
and right motor cortex (RMC). 7 of the volunteers had measurements in the anterior
cingulate cortex (ACC) with a voxel size of 35×40×20 mm3 and 19 had
measurements in the occipital cortex (OCC) with a voxel size of 30×30×30 mm3, see
Figure 5.1. GABA-edited MEGA-PRESS spectra (TE=70 ms, TR=2000 ms) as
described in the “in vitro” section, with identical acquisition parameters, were
acquired from each voxel.
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Figure 5-1 T1-weighted images showing the positioning of the 1H MRS voxel in the (a) left
occipital cortex; (b) left motor cortex; (c) right motor cortex; (d) anterior cingulate and (e) the
occipital cortex. Diagram for the MEGA-PRESS (f) pulse sequences used in this study.

5.3.3 Metabolite quantification
Analysis of the spectroscopic data was performed in jMRUI 6.0 software25
using QUEST26, a nonlinear least squares fitting algorithm. This is a time domain
algorithm which fits a weighted combination of metabolite signals directly to the
data. An initial metabolite basis set for the sequence was obtained from the scanner
using phantoms 1, 2, 3 (Table 5.1) and a 25 mM [NAA] phantom. Each phantom
only contained a single metabolite. The NAA, GABA, Glu and Gln spectra from
these phantoms were used as prior knowledge for QUEST quantification.

For

accurate frequency referencing and phase estimation of the spectrum, preprocessing
was performed as follows: the dynamics which had their MEGA frequency set at 7.6
ppm (MEGA-off spectra) were summed. The NAA peak was set as 2.02 ppm and its
phase was estimated using AMARES27, a resonance by resonance quantification
method based on a non-linear-least-squares quantitation. Since the NAA peak in
GABA-edited MEGA-PRESS has a 180º phase shift relative to the GABA peak at 3
ppm, the MEGA-PRESS phase was fixed at the NAA phase minus 180˚. Any
residual water peak was removed using Hankel Lanczos Singular Values
Decomposition (HLSVD) routine in jMRUI. Finally, all the dynamics were summed
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to give the GABA-edited spectrum. The implementation of MEGA-PRESS on the
scanner is such that there is a phase-shift of 180o between the MEGA-on and
MEGA-off dynamics so that the GABA signal is always positive. The MEGAPRESS acquisition provided the possibility of a dynamic by dynamic phase and
frequency correction28. However, both in vivo and in vitro, the high stability of the
scanner and the full cooperation of the healthy volunteers made such corrections
unnecessary.
5.3.4 Concentration calculation
NAA referenced concentrations were estimated using the following equation:
.
where

and

5.1

are the raw metabolite and NAA signals, respectively. In

order to report accurate Glu and Gln concentrations, a calibration coefficient (CCm)
and an intercept (intm) were calculated for each metabolite using the phantom data.
These values were linear regression coefficients where the y axis was the ratio of the
metabolite (Glu or Gln) to the NAA signal intensity measured using QUEST and the
x axis was the known concentration of the phantom (Figure 5.5). The slope and
intercept in Figure 5.5 are called 'm' and 'c' (conventionally y=mx+c) such that CCm
= 1/m and intm = -c/m. These coefficients were also used to quantify the Glu and Gln
concentrations in vivo relative to NAA, assuming an NAA concentration of 8 mM
(the same as in the phantoms). The calculated CCm and intm values were 10 and 3 for
Glu and 16.6 and 1.6 for Gln.
5.3.5 Spectra Classification
The Glu/Gln concentration ratio was used to assess the quality of the
quantification for both metabolites. It was preferred over the absolute concentration
since it is independent of the NAA signal and less likely to be contaminated by
errors caused by concentration calculation. The physiological concentration ranges
of Glu and Gln as reported in Govindaraju et al7 are 6-12.5 mM and 3-5.8 mM
respectively, leading to a ratio range from 1-4. There have been a number of studies
estimating Glu and Gln by MRS in different brain regions, as reviewed by Ramadan
et al29. In this paper 34 studies were reported in which both Glu and Gln
concentrations were measured by MRS. All studies had a ratio equal to or above 1.5.
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80% of the data had a Glu/Gln ratio equal to or less than 4.5. A ratio between 1.5
and 4.5 thus encompasses most of the normal variation in Glu/Gln and is consistent
with the range of absolute values reported in Govindaraju et al7. This defines a range
which we can be confident represents normal physiological values. This does not
mean that ratios outside this range are necessarily unreliable or in error, but in order
to define a set of ‘normal’ spectra it is prudent to exclude the values > 4.5. Using
this information we defined the ratio of 1.5-4.5 as the‘physiological range’. The
spectra in vivo were classified into two groups: those with a Glu/Gln ratio within the
physiological range and those outside this range. It is assumed that the data
producing values within the physiological range are more likely to be accurate and
reliable than the data producing values outside the range and hence we investigated
if there was a difference in data quality between these 2 groups that can define
acceptance standards. Figure 5.2 illustrates the flow of this work in a diagram.

Figure 5-2 Workflow of this study.

5.3.6 Quality Assessment
The features of a GABA-edited MEGA-PRESS spectrum that enable reliable
estimation of Glu and Gln concentrations are, self-evidently, signal-to-noise (SNR)
and spectroscopic resolution, but also the effectiveness of water suppression and
scan-to-scan stability as these influence the appearance of artefacts and of
subtraction errors. Our approach is to estimate these independently of the QUEST
analysis of the edited spectrum, so we have used AMARES analysis of the spectra
for this purpose. For SNR, we chose the GABA-edited peak as this will combine the
effects of intrinsic sensitivity and subtraction errors. For linewidth, we use the NAA
signal as its proximity to the C3 region of Glu, Gln and GABA means that broad
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linewidths will adversely affect fitting in this region (2.2-2.4 ppm), where the Glu
and Gln overlaps are minimized23 (see Figure 5.3) and is crucial to separation of Glu
and Gln. Finally, we use the Cramer Rao lower bound29 (CRLB) of the fit to the
edited Glx signal at 3.75 ppm. The fit to this signal will be sensitive to overall SNR,
to the quality of water suppression (poor water suppression will distort the baseline
in this region of the spectrum) and to subtraction errors. In the prior knowledge for
AMARES we fix the phase of the edited signals to be 180o relative to that of NAA,
so if subtraction errors cause a phase distortion of the Glx signal, this will be
reflected as a higher CRLB. AMARES performs a resonance by resonance
quantification based on a non-linear-least-squares algorithm that requires starting
values for chemical shift, linewidth and line shape for each resonance. All peaks
were quantified using defined prior knowledge; including the frequency shift and
Lorentzian or Gaussian line shape (Figure 5.6).

Figure 5-3 Glutamate (blue) and glutamine (red) spectra acquired from 25 mM concentration
phantoms.

To measure the GABA SNR, a single Gaussian15 was used to fit the GABA
peak at 3.01 ppm. SNR was defined in the frequency domain as the maximum height
of the fitted GABA signal at 3.01 ppm (without any line-broadening) divided by the
root-mean-square amplitude of the noise in a signal and artefact free part of the
spectrum (Figure 5.6).
Linewidth is the full width at half maximum peak height in the frequency
domain. NAA linewidth was extracted from the estimation of the peak at 2.02 ppm
as a Lorentzian line shape in AMARES (Figure 5.6).
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The Glx peak at 3.75 ppm was fitted with a model extracted from the phantom
data. This model was two Lorentzian line shapes that are constrained to have
identical linewidths, phases and amplitudes with a 10 Hz separation. The CRLB of
the two Lorentzian peaks were calculated, the largest value of CRLB among the two
was considered as the marker for quality assessment of the Glx peak (Figure 5.6).
The justification for using the larger CRLB is that any distortions or artefacts which
reduce the symmetry of the two peaks will be reflected in different CRLBs for the
pair of peaks.
These metrics were used to test general spectrum quality and goodness-of-fit.
No assumptions were made that physiological range spectra were all ‘good’ or nonphysiological range spectra were ‘poor’, but rather this question was asked: do these
quality metrics discriminate between these two classes of spectra? If so, that suggests
that the reason for the differences in the ratio is down to spectroscopic quality, not an
expression of biological variation. To answer this question the mean and S.D. of
GABA-edited SNR, NAA line width and Glx CRLB within each group were
calculated and compared between classes.

5.4 Results
5.4.1 In Vitro
The Glx peak (3.75 ppm) intensity in the phantoms 4-10, (Table 5.1) which are
a combination of Glu, Gln, GABA and NAA with the concentration range of Glu 818 mM and Gln 2-6 mM, was quantified. There was a linear relationship between the
peak intensity and the concentration of Glu+Gln (R2=0.95, Figure 5.4). QUEST Glu
and Gln estimation from the phantoms also had a linear relation with the known
concentration. (R2=0.95 for Glu and R2=0.91 for Gln, (Figure 5. 5)). The intercept in
plots in Figure 5.5 can be interpreted as the lower concentration detection limit of
this method in quantifying Glu and Gln, which is 3.51 mM and 1.81 mM,
respectively. The calibration coefficient for converting signal ratio into concentration
(

in equation 1) calculated from these data was 10 for Glu and 16.6 for Gln

(Figure 5.5).
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Figure 5-4 The area under the peak at 3.75 ppm, the Glx peak, versus the glutamate
(Glu)+glutamine (Gln) concentration present in the phantoms. The area under the peak at 3.75
was quantified with AMARES.
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Figure 5-5 The ratio of glutamate (Glu) (a) and glutamine (Gln)(b) over N-acetylaspartate
(NAA) concentration quantified using QUEST in phantoms versus the known concentration.
The slope of the line is the reciprocal of the concentration calibration coefficient (CCm).

5.4.2 In Vivo
Figure 5.6 illustrates fitting of a spectrum from the data within the
physiological range by both AMARES (quality assessment) and QUEST
(quantification). The relatively flat residual shows that the spectrum is well described
by the sum of Glu, Gln, GABA and NAA.
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Figure 5-6 An example of a spectrum in vivo and its fitting: QUEST is used for concentration
calculation, the individual components of the spectra glutamine (Gln), glutamate (Glu), GABA,
N-acetylaspartate (NAA) and the residual are illustrated. The AMARES fit is used for quality
assessment.

The

number

of

spectra

classified

within

the

physiological

range

(1.5≤[Glu]/[Gln]≤4.5) and the mean concentration of each region can be seen in
Table 5.2. The concentrations were calculated using NAA referencing, which can
introduce potential problems or bias in the data. The use of water signal referencing
can reduce these putative issues, but additional water signals were not available for
all in vivo GABA-edited spectra.
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Table 5-2 Glu and Gln concentrations of spectra in the physiological class reported in different
regions. The classification is based on the Glu/Gln being equal or between 1.5-4.5. The column
#Total spectra includes all the spectra used in the study in each region and the column #spectra
includes the data classified as physiological range. Concentration is in mMol/kg wet weight.
Numbers are reported as mean±S.D.

#Total
Spectra

Physiological
Glu/Gln ratio

#spectra Ratio
[Glu]
[Gln]
LOCC 10
8
2.18±0.25 11.07±2.95 5.12±1.36
LMC 10
4
3.09±0.94 10.23±1.24 3.51±1.05
RMC 10
7
3.31±0.48 13.75±2.83 4.20±0.98
OCC
19
18
2.53±0.41 10.45±0.91 4.20±0.50
ACC
7
7
2.67±0.62 13.55±3.94 5.08±0.90
The quality assessment markers of the physiological range class are reported in
Table 5.3. In this class, the lower confidence limit (mean-2*S.D) of GABA-edited
SNR was 1.0, while the upper confidence limit (mean+2*S.D) of NAA line width
and Glx CRLB were 8 Hz and 16%, respectively. Using these three features as
quality criteria we investigated the non-physiological class spectra. Regardless of the
fact that the classification of the spectra was independent of the quality assessment
and based only on the Glu/Gln ratio, at least one of the quality criteria failed in 70%
of the non-physiological class spectra.
Table 5-3 The quality assessment markers are reported based on the classification result on the
Glu/Gln ratio, reported in different voxels. Numbers are reported as mean±S.D.

Physiological Glu/Gln ratio
#Total Spectra #spectra

GABA
NAA LW Glx CRLB
SNR
LOCC 10
8
2.63±0.37 6.20±0.68 6.97±1.89
LMC 10
4
2.22±0.43 6.04±0.75 14.19±8.02
RMC 10
7
2.22±0.84 6.19±0.97 9.04±6.51
OCC
19
18
2.41±0.48 6.17±0.96 5.02±1.21
ACC
7
7
3.97±1.02 5.61±0.45 6.27±4.23
Investigation of the failed spectra shows that the most common feature that
falls short in the criteria is the CRLB, with 8 out of 56 spectra not meeting the
requirement, and NAA line width with 4 out of 56 falling short. The SNR criteria did
not fail any spectra, so this does not form part of the quality assessment framework.
Overall the proportion of spectra which failed the framework in this data set is region
dependent, with the greatest in motor cortex (8/20) and the least in occipital cortex
(3/29). Figure 5.7 shows examples of spectra where the quality threshold has failed
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on a single feature (8.a, 8.b), two features (8.c) and a spectrum which passed all
quality thresholds (8.d).

Figure 5-7 (a,b,c) Examples of glutamate (Glu) and glutamine (Gln) fitting in spectra in vivo
which failed one or more criteria in the quality assessment. The upper trace is the original data
and the QUEST fit of Glu and Gln are presented below it. The quality assessment values which
are calculated using AMARES are reported for each spectrum, the text in red indicates the
failed quality parameter. (d) Sample of a spectrum and its Glu and Gln fit which passed all the
quality criteria checks.

Figure 5.8 shows a scatter plot of the quality assessment criteria in both
physiological and non-physiological groups. Figure 5.9 is a plot of all the data points
and their ratio of [Glu]/[Gln]. It can be seen that there are data points which fail the
quality assessment framework whilst being in the physiological range class, and vice
versa: data points that pass the framework and do not belong to the physiological
range class. Investigation of the data also showed that the majority of the failed
spectra underestimate the Gln concentration, resulting in a high Glu/Gln ratio.
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Figure 5-8 Scatter plots of the three quality assessments: (a) GABA signal to noise (SNR), (b) Nacetylaspartate (NAA) line width and (c) Glx CRLB are illustrated in both the physiological
(Phys.) and non-physiological (Non Phys.) classes of data. The dashed line is the rejection
threshold.

Figure 5-9 Plot of all the data points and their ratio of [Glu]/[Gln]. The triangle points are the
data that passed the quality criteria and the cross are the ones that failed. The dashed line
indicates the Glu/Gln ratios of 1.5 and 4.5.
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The linear correlation of the Glx peak with the total Glu+Gln present in the
phantoms shows that the peak at 3.75 ppm can be used as an indicator of Glu+Gln,
but cannot be used as a sole marker for Glu. The linear correlation of the Glu and
Gln estimation with the concentration present in the phantom shows that in ideal
conditions, Glu and Gln can be independently quantified with precision using
GABA-edited MEGA-PRESS and QUEST. This provides the potential to quantify
Glu, Gln and GABA from a single acquisition at 3 T.
The calibration coefficient (

) for Glu and Gln not only reflects the

relationship between signal intensity and concentration, but also the editing
efficiency. Having a smaller value of

for Glu (10) compared to Gln (16.6)

suggests that this metabolite is more effectively edited in a GABA-edited MEGAPRESS. This is to be expected as the C3 multiplet of Glu (at 2.03 ppm) is 0.07 ppm
closer to the editing pulse (at 1.89 ppm) than Gln (at 2.1 ppm)7.
Application of the quality assessment framework on the data suggests there is a
difference in spectroscopic quality between regions. More than 90% of the data in
OCC, LOCC and ACC passed the quality assessment, while in the motor cortex
(LMC, RMC) only 60% of the data did. This regional dependence can be explained
due to the difficulty of performing spectroscopy in different brain areas. The motor
cortex is relatively harder to shim, and is more susceptible to outer-volume lipid
contamination. The location of the voxel directly determines the quality of the
spectra hence can be a factor for estimating the possibility of Glu and Gln
quantification in GABA-edited MEGA-PRESS.
Glu and Gln quantification from an acquisition that is not optimized for these
metabolites is complex and reliable estimation of these metabolites requires extra
quality measurements. Figure 5.9 show that none of these three markers (GABAedited SNR, NAA linewidth or Glx CRLB) on their own can identify the spectra
with unreliable Glu and Gln estimation. However, using the combination of NAA
linewidth and Glx CRLB can resolve this problem.
The classification of the reliable Glu/Gln estimation based on their ratio was a
method to compensate for the lack of knowledge of the true concentrations present in
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vivo. This does not imply that h Glu/Gln ratios outside the defined value are
unacceptable. A number of studies in Ramadan et al30 report a Glu/Gln ratio higher
than 4.5. In our data set also three data points pass the quality assessment framework
regardless of having a Glu/Gln ratio higher than 4.5. Here we used the most reliable
data to develop a framework in order to identify the features of good quality spectra.
However, in our data set, 7 out of 11 of the estimations which did not have a Glu/Gln
ratio between 1.5 and 4.5 failed in one or both of the quality assessment criteria.
While it is inevitable that 95% of the spectra within the ratio limits will meet the
quality criteria (since that is how the criteria were defined), that does not mean that
all the spectra outside these limits have to fail. The fact that the majority of the data
do fail in at least one feature gives some confidence that the quality thresholds are
useful. Using the quality assessment step may result in rejection of a proportion of
the data such that statistical power may be reduced and this needs to be taken into
account in study design. Care should be taken to ensure that if spectra are rejected,
this occurs in a balanced manner across experimental groups, since a preponderance
of failed spectra in one group could bias the overall results.
In conclusion, Glu and Gln can be quantified reliably from GABA-edited
MEGA-PRESS under certain circumstances. Quality assessment of the spectra and
the framework proposed in this study can be used as a tool to evaluate the reliability
of the Glu and Gln quantification from GABA-edited MEGA-PRESS spectra.
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Purpose: Functional magnetic resonance spectroscopy (fMRS) is a research
tool for measuring metabolic changes in the active brain. GABA and glutamate,
major inhibitory and excitatory neurotransmitters, have been studied with fMRS in
order to understand the underlying biochemistry of various brain functions such as
motor learning, visual or pain perception and cognition. MEGA-PRESS has been the
preferred pulse sequence for GABA measurements and has been shown to have good
repeatability and reliability. However, low GABA concentration and long acquisition
time makes its functional measurement challenging. Here the acquisition duration
and sample sizes required to detect concentration changes in GABA using MEGAPRESS at 3 T for common study designs (a) between-groups and (b) within-session
measurements are presented.
Method: 83 GABA spectra were acquired during rest using the MEGAPRESS pulse sequence from 41 healthy volunteers in 6 different brain regions at 3 T.
As a proof of concept, GABA spectra from 10 healthy volunteers during brain
stimulation were acquired in the sensorimotor cortex. Between-group and withinsession variance was calculated for different acquisition durations and power
calculations were performed to determine the subject numbers required to detect a
given percentage change in GABA concentration.
Results: Power calculations suggest that detecting a 40% change in GABA
using a 4’30” acquisition requires 9-93 subjects per group in a between-group study
design and 13-68 participants in a within-session design, depending on the region of
interest.
Conclusion: GABA fMRS can be successfully implemented in human brain;
however, three important factors should be taken into consideration in study design:
acquisition duration, number of subjects and region of interest.
Keywords: fMRS, GABA, MEGA-PRESS, quantification, precision, power
calculation
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Understanding the relationship between brain activation and metabolite change
can extend our knowledge of brain function to a molecular level. Magnetic
resonance spectroscopy (MRS) has been used as a research and clinical tool to study
brain metabolism. The integration of MRS with functional imaging such as
electroencephalogram (EEG) and functional magnetic resonance imaging (fMRI)
attempts to relate functional imaging responses to metabolic changes1,2. In recent
years there have been several studies of brain metabolite change during activation
using MRS dynamically, known as functional MRS (fMRS). Although fMRS studies
might not be able to reveal the complete underlying metabolic dynamics in the
brain3, they can provide unique and useful information. MRS statically measures a
spectrum without the presence of neuronal stimulation, while fMRS aims to measure
multiple spectra dynamically during brain activation.
Human brain function depends on the balance of the major excitatory and
inhibitory neurotransmitters, respectively glutamate (Glu) and γ-aminobutyric acid
(GABA). GABA and Glu measurements have enhanced our understanding of the
underlying biochemistry of healthy brain function such as in motor learning4,5, visual
stimulation6,7, pain stimulation8–10 and cognitive tasks11,12. GABA has mostly been
detected using J-difference edited MEGA-PRESS13. This method is based on
quantification of the visually detectable GABA protons resonating around 3.01 ppm.
MEGA-PRESS has developed into a robust and reliable method to quantify
GABA2,14–18.
Hence, for GABA fMRS, MEGA-PRESS is the pulse sequence of choice.
However, low GABA concentration19 and its small expected change during brain
activation 20, long acquisition time and relatively large (up to 3x3x3 cm3) voxel size
make its functional measurement challenging. Here we estimate the sample size and
the necessary acquisition duration required to detect statistically significant
concentration changes in GABA using MEGA-PRESS at 3 T for common study
designs in 6 brain regions (a) between-groups and (b) within-session. We also
present results from an example study detecting GABA changes using fMRS in the
sensorimotor cortex during tactile stimulation.
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All acquisitions were performed on a 3 T MR scanner (Philips Achieva, Best,
the Netherlands), using a body coil for transmission and a 32-channel head coil for
signal reception.
6.3.1 Subjects and data acquisition
83 GABA-edited spectra were acquired during rest using MEGA-PRESS from
41 healthy volunteers (20 female, 21 male, age range 20-55 years old) who all gave
written informed consent in accordance with procedures approved by the local ethics
committee. 10 of the volunteers had measurements in three different brain regions
with a voxel size of 32×32×32 mm3 as follows: left occipital cortex (LOCC), left
motor cortex (LMC) and right motor cortex (RMC). 9 of the volunteers had
measurements in the anterior cingulate cortex (ACC) with a voxel size of 35×40×20
mm3 and 22 had measurements in the occipital cortex (OCC) with a voxel size of
30×30×30 mm3 and the anterior temporal lobe (ATL) with a voxel size of 35×25×15
mm3. See Figure 6.4.
GABA-edited spectra were acquired using MEGA-PRESS from 10 healthy
volunteers (5 male, 5 female, age range 20-35 years old) in their sensorimotor cortex
(SMC) with a voxel size of 20×30×20 mm3 during tactile stimulation. These data
were acquired for a study on plasticity. Spectroscopy was performed for 2 periods of
12 minutes whilst digits 2 and 4 of subjects’ right hand received constant costimulation. During this time, and for an additional 22 minutes in between the two 12
minute periods, the two digits, taped to the stimulators, were synchronously costimulated at frequency of 39 Hz. The stimulators consisted of a ceramic box
containing a vibrating probe driven by a piezoceramic wafer and carbon fibre
(Dancer

Designs

Ltd)

which

were

driven

using

Matlab

software

(http://www.mathworks.com) that constructed a sine wave delivered in-phase to each
digit with un-loaded peak to peak amplitude of 250 μm. A schematic design of the
study can be seen in Figure 6.1.In this paper we investigate the GABA concentration
change in the first 12 min of the MRS acquisition, splitting the data in two
consecutive 6 min acquisition.
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Figure 6-1 (A) Schematic diagram of the experimental protocol. The data presented in this
paper was from the first 12 min fMRS study. (B) position of the voxel.

The GABA-edited MEGA-PRESS spectra (TE/TR =70/2000 ms, 1024
samples, 2kHz bandwidth) acquired from all participants had the selective pulses
set to the frequency of 1.89 ppm, coupled to the detected GABA signal at 3.01 ppm,
and to 7.6 ppm, symmetrically disposed about the water signal. The spectra were
acquired in blocks of 4 averages when the MEGA pulse was set at 1.89 ppm
(MEGA-on), referred to as a single dynamic, followed by 4 averages of MEGA
pulse set at 7.6 ppm (MEGA-off). The dynamics were then repeated in an
interleaved manner. Since data from multiple studies were included, the total number
of dynamics differed accordingly: LMC, LOCC and RMC voxels had 32 dynamics
in total (acquisition time 4’30”); ACC, ATL, OCC had 74 dynamics in total
(acquisition time 9’51”) and SMC had a total of 90 dynamics (acquisition time 12’).
The N-acetylaspartate (NAA) peak at 2.02 ppm was used for frequency referencing.
6.3.2 Metabolite quantification
Analysis of the spectroscopic data to quantify GABA was performed in jMRUI
software21 using QUEST22, a non-linear least squares fitting algorithm. This is a time
domain algorithm which fits a weighted combination of metabolite signals directly to
the data. An initial metabolite basis set, used as prior knowledge for QUEST
quantification, was obtained by scanning single metabolite phantoms: NAA, Glu,
Gln or GABA. For accurate frequency referencing and phase estimation of each in
vivo spectrum, preprocessing was performed as follows: the dynamics which had
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their MEGA frequency set at 7.6 ppm (MEGA-off spectra) were summed. The NAA
peak was set as 2.02 ppm and its phase was estimated using AMARES23, a
resonance by resonance quantification method based on a non-linear least squares
algorithm. Since the NAA peak in GABA-edited MEGA-PRESS has a 180º phase
shift relative to the GABA peak at 3 ppm, the MEGA-PRESS phase was fixed at the
NAA phase minus 180˚. Any residual water peak was removed using Hankel
Lanczos Singular Values Decomposition routine in jMRUI. Finally, all the dynamics
were summed to give the GABA-edited spectrum. The implementation of MEGAPRESS on the scanner is such that there is a phase-shift of 180o between the MEGAon and MEGA-off dynamics so that the GABA signal is always positive.
6.3.3 Concentration calculation
GABA concentration was estimated using NAA signal as a concentration
reference, according to the following equation:
∗

where

and

6.1

are the raw GABA and NAA signals, respectively. The

factor 2 is to correct for the suppression of the NAA peak in the MEGA-on spectra.
and

The

are the number of protons in the GABA and NAA molecules.

[NAA] is the concentration of NAA in human brain, which was assumed to be 8 mM
in all calculations.

is the editing efficiency, (the ratio of the edited GABA signal

intensity compared to the non-edited intensity in a sample which only contains
GABA), which we are taking to be 0.515 though this does not take account of signal
loss due to chemical shift displacement effects when spectroscopic editing is
performed with slice-selective pulses24.This effect is sequence-dependent and
constant across all the studies reported here so has not been factored in.
6.3.4 Segmentation
The

weighted images, acquired to position the MRS voxels during the scan,

were segmented using spm8 (http://www.fil.ion.ucl.ac.uk/spm/). Voxel registration
was performed using custom-made scripts developed in MATLAB by Dr. Nia
Goulden, which can be accessed at http://biu.bangor.ac.uk/projects.php.en. The
scripts generated a mask for voxel location by combining location information from
the Philips SPAR file with orientation and location information contained within the
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image. The application of this mask to the segmented grey matter (GM), white
matter (WM) and cerebrospinal fluid (CSF) images enabled the calculation of partial
volume within the region of interest by establishing the percentage of each tissue
type within the relevant voxels.
6.3.5 Variance measures and the impact of acquisition duration
The variance across subjects is important, as it can hinder the detection of
differences in GABA concentration in a between-groups study design. For a withinsession study design, the variance between repeat measurements in the same person
in resting state needs to be assessed. To determine the impact of acquisition time on
variance of the GABA measurements, concentrations were calculated for various
acquisition durations on the resting state data. The data were split into the first 2, 4,
6, … dynamics and GABA was quantified from the resulting data sets. Plots
comparing the acquisition duration to the across-subject means and standard
deviations of concentration, were made for each region of interest (ROI). In our data
set, because of a shorter acquisition time, three ROI’s: LOCC, RMC and LMC had
fewer time points compared to the rest of the data. The within-session variance was
estimated by splitting the data either into two sets (of 2’15” or 4’30” long) or, if
enough dynamics were acquired, into four sets (of 2’15” long) to yield two or four
measurements within a single scan session. For data sets that had only two
measurements per subject, the Bland-Altman variance estimation was used as
below25:
∑
where

is the number of subjects and

6.2
is the difference between the two

measurements for subject .
6.3.6 Power Calculation
Power calculations were performed in each ROI to determine the number of
subjects

required to detect a given effect size (

. The following equation was

used26:
⁄

6.3
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where

⁄

is the Z score (number of standard deviations from the mean)

related to the significance level which was considered as 0.05 (

⁄

1.645).

is the Z score of the detection power which was considered as 80% (
0.8416). The variance

was estimated as described in the section above and the

power calculations performed for both between-group and within-session study
designs.
6.3.7 Quality Assessment
To assess the quality of the spectra there were three main features estimated
from each spectrum: GABA signal to noise (SNR), NAA linewidth and the Cramer
Rao lower bound27 (CRLB) of the combined glutamate plus glutamine (Glx) signal
centred at 3.75 ppm. The GABA signal was calculated using a single gaussian15 to fit
the peak at 3.01 ppm. SNR was defined in the frequency domain as the maximum
height of the fitted GABA signal at 3.01 ppm (without any line-broadening) divided
by the root-mean-square amplitude of the noise in a signal and artefact free part of
the spectrum. Linewidth is the full width at half maximum peak height in the
frequency domain. NAA linewidth was estimated in AMARES from the peak at 2.02
ppm, using a Lorentzian line shape. The Glx peak at 3.75 ppm was fitted with two
Lorentzian lines that were constrained to have identical linewidths, phases and
amplitudes with a 10 Hz separation. The CRLB of the two Lorentzian peaks were
calculated, the largest value of CRLB among the two was considered as the marker
for quality assessment of the Glx peak.

6.4 Results
6.4.1 Between-group variance
Stability and variance of the GABA concentration measurements are shown in
Figure 6.2. The mean concentration and standard deviation across the subjects in
each voxel is shown for increasing acquisition duration. The mean concentration of
GABA across the subjects at 4’30” is within 11% of the final value. The variance
also stabilizes after 4’30”. This suggests that 4’30” of acquisition is a sufficient time
for precise GABA concentration measurements in all ROI’s.
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Mean across Subjects
6

ACC
ATL
LMC
RMC
LOCC
OCC

4

2

0
0

5

10

Acquisition duration (min)

(a)

(b)

Figure 6-2 GABA concentration measurement is shown as the acquisition duration increases.
Graph (a) shows the mean across the subjects for each ROI and (b) shows the standard
deviation.

A regional concentration difference can also be detected in the data. A oneway Anova test on GABA showed that the differences among the means of each
voxel is significant (P<0.0001). Mean and standard deviation of the spectra quality
factors and the segmentation in each voxel across subjects are presented in Table 1.
Since the GABA concentration stabilizes after 4’30” values are all reported at this
time for all voxels. Figure 6.3 illustrates a sample spectrum in each region.
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Table 6-1 The GABA values across subjects are reported in different regions of interest. Mean
across subjects of the grey and white matter percentage and the spectra quality factors are also
presented here. Numbers are reported as mean±S.D. at 4’30” acquisition time.
Spectra Quality
Region

[GABA]

GM%

WM%

GABA SNR

NAA

Glx CRLB(%)

Linewidth
(Hz)
ACC

4.23±0.81

43.43±2.61

46.09±2.52

3.12±0.78

5.62±0.48

8.51±1.32

ATL

2.23±1.09

51.08±0.04

46.65±4.41

1.21±0.36

11.93±3.84

53.10±59.66

OCC

3.80±0.65

54.31±6.23

31.04±10.3

3.65±0.90

6.29±1.37

8.6±4.7

LMC

2.96±0.85

30.25±2.73

62.19±4.33

2.55±0.55

6.34±1.01

18±22

RMC

3.40±0.66

31.73±4.15

61.01±5.98

1.88±0.9

5.90±0.32

12±5

LOCC

3.32±0.55

42.66±3.03

52.78±5.99

2.54±0.40

6.77±1.50

24±46

Figure 6-3 A sample spectrum with 4’30’’ acquisition time in all the studied regions.

6.4.2 Within-session variance
A plot of individual values within-session data analysis are illustrated below
(Figure. 6.4) for two consecutive 4’30” and four 2’15” acquisition time in one scan
session; in ATL, ACC and OCC. It can be seen that at a longer acquisition time there
is a lower S.D. among subjects. A significance test (p-test for two time points, one
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way Anova for four time points) was performed for each ROI. Since the data were
acquired in resting state, we expect no significant difference over time. However,
OCC shows a significant increase in GABA (P<0.0001) of 39±13% from the first

T2

T1

time point to the second. The reason for this change is unknown.

Figure 6-4 GABA concentration measurements at resting state in one scanning session, lefthand-side column in two consecutive 4’30” acquisition (T1 and T2) and right-hand-side-column,
in four consecutive 2’15” acquisitions (T1-4) are shown in three different regions of interest.

6.4.3 Sample Sizes
Sample sizes for between-group and within-session study design were
calculated. Figure 6.5 demonstrates that the number of subjects required to detect a
given effect size varies according to the type of design and region of interest.
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Figure 6-5 The sample size required to detect a given effect size in each region of interest is
plotted for between-group design (left-hand-side column) and within-session design (right-handside column) for two acquisition durations of 4’30” and 2’30”. Equation [2] was used to
calculate the required number of subjects.

The relative S.D.’s as % of the mean (RSD) used for the power calculations are
given in Table 2.

129

6.4 Results

Table 6-2 The relative standard deviations in all six regions used in between-group and withinsession power calculations. These values were used in equation [2] to generate the plots in
Figure 6.4.
Acquisition time of 4’30’’
Regions

Acquisition time of 2’15’’

%RSD

%RSD

%RSD

%RSD

between group

within-session

between group

within-session

ACC

19

18

26

25

ATL

49

42

62

44

OCC

17

21

25

17

LMC

28

NA

42

26

RMC

15

NA

17

14

LOCC

16

NA

22

22

As expected it can be observed that for the same effect size, a larger number of
subjects is required for between-group studies compared to a within-session study,
and the longer the acquisition time, the fewer subjects that are needed. Power
calculation for detection of 40% change for between-group and within-session at
4’30” and 2’15” acquisition time can be seen in Figure 6.6.
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Figure 6-6 The number of subjects required to detect a 40% change of GABA in each region of
interest is reported for (a) between-group with 4’30” acquisition duration, (b) within-session
with 4’30” (c) between-group with 2’15” and (d) within-session with 2’15”.

6.4.4 Proof of Concept
The data acquired in right sensorimotor cortex during digit stimulation are
presented as an example to investigate the possibility of detecting GABA and its
consistency with the power calculations presented in this paper. A plot of individual
values within-session data analysis for two consecutive 6 min acquisition times is
illustrated in Figure 6.6. A significant 55±11 % concentration drop can be detected
in 10 subjects (paired t-test: P=0.02).

Figure 6-7 GABA concentration in the sensory motor cortex (SMC) during stimulation of digits
2 and 4 for two consecutive 6 min acquisition is illustrated.

6.5 Discussion and conclusions
The variance measurements show that the implementation of an fMRS study
using GABA-edited MEGA-PRESS is feasible in a relatively small group size (<30),
provided that a minimum acquisition time of 4’30” is allocated per measure. For
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shorter acquisition times the number of subjects would increase substantially
depending on the region. In this time frame the possibility of detecting rapid GABA
concentration changes are lost. Also it is important to acknowledge the GABA
concentration variation can have different sources than intended such as low
fluctuations in neural activity as seen in resting state fMRI studies.
The ATL region shows the highest variance (Table 6.2). In ATL the SNR
value is the lowest among all studied regions which in part reflects a lower GABA
concentration (Table 6.1), though the decrease in SNR is more than expected simply
from a decrease in concentration. Additionally, the other factors for quality check NAA linewidth and Glx CRLB also have the highest values in the ATL (Table 6.1).
Hence the variance may be attributed mainly to lower spectra quality rather than
greater biological variability in GABA. To further investigate the cause of the higher
variance in ATL, longer acquisition time with a more homogenous magnetic field is
required so the quality of the spectra is comparable with other regions. This may not
be possible due to shimming difficulties in this brain region at 3 T.
The significant GABA concentration difference between the 6 ROI’s suggests
a regional neurotransmitter concentration variation. This has also been found in
different studies mapping the GABA concentration in the brain28–30 . The GM and
WM composition can also play a role in this variation; however, the similar GM
content and yet different GABA concentration in ROIs such as ACC and LOCC or
OCC and ATL weakens this hypothesis.
Figure 6.4 demonstrates the trade-off between acquisition time and metabolite
concentration resolution. The significant increase in GABA level in OCC region
which is undetectable in four consecutive 2’15” intervals can be detected in two
4’30” acquisitions. Although the cause of this increase is unknown, it provides
further evidence that 4’30” acquisition time is sufficient for GABA-edited fMRS.
The power calculations show that at 3 T detecting a GABA difference lower
than 20% in all investigated regions, within-session and between-group would not be
possible with a reasonable number of subjects (<50). This is an important finding for
studies that hypothesise a low concentration change in GABA. However, there are
studies at 3 T that show a significant GABA change in a smaller subject sample size
than this paper suggests is required. An example of this is a detection of 12%31 or
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15%10 GABA change with a voxel size of 18 and 10.5 cm3, sample size of 15 and
20, and acquisition time of 10’ and 6’24”, respectively. It is important to emphasize,
in this paper the probability to detect low changes in a small group has been
calculated to be very low, but not impossible. It is important to acknowledge
however that studies using smaller sample sizes than we recommend may result in
false negative findings if the GABA concentration change is small.
The RSD’s presented in Table 2 show an expected global trend of lower values
in almost all regions when we acquire the data for longer. The OCC is the exception
with a lower RSD in within-session at 2’15” compared to 4’30”. The reason can be
found in the data where a significant within-session increase over the course of the
two 4’30” time points can be detected. This effect was not visible in the 2’15”
acquisition due to poor SNR, hence the RSD was lower at 2’15” min.
The power calculations in this paper are limited to only six regions in the
brain; however it is logical to assume a similar behaviour in adjacent regions with
similar spectra quality. The SMC voxel had more than 50% overlap with the RMC
voxel, hence RMC power calculations were used as a reference for this region. The
proof of principle within-session SMC study had an acquisition duration of 6’. The
within-session RMC data was available for only 2’15”. Graphs in Figure 6.2 show
that with longer acquisition time fewer subjects are needed for a fixed effect size.
Hence the number of subjects for a given effect size in SMC was assumed to be
similar or less than the RMC at 2’15”. For 50% change detected in the RMC, a
minimum of 5 subjects are needed. This number agrees with the finding of a
significant 50% decrease in GABA for 7 subjects in SMC.
The results of this study are only based on the basic averaging method for
signal acquisition, however statistical resampling techniques such as bootstrapping
or jackknife could provide more information about the natural variability of the
signal32. Statistical resampling methods can reveal information on the variance
associated with averaging when it is not applied sequentially, as may occur in event
related fMRS studies.
This study illustrates that fMRS measurement of GABA with MEGA-PRESS
pulse sequence at 3 T is feasible. Practical graphs and power calculations in 6
different brain regions are presented and can be used in research designs. We
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demonstrate that the acquisition time and the region of interest plays an important
role on what effect size can be detected with a fixed number of subjects. Using a
similar logic that we used on the SMC data, the data presented here can be extended
to other brain regions and different acquisition times.
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SEVEN

Chapter 7 Discussion and Conclusion
7.1 Summary of findings
The principal objective of the scientific research presented in this thesis was to
further develop the methodology of acquisition and quantification of metabolites for
which their measurement at 3 T with 1H MRS is challenging. Four metabolites GSH,
Glu, Gln and GABA were the focus of this research. The findings of this work can
be summarised into three main parts.
First, the optimization and quantification of GSH was investigated. In chapter
4, the GSH-edited MEGA-PRESS echo time was optimized to detect maximum
GSH signal in the brain at 3 T. Two common methods used for measuring GSH in
the human brain with clinical scanners at 3 T are 1) conventional short echo pulse
sequences such as PRESS and STEAM 2) J-editing pulse sequences such as MEGAPRESS. The reliability of quantifying GSH from a spectrum acquired with PRESS
pulse sequence at 3 T is addressed in chapter 4. A thorough comparison of
quantifying GSH using PRESS and MEGA-PRESS is performed using phantom and
human data. It was shown that the GSH-edited MEGA-PRESS method is more
reliable and it was highly recommended over PRESS. Also a regional GSH
concentration difference in the human brain was found, with the anterior cingulate
having higher concentration than the occipital cortex.
The second part focused on the ability to extract Glu and Gln from a GABAedited MEGA-PRESS spectrum. Glu and Gln have similar molecular structure to
GABA, hence they are affected by the pulse sequence MEGA-PRESS aimed to edit
GABA. This leaves traces of Glu and Gln in the GABA-edited MEGA-PRESS
spectrum. In common clinical practice this trace is either disregarded or quantified as
Glx (=Glu+Gln). In chapter 5, the reliability of the Glx peak is evaluated. Also the
possibility of extracting Glu and Gln concentration separately from a GABA-edited
MEGA-PRESS spectrum is investigated using phantom data and spectra acquired in
vivo. It was shown that Glu and Gln can be reliably quantified from a GABA-edited
MEGA-PRESS spectrum under certain circumstances. The quality of the spectrum
plays an important role in defining the reliability. Practical criteria to determine the
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reliability of Glu and Gln quantification from a GABA-edited spectrum were
proposed and tested.
The final part of this thesis focuses on subject number estimation and power
calculations for measurements of functional GABA-edited MEGA-PRESS
spectroscopy. The low concentration of GABA in the human brain and the need of
editing in clinical field strengths (<4 T) makes its functional measurement even more
complicated. In chapter 6, the basic factors important for a common GABA fMRS
study are investigated. The acquisition duration and sample sizes required to detect
concentration changes in GABA using MEGA-PRESS at 3 T for between-groups
and within-session study designs are presented. It was shown that acquisition
duration and brain region plays an important role in the number of subjects needed.
Calculations showed that measurement of GABA alterations of less than 15%
demands unrealistic sample sizes at 3 T.
The results of this doctoral research can be used in a clinical setting to
investigate the human brain. The findings presented in chapter 4 and 5 are currently
being applied in a clinical study aimed to identify the underlying causes of psychosis
(SPRING study 2014-2018). The results of chapter 6 are also being applied in a
research study looking at brain plasticity.

7.2 Detailed discussion of results
7.2.1 Quantification of Glutathione in the Human Brain by MR
Spectroscopy at 3 Tesla: Comparison of PRESS and MEGA-PRESS
The first successful attempt to measure GSH in vivo was at 1.5 T using double
quantum spectral editing1. Terpstra et al. pioneered the measurement of GSH in vivo
using MEGA-PRESS2. Since then, MEGA-PRESS has been one of the main
methods used at clinical scanners to detect GSH in the human brain3. Terpstra et al.
suggested TE=68 ms for the MEGA-PRESS pulse sequence as the optimum TE in
order to detect maximum GSH signal2. The optimum TE however has been under
debate varying between 68 and 131 ms4,5. In theory, disregarding the relaxation
effect and using J evolution as discussed in chapter 2; a triplet-like signal should be
edited with a TE value of

(where J is the scalar coupling constant) and for a

typical three-bond proton-proton coupling constant of 7 Hz, the optimum TE equals
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to approximately 70 ms. On the other hand a doublet-like signal should be edited at
which equals to TE=140 ms. Hence depending on how the GSH spin system was
approximated the optimum TE varied. Also we have to keep in mind strong coupling
effects make these predictions uncertain. An et al. presented TE=131 ms and Chan et
al. presented TE=120 ms as optimum6. Both studies performed a comprehensive
investigation with measuring the optimum TE using simulations and phantom. In
this study however, TE=130 ms was found to be optimum. The difference in GSH
signal intensity between TE=120 or 130 is minimal. The phantom data presented in
chapter 4 illustrates this fact. Needless to say, in the data presented in An et al. and
Chan et al. show minimal differences between TE=120 ms and TE=130 ms as well.
The other main approach of detecting GSH is using conventional short echo
PRESS or STEAM. Terpstra el al. once again pioneered in publishing a paper on a
comparative measurement of GSH in vivo, between short echo STEAM and MEGAPRESS7. This paper concluded that there is no significant difference between these
two methods. This finding was useful for many studies that for various reasons such
as time or software limitations, fell short in using editing methods such as MEGAPRESS to detect GSH. However, the absence of an unambiguous GSH peak at
clinical fields (≤3 T) with conventional short echo pulse sequences triggered
uncertainties of this method. In this study it was discovered that the lack of
unambiguous peaks forces the least-square fitting algorithm to generate a fitted
spectrum from which is possibly noise, this will produce a GSH signal of 2-3 mM.
Although this concentration range is in the expected value for GSH in vivo, it is not
a measurement based on the GSH signal in the spectrum. This fitting problem was
consistent in jMRUI and LCModel.
The phantom studies revealed that higher GSH concentrations (≥5mM) give
rise to unambiguous GSH peaks in the short echo spectrum that makes its
quantification reliable. This was the drive of studies that found linear correlations
between short echo methods and MEGA-PRESS8–10. All these studies overlooked the
fact that at physiological concentration range the fitting is behaving differently due
to the lack of a GSH peak. This suggests a different reliability of quantification for
GSH at low concentrations which was one of the conclusions that chapter 4 came to.
Measurement of metabolites that are low in concentration and have no visible peaks
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in the spectrum is prone to error, hence it is better to measure these metabolites using
editing.
MEGA-PRESS is easy to implement and the new Philips scanner software
release contains a default MEGA-PRESS sequence available. This can indicate the
general realisation of the importance of this method both in industry and research
and also the substantial growth of using this pulse sequence. This makes the
existence of optimum and reliable pulse sequence parameters of great importance at
the simultaneous rise of the usage of this method.
7.2.2 Quantification of GABA, Glutamate and Glutamine in a single
Measurement at 3T using GABA-edited MEGA-PRESS
Unlike GSH, GABA-optimised MEGA-PRESS pulse sequence has a
commonly practiced methodology11. This provided a platform to explore further the
available information in a GABA-edited spectrum. Since the introduction of MEGAPRESS for GABA editing, the peaks present at 3.75 and 2.2-2.4 have been
associated to Glu12. However in the past due to the limitations of hardware the wider
line widths of resonances made the separation of Glu and Gln very challenging. With
advances in MRI scanners and good stability during J-editing spectroscopy, the
separation of Glu and Gln from a GABA edited MEGA-PRESS did not seem
impossible. Henry et al.13 recently studied this possibility at 4 T on phantoms and
their results were promising.
When acquiring GABA-editing signal with MEGA-PRESS, the selective pulse
at its best can be as long as the time duration between the 90 pulse and the 180
pulse. This means an inevitable band width for the selective pulse which will result
in co-editing Glu and Gln. However, the characteristics of this selective pulse can
affect how the Glu and Gln signal should be converted to absolute concentration.
This is due to the difference it will cause on the editing efficiency of Glu and Gln.
This study also highlights that spectroscopy in some brain regions can be
challenging. Regions that are too close to the skull can suffer from lipid
contamination while regions close to the sinus can suffer from bad shimming. This
difference will affect the quality of the spectra hence the interpretation of the data
can be prone to error.
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The findings in this study further emphasise the fact that, if we have an
unambiguous peak that can be associated to a metabolite, we have the opportunity to
reliably quantify the concentration of that metabolite. This not only adds value to the
existing GABA-editing MEGA-PRESS acquisition but also can open the opportunity
to re-visit studies in which GABA-edited MEGA-PRESS was acquired and calculate
the Glu and Gln concentration. This can be especially useful in studies where
knowledge of the balance between inhibitory and excitatory neurotransmission can
answer unresolved questions.
7.2.3 Estimating Subject Numbers Required in Common Study Designs
for Functional GABA Magnetic Resonance Spectroscopy in the Human Brain
at 3 T
To date the possibility of using GABA-edited MEGA-PRESS spectroscopy in
combination with brain stimuli to quantify neurotransmitter changes of GABA have
been examined. Examples of such work can be mentioned as Michels et al. who
demonstrated a task-dependent local modulation of GABA signal in the working
memory14 and Cleve et al. who demonstrated GABA signal changes due to pain
stimuli. Regardless of these successful findings, there is a possibility that due to the
time and local resolution limitations within a GABA-edited MEGA-PRESS we
might come to a conclusion that, for exploring these aspects we need a different
measurement approach such as MEGA-sLASER. Higher magnetic fields are also
another solution to overcome these drawbacks. Bednařík et al. examined neuro
chemical responses to a simple visual stimulus with a large degree of success15.
The relationship between changes in GABA and hemodynamic activity during
cognition is unknown. The relationship of the GABA signal and the alterations
taking place on the neuronal scale is also a remaining question. It is important to
explore the limitations of measuring neurotransmitter alterations and neuronal
activities to its full extent. This will avoid misinterpretation of the data. The findings
of this study set the basis for investigating this relationship.

7.3 Limitations of the work
The main method used in this project to measure metabolites such as GSH and
GABA is J-editing using MEGA-PRESS pulse sequence. This method is highly
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favoured over conventional spectroscopy methods such as PRESS. However, Jediting has its drawbacks. Since it is a subtraction of sequential spectra it is
susceptible to frequency drift and motion16. The signal that is the aim of editing
(GSH or GABA) has low SNR and is difficult to recognise. This makes the usage of
this pulse sequence challenging to the untrained eye. The selective pulses in the
MEGA-PRESS sequence are not ideal, hence other metabolites can also co-edit with
the targeted metabolite. This however can either be an advantage as discussed in
chapter 5 or make the target metabolite detection challenging.
Another major limitation with GABA-editing is that a macromolecular
resonance at 1.7 ppm coupled to a resonance at 3.0 ppm is partially excited by the
selective pulses, leading to co-editing of the 3.0 ppm macromolecular resonance.
Unlike the co-editing of Glu and Gln which adds information to the spectrum, this
causes the edited GABA signal at 3 ppm to contain a degree of macromolecular
contamination. This still remains one of the biggest flaws of GABA-MRS given that
the quantified GABA concentration is not solely GABA but includes a large fraction
of 40 to 60 percent macromolecules. MEGA-SPECIAL pulse sequence allows for a
more selective editing pulse that reduces this contamination17. However the reduced
co-editing will affect the ability to also measure Glu and Gln in the same acquisition.
Edden et al. suppress macromolecule signals in MEGA-PRESS by increasing the
echo time to 80 ms to fit more selective pulses and placing the MEGA-OFF
symmetrically about 1.7 ppm so the macromolecule signals are suppressed from the
difference spectrum18. Although this method is promising it places greater demands
on the spectrometer stability at 3 T and a sub-optimal TE will cause GABA signal
loss, so for routine use we decided not to implement it. The macromolecule
contamination was disregarded for all the calculations presented in chapter 6
meaning in a more precise definition, the power calculations are for the 3 ppm edited
signal which is a combination of macromolecules and GABA.
Chemical shift displacement is another weakness of the MEGA-PRESS pulse
sequence. since the bandwidth of the slice selective pulses are similar to the chemical
shift differences of the coupled spin system the scalar modulation patterns are
spatially dependent, which causes loss of editing efficiency. The use of inner volume
saturation localization19 or MEGA-sLASER could have reduced this effect20.
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In J-editing it is challenging to report absolute concentration using the edited
spectrum. This is not as straight forward as conventional acquisition methods, factors
such as macromolecule contamination, editing efficiency, T1 and T2 corrections and
proton corrections are difficult to calculate and might require phantom experiments.
These complications affect the feasibility of using this method for nonspectroscopists.
In chapter 5 and 6 the concentrations reported were calculated relative to NAA,
this can introduce uncertainties to the values since they are based on the assumption
that NAA will not change. This could have been avoided if an unsuppressed water
spectrum had been acquired in all the data acquisitions.
In chapter 6, the criteria for reliable spectrum has been developed on a small
data set (56 spectra from 36 healthy volunteers) which were all ran on the same
scanning platform, this can cause a bias in the final results. A more generic study
would have included more data sets and multi-platform data acquisition to eliminate
this factor.

7.4 Future work
An interesting finding in this research was the regional dependence of
metabolite concentrations across the brain. This has been investigated in metabolites
that can be measured with conventional MRS such as NAA and Cr21. However, there
is a lack of knowledge on metabolites such as GABA and GSH. GABA
concentration variation in grey matter and white matter has recently been
investigated in detail by Mikkelsen et al.22, however the regional effect has not
played a role in these investigations. The regional difference factor can be added to
this study and potentially an atlas of the metabolite concentrations in the brain can be
produced.
In chapter 5 a simple classification method was used to identify the GABAoptimised MEGA-PRESS spectra from which Glu and Gln concentration can also be
extracted reliably. The results of quality criteria presented in Chapter 5 can be
produced with further confidence. One method could be based on simulations,
similar to a recent study by Kyathanahally et al.23. This method would involve
simulating a large data set of GABA-edited MEGA-PRESS spectra with varying
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SNR and line width to determine the dependence of fitting errors to these
parameters. Another approach would be to solve the problem with a feature
extraction and classification approach. Machine learning algorithms using the
physiological range data as training data can be a promising approach. Similar work
has been done by Ion-Mărgineanu et al24.
Chapter 6 sets the ground for any further fMRS study aimed to measure
GABA in the human brain. Using the results presented in chapter 5, the alteration of
Glu and Gln can also be investigated using GABA-edited fMRS. Combination of
GABA-edited fMRS with other imaging modalities such as functional MRI and
diffusion weighted imaging has the potential to deepen our knowledge on the role of
this inhibitory neurotransmitter.

7.5 Final Remarks
One of the reasons spectroscopy, especially spectroscopy of metabolites such
as GSH and GABA is not yet used routinely in a clinical environment is the lack of
standardization. This includes the absence of standard routines in both data
acquisition and quantification. This project demonstrates how this can affect the
outcome of a spectral investigation in vivo. The projects in this Ph.D. were aimed to
take a step towards solving this problem and providing applications to bring
spectroscopy closer to a standard routine practice.
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