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There is an increasing interest in studying the concentration of the inhibitory neurotransmitter !-Amino Butyric Acid (GABA), 
both in the healthy and diseased brain by using Magnetic Resonance Spectroscopy (MRS). Recent studies have shown 
correlations between an abnormal GABA concentration in certain regions of the brain and disorders as e.g. Parkinson’s disease 
and depressive disorders. There are presently many technical difficulties with the absolute quantification of GABA and the 
method MEGA-PRESS is currently the standard technique used in data acquisitions and processing of spectra. In this thesis, 
different techniques of GABA quantification have been evaluated and the most important aspect was to explore the precision of 
the method for further usage as a clinical tool. This project involved the exploration of data acquisitions by using a MEGA-
PRESS sequence on a 3 T MR system, processing of the resulting datasets using different methodologies, GABA quantification 
by using linear combination of model spectra (LCModel), and interpretation of the results by performing statistical analyses. 
The thesis resulted in a low resolution GABA-atlas of the brain which did not indicate any significant differences in the GABA 
concentration within the healthy subject group. However, a significant regional difference was observed in the brain. The main 
uncertainties arose mainly due to the relatively small subject groups and the large measurement error. Future measurements will 
require improvements both in the data acquisition and in analyzing these with an improved method of processing. The final 
conclusion was that the GABA quantification sequence MEGA-PRESS is useful both in diagnosis and as a research tool, 
although further improvements are required. 
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Abstract 

There is an increasing interest in studying the concentration of the inhibitory neurotransmitter 

!-Amino Butyric Acid (GABA), both in the healthy and diseased brain by using Magnetic 

Resonance Spectroscopy (MRS). Recent studies have shown correlations between an 

abnormal GABA concentration in certain regions of the brain and disorders as e.g. 

Parkinson’s disease and depressive disorders. There are presently many technical difficulties 

with the absolute quantification of GABA and the method MEGA-PRESS is currently the 

standard technique used in data acquisitions and processing of spectra. In this thesis, different 

techniques of GABA quantification have been evaluated and the most important aspect was to 

explore the precision of the method for further usage as a clinical tool. This project involved 

the exploration of data acquisitions by using a MEGA-PRESS sequence on a 3 T MR-system, 

processing of the resulting datasets using different methodologies, GABA quantification by 

using linear combination of model spectra (LCModel), and interpretation of the results by 

performing statistical analyses. The thesis resulted in a low resolution GABA-atlas of the 

brain which did not indicate any significant differences in the GABA concentration within the 

healthy subject group. However, a significant regional difference was observed in the brain. 

The main uncertainties arose mainly due to the relatively small subject groups and the large 

measurement error. Future measurements will require improvements both in the data 

acquisition and in analyzing these with an improved method of processing. The final 

conclusion was that the GABA quantification sequence MEGA-PRESS is useful both in 

diagnosis and as a research tool, although further improvements are required. 
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Anovan = n-way Analysis of variance 

AU = Arbitrary Units 

BG = Basal Ganglia 

BMI = Body Mass Index 
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Chapter 1  

Introduction 

Nuclear Magnetic Resonance (NMR) is presently used in a wide range of medical 

applications, in particular for diagnosing a range of different diseases. Magnetic Resonance 

(MR) allows the use of many different flavors of imaging and spectroscopy and novel 

procedures are introduced at a fast pace. Magnetic Resonance Spectroscopy (MRS) is often 

used to investigate and diagnose diseases in the human brain. A both novel and important 

detection modality includes quantitative measurements of neurotransmitters such as 

Glutamate (Glu) and !-Amino Butyric Acid (GABA). In particular MRS-methods for the 

detection of the latter molecule are presently being developed. Recently, several studies have 

shown correlation between several disorders as e.g. depressive disorders, bipolar disorders [1] 

and Parkinson’s disease [2] and an abnormal concentration of GABA in certain regions of the 

brain. There is also a growing interest in investigating the GABA concentration in different 

regions of the brain in healthy subjects. A particular recent focus of such studies is to 

determine changes in GABA concentrations in relation to behavioral differences between 

individuals. It is important to develop a precise method of GABA quantification to answer 

further questions and unravel some unsolved mysteries of the human brain.  

1.1 Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) is a completely non-invasive method for studying living 

systems and tissue metabolism. This method relies on the phenomenon that magnetic nuclei 

present in a magnetic field absorb and re-emit electromagnetic radiation. Depending of the 

strength of the magnetic field and the specific magnetic properties of the nuclei, this energy 

corresponds to specific resonance frequencies. The theory behind NMR can be described 

from a quantum mechanical point of view or with classical physics [3], but is often (and in 

this thesis) explained as a mixture between these.  

1.1.1 The Magnetic Property of a Nucleus 

Certain nuclei, such as hydrogen 1H, phosphorus 31P and carbon 13C, possess a property 

known as spin that can be visualized as a spinning motion about the axis of the nucleus. This 



! &!

spin gives the nucleus an angular momentum and a magnetic property making it suited for 

NMR [3]. When placed in a static magnetic field B0 applied in the z-direction, Eq. 1.1 

describes the precessing motion of the magnetization M of a nucleus around its own axis.  

!"
!" ! ! !!!!! Eq. 1.1. 

This motion can be visualized in Fig. 1.1 and described by the Larmor frequency given by Eq. 

1.2, where the proportional constant ! is called the gyromagnetic ratio. Nuclear isotopes have 

unique gyromagnetic ratios, which means that different nuclei resonate at different 

frequencies in the same magnetic field B0 [3]. 
 

!! ! !!!! Eq. 1.2. 

 

 
Fig. 1.1. The precessing motion of the magnetization M of a nucleus with the spinning property when 

placed in a static magnetic field B0. The magnetization M precesses around the applied magnetic field 

B0 with the Larmor frequency !!. 

1.1.2 The Magnetic Phenomenon in NMR 

In NMR, a large number of individual microscopic magnetic nuclei are studied, and they all 

precess in the same direction about B0. At equilibrium, the net magnetization M0 is along the 

applied field because there are more nuclei oriented with the field than against it [3]. The net 

magnetization Mxy is equal to zero because nuclei do not have any preferred orientation in the 

xy-plane, as shown in Fig. 1.2. This property depends on that the applied static magnetic field 

is perpendicular to the xy-plane.  
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Fig. 1.2. The net magnetization M0 is oriented along the applied static magnetic field B0 in the z-

direction. The magnetizations do not have any preferred orientation in the xy-plane resulting in a zero 

net magnetization in the xy-plane. 

To detect the magnetization, a magnetic field B1 that oscillates with the Larmor frequency !! 

is applied in the xy-plane. A net component of magnetization Mxy can be generated in the xy-

plane by tilting the magnetization M0 with e.g. a !"# pulse of the radiofrequency field B1. In 

Fig. 1.3, this component rotates coherently about B0 with the Larmor frequency and induces 

an electromotive force in the receiver coil that is measured [3].  

 

 
Fig. 1.3. Tilting M0 with a !"! pulse into the xy-plane gives a net magnetization Mxy that rotates 

coherently about B0 with the Larmor frequency !0.  

1.1.3 Relaxation 

When there is an excitation of the equilibrium system, e.g. by a radiofrequency (RF) pulse 

(B1), the system transfers to an unstable higher energy. Then, processes take place whereby 
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the components of the magnetization, Mz and Mxy, return to their equilibrium values. These 

processes are called relaxation and can be described with the relaxation times T1 and T2 [4].  

Spin-Lattice Relaxation Time, T1 

The spin-lattice relaxation describes the return of the component Mz to its equilibrium value 

M0. This process is characterized by a time constant T1, also called the spin-lattice, or 

longitudinal, relaxation time. Eq. 1.3 describes the return of the nuclear spins to equilibrium. 

 

!!!!
!" !

!!!!!
!!

  Eq. 1.3. 

 

If the total net magnetization has been tilted into the xy-plane, (corresponding to an 

exposition to a !"# pulse), !! !  is equal to zero. The following calculation gives that the 

magnetization has recovered to 63% of its equilibrium value after the time T1 when exposed 

to a !"# pulse. The spin-lattice relaxation process is illustrated in Fig. 1.4. 

 

!! ! ! !!!!! !!! !!! 
 

!! !! ! !! !! !!! ! !!!"!! 

 
 

Fig. 1.4. In the figure to the left, the magnetization M0 (the red arrow) has been tilted 90° from the z-

axis into the xy-plane. The three following figures show the net magnetization along the z-axis that 

increases throughout the spin-lattice relaxation process, which is shown as a function of time in the 

figure below. T1 is the time when the magnetization M0 has recovered to 63% of its equilibrium value. 
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Spin-Spin Relaxation Time, T2 

The spin-spin relaxation describes the return of the component Mxy to its equilibrium zero-

value. This process is characterized by a time constant T2, also called the spin-spin, or 

transverse, relaxation time. Eq.1.4 describes the return of the nuclear spins to equilibrium. 

 
!!!"
!" ! !!!"

!!
  Eq. 1.4. 

 

If the magnetization has been tilted into the xy-plane with a !"# pulse, the following 

calculation gives that the magnetization has recovered to 37% of the total magnetization M0 

after the time T2. 

 

!!" ! ! !! ! !!!!!! 

 

!!" !! ! !! ! !!! ! !!!"!! 

 

Directly after the magnetization has been tilted into the xy-plane, the spins are in phase but as 

the time develops, the spins get more and more out of phase leading to relaxation and 

decaying of the signal. The time constant !!! is similar to T2 but with the difference that 

inhomogeneities in the static magnetic field B0 are considered giving the actual decay [3], 

which is faster as illustrated in Fig. 1.5.  

!
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Fig. 1.5. In the upper figure to the left, the magnetization M0 is tilted into the xy-plane that generates a 

net magnetization Mxy in the xy-plane that rotates with the Larmor frequency. The spins (the small 

black arrows) are at first in phase and as the time develops, they get more and more out of phase 

(visible in the two following figures) leading to relaxation of Mxy. The plot below illustrates the 

corresponding decaying of the net magnetization Mxy as a function of time. The relaxation and 

decaying of Mxy is described by the time constant T2 or T2
*, which is the time when Mxy has recovered 

to the value 0.37M0. 

1.1.4 The Bloch Equations 

The Bloch equations (Eqs. 1.5 – 1.7), developed by Felix Bloch 1946 [5], are sometimes 

called the equations of motion of nuclear magnetization. They are used to calculate the 

nuclear magnetization M as a function of time in an applied magnetic field B when the 

relaxation times T1 and T2 are known.  
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!!!
!" ! ! ! !!! ! ! !!

!!
  Eq. 1.5. 

 
!!!
!" ! ! ! !!! ! !

!!
!!

  Eq. 1.6. 

 
!!!
!" ! ! ! !!! ! ! !!!!!

!!
  Eq. 1.7. 

1.1.5 Free Induction Decay 

The components of the magnetization Mxy along the x- and y-axes can at any time be 

described by Eqs. 1.8 – 1.9 [3].  

 

!!! ! !! !"#!!! !!! !!! Eq. 1.8. 

 

!! ! !! !"#!!! !!! !!! Eq. 1.9. 

 

The induced electromotive force in the receiver coil represents these two components of 

magnetization, which gives two signals known as Free Induction Decays (FIDs) that are !"# 
out of phase with each other, shown in Fig. 1.6a. The FID is usually very hard to visually 

interpret because it contains a large number of frequency components that can only be 

revealed by the Fourier transform [4]. 

1.1.6 Phase Correction 

The Fourier transform of these two separate free induction decays gives two components, the 

real and imaginary term, also known as the absorption and dispersion mode [3], shown in Fig. 

1.6b. The absorption mode or the real part of the Fourier transform has ideally the form of a 

Lorentzian lineshape [3], the form in which spectra are displayed. In practice, the real and 

imaginary parts of the Fourier transform will contain a mixture of these modes as shown in 

Fig. 1.7 and a phase correction is needed to obtain the right modes. 

 

Resonances at different frequencies undergo different phase shifts that are proportional to 

frequency. The use of a constant phase correction (zero order) together with a phase 

correction linearly proportional to frequency (first order) ensures that all resonance 

frequencies within a spectrum are correctly phased [3]. The phase correction corresponds to 
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multiplying the FID with the exponential function !!!!!"# , where PHC is the phase correction 

angle. The zero and first order phase correction is done manually by setting the constants to 

desired values.  

Zero Order Phase Correction 

The zero order phase correction means a multiplication between the FID and the exponential 

function !!!!!"!, where PH0 is the zero order phase constant. This multiplication corresponds 

to setting the initial amplitude of the FID to zero. The total phase correction angle PHC is 

expressed in Eq. 1.10. 

 

!"# ! !"!  Eq. 1.10. 

First Order Phase Correction 

The first order phase correction means a multiplication between the FID and the time 

dependent exponential function !!!!!!!"!, where PH1 is the first order phase constant. This 

corresponds to making any drift disappear giving the total phase correction angle PHC 

expressed in Eq. 1.11. 

 

!"# ! !"! ! ! ! !"!  Eq. 1.11. 

 

 
Fig. 1.6. (a) The two FIDs representing the two components of magnetization Mx and My, 90° out of 

phase with each other. (b) The Fourier transform applied on the corresponding FID giving the 

absorption and dispersion mode respectively (to the left showing the idealized form of a Lorentzian 

lineshape). 
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Fig. 1.7. In practice the FIDs contain a mixture between the absorption and dispersion mode and to 

get a resulting spectrum in the form of a Lorentzian lineshape (as in Fig. 1.6), a phase correction 

should be applied. 

Klose Correction 

The Klose correction [6] of the phase is a method for performing automatic phase correction. 

This method uses the phase angle of the unsuppressed water FID (see section 1.4) as the 

phase correction angle PHC, making a compensation for the phase variations that are present 

within a specific measuring area. The total phase correction angle PHC is given by Eq. 1.12.  

 

!!" ! !"#$% !"#!!"#$%  Eq. 1.12. 

1.2 Magnetic Resonance Spectroscopy 

Magnetic Resonance Spectroscopy (MRS) is an application of NMR used for the detection of 

metabolites. It is a technique that is commonly used as a complement to MRI in diagnosis of 

unhealthy tissue such as tumors. However, today the use of MRS has increased in studies of 

the metabolites in e.g. the healthy brain.  

1.2.1 1H MRS  

The proton nucleus produces a stronger signal and thus a greater signal to noise ratio (SNR) 

than most other nuclei in a given period of time. The major advantage with 1H MRS is that 
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hydrogen occurs in all biomolecules and it is the proton signal that is used in metabolic 

studies. One huge disadvantage is the strong signal from the hydrogen in water and fat. The 

concentration of water in tissue is approximately 40 M, which gives a concentration of 

hydrogen of 80 M. The concentration of the metabolites of interest is about 10 mM or less [4]. 

This indicates that the signals from water and fat need to be suppressed in order to detect the 

signals from metabolites. However, in the brain it is much easier to do this because there are 

few detectable signals from fat. In Fig. 1.8, the unsuppressed water spectrum is visualized 

showing the water signal that is hiding the metabolite signals shown in the metabolite 

spectrum. The 1H MRS is further complicated by the fact that a large number of metabolites 

produce signals in a narrow frequency range giving overlapping in the resulting spectrum [3]. 

 
Fig. 1.8. The upper plot shows the unsuppressed water spectrum. The metabolite spectrum shows the 

metabolite signals that are too small to be visible in the unsuppressed water spectra.  

1.2.2 Chemical Shift 

The chemical shift enables the possibility of using NMR not only to distinguish between 

different molecules but also between different atoms within a molecule. The separation of the 

resonance frequencies from a reference frequency that is arbitrarily chosen is termed the 

chemical shift. The chemical shift is expressed in the dimensionless unit parts per million 

(ppm) and is independent of the magnitude of the static magnetic field B0. This property 

results in that the resonance from a specific metabolite is always at the same ppm-value. The 

chemical shift is defined in Eq. 1.13, where !! is the resonance frequency of the nuclei of 

!
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interest and !! is a frequency of a chosen reference [3]. The water frequency is often chosen 

as the reference frequency.  

 

! ! !!!!!
!!

!!"!  Eq. 1.13. 

 

In spectroscopy, the spectra are a plot of the signal intensity (expressed in arbitrary units, AU) 

against the chemical shift (expressed in ppm) with decreasing frequency to the right. When 

the MR-system is performing a spectroscopy measurement it estimates the synthesizer 

frequency, also termed f0, which is the resonance frequency for water used as reference.  

1.2.3 Scalar Coupling 

Nuclei possess a small magnetic field that changes the energy and frequency of nearby nuclei 

as they resonate. The type of coupling used in NMR is scalar coupling, or J-coupling, which 

is another indicator than the chemical shift used to identify different molecules. Scalar 

coupling is an interaction between different hydrogen nuclei within a molecule. This 

interaction happens because of the chemical bonds (up to three bounds away) of a molecule 

that result in splitting of the resonances in the spectrum. The splitting patterns can become 

very complicated and the spectrum hard to interpret [3].  

 

The coupling constant J defines the spacing (difference in frequency) between resonances in 

the spectrum and is measured in Hertz. This is because the coupling constant is dependent of 

the magnetic fields from other nuclei, not from the applied magnetic field when doing 

spectroscopy. The coupling constant between the GABA signal at 1.9 ppm and 3.0 ppm is 7.3 

Hz [7]. 

1.3 GABA  

GABA or !-Amino Butyric Acid is the major neurotransmitter for fast inhibitory synaptic 

transmission in the brain and the structure of GABA (H3N+CH2CH2CH2COO-) is shown in 

Fig. 1.9. Glutamate is the corresponding excitatory neurotransmitter that works together with 

GABA to control many processes within the brain [8] and it is important that there is a 

balance between these two neurotransmitters. Glutamate is often quantified together with 

Glutamine (then called Glx) because they overlap in the spectrum [9].  
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GABA is involved in all functions of the central nervous system but is only present in the 

human brain at a concentration of approximately 1 mM. It is possible to measure the 

concentration of GABA with MRS by tailoring the MRS experiment to isolate the GABA 

signals [9]. The problem is that it is hard to distinguish the signals from GABA from the other 

metabolites within the spectrum due to overlap. This can be seen in Fig.1.10a and b, showing 

the water suppressed metabolite spectrum of the human brain at 3 T and the simulated GABA 

spectrum at 3 T showing the assignments to the CH2 spins respectively. The concentration 

from other neurotransmitters, especially Creatine, is also higher than the concentration of 

GABA making it even harder to quantify. Due to coupling, the splitting gives a resulting 

signal with lower intensity (height) and a broader spread on the chemical shift axis [9]. It is 

the GABA signal at 3.0 ppm corresponding to the red resonance in the spectrum in Fig.1.10b 

that is measured. 

 

 
Fig. 1.9. Chemical formula of GABA. Reprinted with permission from [9]. 

The simulated spectra of GABA, Glutamine and Glutamate at different strengths of the 

magnetic field are shown in Fig. 1.10c. The relative width of the multiplets becomes narrower 

when increasing the strength of the applied field but due to that the area under the resonances 

remains constant, the height of the resonances increases [3]. This is the result of the chemical 

shift and the scalar coupling described earlier.  
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Fig. 1.10. MR spectra of GABA. (a) 1H MR spectrum (water suppressed) from the human brain 

acquired at 3 T showing resonances corresponding to the different metabolites. (b) Simulated MR 

spectrum of GABA at 3 T, showing the assignments to the GABA CH2 spins according to the color of 

the resonances. (c) Simulated MR spectra of GABA, Glutamine and Glutamate at different strengths of 

the applied field. Reprinted with permission from [9]. 
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1.4 MEGA-PRESS 

MEGA-PRESS (MEshcher-GArwood Point RESolved Spectroscopy) has become a standard 

technique of measuring the concentration of GABA with MRS. By taking advantage of 

known couplings within the GABA molecule, the GABA signals can be separated from the 

stronger overlying signals of other metabolites. The simplest way to implement a MEGA-

PRESS sequence is to add two RF pulses and to alternate the timing of the gradient pulses 

from a standard PRESS sequence shown in Fig. 1.11 [10].  

 

 

 
 

Fig. 1.11. PRESS and MEGA-PRESS sequences. The difference is that two RF pulses have been added 

to the MEGA-PRESS sequence. TE is the echo time. Reprinted with permission from [10]. 

MEGA-PRESS results in a sequence of two interleaved datasets referred to as ON and OFF. 

In the ON datasets, the edited pulses are applied to the GABA spins at 1.90 ppm (the green 

resonance in Fig. 1.10b) that inhibit the J-coupling between the GABA spins at 1.90 and 3.00 

ppm. The edited pulses are applied at 7.46 ppm in the OFF datasets, which makes the edited 

pulses symmetric around the water signal at 4.68 ppm and affects the water signal equally in 

the ON and OFF dataset. The edited pulses in the OFF datasets do not affect the J-coupling 

between the GABA spins letting the J-coupling evolve freely. The majority of the resonance 
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frequencies are unaffected by both these edited pulses. By subtracting an OFF spectrum from 

an ON spectrum all unaffected resonances can be removed giving a resulting difference 

spectrum (DIFF) only consisting of resonances affected by the edited pulses. This is simulated 

in Fig. 1.12, where the Creatine signal at 3.0 ppm is removed to reveal the signals from 

GABA [10]. The resulting GABA spectrum is computed by averaging all the difference 

spectra computed from the sequence of the interleaved datasets.  

 

In Fig. 1.12a an ON-spectrum, an OFF-spectrum and the resulting difference spectrum are 

shown. In vivo, an edited pulse at 1.90 ppm affects other signals around 1.90 ppm, which are 

coupled to other signals than the GABA signal at 3.00 ppm. In the difference spectrum there 

is a Glx resonance at 3.75 ppm that is a result from the coupling with Glx at approximately 

2.1 ppm. There are also a lot of J-coupled macromolecular resonances e.g. at 0.90 ppm [10]. 

 

The datasets are collected after a time TE called the echo time. For GABA measurements the 

value of TE is standardized to 68 ms according to Eq. 1.14 [7].  

 

!" ! !
!! !

!
!!!!! ! !"!!"  Eq. 1.14. 

 

When applying an edited pulse to saturate the GABA resonance at 1.9 ppm, the effect on the 

GABA resonance at 3 ppm is that the outer sidebands of the triplet, in Fig. 1.12b (ON), get 

inverted after 68 ms. Due to coupling, the area under the two sidebands are equal to the area 

under the mid-resonance, making the concentration constant between the ON spectrum and 

resulting difference spectrum [11]. The MEGA-PRESS sequence is repeated at a rate 

described by the repetition time TR. 
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Fig. 1.12. Schematic diagram of MEGA-PRESS editing for GABA. (a) Edited pulses applied at 1.9 

ppm (ON) and at 7.46 ppm (OFF). The edited pulses applied at 1.9 ppm affect the modulation of the 

GABA signal at 3.0 ppm while they do not when applied at 7.46 ppm. (b) The subtraction of the OFF 

spectrum from the ON spectrum gives the resulting GABA spectrum (DIFF) where the signal from 

Creatine has been removed. Reprinted with permission from [10]. 

From real spectroscopy datasets on the human brain at 3T, this process can be illustrated with 

the spectra in Fig. 1.13. The plot to the left shows the average of all even numbered datasets 

i.e. the ON spectra with the edited pulse applied at 1.9 ppm giving a saturation of the signal. 

The middle plot shows the average of all odd numbered datasets i.e. the OFF spectra with the 

edited pulse applied at 7.46 ppm. It is possible to see that there is signal at 1.9 ppm in the OFF 

spectrum but not in the ON spectrum. The difference between these two spectra (DIFF), 

which also is the resulting GABA spectrum, is shown in the right plot in Fig. 1.13. 
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Fig. 1.13. The average ON and OFF spectrum from real datasets collected at 3 T in the human brain 

in vivo. The difference (DIFF) that also is the resulting GABA spectrum, (phase corrected and 

smoothened), is shown in the plot to the right.  

When using MEGA-PRESS to quantify GABA it is necessary to do a shorter separate 

MEGA-PRESS measurement to achieve an unsuppressed water signal directly afterwards the 

MEGA-PRESS GABA measurement, performed exactly in the same measuring area. This 

water measurement is used as a concentration reference to tissue water making the GABA 

concentration absolute. The water signal is also used in the Klose correction of the phase 

described in section 1.1.6.The difference in the synthesizer frequency, described in section 

1.2.2, measured in the two MEGA-PRESS measurements will in this thesis be termed f0 diff.  

1.5 Frequency Correction 

The drift in synthesizer frequency (f0 diff) between the MEGA-PRESS GABA measurement 

and the water reference measurement varies randomly between different experiments. Fig. 

1.14 shows the effect on 20 difference spectra and the average resulting in the GABA-spectra 

(shown in red) when having an f0 diff as high as 12 Hz.  
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Fig. 1.14- The resulting 20 difference spectra from a measurement with a f0 diff of 12 Hz where the 

first spectrum is plotted with a bright pink color and the 20th spectrum is plotted in black to illustrate 

how the spectra is drifting with time. The average spectrum (red) shows how the summation of the 

spectra gets incorrect (the NAA resonance does not get as low and narrow as it should be).  

The upper plot in Fig. 1.15 shows the drift of the minimum of the NAA-resonance shown in 

Fig. 1.14, drifting a total of approximately 0.1 ppm (approximately 12 Hz) during the 

acquisition time. The plot below shows the result of applying frequency drift correction 

making the NAA-resonance having its minimum at 2.0 ppm in each difference spectra. The 

frequency correction is applied according to Eq. 1.15, where PHC is calculated according to 

the Klose correction (Eq. 1.12) and minNAAppm is the ppm-value corresponding to the 

minimum of the current Fourier transformed FID. The multiplication with 127 makes the 

frequency in Hz instead of ppm because the 3 T MR-system corresponds to 127 MHz.  

 

!"#$%&& ! !"# ! !"# !! ! !"# ! !"# !!" ! ! ! !!!!!"#$%%&&! ! !"#   Eq. 1.15. 
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Fig. 1.15. The ppm-value of the minimum of the NAA-resonance should be at approximately 2 ppm 

and these two plots show how the minimum is drifting between each ON and OFF pair in one 

measurement during 640 s. The upper plot shows the drift when only Klose correction is used and the 

plot below shows the result when applying a frequency correction on every difference spectra in 

addition to the Klose correction.  

When averaging all the difference spectra with the two different methods in this example the 

resulting spectra in Fig. 1.16 is received. The figure shows that the NAA-resonance becomes 
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narrower and lower when using the frequency correction indicating that the averaging of the 

spectra is more accurate. 

 

 
Fig. 1.16. The resulting GABA spectrum received from the method of using Klose correction with and 

without compensating for the frequency drift (green and blue respectively). 

1.6 Linear Combination of Model Spectra 

To measure the concentration of GABA from the datasets collected from the MR-system, the 

program LCModel developed by Stephen Provencher 1993, can be used. LCModel is a tool 

for analysis and quantification of the different metabolites in a spectrum that estimates a 

spectrum as a linear combination of a set of model spectra [12].  

1.6.1 MEGA-PRESS Input 

The inputs to LCModel when performing quantification of a resulting GABA spectrum from 

a MEGA-PRESS measurement are a basis set of TE = 68 ms containing a GABA model 

spectra, a MEGA-PRESS measurement for metabolites and a corresponding water reference 

OFF spectrum. The parameters PPMST and PPMEND define the ppm-interval in which the 
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analysis should be performed. By setting the parameter DOWS to true the water reference 

measurement will be used to make water scaling of the concentrations making the GABA 

concentration absolute. 

Absolute Concentration 

The estimated concentration can either be relative some metabolite concentration or against 

the water concentration and thus called absolute. By performing water scaling, the 

concentration get the unit of mM but due to that it is hard to estimate how much of the content 

in the voxel (measurement volume) that actually are tissue this concentration is not very 

accurate. [12]. However, if the experiments do not change too much between the different 

measurements, increases or decreases in the concentrations can be detected.  

1.6.2 Interpretation of Outputs 

Fig. 1.17 shows a resulting spectrum with corresponding outputs estimated from LCModel. 

The different metabolites in the basis set are quantified and each has an estimated standard 

deviation, %SD. A %SD < 5% indicates a good estimation and is shown in boldface blue. The 

standard deviation must be multiplied with two to get a rough 95% confidence interval 

assuming that the measurement error follows a normal distribution. If the %SD is too large 

(over 50%), the corresponding metabolite is considered undetectable. There is also a resulting 

S/N (SNR), which is a rough measurement of how good the data fits the model spectra. In 

theory, the SNR increases with the square root of the number of dynamics used in the 

analysis. FWHM (Full Width at Half Maximum) is a rough estimate of the linewidth in the in 

vivo spectrum and is defined as the width of the NAA-resonance at half the maximum height 

of its resonance. The data shift and the values of Ph indicates how the resulting spectrum has 

been phase and frequency corrected by LCModel [12].  
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Fig. 1.17. Output from LCModel with an estimated spectrum (red) and output table consisting of the 

estimated metabolite concentrations with corresponding %SD, FWHM and SNR. This figure shows the 

resulting MEGA-PRESS edited spectrum collected from a measurement in the occipital region in the 

human brain in vivo. 

1.7 Statistical Analysis 

To make statistical analyses of the outputs from LCModel, the Bland Altman plot, t-test, 

Anovan, multiple comparison test and power analysis were used.  

1.7.1 Bland Altman Plot 

The Bland Altman plot is a way of determining how repeatable a method is or to compare 

results from two different methods. The plot shows the difference between two measurements 

on the y-axis against the mean value of the two measurements on the x-axis. There should not 

be any patterns in the resulting plot such as an increasing difference between the 

measurements when the average increases [13]. The mean and a 95% confidence interval of 

the difference between two measurements are usually incorporated also in the plot.  
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1.7.2 t-test 

The t-test can be used to decide if two sets of data are significantly different from each other. 

The null hypothesis assumes that the two sets of data come from the same mean population 

with an unknown standard deviation. The null hypothesis is rejected if the p-value (the 

probability of falsely rejecting the true null hypothesis) is less than the chosen threshold for 

statistical significance, usually chosen as 0.05.  

Paired t-test 

The paired t-test for two sets of data y1 and y2 makes a decision for the null hypothesis that y1 

– y2 comes from a normal distribution with mean equal to zero and an unknown variance. The 

null hypothesis is rejected if the p-value is less than the chosen threshold for statistical 

significance. The t-test follows Eq. 1.16 where !! and !! are the sample means, !! and !! are 

the sample sizes and !! is the estimated standard deviation [14].  

 

!! ! !!!!!
!! !

!!
! !
!!

  Eq. 1.16. 

1.7.3 Anovan 

Anovan is a way of performing multi way (n-way) analysis of variance for testing the effects 

of multiple factors on the mean of e.g. the GABA concentration. These multiple factors as e.g. 

region in the brain and which subject the measurement originates from. If these had been used 

as factors, two p-values would have been computed as t-tests indicating if the null hypotheses 

are rejected.  

1.7.4 Multiple Comparison Test 

If there is a significant difference within a group in the Anovan analysis, the multiple comparison test 

tells e.g. which subject that have a significantly different GABA concentrations. The multi comparison 

test results in a plot showing an interval for each member of the group and if the intervals are 

overlapping, there is no significant difference between them. 
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1.7.5 Power Analysis 

The power analysis is used as a test after the two-sided t-test when it is desired to find out 

how many samples (measurements) that are needed to see a significant difference of some 

kind. The power is the probability of correctly rejecting the null hypothesis when the 

alternative hypothesis is true. The number of subjects is computed by using Eq. 1.16 and 

setting !! ! !! ! ! and !! ! ! giving the resulting Eq. 1.17.  

 

! ! ! !!!!
!!!!!

!
  Eq. 1.17. 

1.8 Outline of the Project 

The master thesis project was to implement and validate methodologies for measuring the 

concentration of the neural transmitter GABA in the human brain in vivo using magnetic 

resonance spectroscopy (MRS) and a 3 T MRI scanner. The project consisted of the four main 

parts summarized in Fig. 1.18.  

 

 
 

Fig. 1.18. The four main parts of this project were the data acquisition with the MEGA-PRESS 

measurements with the MR-system, processing the datasets with Matlab, quantification of the 

resulting GABA spectrum in LCModel resulting in a GABA concentration, performing statistical 

analyses and interpretations of the outputs from LCModel using Matlab.  

1.8.1 GABA Quantification Sequence 

The first step was to get a functioning sequence from the data acquisition to the resulting 

GABA spectrum and estimated outputs from LCModel. There was a MEGA-PRESS sequence 

to start with but it had not been tested thoroughly on subjects. There were various parameters 

that could be changed in the data acquisitions but the main focus in this thesis was on the size 
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and placement of the voxel and an evaluation of the precision in the GABA quantification 

sequence. This step involved also implementation of all the necessary processing functions in 

Matlab and making LCModel work for GABA quantification. 

Method of Processing 

The data was processed in Matlab before LCModel was used for the quantification. The 

intention was to evaluate three different methods of making this processing, when using the 

method of Klose correction, using the Klose correction in combination with a frequency 

correction and not using any correction at all. To evaluate the processing method, the outputs 

from LCModel were statistically analyzed to decide if there were any significant differences 

between these. It was desired to have as high SNR and as low FWHM and %SD as possible 

and a high precision of the method. 

1.8.2 GABA-Atlas 

The GABA concentration was measured in five different areas in the brain on five healthy 

subjects resulting in a rough GABA-atlas of the brain. The numbers of regions and subjects in 

this experiment were determined to make a balance between experiment time and reliability 

in the result. The intention with the GABA-atlas was also to see if there were any detectable 

regional differences within the human brain, both individual and between different subjects. 

The goal was also to get a clue of how repeatable the measurements were in each area of the 

brain by performing test-retest measurements and making statistical analyses of the outputs 

from LCModel. All collected data, even data with a low resulting SNR and high %SD, was 

included in the analyses.  

1.8.3 Voxel Size 

When quantifying GABA for diagnostically or researching purposes it is desired to be able to 

have a small measuring area to get minimal amount of unwanted tissue in the voxel. To 

evaluate how small the voxel can be without too much effect on the data quality and increase 

of the acquisition time (a size N reduction of the voxel volume leads to a N2 longer acquisition 

time achieving the same quality), the datasets from the GABA-atlas were used. The 

experiment was performed by discarding some of the datasets giving a reduced number of 

dynamics used in the analysis causing a decrease of the SNR and thus simulates a smaller 

voxel. The intention was to see how many dynamics that can be removed from the sequence 
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of ON and OFF datasets without decreasing the SNR and increasing the %SD too much and 

with these results theoretically estimate how much smaller the voxel could be.  

1.8.4 T1 for GABA 

Some of the measurements from the GABA-atlas were used to determine the value of the time 

constant T1 for GABA to estimate an optimal repetition time TR. This experiment was 

performed to see when there was best balance between a strong measuring signal and a short 

acquisition time. In the future, this may result in a shorter acquisition time or a smaller 

measuring voxel. Earlier experiments have resulted in a T1,GABA = 1.31 ± 0.16 s that was used 

as a comparison value [15]. 

1.8.5 Other Effects  

When performing GABA quantification there were some additional aspects that needed 

consideration such as effects from macromolecules and frequency drift in the MR-system 

both during measurements and when the system was not used.  

Macromolecules 

Approximately 40% of the GABA signal at 3.0 ppm is signal from macromolecules resulting 

in a bias in the GABA quantification [16]. The quantification of GABA and macromolecules 

is usually termed GABA+ quantification, which was quantified during all GABA 

measurements performed in this thesis. 

Frequency Drift 

Frequency drift in the system during a measurement can make the averaging of the difference 

spectra incorrect and in this thesis a method of performing frequency correction was 

evaluated. The accepted drift in the static magnetic field is 0.1 ppm/h (12.7 Hz/h) that 

corresponds to 876 ppm/year (111252 Hz/year) [17] and the drift can be as large as 5 Hz 

during a 20-minute spectroscopy scan due to variation in the static magnetic field [18]. The 

frequency drift during a measurement seems random, sometime there is almost no drift and 

sometimes, the drift is surprisingly large. One hypothesis was that the frequency drift depends 

on how and if the MR-system had been used before the MEGA-PRESS measurement, causing 

heating of the system. Another hypothesis was that two elevators close to the MR-system 

were influencing the static magnet field during the measurements.  
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1.8.6 Balloon-Study 

To get a practical application for the implemented GABA quantification sequence, the GABA 

concentration was measured in two different stages in the Balloon-study. In this study, five 

obese female had a balloon inserted in their stomachs for a time-period of approximately a 

few months. The study consisted of several different parts and was a pilot study still in its 

developing phase. The part concerning this thesis was to see if and how the concentration of 

GABA changes in their brains between the two different scans and if this eventual change 

was due to the balloon or a systematic error in the GABA quantification sequence.  

1.9 Aims 

The aims of this project were to evaluate an existing technique of measuring the concentration 

of GABA in the human brain in vivo and to evaluate if there were any significant subject or 

regional differences in the GABA concentration within a healthy subject group. The intention 

was to perform the evaluations by several different experiments and measurements evaluating 

in terms of acquisition time, size and placement of the voxel, frequency drift and method 

precision. The goal was to be able to choose an optimal method in future studies, meaning to 

find how many subjects that were needed to reliably detect a chosen significant difference in 

the GABA concentration, and knowing what parameter values to choose in the data 

acquisition.   
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Chapter 2  

Materials and Methods 

This chapter describes the used materials and methods, the subject groups and the parameters 

chosen in the data acquisitions in the different experiments for GABA quantification.  

2.1 Materials 

In all the measurements a 3 T Philips scanner was used with a phased array head coil. The 

software used in this project was Matlab and LCModel. Matlab (both version 2009 and 2013) 

was the program used to process the datasets received from the MR-system and to perform 

statistical analyses of the output from LCModel. The preprocessing of the datasets was 

performed with a GUI developed in Matlab (described in Appendix A). LCModel version 6.3 

was used to measure the concentration of GABA and to give a quality estimation of the used 

processing method.  

2.2 Data Acquisition  

The first step involved taking some standard images of the brain assuring a proper placement 

of the voxel. Secondly, MEGA-PRESS was used to collect the metabolite spectra and the 

corresponding water reference spectra directly afterwards within the some voxel. The 

standard parameter values used when performing MEGA-PRESS for quantifying GABA are 

summarized in Table 2.1 [10]. The number of dynamics in the standard measurement was 40, 

where each was an average of 8 measurements, giving a total acquisition time of 10 min and 

40 s. The water reference measurement consisted of 2 dynamics and had an acquisition time 

of 32 s.  

 

The sizes and placements of the voxel used in the data acquisitions are visualized in Figs. 2.1 

- 2.5 corresponding to the Frontal, Thalamus, Occipital, left Basal Ganglia and right Basal 

Ganglia region of the brain respectively. In the following five figures, the leftmost image 

shows the brain from a sagittal view, the middle image shows the brain from coronal view 

(the head positioning indicated by R and L in Fig. 2.1 corresponding to right and left 

respectively) and the rightmost image shows the horizontal view (the head positioning 

indicated by R, L, A and P in Fig. 2.1 corresponding to right, left, anterior and posterior 
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respectively). The yellow square indicates the voxel placement, which is the volume the 

MEGA-PRESS measurements were performed within (both GABA and water reference). It is 

here planned on NAA at 2.0 ppm and the white voxel indicates what area the water signal at 

approximately 4.7 ppm originate from due to a shift in frequency. The GABA signal at 3.0 

ppm come thus from the red square in between these two voxels as illustrated in Fig. 2.6.  

 

Table 2.1 

The standard parameter values when quantifying GABA with MEGA-PRESS. 

Parameter Value 

Voxel size 3x3x3 cm3 

Echo time, TE 68 ms 

Repetition time, TR 2 s 

Edited pulse, ON 1.9 ppm 

Edited pulse, OFF 7.46 ppm 

 

 

 
Fig.2.1. The voxel placed in the Frontal region of the brain and the size of the voxel is 3x3x3cm3. The 

R, L, A and P indicates the right, left, anterior and posterior side orientation of the head respectively.  
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Fig. 2.2. The voxel placed over the Thalamus and the size of the voxel is 2.7x3.7x3.7cm3. 

!

 
Fig. 2.3. The voxel placed in the Occipital region of the brain and the size of the voxel is 3x3x3cm3. 

!

 
Fig. 2.4. The voxel placed over the left Basal Ganglia and the size of the voxel is 4x2.6x2.6cm3. 
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Fig. 2.5. The voxel placed over the right Basal Ganglia and the size of the voxel is 4x2.6x2.6cm3. 

!

 
Fig. 2.6. The yellow square indicates the area in which the MEGA-PRESS GABA measurement 

planned on NAA at 2.0 ppm was performed. The white square indicates the area in which the water 

signal at approximately 4.7 ppm in the same measurement originates from due to frequency shift. The 

red square is an approximation of where the GABA signal at 3.0 ppm originates.  

2.3 Data Processing 

The datasets were processed according to the MEGA-PRESS method described in section 1.4. 

The resulting difference spectra were corrected according to chosen processing method and 

then averaged to the resulting GABA spectrum that was used as input to LCModel.  

2.3.1 LCModel  

The parameters used as inputs to LCModel when quantifying the MEGA-PRESS data are 

summarized in Table 2.2.  
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Table 2.2  

The input parameters used by LCModel when analyzing the resulting GABA spectrum. 

LCModel parameter Value 

SPTYPE ‘mega-press-2’ 

PPMST 4.2 

PPMEND 1.9 

DOWS* T 
* The DOWS was set to F in the experiment of determining T1 for GABA. 

2.4 Method of Processing 

LCModel was run on all the measurements from the GABA-atlas with the three different 

methods of processing the dynamics (no correction, Klose correction and combined frequency 

and Klose correction). Three t-tests were performed to detect any significant difference (p < 

0.05) between the methods when evaluated in terms of FWHM, SNR and %SD. The mean of 

the FWHM, SNR and %SD was also considered in the evaluation. A paired t-test was 

performed to find the method with best precision and a Bland Altman plot was computed to 

compare two methods (resulting in a total of three Bland Altman plots) detecting differences 

in the resulting GABA concentration. The overall best method of processing was determined 

and the rest of the analyses in this project were performed using this method.  

2.5 GABA-Atlas 

The subject group used in the GABA-atlas experiment consisted of three healthy males and 

two healthy females between 21-32 years with a median age of 25. The measuring regions, 

the total number of times the measurement was performed in each region and how many of 

these that was retest measurements are summarized in Table 2.3. The test-retest 

measurements involved the subject standing up between the two different measurements with 

a time between these of 1 ! h at the most. To keep the acquisition time at approximately 10-

11 min on each part of the brain, the total volume of the voxel was held approximately 

constant at 27cm3. Every standard parameter in Table 2.1, besides the voxel size, was used in 

the measurements. (For a more detailed description in terms of order, measurement regions 

and time point of the measurement performed on each subject, see Appendix B). 
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The statistical analyses of the GABA-atlas concentrations were performed with an Anovan 

analysis followed by multiple comparison tests to evaluate regional and subject differences. 

The same procedure was used to evaluate if the drift in synthesizer frequency depended on 

region, subject and GABA concentration. Taking the mean concentration and computing the 

corresponding 95% confidence interval by estimating the standard deviation of the measured 

concentrations in each region, resulted in the GABA-atlas.  

 

Table 2.3 

The size and placement of the voxel, the total number of measurements performed on each region on 

the subject group and the number of which were test-retest. 

Voxel placement Voxel size [cm3] 
Total number of 

measurements 

Number that were 

retest 

Frontal 3x3x3 10 5 

Thalamus 2.7x3.7x2.7 6 1 

Occipital 3x3x3 6 1 

Basal Ganglia Left 4x2.6x2.6 6 1 

Basal Ganglia Right 4x2.6x2.6 6 1 

 

The test-retest measurements were evaluated by determining the percentile difference in 

GABA concentration between the two measurements and by a Bland Altman plot to detect 

any differences in precision depending on region. The residuals between the test-retest spectra 

in the Frontal region were computed for each subject to detect if there were a trend in the 

differences. The measurement error was estimated according to Eq. 2.1 (where c1 and c2 are 

the GABA concentrations from the first and second measurement respectively) for each test-

retest measurement performed on the Frontal region and an average was computed resulting 

in the measurement error. This result was compared to the group standard deviation computed 

with Eq. 2.2, which also includes the measurement error. A power analysis using both the 

measurement error and the group standard deviation as standard deviations in Eq. 1.17 was 

computed and compared. LCModel gave an estimated measurement error that was used as a 

comparison value.  

 

!"#$ ! !! ! !!
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2.6 Voxel Size 

There were a total of 20 difference spectra (40 dynamics) usually averaged that resulted in 

one GABA spectrum. On every measurement (34 total) 1, 2, 3, …, 19 and 20 difference 

spectra were averaged to get a GABA spectrum and the eventual other difference spectra were 

discarded. This means that when 1 difference spectra is chosen, there will be a total of 20 

possible resulting concentrations with corresponding %SD and SNR, 2 chosen difference 

spectra gives 10 resulting concentrations and 6 chosen difference spectra gives 6 resulting 

concentrations etc. There was important not to choose overlapping in the sequence of 

dynamics avoiding any dependence.  

2.7 Determination of T1 

In the determination of the value of the parameter T1 for GABA the same subject group as in 

the GABA-atlas experiment was used. Two GABA measurements were performed on each 

subject within the same voxel directly after each other only changing the repetition time TR 

between the two measurements. The first measurement from the GABA-atlas performed on 

the Frontal region, having a TR of 2 s, and the second measurement having a different TR, 

according to Table 2.4, was used from the five subjects. The values of TR in this experiment 

was chosen due to the previous estimated T1 value of GABA and that it is not necessary to use 

a TR > 4T1 !!6 s. The different dynamics used on each subject are also summarized in Table 

2.4 and all the other parameters used in the data acquisition were defined according to Table 

2.1.  

 

Table 2.4 

The different values of TR and the number of dynamics used in the Frontal region on each subject.  

Subject TR [s] Dynamics 

1 4 20 

2 6 14 

3 3 28 

4 1.5 54 

5 1 80 
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2.7.1 Method of Determining T1 

Eq. 2.3 describes the concentration of GABA as a function of TR and the constant T1. To 

eliminate the constant corresponding to the GABA concentration at infinite TR, a resulting 

quotient between the two concentrations estimated from LCModel with different values on TR 

on each subject was computed. The 10 measurements result in 5 different quotients defined 

by Eq. 2.4. The relaxation time constant T1 was estimated from these five resulting quotients 

by a curve fitting of Eq. 2.4 in Matlab.  

 

!"#! !" ! ! ! !"#! !" ! !"# ! !! ! !"#!!!!!" ! !!!!!!!! Eq. 2.3. 
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  Eq. 2.4. 

2.8 Synthesizer Frequency Measurements 

The two hypotheses regarding the drift in synthesizer frequency were evaluated with two 

different experiments described below.  

2.8.1 Heating of the MR-System 

This experiment was performed on one healthy female subject (subject 3 in the GABA-atlas). 

Firstly, three shorter standard MEGA-PRESS GABA measurements were performed (8 

dynamics) followed by a 10-minute long fMRI sequence with the purpose of heating the 

system. Finally, six shorter MEGA-PRESS GABA measurements were performed (8 

dynamics) giving a total of nine measured synthesizer frequencies. Directly after each GABA 

measurement, the water reference measurement was performed resulting in nine more 

measurements of the synthesizer frequency. The voxel was placed in the Frontal region of the 

brain according to Fig. 2.1 and all standard parameter values defined in Table 2.1 were used.  

2.8.2 Elevator Influence 

The measurement on the phantom resulted in seven measurements with the two elevators on 

different floors according to Table 2.5. The synthesizer frequency was measured every other 

second during a regular spectroscopy sequence (PRESS) during a minute, resulting in 30 

values of f0 during one spectroscopy measurement. This gave a total of 210 values of f0 
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during the total experiment time of 1655s. The time between the seven different 

measurements were random due to the time of positioning the elevators.  

 

Table 2.5 

The different positions of the two elevators closest to the MR-system. Some positions of the elevators 

were unknown or moving during the first three measurements. 

Measurement Floor, elevator 1 Floor, elevator 2 

1 Unknown Unknown 

2 11 Unknown 

3 11 Unknown 

4 11 8 

5 8 9 

6 10 9 

7 10 9 

2.9 Balloon-Study 

The subject group consisted of five females between 28-43 years with a median age of 37 

who had a Body Mass Index (BMI) between 30 and 36. The GABA concentration was 

measured in the Frontal region according to Fig. 2.1. The two measurements were performed 

approximately a month apart, one before the insertion of the balloon and the second after a 

month with the balloon still in the stomach. All the standard values of the parameters when 

detecting GABA were used in the data acquisition. The statistical analysis was performed 

with a paired t-test in combination with a power analysis at a significance level of 0.05 and at 

a power of 0.80 and 0.90. The standard deviation or the measurement error used in the paired 

t-test was computed from the test-retest measurements in the Frontal region on the healthy 

subject group used in the GABA-atlas. 
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Chapter 3  

Results 

This chapter presents the results from all the experiments and analyses described in the 

method and introduction chapters.  

3.1 GABA-Atlas Measurements 

Tables 3.1 - 3.5 show the output from LCModel in each region on the five subjects with the 

three different methods of processing the data. The drift in synthesizer frequency (f0 diff) 

between the MEGA-PRESS GABA and water measurement is shown in the general column.  

Frontal 

Table 3.1 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements in the Frontal region with the three different methods of processing. 

The General column shows subject, where x-y indicates subject x measurement y, and f0 diff 

experienced during the measurement.  

General None Klose Klose + Freq 

Subject 
f0  

diff  
GABA %SD FWHM SNR GABA %SD FWHM SNR GABA %SD FWHM SNR 

1-1 0 1.27 6 0.09 15 1.05 7 0.09 16 1.00 7 0.09 17 

1-2 7 1.13 9 0.08 11 0.84 11 0.08 12 0.88 10 0.08 13 

2-1 6 1.51 7 0.08 10 1.34 9 0.09 9 1.37 9 0.09 10 

2-2 6 1.09 8 0.08 16 1.14 7 0.08 16 1.13 7 0.07 17 

3-1 3 1.42 7 0.09 11 1.26 8 0.11 12 1.27 8 0.11 12 

3-2 5 1.24 8 0.09 11 1.12 8 0.09 12 1.11 9 0.09 11 

4-1 8 1.25 8 0.11 11 1.04 8 0.12 12 1.06 8 0.11 13 

4-2 4 0.99 8 0.09 14 0.75 10 0.11 16 0.74 10 0.09 16 

5-1 12 1.30 7 0.12 11 1.12 8 0.12 11 0.98 10 0.08 13 

5-2 4 0.85 11 0.11 12 0.58 15 0.11 13 0.56 15 0.09 14 
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Thalamus 

Table 3.2 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements over the Thalamus region with the three different methods of 

processing. The General column shows subject, where x-y indicates subject x measurement y, and f0 

diff experienced during the measurement.  

General None Klose Klose + Freq 

Subject 
f0  

diff 
GABA %SD FWHM SNR GABA %SD FWHM SNR GABA %SD FWHM SNR 

1 2 1.25 7 0.08 14 0.94 9 0.08 14 0.97 9 0.08 14 

2-1 3 1.23 7 0.09 13 0.95 9 0.11 13 0.96 8 0.12 13 

2-2 3 1.31 6 0.09 15 0.99 8 0.09 14 1.00 8 0.09 14 

3 1 1.44 6 0.12 13 1.20 7 0.12 13 1.22 7 0.12 13 

4 6 1.23 7 0.08 15 1.06 7 0.08 17 1.04 7 0.08 17 

5 8 1.51 7 0.12 9 1.25 8 0.12 10 1.26 8 0.12 10 

Occipital 

Table 3.3 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements in the Occipital region with the three different methods of 

processing. The General column shows subject, where x-y indicates subject x measurement y, and f0 

diff experienced during the measurement.  

General None Klose Klose + Freq 

Subject 
f0  

diff 
GABA %SD FWHM SNR GABA %SD FWHM SNR GABA %SD FWHM SNR 

1 0 0.97 10 0.05 19 0.68 14 0.04 20 0.67 14 0.04 20 

2 4 1.13 8 0.05 19 0.97 9 0.05 20 0.95 9 0.05 20 

3-1 0 1.26 9 0.05 16 1.02 10 0.05 18 1.01 10 0.05 17 

3-2 1 1.29 9 0.05 15 1.12 9 0.05 17 1.10 9 0.05 17 

4 2 1.04 9 0.05 19 0.82 10 0.05 21 0.78 11 0.05 21 

5 6 1.17 7 0.07 16 1.07 7 0.07 18 0.96 9 0.06 18 
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Basal Ganglia Left 

Table 3.4 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements over the left Basal Ganglia with the three different methods of 

processing. The General column shows subject, where x-y indicates subject x measurement y, and f0 

diff experienced during the measurement.  

General None Klose Klose + Freq 

Subject 
f0  

diff 
GABA %SD FWHM SNR GABA %SD FWHM SNR GABA %SD FWHM SNR 

1 2 1.61 8 0.15 8 1.30 7 0.14 11 1.31 9 0.14 8 

2 9 1.30 6 0.11 13 1.01 6 0.11 17 1.00 7 0.12 15 

3 1 1.61 6 0.12 11 1.30 7 0.15 12 1.28 7 0.15 12 

4-1 7 1.32 6 0.12 13 1.02 7 0.12 15 1.02 7 0.12 15 

4-2 1 1.46 6 0.12 13 1.15 7 0.14 14 1.16 7 0.14 13 

5 5 1.52 6 0.12 11 1.20 6 0.12 14 1.22 6 0.12 15 

Basal Ganglia Right 

Table 3.5 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements over the left Basal Ganglia with the three different methods of 

processing. The General column shows subject, where x-y indicates subject x measurement y, and f0 

diff experienced during the measurement.  

General None Klose Klose + Freq 

Subject 
f0  

diff 

GAB

A 

%S

D 
FWHM 

SN

R 

GAB

A 

%S

D 
FWHM 

SN

R 

GAB

A 

%S

D 
FWHM 

SN

R 

1 3 1.97 6 0.11 11 1.82 6 0.11 13 1.79 6 0.09 14 

2 7 1.25 7 0.17 10 1.17 7 0.15 12 1.19 7 0.14 13 

3 0 1.42 5 0.15 15 1.29 5 0.15 17 1.27 5 0.15 16 

4 2 1.45 6 0.11 15 1.18 6 0.11 18 1.16 6 0.11 18 

5-1 5 1.56 7 0.12 9 1.40 7 0.12 10 1.40 7 0.12 12 

5-2 9 1.44 6 0.12 14 1.19 5 0.12 17 1.19 6 0.12 16 
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3.1.1 Methods of Processing 

The methods of processing was evaluated in terms of FWHM, SNR, %SD and precision, and 

by a Bland Altman plot.  

FWHM, SNR and %SD 

The mean FWHM, SNR and %SD computed from all GABA-atlas measurements with the 

three different methods are summarized in Table 3.6.  

 

Table 3.6 

The mean FWHM, SNR and %SD computed from all GABA-atlas measurements for each method of 

processing. 

Method Mean FWHM Mean SNR Mean %SD 

None 0.098 12.97 7.24 

Klose 0.102 14.18 8.06 

Klose + Freq 0.099 14.31 8.29 

 

The resulting p-values from the t-tests between each method in terms of %SD, FWHM and 

SNR are summarized in Table 3.7. The only significant difference among these methods was 

the increased SNR and %SD between the methods None vs. Klose + Freq. 

 

Table 3.7 

The resulting p-values of the t-tests between each method in terms of %SD, FWHM and SNR. 

Method vs. Method p-value %SD p-value FWHM p-value SNR 

None vs. Klose 0.065 0.503 0.077 

None vs. Klose + Freq 0.017 0.880 0.046 

Klose vs. Klose + Freq 0.653 0.610 0.854 

Precision 

The results of the paired t-test of the all the test-retest measurements are summarized in Table 

3.8, the null hypothesis cannot be rejected in any case. The absolute mean difference in 

GABA concentration between the test-retest measurements were 0.20 mM without correction, 

0.21 mM with Klose correction and 0.19 mM with the combined Klose and frequency 

correction. 
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Table 3.8 

The resulting p-values from the paired t-tests of the test-retest measurements evaluated in terms of 

GABA concentration, %SD, FWHM and SNR for each method. 

Method p-value GABA p-value %SD p-value FWHM p-value SNR 

None 0.070 0.211 0.141 0.231 

Klose 0.067 0.464 0.056 0.218 

Klose + Freq 0.071 0.325 0.210 0.392 

Bland Altman Plot 

Fig. 3.1 shows the three resulting Bland Altman plots, one for each comparison between the 

three different methods of processing. The Klose vs. Klose and Freq can be considered equal 

in terms of the GABA concentration and the other two plots shows that the method of no 

correction gave a generally higher GABA concentration.  

Chosen Method 

The different analyses motivate the use of the Klose correction in combination with the 

frequency correction as method of processing in the rest of the analyses performed in this 

project.  

3.1.2 Subject Differences 

The Anovan analysis gave a subject p-value of 0.2913 when analyzed with respect to the 

GABA concentration. Fig. 3.2 shows the result from the multiple comparison test evaluating 

the difference in GABA concentration within the subject group. There was no significant 

difference between the different subjects within the subject group. 

3.1.3 Regional Differences  

The Anovan analysis gave a region p-value of 0.0064 when analyzed with respect to the 

GABA concentration. Fig. 3.3 shows the result from the multiple comparison test when 

evaluating the difference in GABA concentration between different regions of the brain. The 

GABA concentration was significantly lower in the Frontal and Occipital region than in the 

right Basal Ganglia, otherwise there were not any significant differences among the different 

regions within the subject group.  
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Fig. 3.1. Method comparisons between the three different methods of processing the datasets before 

LCModel makes quantification of the resulting GABA spectrum shown with the Bland Altman plot. It 

is possible to see that by not making any correction of the datasets, the GABA concentration is higher.  
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Fig. 3.2. The result of the multiple comparison test indicating differences in the GABA concentration 

within the subject group. Every concentration interval overlap with all other intervals indicating that 

there was not any significant difference within the healthy subject group.  

 

Fig. 3.3. The result of the multiple comparison test indicating differences in the GABA concentration 

in different regions. The red concentration intervals show the region that does not overlap with the 

chosen region, right Basal Ganglia, indicating that there was a significant difference between these 

regions. 

!

!
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3.1.4 GABA-Atlas 

Table 3.9 and Fig. 3.4 show the resulting GABA-atlas of the brain with a plot and a table of 

the GABA concentrations and their corresponding 95% confidence intervals. 

 

Table 3.9 

The mean GABA concentration with corresponding 95% confidence interval for each region. 

Region 
GABA [mM] and corresponding  

95% confidence interval 

Frontal 1.01 ± 0.17 

Thalamus 1.08 ± 0.14 

Occipital 0.91 ± 0.17 

Basal Ganglia left 1.17 ± 0.14 

Basal Ganglia right 1.33 ± 0.25 

 

 

 

Fig. 3.4. The resulting GABA-atlas created of the mean GABA concentration and corresponding 95% 

confidence interval for each region.  
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3.1.5 Repeatability – Test-Retest 

Table 3.10 shows the percentile difference in the GABA concentration between the test-retest 

measurements. There can be up to 43% difference between the concentrations between the 

test-retest measurements and the mean difference was 17%.  
 

Table 3.10 

The percentile difference in GABA concentration between the test-retest measurements. 

Region – Subject  Percentile Difference 

Frontal – 1 -12% 

Frontal – 2 -14% 

Frontal – 3 -12% 

Frontal – 4 -31% 

Frontal – 5 -43% 

Thalamus – 2    4% 

Occipital – 3    9% 

Basal Ganglia left – 4  14% 

Basal Ganglia right – 5 -15% 

Bland Altman Plot 

Fig. 3.5 shows the result by using the Bland Altman method of showing how repeatable the 

method is with the different regions shown in different colors. Test-retest measurements in the 

Frontal region gave a reduced GABA concentration in the second measurement.  
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Fig. 3.5. Bland Altman plot showing the repeatability of the nine test-retest measurements where each 

region is shown in a specific color. 

Residual 

Fig. 3.6 and 3.7 show the residuals and the modulus value of the residuals respectively 

between the resulting GABA spectra from the test-retest measurements performed in the 

Frontal region in each subject. The thicker red line corresponds to the average of these five 

residuals each having a specific color depending on the subject. The interesting part is within 

the black box, where the GABA signal is, which should be white noise if the test-retest 

measurement were good. In Fig. 3.6, the average residual reminds of white noise but with a 

bias that appear to come from the reduction of the GABA concentration in the second 

measurement.  
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Fig. 3.6. The residual (difference) between the two resulting GABA spectra from the test-retest 

measurements in the Frontal region where each subject is shown in a specific color. The red line 

corresponds to the average of the residuals which is desired to be white noise.  

 
Fig. 3.7. The modulus of the residual between the two resulting GABA spectra from the test-retest 

measurements in the frontal region where each subject is shown in a specific color. The red line 

corresponds to the average modulus of the residuals.  
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3.1.6 Power Analysis 

In the frontal region, the measurement error was estimated to 0.17 mM and the group standard 

deviation was estimated to 0.20 mM. The mean measurement error in the Frontal region 

estimated from LCModel was 0.09 mM. Fig. 3.8 shows the number of subjects needed to 

detect a desired GABA concentration compared to the mean value of 1.00 mM measured on 

the healthy subject group with the two different estimated standard deviations. If only 

considering the measurement error, 6 subjects were needed to detect a 20% difference (0.2 

mM) and 22 subjects were needed to detect a 10% difference (0.1 mM) in the GABA 

concentration.  

 

 
Fig. 3.8. The number of subject needed to detect a significant difference in a study in the Frontal 

region of the brain from the mean value of 1.01 mM measured on the healthy subject group. The blue 

curve was estimated from the group standard deviation that includes the measurement error and the 

difference within the healthy subject group. The green curve was estimated from the standard 

deviation based on solely the measurement error.  

3.2 Voxel Size 

The result of the voxel size experiment on the GABA-atlas is shown in Figs. 3.9 - 3.11. The 

10 first spectra can be discarded from the analysis without any direct effect on the GABA 

concentration (the effect is within the measurement error of 0.17 mM). The mean absolute 
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error estimated from LCModel reduces dramatically during the first 20 dynamics and 

afterwards slowly. The SNR should in theory increase proportionally against the square root 

of the number of dynamics used in the analysis but it was not the case in practice. However, 

the SNR slowly increases with the number of dynamics used and this proves that the 

measurements get better when using more dynamics but at the cost of a longer acquisition 

time. If the measurement error was used as a limitation, the acquisition time may reduce by 

25% or the voxel volume may have a 13.4% reduction achieving the same quality. 

 

 
Fig.3.9. The difference in GABA concentration against the “true GABA concentration” estimated 

from all the 40 dynamics as a plot against the number of dynamics used in the analysis. The right plot 

indicates from which subject the GABA estimation comes from by giving each subject a specific color. 

There was not a huge difference in concentration when using 30 or 40 dynamics. The 10 first datasets 

can be discarded without any direct change in the concentration.  
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Fig. 3.10. The decreasing mean absolute error with increasing number of dynamics used in the 

analysis.  

 

Fig. 3.11. The increasing mean SNR as a function of how many dynamics were used in the analysis. 

The mean SNR should in theory increase proportional to the square root of the number of dynamics 

used (the red line) but it was not in practice. 
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3.3 T1 for GABA 

Table 3.11 and 3.12 show the resulting GABA concentrations estimated from LCModel when 

no water scaling was performed with a corresponding %SD, FWHM, SNR and f0 diff with a 

TR = 2 s and a different value of TR on each subject respectively.  

 

Fig. 3.12 shows the resulting curve best fitted for Eq. 2.4 and the measured concentration 

quotients against their corresponding TR values. The estimated value of the relaxation 

parameter T1 for GABA was 0.67 s.  

 

Table 3.11 

The GABA concentration when no water scaling was performed by LCModel with corresponding 

%SD, FWHM, SNR and f0 diff with TR = 2 s for each subject. 

Subject TR [s] 
GABA  

[inst. units] 
%SD FWHM [ppm] SNR f0 diff [Hz] 

1 2 2.01E-09 7 0.092 17 0 

2 2 2.53E-09 9 0.092 10 6 

3 2 2.71E-09 8 0.107 12 3 

4 2 2.28E-09 8 0.107 13 8 

5 2 1.96E-09 15 0.092 14 4 

 

Table 3.12 

The GABA concentration when no water scaling was performed by LCModel with corresponding 

%SD, FWHM, SNR and f0 diff with a different TR for each subject. 

Subject TR [s] 
GABA  

[inst. units] 
%SD FWHM [ppm] SNR f0 diff [Hz] 

1 4 1.94E-09 10 0.092 15 4 

2 6 1.79E-09 13 0.107 12 0 

3 3 2.47E-09 9 0.107 12 1 

4 1.5 1.88E-09 8 0.122 13 6 

5 1 9.03E-10 19 0.107 9 8 
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Fig. 3.12. The measured concentration quotients (red dots) and the curve (blue) best fitted for Eq. 2.4.  

3.4 Synthesizer Frequency Drift 

The results from the measurements of the synthesizer frequency testing the long- and short-

term drift are shown below. It is accepted for the MR-system to have a drift of 876 ppm/year 

at the most, which corresponds to 0.1 ppm/h. The total drift in the synthesizer frequency, from 

the first MEGA-PRESS GABA measurement performed on the 28th of January 2013 to the 

last measurement in the elevator experiment performed on the 19th of April 2013, was 1232.4 

Hz. This corresponds to approximately a total drift of 5486 Hz/year = 43 ppm/year, which 

was much less than the largest accepted value of 876 ppm/year. 

3.4.1 GABA-Atlas Measurements 

Fig. 3.13 shows the synthesizer frequency drift during the measurements in the GABA-atlas 

each subject having a specific color. The first measurement on subject 1 was used as a zero-

value to detect both the long- and short-term change. The figure indicates that there was a 

slow increase of the synthesizer frequency during an experiment, there was also a regional 

difference where the synthesizer frequency end up and there was a slow long term reduction 
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of the synthesizer frequency due to that there was some time apart the measurements on each 

subject.  

 
Fig. 3.13. Measured synthesizer frequency during the GABA-atlas measurements each subject 

corresponding to a specific color. Every other point indicates the GABA measurement and the 

corresponding following point come from the water reference measurement.(See appendix B for the 

different regions performed on the different subjects). The synthesizer frequency was at approximately 

127 MHz and to detect the drift between the measurements, the first measured synthesizer frequency 

on subject 1 was considered as a zero-value.  

Synthesizer Frequency Differences 

The Anovan analysis gave a region p-value of 0.215 and a subject p-value of 0.002 when 

analyzed with respect to the drift in synthesizer frequency. Fig. 3.14 shows the result from the 

multiple comparison tests evaluating the drift in synthesizer frequency between different 

regions of the brain and within the subject group. There was no significant difference in the 

drift depending on the measuring region but a significant difference was present between 

subject 5 and the two subjects 1 and 3.  
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Fig. 3.14. The result of the multiple comparison tests indicating differences in the synthesizer 

frequency drift in different regions (upper) and within the subject group (lower). There was no 

significant difference between the different regions, but a subject difference was indicated by the two 

red intervals with respect to subject 5.  
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The Anovan analysis gave a synthesizer frequency drift p-value of 0.237 when analyzed with 

respect to the GABA concentration. Fig. 3.15 shows the result from the multiple comparison 

test evaluating differences in the GABA concentration with different drifts in synthesizer 

frequency. There was no indication of a significant difference in the GABA concentration 

with different frequency drifts.  

 

 
Fig. 3.15. The result of the multiple comparison test indicating differences in the GABA concentration 

when having different amount of synthesizer frequency drift in the measurements. There was no 

significant difference in the GABA concentration among measurement with different frequency drifts. 

3.4.2 Heating of the System 

Fig. 3.16 and Table 3.13 show the drifting synthesizer frequency on the subject when fMRI 

was performed in between the first three and the last six GABA measurements. The result of 

the first measurement works as a “true value” for the synthesizer frequency and the following 

measurements shows the difference from this true value. During the first three measurements, 

the drift is 2 Hz per GABA measurement. The fMRI makes f0 increase by 2.8 Hz/min and the 

!
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GABA measurements afterwards did not show any special drift until the last GABA 

measurement where f0 started decreasing.  

 
Fig. 3.16. The measured synthesizer frequency when performing nine shorter GABA measurements 

and a 10 min long fMRI measurement in between the third and fourth GABA measurement. The 

difference in f0 is summarized in the Table 3.13.  

Table 3.13 

The drift in synthesizer frequency (f0 diff) between each MEGA-PRESS GABA and water 

measurement.  

Measurement f0 diff [Hz] 

1 2 

2 2 

3 2 

4 3 

5 0 

6 0 

7 0 

8 0 

9 -3 
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3.4.3 Phantom Measurement 

The measured synthesizer frequency is shown in Fig. 3.17 when measuring on a phantom and 

testing if the position of the elevators influence the result. The total frequency drift (shown in 

the upper left plot) has decreased 30 Hz during a time of 1655 s, which gives a drift of 0.0181 

Hz/s = 65.2568 Hz/h = 0.5138 ppm/h. The other seven figures show the frequency drift 

during the measurements, which indicated a slow decrease independent of the positioning of 

the elevators.  

3.5 Balloon-Study 

The outputs from LCModel are summarized in Table 3.14. The results from subjects 3 - 5 in 

the pre-balloon measurements were discarded in the statistical analysis due to mistakes in the 

data acquisition.  

 

Table 3.14 

GABA concentration [mM] with corresponding %SD, FWHM [ppm] and SNR estimated from 

LCModel from the measurements in the balloon-study. Subject and f0 diff indicates the subject-

measurement occasion and the drift [Hz] experienced during that measurement respectively.  

Subject f0 diff GABA %SD FWHM SNR 

1-Pre 5 1.01 9 0.09 14 

1-Month 0 0.87 10 0.08 15 

2-Pre 5 0.80 16 0.06 12 

2-Month 5 0.85 13 0.04 15 

3-Pre 6 0.56 385 0.01 4 

3-Month 4 0.88 9 0.08 16 

4-Pre 1 1.00 65 0.03 1 

4-Month 1 0.82 10 0.09 14 

5-Pre 6 0.00 999 0.01 3 

5-Month 5 0.96 7 0.11 16 

Power Analysis  

In the Frontal region, the measurement error in the healthy subject group was estimated to 

0.17 mM. This measurement error was used as the standard deviation in the paired t-test 

between the first and second measurement on subject 1-2, the number of subjects needed to 

detect a significant difference was 294 at a power of 0.8 and 393 at a power of 0.9.  



! *.!

 

 
Fig. 3.17. Synthesizer frequency drifts during measurement on a phantom when considering different 

positions of the two elevators closest to the magnet. The upper left plot shows the drift during the 

whole experiment. The seven other plots indicate that there was not any influence of the elevators 

during the measurements.  
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Chapter 4  

Discussion 

The intention was to implement GABA quantification as a diagnosis and research tool, and it 

was therefore important to establish a reliable measuring protocol. However, there are many 

potential difficulties within the GABA quantification sequence, both with respect to 

acquisition and subsequent analysis. In this section, each step of the project is discussed 

separately.  

4.1 Data Acquisition 

When the procedure will be integrated in clinical protocols it is especially important that the 

total acquisition time is sufficiently short, or alternatively that the voxel size is small. Also by 

decreasing the acquisition time the chance of subject movement during the measurement is 

decreased to a minimum. Subject movement is not directly apparent from the spectra and here 

it was not tested how much this affects the results. A main result was that it was possible to 

reduce the number of dynamics by an order of magnitude while keeping the differences in 

GABA concentration smaller than the estimated measurement error. This resulted in a 

reduction of the voxel size by 13.4% achieving approximately the same quality. It was 

important to seek a suitable balance between the acquisition time and the measurement 

quality, although this reduction must not be at the cost of an increased measurement 

uncertainty.  

 

There were two major changes in the data acquisition for the MEGA-PRESS method that 

should be considered in the future. Firstly, planning of the measurement (‘yellow rectangle’ in 

Fig. 2.1) should be adjusted based on the Creatine signal, as it reflects the chemical shift of 

the GABA signal at 3.0 ppm instead on the NAA signal at 2.0 ppm. Secondly, after personal 

communications with Richard Edden (professor in in vivo magnetic resonance at Johns 

Hopkins University, US) who recommended another type of water suppression called MOIST 

or VAPOR. The main reason why using this recommended water suppression would be for 

obtaining a water remnant signal that always remains positive which would render the results 

of in vivo measurements get more robust, although this needs to be investigated further. 



! *&!

4.2 Method of Processing 

It was difficult to judge which method of processing to choose by simply interpreting the 

results from the evaluation performed here, and in which the combined phase and frequency 

correction lead to an improved overall result. In theory, the combined phase and frequency 

correction should give the best result with respect to a number of parameters, although here 

only a significant improvement in the SNR was observed. One might speculate that the 

combined frequency and phase correction used here was not at the global optimum because of 

the intricate dependency of the Klose correction in the frequency correction. 

 

The Bland Altman plot in Fig. 3.1 showed that by not making any correction of the spectral 

data, the estimated GABA concentration became larger. This may have been the result of 

misinterpreted additional signals as GABA, because of the errors in the averaging of the 

subsequent difference spectra due to frequency drift of the MR-scanner. The most important 

aspect when using the protocols in clinical diagnosis as well as for research purposes is the 

precision of the method. Therefore, it is necessary to develop the processing method further to 

obtain an optimal precision.  

4.3 GABA-Atlas 

In the GABA-atlas work the intention was to obtain a low spatial resolution mapping of 

GABA in the human brain. The main limitations were the approximate voxel placements, and 

also the relatively large volume of the voxel that contained other tissue than the desired 

regions e.g. the Basal Ganglia and the Thalamus (partial volume effects). Thus, there was a 

significant uncertainty in the resulting GABA concentrations, but by performing repeated 

measurements in each region, the confidence intervals decreased markedly. An interesting 

observation was that there was not any significant difference within the subject group, but this 

was expected as the subject group was healthy and approximately at the same age. In contrast, 

the GABA-atlas showed some regional differences showing that the right Basal Ganglia have 

a higher concentration than the Occipital and Frontal region. However, a possible caveat was 

that it is difficult to compare different regions since there are different amount of tissue in 

each voxel within different regions, and different degrees of partial volumes. In the Frontal 

region there is in general more water (CSF) than in the other regions. In addition, the Frontal 

region was most distant from the detection elements in the MR-head coil.  
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4.4 Precision 

The calculated measurement error of 0.17 mM in the Frontal region was larger than the 

estimated %SD from LCModel (which corresponded to a mean measurement error of 0.09 

mM in the Frontal region). According to the LCModel user manual the %SD is in general 

underestimated [12]. There were several effects that may have affected the test-retest 

measurements such as the voxel placement that was approximate during the test-retest, due to 

subject movements that may have differed in the two measurements. The frequency drift was 

also different during the measurements affecting the processing differently, and this resulted 

in further errors. The test-retest measurements differed between 4- 43 % in GABA 

concentration, and the largest differences were detected in the Frontal region. At this time 

there are too few measurements performed in the other regions to make a similar conclusion. 

The mean difference between our test-retest measurements was 17 %, which can be compared 

to optimal precision of in vivo measurements, which is considered to be approximately 10 % 

(R. Edden, personal communications). 

 

The significant observed reduction of the GABA in the Frontal region during the retest 

measurement may suggest that the quantification was either time dependent, or that there was 

some other effect on the GABA-signals during the measurement. However, due to the 

anatomy of the brain, some other unforeseen effect could have been present in the Frontal 

region (that was misinterpreted as changes in the GABA concentration).  

4.5 T1 for GABA 

The intention of this experiment was to obtain an approximation of T1 using a simple two-

point estimation. The result of T1 = 0.67 s was smaller than expected and there are indications 

that the curve did not fit the concentration quotients sufficiently well (Fig. 3.12). There are 

many possible explanations of this result, but primarily they are related to the uncertainty in 

the precision of the measuring method. When dividing two values of high uncertainty, the 

result will be afflicted by an even larger uncertainty and only two measurements on each 

subject were not sufficient. There was also the potential problem of comparing results from 

different individuals even though the GABA-atlas showed no significant difference within the 

subject group. A more accurate experiment of determining T1 should be performed in the 

future, when the overall method of processing and quantification has been improved.  
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4.6 Synthesizer Frequency Drift 

According to Fig. 1.13, there were three different effects on the synthesizer frequency when 

performing in vivo GABA measurements. Firstly, there was a slow increase of the synthesizer 

frequency during the whole experiment (including all measurements on one subject). 

Secondly, there was a trend of regional differences of which synthesizer frequency that was 

used in the measurement depending on the spatial inhomogeneities in the magnetic field. 

Finally, there was a slow long-term reduction of the synthesizer frequency indicating a 

weakening of the magnetic field.  

 

From the comparison between a large drift of 5 Hz during a 20 min measurement with the 

GABA-atlas measurements that had a drift as large as 12 Hz during approximately 10 min, it 

was indicated that something was unstable in the measurement protocol. There may have been 

something that was unstable in the hardware of the MR-system, or that the MEGA-PRESS 

sequence may have been very sensitive to movements of the subject. However, there was no 

significant difference between the regions, and the GABA concentration did not significantly 

depend on different values of the drift in synthesizer frequency. In contrast, the frequency 

drift depended significantly on subject individual, or perhaps more likely the point in time of 

the measurement. To fully exclude the hypothesis that the MEGA-PRESS measurements 

depended on which protocols that preceded the GABA-measurements, further testing will be 

necessary. Moreover, the results from the phantom measurement show that the building 

elevators positions do not affect the frequency drift. This result was to an extent expected 

because the elevators should be sufficiently far away from the MR-system and therefore not 

contributing to the instability of the environment.  

4.7 Balloon-Study 

Between the first and the second measurement day there were changes concerning another 

part of the protocol, but which unfortunately also changed some parameters in the MEGA-

PRESS settings (the protocol for measuring GABA was on a separate patch). This resulted in 

that the spectra from subjects 3 - 5 were not useful for quantifying GABA; thus there were 

only two measurements that could be used in the analysis. The estimated differences in the 

GABA concentration due to the balloon were in the same range as the measurement error, and 

no significant differences were detected. As this was a pilot study still in a phase of 

development with subjects that were healthy and not overly obese, no significant differences 
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in GABA concentration could perhaps therefore be expected. In the future, a study including 

subjects that are more obese with significant health issues is recommended. Also a further 

developed GABA quantification sequence would be desired to detect any such differences.  

4.8 Future Work 

There were several ways to move forward in this project to improve the results and to exclude 

some effects that may affect the results. The most important would be to improve the data 

acquisition (as described earlier) and the method of processing to reduce the measurement 

error to improve the precision.  

4.8.1 Further Measurements 

More measurements and an expansion of the subject groups would be needed to obtain a more 

reliable result from all the experiments performed during this thesis. The estimated voxel size 

and acquisition time were just estimates based on previous experience, and by evaluating 

these in more detail these could be optimized. The variety of GABA quantified in this project 

was GABA+ that includes signals from macromolecules. In the future it would be interesting 

to evaluate other and more elaborate methods for quantifying GABA with a suppression of 

the macromolecular signal. Methods for performing this macromolecular suppression have 

been proposed at TE = 80 ms, which would be interesting to investigate. However, at this 

stage it would be recommended to focus on increasing the precision as this would result in 

reduction of the measurement error. Hence, before moving forward with additional in vivo 

GABA measurements, the suggestion is that measurements on a homogenous GABA 

phantom would be useful as this would eliminate effects experienced in vivo (such as subject 

movement and the inhomogeneity of the human brain).  

 

Moreover, in the future it would be desired to change the pulse sequence from PRESS to 

SPECIAL semi-LASER [19], which is an acquisition protocol that both increases the SNR 

and reduces the spatial distance between the yellow and white acquisition ROIs in Fig. 2.6, 

which ideally should be superimposed.  

4.8.2 Comparison with Other Software 

There are several different possible procedures for quantifying GABA once the spectra have 

been collected. Results from software like GANNET [20] and jMRUI [21] can be compared 
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to the result from LCModel using the same datasets in order to determine which 

quantification method that would be best. GANNET was evaluated here and the results were 

not entirely satisfying. Thus, in order to further use that software one would need to 

implement certain changes in the data acquisition (as suggested in the data acquisition section, 

vide supra). Another alternative would be to implement the quantification step within the 

implemented processing GUI, although that would require a significant effort. 

4.8.3 Correlation with Other Techniques 

In the future it would be useful to correlate the measured GABA concentration in e.g. the 

balloon study with results from fMRI, or behavioral differences that have developed during 

the specific clinical study. Another highly desired improvement would be to incorporate the 

Glx (Glu + Gln) quantification in the GABA sequence since a concentration balance between 

Glutamate and GABA exists in the brain. Other metabolites in the brain could also be 

quantified together with GABA by only using the OFF spectra from the measurement, thus 

enhancing data extraction.   
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Chapter 5  

Conclusions 

The experiments showed no significant differences in GABA concentration between the 

subjects; in contrast a significant regional difference could be detected. However, the results 

were somewhat uncertain due to the small subject groups and the resulting large measurement 

error. In addition, it would be necessary to perform further measurements and analyze these 

with an improved method of processing. The recommended changes in the data acquisition 

would be considered in future measurements hopefully improving the robustness in the in 

vivo measurements. To exclude some effects such as voxel placement and subject movement, 

it would be recommended to perform additional measurements on a phantom, as well as to 

achieve better precision before performing further in vivo measurements. The final conclusion 

of this project was that the GABA quantification protocol needs to be developed further. 
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Appendix 

Appendix A – Description of Implemented GUI 

A GUI was implemented in Matlab to make the processing of the collected datasets from the 

MR-system. With this GUI the user can make phase and frequency correction of the sequence 

of spectra and call LCModel with the resulting GABA spectrum. To get a bigger 

understanding of what was happening with all the FIDs and spectra when doing this 

correction, several plots were visualized.  

 

When calling this GUI, the user has to choose first the SPAR-file corresponding to the 

MEGA-PRESS GABA measurement that should be analyzed. Afterwards, another user dialog 

lets the user choose the corresponding SPAR-file with the unsuppressed water reference 

signal. The initialization of the GUI is shown in Fig. A.1 and in every plot the phase 

correction angle (PHC) is equal to zero. In the GABA spectrum plot, (showing the resulting 

GABA spectrum), the green function shows the combined frequency and phase corrected and 

the blue function shows the phase corrected GABA spectrum.  

 

The button “Save Fig” saves a screen capture of the GUI to a directory of choice. There are 

three different buttons that calls LCModel with the corrected data of choice. The button 

“LCM freq corr” calls LCModel with the resulting GABA spectrum created with frequency 

correction and phase corrected with the current value of PHC (the green spectrum). The 

button “LCM phase corr” calls LCModel with the resulting GABA spectrum created only by 

phase correction with the current value of PHC (the blue spectrum). The button “LCM Supp 

GABA” calls LCModel with the resulting suppressed GABA spectrum created only by phase 

correction with the current value of PHC. (The suppressed GABA spectrum was created by 

averaging all ON and OFF spectra, resulting in a regular metabolite spectrum but with a NAA 

resonance with half the intensity than usual).  
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Fig. A.1. Initialization of phase correction GUI. Showing the GABA spectrum (frequency and phase 

corrected in green and phase corrected in blue), suppressed GABA spectrum, water spectrum, the 

phase corrected water FID, the angle of the phase corrected FID (blue) and the phase correction 

angle (green, zero in the initialization). The GUI makes it possible to do phase correction (manually, 

automatic and a mixture between these) showing the results directly in the plots.  

Manual Phase Correction 

The manual phase correction was very simple to make with the GUI by only adjusting the 

zero order and first order phase constant with two sliders. The GUI was implemented in such 

way that the result was shown in all the plots immediately after any change was made of the 

position of one of the two sliders controlling the values of PH0 and PH1 (described in section 

1.1.6).  
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Automatic Phase Correction 

The automatic phase correction was based on the method of Klose correction described in 

section 1.1.6. Pressing the button “Automatic Phase Correction” on the same data as in Fig. 

A.1 gives the result in Fig. A.2. The water spectra look like the spectra in Fig. 6b with the real 

part in the form of a Lorentzian lineshape and the GABA spectrum has got its characteristic 

appearance. There was a possibility of making a manual zero order phase correction after the 

automatic by adjusting the slider “Zero Order Phase Correction After Automatic” that starts 

with the automatic phase correction angle as zero.  

 

 
Fig. A.2. After making Automatic phase correction on the same data as in Fig. A.1. The GABA 

spectrum has now got the characteristic appearance and the water spectrum has its real part as a 

Lorentzian lineshape.  

Usage in this project 

As mentioned in section 1.8.1, three different methods of processing were evaluated and how 

the GUI was used in each case is described below. When not making any correction in the 

processing step, the button “LCM phase corr” should be pressed making the phase correction 
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zero as set in the initial state. The two other methods both include Klose correction, which 

was performed by pressing the button “Automatic Phase Correction”. After this button has 

been pressed, LCModel was called either by pressing “LCM phase corr” or “LCM freq corr” 

corresponding to the processing methods of Klose correction or combined frequency and 

Klose correction respectively.   
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Appendix B – Measurements Performed on the Healthy Subjects  

In the following five tables, the measurement order of each subject in the healthy subject 

group is summarized. When nothing is mentioned, the standard parameters were used except 

for the voxel sizes that were described in the method chapter (Fig. 2.1-2-5).  

Subject 1 

The measurements were performed on the 22th of February 2013 and the protocol is summarized in 

Table B.1.  

 

Table B.1. 

The measuring protocol performed on subject 1 the 22th of February 2013. 

Measurement Region 

1 Frontal 

2 Frontal with TR = 4 s 

3 Thalamus 

4 Occipital 

5 Basal Ganglia left 

6 Basal Ganglia right 

7 Frontal retest 

Subject 2 

The measurements were performed on the 4th of March 2013 and the protocol is summarized in Table 

B.2.  

Subject 3 

The measurements were performed on the 7th of March 2013 and the protocol is summarized 

in Table B.3.  

Subject 4 

The measurements were performed on the 13th of March 2013 and the protocol is summarized 

in Table B.4.  
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Table B.2. 

The measuring protocol performed on subject 2 the 4th of March 2013. 

Measurement Region 

1 Frontal 

2 Frontal with TR = 6 s 

3 Thalamus 

4 Occipital 

5 Basal Ganglia left 

6 Basal Ganglia right 

7 Frontal retest 

8 Thalamus retest 

 

Table B.3. 

The measuring protocol performed on subject 3 the 7th of March 2013. 

Measurement Region 

1 Frontal 

2 Frontal with TR = 3 s 

3 Thalamus 

4 Occipital 

5 Basal Ganglia left 

6 Basal Ganglia right 

7 Frontal retest 

8 Occipital retest 

 

Table B.4. 

The measuring protocol performed on subject 4 the 13th of March 2013. 

Measurement Region 

1 Frontal 

2 Frontal with TR = 1.5 s 

3 Thalamus 

4 Occipital 

5 Basal Ganglia left 

6 Basal Ganglia right 

7 Frontal retest 

8 Basal Ganglia left retest 
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Subject 5 

The measurements were performed on the 14th of March 2013 and the protocol is summarized 

in Table B.5.  

 

Table B.5. 

The measuring protocol performed on subject 5 the 14th of March 2013. 

Measurement Region 

1 Frontal 

2 Frontal with TR = 1 s 

3 Thalamus 

4 Occipital 

5 Basal Ganglia left 

6 Basal Ganglia right 

7 Frontal retest 

8 Basal Ganglia right retest 

 


