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UNIVERSITY OF TWENTE

Abstract

University Medical Center Utrecht - Imaging division

Partial volume and T; correction in brain

magnetic resonance spectroscopy imaging
Improving data processing in order to determine
brain glutamate levels in patients who experienced
a psychosis
by Lisan MORSINKHOF, BSc

Purpose: To correct glutamate concentrations measured using magnetic resonance
spectroscopy imaging at 7 Tesla for partial volume and T; effects in order to perform
a more accurate evaluation of brain glutamate levels in patients who experienced a
psychosis.

Methods: Glutamate was denoted as the sum of glutamate and glutamine (Glx)
with the total amount of creatine (tCr) as scaling factor. Anatomical data were used
to obtain probability fraction maps. These maps were corrected for the voxel bleed-
ing effect in order to relate them to the Glx/tCr maps. Based on these fraction maps
and subject specific grey and white matter Glx/tCr concentrations partial volume
correction was performed. Subsequently the maps were corrected for the effect of
Ty relaxation. The Wilcoxon signed rank test was used to evaluate the effect of the
corrections in several brain regions.

Results: Statistically significant differences in Glx/tCr concentrations were de-
tected in each of the regions. Partial volume correction resulted in an increase of the
Glx/tCr concentration in in cortical grey matter, caudate, putamen en thalamus, and
a decrease in white matter and the pallidum.

Conclusion: After partial volume and T; correction the Glx/tCr concentrations
calculated per region were in line with previous studies. Although the actual con-
centrations were not known, based on comparison of the calculated Glx/tCr con-
centrations with literature it can be suggested that the corrected concentrations are
more accurate than the uncorrected. It has to be evaluated if partial volume and
T correction result in a more accurate comparison Glx/tCr concentrations between
patients who experienced a psychosis and healthy control subjects.

Keywords: Magnetic resonance spectroscopy imaging, glutamate, partial vol-
ume effect, T; relaxation
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Abbreviations

By
CSF
FA
FOV
FWHM
GIn
Glu
Glx
GM
MNI
MRS
MRSI
NMDA
PSF
ROI
SNR
SVS
tCr
TE
TR
WM

static magnetic field

readiofrequency field

cerebrospinal fluid

flip angle

tield of view

full width half maximum

glutamine

glutamate

glutamate + glutamine

grey matter

Montreal Neurological Institute - brain standard space
magnetic resonance spectroscopy
magnetic resonance spectroscopy imaging
N-methyl-D-aspartate

point spread function

region of interest

signal to noise ratio

single voxel spectroscopy

total creatine; creatine + phosphocreatine
echo time

repetition time

white matter
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Chapter 1

Introduction

Psychosis and schizophrenia are among the most burdensome disorders worldwide
[1]. Not only do these disorders have a large impact on the patients themselves,
it also impacts family members and the community, and has large economic cost.
The current pharmacological treatment of psychotic disorders is unable to address
all symptoms [2]. To enable a specific treatment, more insight in the neurobiology
underlying psychotic disorders is needed [3]. Previous research suggests that glu-
tamate may be a relevant factor in the neurobiology of psychosis, based on findings
using magnetic resonance spectroscopy (MRS) [4]-[13]. Nonetheless, for a more ac-
curate determination of glutamate levels, data processing has to be improved. This
study seeks to improve the processing method of MRS data. This chapter describes
the needs for research into the neurobiology underlying psychotic disorders and im-
provement of MRS data processing.

1.1 Psychosis and schizophrenia

1.1.1 Definitions

Psychosis is defined as the presence of delusions and/or hallucinations [14]. Delu-
sions are described as fixed false beliefs. Hallucinations are perceptions without
the presence of an external or somatic stimulus [14]. Delusions and hallucinations
are also called positive symptoms [15], since they indicate the presence of aberrant
functioning [16].

The most severe disorder in which psychosis occurs is schizophrenia [1], [17].
In addition to these aforementioned positive symptoms also cognitive impairment
and negative symptoms, which are described as a significant deficiency in normal
functioning, are present. Negative symptoms such as lack of motivation and social
withdrawal are present in this disorder [15].

1.1.2 Current treatment

At the moment the diagnosis of psychotic disorders is mainly based on descriptive
psychopathology instead of etiology and biological findings [18]. The link between
the psychopathology and the pathophysiology of psychosis is still unclear; how-
ever, several theories exist. One theory indicates psychosis as a disorder of aberrant
salience [19], [20]. This theory suggests that there is a dysregulation in dopamine
transmission. Under normal circumstances dopamine functions as a mediator of
relevant saliences. However, due to dysregulation of dopamine transmission, stim-
uli in the dopaminergic system that are normally insignificant become relevant. The
current treatment of schizophrenia, which is based on antipsychotic drugs that block
dopamine D2 receptors [21], is in line with the aberrant salience theory.



8 Chapter 1. Introduction

Nonetheless, inconsistencies concerning the treatment remain. Firstly, clear evi-
dence for the theory of aberrant salience is lacking [18]. Several studies have shown
an increase in dopamine synthesis and release in the acute state of schizophrenia
[22], [23]. However, this does not prove the causality between dopamine dysfunc-
tion and aberrant salience. Secondly, there is a large variation in outcomes after a
tirst episode of psychosis when dopamine based drugs are used. Functional adjust-
ment in the psychological, social and occupational field (e.g. making friends and/or
affective relationships outside the family) two years after a first episode of psychosis
varies from functional deterioration to an even increased level of functioning [24].
Thirdly, dopamine antagonists hardly affect cognitive and negative symptoms of
psychotic disorders [2], [25]. Thus, to obtain specific treatment strategies, under-
standing of neurobiology underlying psychotic disorders is required [3].

1.1.3 NMDA-glutamate hypothesis

In addition to the dopaminergic hypothesis, there is increasing evidence for dysfunc-
tion of the glutamate-gated N-methyl-D-aspartate (NMDA) receptor during psy-
chosis and schizophrenia [26]. The receptor is an ion channel that plays an impor-
tant role in the excitatory synaptic transmission of the central nervous system [27].
There are several findings that support the NMDA-glutamate hypothesis. Antago-
nists of this receptor such as phencyclidine and ketamine induce psychotic reactions
in patients [28], including negative symptoms and cognitive impairments that do not
arise when dopaminergic antagonists are applied [2]. Furthermore, glutamate lev-
els increase in medication-naive or medication free schizophrenia patients [11]. It is
also known that the glutamate level decreases progressively with age in schizophre-
nia patients compared to healthy controls [13]. These findings suggest that NMDA-
receptors are involved in psychotic disorders, warranting further investigation in
their role in the neurobiology underlying psychosis.

1.2 Magnetic resonance spectroscopy

Measuring NMDA-receptor function in vivo is challenging. However, since we
know that glutamate is its antagonist and therefore intimately involved with this
receptor, methods to measure glutamate provide a potential alternative. Using 'H
MRS it is possible to measure glutamate concentrations in the brain [13]. In the past
several years many papers about 'H MRS of brain glutamate in schizophrenia us-
ing 1.5-4T MRI have been published [11]-[13]. The drawback of these studies is the
low field strength. Since magnitude of the net magnetization is directly related to
the magnetic field strength [29], the signal to noise ratio (SNR) is lower at lower field
strengths. This limits the spatial resolution [30]. Furthermore, at lower field strength
the dispersion of resonance frequencies between metabolite peaks are small, which
makes it difficult to distinguish the different peaks in a metabolite spectrum. Due to
these factors it is challenging to draw proper conclusions about the distribution of
glutamate levels.

At higher magnetic field strength spatial dispersion will increase, enabling a
more accurate calculation of glutamate levels in the brain. Furthermore, the SNR
increases, which enables scanning at higher resolution or faster scanning. In single
voxel spectroscopy (SVS) this SNR is even higher because many signal averages can
be obtained [31]. This is possible due to the fast acquisition time because of a small
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region of interest (ROI) [32]. Therefore, this technique is used widespread to mea-
sure glutamate concentrations in people with psychotic disorders [4]-[9]. However,
the main drawback of these studies is that due to SVS the glutamate concentrations
are only measured in a small number of regions, which is inconsistent with the the-
ory that glutamate levels are probably not equally distributed across different brain
regions [33]. Using magnetic resonance spectroscopy imaging (MRSI) instead of SVS
enables measuring a whole brain slice instead of only a large voxel.

In this study we aim to measure glutamate levels in the brain using MRSI at a
magnetic field strength of 7T. An overview of the MRS technique is described in
Appendix A. Along with the possibilities of MRSI at 7T also some challenges arise,
which are described below.

1.2.1 Partial volume effect

Even at a magnetic field strength of 7T, the SNR of the MRSI data is low due to the
low concentration of metabolites. By way of comparison, the number of protons of
metabolites, which is related to the area of the peak in a spectrum, is several thou-
sand times lower than that of water [31]. Therefore, the data will be obtained at a
resolution of 5x5x10mm?, in contrast with the anatomical T; data, which can be ac-
quired at a resolution of 1x1x1mm?3. Because of the low resolution of the MRSI data,
there will be a partial volume effect, which means that voxels consist of fractions of
different tissue types (grey matter (GM), white matter (WM) and cerebrospinal fluid
(CSF)). Each of these tissue types contain a different concentration of glutamate [34].
However, due to the low resolution of the MRSI data, the concentrations within an
MRSI voxel will be averaged. To correct for the dependence of the glutamate con-
centration on the tissue type it is required to correct for this partial volume, which
can be performed using information of the anatomical T; data with a higher spatial
resolution.

1.2.2 Voxel bleeding effect

The obtained signal in a specific MR(S)I voxel is not only originating from the de-
sired voxel, but also from adjacent voxels [35]. This occurs because more frequencies
are used to obtain the signal due to finite scan time. As a result, the shape of the sig-
nal is not the desired rectangle, indicated by the black line in Figure 1.1, but a sinc
function, indicated by the green line. This effect, called voxel bleeding, increases
with a decreasing spatial resolution [36]. This means that the voxel bleeding effect is
higher in the MRSI data than in the anatomical data.

Because a high lipid signal is obtained from the skin and skull, there is a large
voxel bleeding effect of this signal on the MRSI data [36]. This leads to a distortion
of the MRS signal of brain metabolites. Therefore, a crusher coil is used to distort the
lipid signal during the acquisition of the MRSI data [37].

Although the influence of the voxel bleeding effect of brain tissue is smaller than
of the skin and skull, because the lipid signal in the brain tissue is much smaller, the
effect still exists in the obtained MRSI signal. This means that voxels do not contain
the same tissue composition as the high resolution anatomical data measured at the
same location, but is also influenced by signal of surrounding voxels. To achieve an
accurate partial volume correction, the anatomical data has to be corrected for this
effect before they can be related to the MRSI data [38].
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signal loss in voxel

actual voxel size is larger

14 WAL

amplitude

signal bleeding to adjacent voxels

voxel position

FIGURE 1.1: The consequences of finite scan time. The black line in-

dicates the desired signal shape: equal to the voxel size. The green

line indicates the real signal shape: a sinc function. This has three

consequences: 1) in the actual voxel there is a signal loss, 2) bleeding

of the signal into other voxels occurs, 3) the actual voxel size is larger
than the original voxel. Adjusted from de Graaf et al. [35].

1.2.3 Tq effect

To reduce the acquisition times using MRSI, a short repetition time (TR) is used
during acquisition. This is performed using a low excitation flip angle (FA) in order
to receive data with a SNR as high as possible. When this TR is shorter than the
longitudinal relaxation time (T7), the magnetization cannot totally recover, resulting
in a reduction of the signal [39]. Therefore, the area underneath a metabolite peak, is
not directly related to the metabolite concentration anymore, but is underestimated
[39], [40]. However, to acquire a fully relaxed spectrum, the repetition time (TR) has
to be at least five times longer than T; [39]. This results in a TR of 8.75 seconds for
glutamate [40], leading to very long acquisition times. To decrease the acquisition
times, a shorter TR can be used, but to prevent underestimation of the metabolite
concentrations, correction for the T effect has to be performed [40], [41].

The T relaxation times of metabolites are different in GM and WM. For gluta-
mate these times are 1.61 and 1.75 seconds respectively [40]. Partial volume correc-
tion enables correction for the T; effect based on the T; relaxation times per tissue

type.

1.3 Aim and hypothesis

The main goal of this study is to correct for the partial volume and T, effects of the
MRSI data in order to achieve a more accurate representation of glutamate levels
in the brain. This based on the fact that tissue specific glutamate concentrations
are taken into account and the metabolite signals are not underestimated anymore.
We hypothesize that due to partial volume correction the glutamate concentration
increases in GM and decreases in WM and CSF. Furthermore, it is hypothesized that
T, correction increases metabolite concentrations.
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Due to the corrections the quality and reliability of the high resolution MRSI data
will be improved. This enables a more accurate determination of glutamate levels
in the brain and comparison of the levels between patients who experienced a psy-
chosis and healthy control subjects. In this way more insight into the neurobiology
of psychotic disorders can be gained, which may result in better treatments.
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Chapter 2

Methods

2.1 Subject inclusion

21.1 Subjects

This study was approved by the medical research ethics committee of the University
Medical Center Utrecht (protocol ID NL55796.041.15). All subjects provided written
informed consent. The subjects were enrolled from advertisements on posters and
an independent website for test subjects for clinical trials. In total 29 healthy control
subjects (20 males) with a mean (SD) age of 24.5 (7.5) years were included between
October 2017 and July 2019. Two subjects were not scanned because of claustro-
phobia. Four data sets were incomplete due to saving and processing problems.
Therefore, the number of data sets used for analysis was 23.

2.1.2 Data acquisition

The data was acquired using an existing scan protocol. A 7 Tesla Achieva Magnetic
Resonance System (Philips, Best, NL) with a 32 channel receive head coil (Nova
Medical, Wilmington MA, USA) is used for acquisition. An overview of the param-
eters of the different scans is shown in Table 2.1.

Anatomical data

A map of the static magnetic field (Bg) was achieved to detect inhomogeneities. This
map was used to calculate the shim values applied during acquisition of the MRSI
data in order to improve the By field homogeneity. For anatomical reference a 3D
magnetization prepared rapid gradient-echo (MPRAGE) image was acquired. A
2D multislice Tq1-weighted fast field echo (2D FFE) image was obtained to test the
crusher coil. Based on the 3D MPRAGE image a reconstruction of these 2D anatomi-
cal scans, consisting of 20 slices with a thickness of 1mm, was created on the scanner.
This is followed by a shimmed By-map and a map of the radiofrequency field (B;) to
map the B; and remaining By inhomogeneities. These maps are used for line width
correction in the post-processing phase.

MRSI data

The 'H-MRSI data was acquired in two slices containing subcortical GM nuclei.
Lipid signals were suppressed using a crusher coil [37]. Homogeneous water sup-
pression was obtained using tailored spiral in-out spectral-spatial radiofrequency
(RF) pulses based on the By and B; maps [42], by the RF chemical shift selective (RF
CHESS) method. Shimming was applied based on the calculated shim values from
the Bp-map. In the same region non-water suppressed data was acquired.
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TABLE 2.1: Parameters used per scan. TE: echo time, TR: repetition
time, FOV: field of view, FA: flip angle, NSA: number of signal aver-
ages
By and By MPRAGE 2D FFE MRSI WS* MRSI non-WS*

TE (ms) 2.35 2.89 4.22 25 25
TR (ms) 5.122 8 200 300 300
FOV (mm?) 220x220%x30  220x220x200 220x220x20 220%x220x10 220x220x10
Resolution (mm?3) | 1.25x1.25x10 1x1x1 1.25%x1.25%x10 5x5x10 10x10x10
FA (degrees) - 6 - 35 35
Number of slices | 3 - 2 2 2
NSA - - - 2 2
Scan time (min) 1:06 6:51 1:12 10:59 1:54

*In one subject only one slice was acquired. In two subjects three
slices with a resolution of 5x5x5 mm?® instead of two slices with a
resolution of 5x5x10mm?3 were obtained

2.2 Data processing

The acquired 'H-MRSI data were processed using an existing pipeline. The first step
in this pipeline is reconstruction and post-processing of the data using FidGet, a pro-
gram for optimization of the 'H-MRSI data developed at the Max Planck Institute
for Biological Cybernetics (Tuebingen, Germany) [43]. The reconstruction steps of
FidGet contain of k-space filtering with a squared Hamming window, in order to
reduce the voxel bleeding effect [36], and overdiscrete Bo-correction, resulting in a
higher signal to noise ratio (SNR) and smaller full width half maximum (FWHM)
[44]. During post-processing missing point prediction [43], [45], eddy current cor-
rection, zero order phase correction [46] and removal of the residual water peak [45]
are performed.

After reconstruction and post-processing metabolite quantification was performed
using the linear combination fitting program LCModel (version 6.3-1K) [47]. The
metabolites are quantified by fitting of a series of basis functions of metabolite spec-
tra to the acquired data (see Figure 2.1) using the control parameters shown in Ap-
pendix B. The absolute metabolite concentrations as well as the concentrations with
the total amount of creatine (tCr = creatine + phosphocreatine) as scaling factor were
calculated. In this study the concentrations with tCr as scaling factor were used
for further calculations. This is done to overcome the problem of the variability in
flip angle across the brain due to B; inhomogeneity, which influences the calculated
metabolite concentrations [48]. tCr is often used as reference since it is assumed to
be among the three metabolites (next to N-acetylaspartate and choline) of which the
concentrations are stable within most of the brain conditions [30].

Together with the metabolite concentrations quality assurance data, consisting
of the standard deviation compared with the Cramér-Rao lower bounds (CRLB, cer-
tainty of metabolite concentration), the FWHM and SNR of the fitted spectra, were
calculated by LCModel. These data were used to perform quality control, using
Matlab R2017b (MathWorks, Natick MA). Voxels with SNR < 3, FWHM > 0.15 ppm,
CRLB < 50% or a lipid over creatine ratio higher than 2 were excluded to obtain re-
liable metabolite maps. Remaining voxels with a metabolite over tCr ratio higher
than 5 that were not excluded during quality control were removed afterwards.

After quality control the metabolite maps were transformed to the Montreal Neu-
rological Institute (MNI) 152 standard brain (6th generation). The transformation is
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MRSI spectrum and LCModel fit

0.16 ;
—Spectrum
—LCModel fit
0.14 1 NAA+NAAG ||
—Glu+GIn
012+ —Cr+PCr 7
Cho+GPC
—ml+Gly
0.1} —GSH i
—Lip 1.3a
—MM 0.9
0.08 ——Baseline
3]
©
= 0.06 |
g
< 0.04 i
0.02 1
0 4
-0.02 - 1
\ /
-0.04 - 1
4 3.5 3 25 2 1.5 1 0.5 0

Chemical shift (ppm)

FIGURE 2.1: MRSI spectrum including the fitted metabolites and the

total fit of LCModel (LCModel fit). NAA: N-acetylaspartate, NAAG:

N-Acetylaspartylglutamate, Glu: glutamate, GIn: glutamine, Cr: cre-

atine, PCr: phosphocreatine, Cho: choline, GPC glycerophospho-

choline, ml: myo-inositol, Gly: glycine, GSH: glutathione, Lip13a:
lipid at 1.3ppm, MM 0.9: macromolecule at 0.9ppm

performed using FSL (FMRIB Software Library, Oxford, UK). First, the anatomical
2D slices are linearly registered to the T; weighted 3D volume (slice-to-3D). There-
after, the T; weighted 3D volume was transformed from subject to MNI space by
linear and non-linear transformation [49], [50]. The transformation matrix corre-
sponding to the transformation of the T; weighted 3D volume to MNI space was
used to transform the anatomical slice to MNI space. MRSI data were transformed
to MNI space using the transformation matrices corresponding to the slice-to-3D
and 3D-to-MNI transformations.

2.3 Corrections

The corrections were performed using Matlab R2017b (MathWorks, Natick MA).
They were implemented in the pipeline before transformation of the metabolite
maps to MNI space.
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2.3.1 Partial volume calculation

Partial volume correction was performed by a redistribution of the metabolite signal
within a voxel. This redistribution is based on the fraction of GM, WM and CSF in
the corresponding voxels of an anatomical T;-weighted scan with a higher resolu-
tion. Calculation of the fraction maps in order to correct for the partial volume effect
was performed by segmentation of an anatomical reference scan with a resolution
of 1x1x1 mm? into the tissue types GM, WM and CSF. This was achieved using the
FMRIB’s Automated Segmentation Tool (FAST) of FSL [51].

First, the segmentation was performed in subject space. However, due to inho-
mogeneities in the intensity of the anatomical data, these segmentations were not
successful in all subjects. An example of one of these subjects is shown in Figure 2.2.
Therefore, it was decided to perform the segmentation in MNI space and transform
the obtained tissue maps back into subject space.

Fwm

Fraction

FIGURE 2.2: Example of GM and WM segmentations in subject space.

The green boxes indicate regions in which WM is partly segmented

as GM. Because of the incorrect segmentations in some subjects it was
decided to perform segmentation in MNI instead of subject space.

By using binary tissue maps, some parts of GM nuclei were not recognized and
labeled as WM (see Figure 2.3). Because partial volume correction is based on dif-
ferences in GM and WM, the correction in these regions did not succeed. For that
reason it was chosen to use probability tissue maps instead of binary maps. Based
on visual inspection it was concluded that in these probability maps the labeling of
the nuclei was more accurate.

2.3.2 Correction for voxel bleeding effect

To take into account the proper GM, WM and CSF contributions during correction
for the partial volume effect, the voxel bleeding effect of the MRSI data has to be
applied to the fraction maps. This is performed by a convolution of the maps with a
2D filter. This filter is created in a couple of steps, shown in 1D in Figure 2.4. First,
a 220x220 matrix of zeros was generated to resemble the 2D field of view (FOV)
of an anatomical slice. Within this matrix 5x5 voxels are set to one, indicating the
size of one MRSI voxel. This matrix was fourier transformed to k-space domain.
To resemble the k-space size of the MRSI voxels, only the center 44 x44 voxels of
this matrix were kept. Because the k-space was circular, a mask of this k-space was
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Binary segmentation

FIGURE 2.3: Example of binary tissue maps of GM, WM and CSF. The

green boxes indicate the region containing the putamen (subcortical

GM nucleus) that is indicated as WM. Based on these findings it was
decided to use probability instead of binary maps.

applied to the center 44 x44 voxels of the matrix. The voxels of the 220 x220 matrix
outside the circular k-space were replaced by zeros. This new matrix was inverse
fourier transformed to obtain the filter for application on the fraction maps. Before
application the matrix was convolved with a Gaussian to resemble the filtering step
of FidGet (section 2.2) in order to reduce the voxel bleeding effect. The obtained
filter was scaled in a way that the area under the curve was equal to one. Thereafter,
it was convolved with the fraction maps. The fraction maps corrected for the voxel
bleeding effect, as shown in Figure 2.5, were used for partial volume correction.

2.3.3 Partial volume correction

The total signal acquired from an MRSI volume (voxel) is the average of all com-
ponents of that voxel. Because of the large voxel size, different tissue types can be
present inside a voxel. Metabolite concentrations differ per tissue type [34]. If there
are different tissue types within an MRSI volume, the obtained MRSI signal consists
of a mix of signals from these different tissue types. Based on the corrected fraction
maps the amount of a certain metabolite inside an MRSI volume can be redistributed
inside the same volume. The correction method is explained using an example with
one MRSI voxel containing four corresponding anatomical voxels of which the GM,
WM and CSF fractions are calculated, as shown in Figure 2.6a and b respectively.

First, the low resolution MRSI voxel was upsampled to a higher resolution. Be-
cause the measured concentrations were calculated with tCr as scaling factor, the
metabolite concentration of each voxel in a high resolution image has the same con-
centration as the concentration of the low resolution voxel (see Figure 2.6).

After upsampling the MRSI voxel, the measured concentration was redistributed
based on the different tissue types. Factors that influence the measured concentra-
tion are the tissue fractions (F) and the tissue specific metabolite concentrations (C)
of GM, WM and CSF. Since the metabolite concentration in CSF is in ymol/l order
of magnitude [52] and those of GM and WM are in mmol/1 respectively [41], [53],
[54], it is assumed that the contribution of the metabolite signal of CSF to the total
MRSI signal is negligible. Therefore, the tissue fractions have to be corrected for the
amount of CSF within a voxel [55]:
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FIGURE 2.4: The filter to resemble the voxel bleeding effect of the
MRSI data is created by fourier transformation of a 220x200 matrix,
in which 5x5 voxels are set to one to resemble the size of one MRSI
voxel. The 44x44 center, representing the size of the MRSI k-space,
of this matrix is kept and the rest is replaced by zeros. Inverse fourier
transformation of the matrix results in the filter. This filter is con-
volved a Gaussian to resemble the filtering step of FidGet.
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in which 7 is the GM or WM tissue. Based on the example in Figure 2.6b these val-
ues are 2/3 for Xy and 1/3 for Xy respectively. Using these values the fraction

contribution Ryyction 0f the GM and WM tissue to the concentration correction was
calculated:
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Fem before correction Fo\ after correction

M

Fraction

Fwm before correction Fu after correction

FIGURE 2.5: The effect of correction for the voxel bleeding effect. The left half of the figure

shows the GM and WM fraction maps obtained from the anatomical slice respectively. At

the right the GM and WM fraction maps after correction for the voxel bleeding effect, which
are used for partial volume correction, are presented

In case of the example Ryction is equal to two, which means that the contribution of
GM to the measured concentration is two times as high as the contribution of WM.

The contribution of the tissue specific metabolite concentration was determined
by plotting the values of X of a low resolution anatomical image against the cor-
responding metabolite concentration. The low resolution anatomical image was
created by downsampling the high resolution image to the same resolution as the
metabolite image. Using linear regression the values were extrapolated to a concen-
tration of a 100% GM and 100% WM voxel (Cgym and Cwy respectively), as shown
in Figure 2.7 [56]. Subsequently, the concentration contribution to the concentration
correction R yncentration Was calculated using;:

C
Rconcentmtion = C]/(\;/il\]\//[[ (23)

As can be seen from Figure 2.7, in this example Cgys is equal to 1.6 and Cyum
equals 0.8, resulting in a concentration contribution of two. This indicates that the
metabolite concentration in GM tissue is two times higher than the concentration
in WM tissue. The scatterplot was only created when more than 200 MRSI voxels
were available after quality control, in order to obtain reliable values. In other cases
Reoncentration Was set to one and the partial volume correction was only based on the
fraction contribution.

The total contribution of GM with reference to WM to the signal was calculated
using:
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FIGURE 2.6: Example of partial volume correction. The blue boxes
indicate the voxel size. The correction is based on a low resolution
MRSI voxel that is upscaled to a higher resolution (a) and the cor-
responding high resolution GM, WM and CSF fraction maps, which
together represent the total tissue (b). The corrected concentrations
are calculated for GM and WM tissue separately, and can be added
up to obtain the corrected concentration of the total tissue (c). The
mean concentration of the high resolution corrected voxels is equal to

the concentration of the low resolution voxel.
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3.5

FIGURE 2.7: Scatter plot for determination of Cgp (Xgpm = 1) and
Cwm (Xgm = 0) using linear regression. Based on this plot the values
are 1.6 and 0.8 respectively.

Riotar = Rfmction * Reoncentration (2.4)

Thus, based on fraction and concentration, the contribution of GM to the measured
metabolite concentration of the example presented in Figure 2.6 is four times as high
as the contribution of WM. This indicates that the amount of concentration originat-
ing from GM (Pg ) is equal to:

R
PGM _ total (2.5)

which is 0.8 in this example. The amount of concentration originating from WM
(Pwm) is

Pwm =1—Pom (2.6)

which is 0.2.

The final step was to distribute Pgys and Py over the right voxels based on the
fraction distribution. For GM the concentration has to be divided equally to between
the upper left and upper right voxel and four WM the total concentration belongs to
the lower left voxel, as shown in Figure 2.6¢c. To obtain the corrected concentration of
the total voxel, the GM and WM concentrations are added to each other. The mean
of the corrected concentration is equal to the uncorrected metabolite concentration.

2.3.4 Tj correction

The total measured concentration Cjezs,re4 Of a specific metabolite depends on the
Ty and T, relaxation times, in the following way:
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_TE _ TR __TE __TR
Cmeasured = Creal,GM e '26M . (1 —€ T]’GM) + Creal,WM e 2WM . <1 —€ Tl/WM> (2-7)

In this equation TE is the echo time, TR the repetition time and Cgy and Cyyp the
GM and WM concentration respectively. Because the TE used during acquisition of

TE
the MRSI data is relatively short (see Table 2.1), e ™ is assumed to be equal to one.
Therefore, equation 2.7 can be reduced to:

__TR _ _TR
Cmeasured - Creal,GM : (1 —¢€ Tl’CM) + Creal,WM : (1 —e Tl’WM) (28)

Due to the short TR of 300 ms, correction for relaxation parameter T; has to be per-
formed to prevent underestimation of the MRSI signal, which is directly related to
the metabolite concentration. The real signal can be calculated by:

Creal = Cmeasured T TR (2-9)

in which i is GM or WM. Because our metabolite concentrations weighted over tCr,
this also has to be applied to the T correction. This results in:

TR

1— e_ Ty iref
Creal = Cmeasured C T TR (2.10)
1—e Timw

Using the T; relaxation times calculated by Xin et al. [40], as depicted in Appendix
C, it can be calculated that Cye4,re4 for glutamate has to be multiplied with a factor
of 0.93 for GM and 0.98 for WM to obtain C,,, when the scaling factor is tCr.

2.4 Analysis of influence of the corrections on glutamate con-
centrations

Since the resonance frequencies of glutamate and glutamine are located close to each
other, it is difficult to separate the signals of these molecules. To obtain a more ro-
bust determination of the glutamate signal, the maps of glutamate and glutamine
together (Glx/tCr) are used for analysis.

To analyze the effect of partial volume correction, the mean Glx/tCr concentra-
tions were calculated in the brain regions which are covered by the MRSI slices: WM,
cortical GM and subcortical GM nuclei (caudate, pallidum, putamen and thalamus).
From these structures the total, center and edge region were analyzed. The regions
of these structures were obtained by manually thresholding probability structure
maps of the Harvard-Oxford subcortical structural atlas [57] in FSL. To obtain the
center parts of the regions the threshold of the probability structure maps was set
to a higher level, which differs per region. The resulting center region was approx-
imately 3 voxels (in MNI space) smaller in circumference than the total region. The
edge region was defined as the difference between the total and center region masks.
An overview of the structures and their total and center regions is depicted in Figure
2.8.

There are two reasons why the edge and center region of the structure were eval-
uated next to the total structures. First, the effect of the partial volume correction
will be less visible in the edge regions, because those regions exist of both GM and
WM. Therefore, a decrease as well as an increase in concentration occurs in these
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WM: 55-85 GM cortex: 35-60

Pallidum: 55-85 Putamen: 45-75 Thalamus: 65-90

FIGURE 2.8: Brain region masks used for calculation of Glx/tCr con-

centrations, including the values at which the probability regions are

thresholded to obtain the total (blue) and center (green) region respec-
tively.

regions. Second, because the fraction maps are created by segmentation in MNI
space and transformation to the 2D slice, there can be a small error in the position of
the fraction map compared to the anatomical slice. This error is largest on the edge
of the regions due to the difference in GM and WM. Therefore, it is expected that
the metabolite concentrations calculated in the center regions of the GM and WM
structures are more accurate.

The differences between the total, center and edge regions were analyzed based
on the average healthy control maps with and without partial volume correction.
Further analysis of the difference between the uncorrected and corrected maps was
performed using the individual subject maps. To enable comparison of those maps
they were transformed to MNI space. Due to interpolation the resolution of both
maps become equal to the resolution of the MNI brain.

The Wilcoxon signed rank test was performed using SPSS 25 (IBM Statistics,
Chicago, IL) to analyze if the mean GIx/tCr concentrations in the center parts of
the selected structures significantly change after partial volume and T; correction.
This nonparametric test to compare related samples was chosen because of the small
number of healthy control subjects. Because the same test was applied on six differ-
ent structures, Bonferroni correction was applied by multiplying the resulting p-
values by six. Subcortical GM nuclei of subjects in which in less than twenty per-
cent of the total number of voxels the Glx/tCr concentration was calculated were
excluded from analysis, because it was assumed that in those cases the number of
calculated concentrations is too little to calculate a representative concentration for
the total structure. Because the WM and cortical GM structures are larger than the
subcortical GM structures, the threshold in those values was set to five percent.
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Chapter 3

Results

3.1 Corrections

In one subject the number of voxels left after quality control was less than 200 and
therefore partial volume correction was not applied. Therefore, this subject was ex-
cluded during analysis.

Figure 3.1 shows the spread of the GM and WM Glx/tCr concentrations between
the different subjects, extracted from the scatter plots. It can be noticed that the
concentrations were higher in GM than in WM. The WM concentration shows one
outlier. However, this subject was not excluded in further analysis because the value
is still physiologically realistic.

Spread of GM and WM concentrations between subjects

-
a

[GIX/tCr]
I
I

0.5}

CGM CWM

FIGURE 3.1: GM GIx/tCr concentra-
tions are higher than WM.

Figure 3.2 shows the difference in Glx/tCr concentration between the uncor-
rected and partial volume corrected metabolite maps, ranging between -0.7 and
0.7. It can be noticed from Figure 3.3 that due to partial volume correction the
Glx/tCr concentration increased in GM and decreased in WM and CSFE. The cor-
rected Glx/tCr concentrations align with the fraction maps corrected for the voxel
bleeding effect. According to the histograms shown in Figure 3.4, it can be noticed
that the standard deviations of the Glx/tCr concentrations of all regions increased
after partial volume correction. Furthermore, it can be seen that partial volume cor-
rection resulted in a decrease of the mean Glx/tCr concentration in the WM and
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the pallidum. Cortical GM, caudate, putamen and thalamus show an increase in
GIx/tCr concentration. These effects mainly occur in the center part of the regions.
It can be noticed from Table 3.1 that the decreases of the WM and pallidum were
significant, with P<0.001 and P<0.05 respectively. The caudate, putamen, thalamus
and cortical GM show a significant increase in Glx/tCr concentration, with P<0.001
for the first three regions and P<0.01 for the last mentioned.

Uncorrected Partial volume corrected Difference
[GlelC;] [Glx/tcgl [GIx/tCr]
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15 " "" 04
15 N3 aw
1M TR b
T Aty 02
-
1 1 ey 0
Pr : .
| ¥ 0.2
05 05 : '“ =k 1
i - 4
.L [y E. = - 0

FIGURE 3.2: The effect of partial volume correction. Comparing these
figures to the PSF corrected fraction maps of Figure 2.5 can be noticed
from the difference map that the [Glx/tCr] concentration increases
in GM regions and decreases in WM and CSF regions (according to

Figure 2.5).
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FIGURE 3.3: Comparing the partial volume corrected Glx/tCr map

to the fraction maps corrected for the voxel bleeding effect, it can be

seen that the concentrations align with the fraction maps. The con-
centrations increase in GM and decrease in WM and CSE.

I-

Ty correction resulted in a decrease in Glx/tCr concentrations compared to the
partial volume corrected maps (see Figure 3.5 and Table 3.1). This decrease was
significant in all regions, with P<0.001 in WM and the thalamus, P<0.01 in cortical
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FIGURE 3.4: Normalized histograms of measured Glx/tCr concentrations of the average

map before and after partial volume correction. The corrected concentrations show a larger

standard deviation than the uncorrected concentrations in all histograms. The mean concen-

trations of the WM and pallidum are decreased and the concentrations of the caudate and

thalamus, putamen and cortical GM are increased after correction. The changes are mainly
happening in the center of the regions.
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TABLE 3.1: GIx/tCr concentrations and standard deviations of the
brain regions of the three different methods. The effect of the par-
tial volume (PVC) and T; correction (T;1C) is depicted as the relative
change (RC) of the mean value compared to the mean concentrations
of the regions in the uncorrected maps (UC). RC is also calculated for
the PVC and T1C maps compared to the PVC maps The significance
of the relative change was evaluated by the Wilcoxon signed rank test
(*P<0.05, **P<0.01, ***P<0.001, including Bonferroni correction)

UC PVC PVC and T;C
WM (n=21) Mean (sd) 0.93 (0.08) 0.91(0.08) 0.89 (0.08)
RC-NC -0.02%** -0.04%**
RC-PVC -0.02%*
Cortical GM (n=17) | Mean (sd) 1.24(0.08) 1.26(0.08) 1.18 (0.08)
RC-NC 0.02** -0.05%*
RC-PVC -0.06%*
Caudate (n=17) Mean (sd) 0.87(0.14) 0.96 (0.17) 0.90 (0.16)
RC-NC 0.10*** 0.03*
RC-PVC -0.06*
Pallidum (n=10) Mean (sd) 0.75(0.19) 0.71(0.18) 0.69 (0.18)
RC-NC -0.05* -0.08*
RC-PVC -0.03*
Putamen (n=20) Mean (sd) 0.93(0.12) 0.96 (0.12) 0.91 (0.11)
RC-NC 0.03*** -0.02%
RC-PVC -0.05%
Thalamus (n=21) Mean (sd) 0.89 (0.11) 0.97(0.12) 0.92 (0.11)
RC-NC 0.09*** 0.03*
RC-PVC -0.05%*

GM and P<0.05 in the caudate, pallidum and putamen. The decrease in GM was
larger than in WM.

Comparing the result of both partial volume and Ty correction to the uncor-
rected regions it can be noticed that in there was a significant increase (P<0.05) in
the caudate and thalamus. In the other regions there was a significant decrease of
the GIx/tCr concentrations (P<0.001 in WM, P<0.01 in cortical GM and P<0.05 in the
pallidum and putamen).

Partial volume corrected Partial volume + T1 corrected Difference

[GIx/tCr] [GIx/tCr] [GIx/tCr]
2 2 0

0 0 -0.2

FIGURE 3.5: The effect of T{ correction. It can be noticed that there
is a decrease in Glx/tCr concentration, which is larger in GM than in
WM (according to Figure 2.5).
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Chapter 4

Discussion

In this study a method for partial volume correction and T; correction was created
and implemented in the processing pipeline for 7T brain MRSI data. We found a
significant difference between the Glx/tCr concentrations before and after the cor-
rections in all regions.

4.1 Partial volume and T; correction

The increase in the standard deviations of the Glx/tCr concentrations after partial
volume correction can be explained by the transformation of the maps into MNI
space. The uncorrected maps have a lower resolution than the corrected maps. Due
to upsampling the maps when they were transformed to MNI space multiple voxels
have the same value. In the corrected maps the resolution is higher, which result in
more variability of the voxel values in MNI space.

What can be noticed from Figure 3.4 is that the change in Glx/tCr is more obvious
in most regions when only the center regions were taken into account then when the
total region was used for calculation. This can be explained by the fact that using a
lower threshold for selecting GM regions also some WM may be taken into account
and vice versa. Therefore, it is more accurate to use the center regions instead of the
total regions for calculation of the Glx/tCr concentrations.

After partial volume correction all GM regions contained higher Glx/tCr values
than WM, except for the pallidum, which is also reported by Goryawala et al. [58]
(see Table 4.1). Besides, the Glx/tCr concentration in the pallidum decreased after
partial volume correction, in contrast with all other GM structures. This can be ex-
plained by the fact that for partial volume correction probability threshold fraction
maps are created. In the pallidum region the probability values for WM were higher
than for GM, which resulted in a decrease in Glx/tCr concentration after partial vol-
ume correction.

What is interesting about the partial volume and T; correction is that after these
corrections the Glx/tCr values were lower than the values before correction in all
regions, except for the caudate and the thalamus. Due to partial volume correction
the concentrations in GM increased, but due to T; correction there was a decrease
of the concentrations compared to the partial volume corrected data. In the cortical
GM and putamen the decrease due to T correction was larger than the increase due
to partial volume correction. It can also be noticed that the increase due to partial
volume correction in those regions was smaller than the increase in the caudate and
the thalamus. This might be explained by the fact that during segmentation of the
cortical GM and the putamen also some WM was considered to be part of those
regions.
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4.2 Comparison with other studies

Comparing the Glx/tCr concentrations of this study to the values reported by others,
as represented in Table 4.1, it can be noticed that the values found by us are lower
than most concentrations reported by others. There are several reasons that might
explain this.

A possible explanation for the differences is the influence of the SNR. When the
SNR level decreases, the metabolite peaks are closer to the noise level. Therefore,
it is more difficult to make an accurate fit. Since the amplitudes of glutamate and
glutamine are smaller than the amplitudes of creatine (see Figure 2.1), this effect is
larger for these metabolites, which may result in a lower Glx/tCr ratio. The studies
of Marjanska et al. [59], Kaiser et al. [60], Baker et al. [61] and Fan et al. [62]
were performed using SVS, in which the number of signal averages is larger [31].
This results in a higher SNR and might explain the fact that the reported Glx/tCr
concentrations are higher than the concentrations found by us. Ding et al. [63] used
MRSI at a lower field strength of 3T and used a voxel size that is only a little larger
than the voxel size we used, thus the data are acquired with a lower SNR [31]. This
might explain the lower cortical GM Glx/tCr concentration. However, Goryawala et
al. [58] and Gasparovic et al. [56] reported higher Glx/tCr concentrations although
they also used 3T MRSI. This might be explained by the fact that Goryawala et al.
used spectra averaged over a region of interest, and Gasparovic et al. obtained the
data at a larger voxel size, both resulting in an increase of SNR [31]. The different
reasons for an increase in SNR might be a reason for the higher reported Glx/tCr
concentrations.

Ty correction might also influence the difference in measured Glx/tCr concentra-
tions. Boer et al. [41], Marjanska et al. [59], Goryawala et al. [58], Ding et al. [63]
and Fan et al. [62] did not correct for this effect. The repetition times used in these
studies were longer then the TR in our study and therefore the T, effect is lower.
However, the Ty values are 1200 and 960 seconds for GM and WM at 3T respectively
[64] and 1750 and 1610 seconds at 7T [40]. This indicates that the repetition times
used in these studies do not met the criterion of a TR that has to be five times longer
than T; to acquire a fully relaxed spectrum [39]. Therefore, this might partly explain
the difference in concentrations.

A third reason for the difference in in measured Glx/tCr concentrations might be
the method in which partial volume correction was performed. From the studies that
performed partial volume correction it is not clear if they used binary or probability
maps for partial volume calculation. Using binary masks may result in larger GM
tissue fractions and therefore in larger Glx/tCr concentrations in GM regions (see
equation 2.2, 2.4 and 2.5).

The GIx/tCr concentration in WM reported by Boer et al.[41] is the only WM
concentration of Table 4.1 that is lower than the WM concentration found by us,
unless they used the same technique and voxel size. This can be explained by the
fact that this value is not corrected for the partial volume effect. Presence of CSF in
WM voxels might decrease the measured concentrations.

Other reasons for differences in Glx/tCr concentrations between studies may be
the T, effect, differences in scanner, scan sequences, acquisition types, receive coils
and fitting software. Due to all these influences absolute comparison between our
results and the concentrations reported by others should be performed with cau-
tion. However, the differences between different studies are relatively small, and
our results are within the same range as the results of other studies. Furthermore,



4.3. Limitations 31

comparison of differences between the Glx/tCr concentrations in different brain re-
gions is still possible.

Ordering the brain regions based on metabolite concentration, it can be noticed
that after partial volume correction the pallidum has the lowest Glx/tCr concentra-
tion, followed by WM, subcortical GM nuclei except for the pallidum, and cortical
GM. This is, in contrast with the uncorrected concentrations, consistent with find-
ings of other groups as presented in Table 4.1. Based on these findings it can be
concluded that the measured concentrations are more accurate after partial volume
correction, enabling a more reliable comparison of Glx/tCr concentrations between
patients and controls.

TABLE 4.1: Overview of GIx/tCr concentrations in different brain regions measured in vivo
using 'H-MRS, including scanning technique, parameters and performed corrections (relax-
ation and partial volume/CSEF). If absolute Glu/GIn/Glx and tCr concentrations were pre-
sented, Glx/tCr concentrations were calculated and therefore standard deviations were not
available. If concentrations were calculated separately for left and right or for different GM
and WM regions, these concentrations were averaged. Motor cortex was compared to cor-
tical GM, corona radiata to WM. Fgps: GM fraction, Fiyy: WM fraction, TR: repetition time,
TE: echo time, RC: relaxation correction, PVC: partial volume correction, scGM: subcortical
GM, cGM: cortical GM.

[GIx/tCr] Region Technique TR/TE (ms) Voxel size (mm®) RC PVC Reference
(Fem/ Fwm)
0.56 WM 7T MRSI 1000/1.41 5x5x10 - - Boer et al.,
1.14 scGM 2011 [41]
1.16 motor cortex 7T SVS 4500/35 20x20x20 - CSF  Marjanska
(0.73/0.19) et al., 2012[59]
1.04 basal ganglia 15x40x15
(0.73/0.25)
1.04 corona radiata 4T SVS 2000/15 20x20x20 T1 PVC Kaiseretal,
1.38 motor cortex 20x20x20 2005 [60]
1.07 mean WM 3T MRSI 1551/17.6 5.6x5.6x10 - - Goryawala et
1.28 mean cGM al., 2016 [58]
1.09 (0.17) caudate
1.01 (0.14) pallidum
1.20 (0.84) putamen
1.07 (0.14) thalamus
0.96 mean WM 3T MRSI 1550/17.6 5.6x5.6x10 - PVC Dingetal.,
1.06 mean cGM 2015 [63]
1.16 WM 3T MRSI 1500/40 6.9x6.9x15 T1,T2 PVC Gasparovic
1.63 scGM etal., 2011 [56]
1.08 mean WM 3T SVS 2000/35 20x20x%20 T1,T2 CSF Bakeretal.,
1.31 mean cGM 20x20x%20 2008 [61]
1.12 thalamus 20x20x%20
1.90 thalamus 3T SVS 3000/35 16x28x16 - PVC Fanet. al,,
2017 [62]

4.3 Limitations

Partial volume correction was based on a comparison between the T1 and MRSI data,
resulting in a corrected metabolite map with a resolution of 1x1x1 mm?. To obtain
this corrected map, it was assumed that the signal of the anatomical and MRSI data
are acquired from exactly the same position. However, there are two aspects that
caused a position difference between the anatomical and MRSI data.
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Firstly, since the scan protocol lasts about 50 minutes, there is a reasonable chance
that the subject has moved between the anatomical and MRSI data acquisition. Be-
cause of the use of a crusher coil during the acquisition of all data, the space to move
is reduced. Nonetheless, a movement of the subject larger than 1 mm is still possible.
Besides, the crusher coil moves during acquisition of the MRSI data, causing ticking
against the head of the subject. This can provoke the subject to move as well. When
a new crusher coil will be developed it is recommended to further reduce the space
within the crusher coil. Another suggestion is to create a soft layer between the front
of the crusher coil and the forehead of the subject to reduce the ticking, resulting in
less movement of the subject.

Secondly, the calculated fraction maps used for partial volume correction were
based on segmentation in MNI space, to eliminate bad GM /WM segmentation due
to scan artifacts that occurs in some of the subjects. A consequence of this method
is that the fraction maps have to be transformed from MNI space to the 2D slice.
The nonlinear transformation matrix may contain an offset of a couple of millime-
ters, resulting in fraction maps that not fully align with the anatomical map. Since
the correction was based on a resolution of 1x1x1 mm, this can influence the par-
tial volume correction. In the current study the influence of the alignment error
was reduced by calculating the Glx/tCr concentrations in only the center part of
the regions. However, for a more accurate calculation of the fraction maps it is rec-
ommended to perform the calculations in the subject space and only use the MNI
fraction maps in the subjects in which segmentation in the 2D slice fails.

4.4 Future directions

4.4.1 Evaluation of partial volume and T correction

Based on comparison of the corrected maps to the anatomical maps and comparison
of the calculated concentrations with literature it is suggested that partial volume
and T, correction result in more reliable Glx/tCr concentrations. However, because
the actual glutamate, glutamine and creatine concentrations per region were not
known, it could not be confirmed if the corrected concentrations are closer to the
actual concentration. To validate the effect of the corrections, it is recommended to
create a virtual phantom with an anatomical and MRSI slice of the brain in which
the metabolite concentrations are known. After addition of noise this phantom can
be used to perform partial volume and T correction. By calculating the metabo-
lite concentrations per brain region in this phantom before and after the corrections
and compare both results to the known concentrations, it can be validated if partial
volume and T; correction result in more accurate calculations of Glx/tCr concentra-
tions.

4.4.2 Comparison between patients and controls

Looking at the absolute change between the partial volume and T corrected and un-
corrected GIx/tCr concentrations these changes vary from -0.06 in the pallidum to
+0.03 in the caudate and thalamus (see Table 3.1). Comparing these values to studies
evaluating the glutamate concentration in schizophrenia patients and healthy con-
trol subjects using 7T MRI, there is one study that reported a significant difference
in glutamate concentration between those groups, and also reported values of tCr
[4]. The Glx/tCr concentration in the anterior cingulate cortex was 0.08 lower in
schizophrenia patients. This value is close to the range of the absolute differences
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with and without correction we found. Therefore, it is expected that partial volume
and T; correction may have an added value in the comparison of Glx/tCr concen-
trations between patients who experience a psychosis and healthy control subjects.
To evaluate if this is the case, it is recommended to calculate the Glx/tCr per region
for both the uncorrected and corrected concentrations, and compare the differences
between patients and controls with and without the corrections.

In this study the GIx/tCr concentrations were calculated for the total WM and
cortical GM region. However, studies that compared differences in glutamate con-
centration between patients and controls reported significant differences in smaller
regions, as shown in Table 4.2. Because these studies used SVS, it is not known if
these differences were specific for those regions. Nonetheless, Goryawala et al. [58],
Ding et al. [63] and Baker et al. [61] already showed that there are regional differ-
ences in WM and cortical GM. When the concentrations within a large region are
calculated, it might be possible that regional differences between patients and con-
trols cannot be noticed anymore because concentrations are averaged. Therefore, it
is recommended to split WM and cortical GM into smaller regions when patients
and controls are compared.

TABLE 4.2: Overview of MRS studies on the glutamate concentrations of patients with psy-

chotic disorders compared to healthy control subjects. FEP: first episode psychosis, SCZ:

schizophrenia, SAD: schizoaffective disorder, MI: medication naive, MF: medication free

ACC: anterior cingulate cortex, MFC: medial frontal cortex, OC = occipital cortex, BG: basal,
Glu: glutamate, Gln: glutamine, Glx: glutamate + glutamine

Population Region Technique Reference
ACC MFC OC BG MTL FWM
FEP Glu | 7T SVS Reid et al.,
2019 [4]
FEP Glu | 7T SVS Wang et al.,
2019 [5]
SCZ/SAD Glu | 7T SVS Kumar et al.,
2018 [6]
SCz Glu | 7T SVS Thakkar et al.,
2017 [7]
SCZ/SAD Cln 7T SVS Rowland et al.,
2016 [8]
SCZ/SAD -age40 Glut 7T SVS Brandt et al.,
2016 [9]
SCZ - MI/MF Glut Glu?t 1.5T, 3T, 4T SVS Poels et al.,
2014 (review) [11]
FEP GlxT GIx7T 1.5T, 3T, 4T SVS  Merritt et al.,
SCZ Glx1T GIx1T GIlxt 2016 (review) [12]
SCZ Glu | 1.5T, 3T, 4T SVS Marsman et al.,

2013 (review) [13]

The GIx/tCr concentrations of healthy control subjects were calculated by thresh-
olding brain region masks based on visual interpretation and averaging all values
within these regions. There are two consequences of this method. First of all, it was
assumed that the region masks are a good representation of the brain regions. How-
ever, as can be noticed in Figure 2.8, these region masks do not perfectly align with
the anatomy, especially in the WM and cortical GM regions. It was decided to take
into account only the center regions in order to prevent the influence of surround-
ing tissue as much as possible, but the consequence of this is that some parts of the
regions that belong to that specific region were not taken into account. Besides, it




34 Chapter 4. Discussion

was assumed that the Glx/tCr concentrations are equal throughout a specific brain
region. However, this does not have to be the case. Therefore, it is recommended
to also perform voxel wise instead of region wise comparison in evaluation of the
differences in Glx/tCr concentrations between patients and controls, in order to get
rid of the influence of the region masks and the assumption that the metabolite con-
centrations are equal within the selected brain regions.

4.4.3 GM and WM concentrations

The GM and WM concentrations used for partial volume correction were calculated
from all GM an WM voxels within one subject. However, Sailasuta et al. [65] showed
that the concentration of the metabolites glutamate and creatine differs significantly
between brain regions. Due to the limited number of MRSI voxels within one brain
region it was not possible to calculate specific GM and WM values per region within
one subject. Calculation of average regional values between different subject may
overcome this problem. However, because the number of data sets obtained during
this study is relatively small, averaging of regional values between this number of
subjects would result in unreliable values. Moreover, metabolite concentrations are
influenced by age and gender [65]. To obtain more accurate regional GM and WM
values per subject, a healthy control reference atlas specific for a certain age range
and gender can be used [66].

4.4.4 Absolute concentrations

The calculated metabolite concentrations were all denoted with tCr as scaling fac-
tor, assuming that this metabolite is homogeneously distributed in brain. However,
Sailasuta et al. [65] demonstrated that there are significant regional differences in
tCr concentration between brain regions. Calculation of absolute metabolite concen-
trations can overcome this problem. To enable this, the data has to be corrected for
B; inhomogeneities that cause large spatial variations in signal [48]. This can be per-
formed by post processing of the data using B;™ maps. It is recommended to add
this acquisition to the scanning protocol to enable calculation of absolute metabolite
concentrations.

4.5 Conclusion

Partial volume and T; correction resulted in significantly different Glx/tCr concen-
trations compared to the concentrations before correction in all evaluated regions.
Based on the comparison with literature it is suggested that the corrections result in
a more accurate calculation of Glx/tCr concentrations. To validate this, it is recom-
mended to compare the uncorrected and corrected maps to a phantom with known
Glx/tCr concentrations.

It has to be evaluated if partial volume and T; correction result in a more accurate
comparison Glx/tCr concentrations between patients who experienced a psychosis
and healthy control subjects.
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Appendix A

Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is a technique based on in vivo nuclear
magnetic resonance (NMR) [67]. It reconstructs a spectrum based on specific reso-
nance frequencies of nuclear spins of different molecules dissolved in the intra and
extra-cellular space.

When a nucleus (in common 'H MRS) is placed in a magnetic field it acts as a
small dipole and will align with the main magnetic field. The magnetic moment of
the nucleus precesses (spins) about the magnetic field. The resonance frequency of
a particular nucleus depends on the chemical structure of the molecule to which it
is bonded. The 'H nucleus is shielded from the external magnetic field By by the
electrons around it and those belonging to neighboring atoms, which results in a
reduced magnetic field. The effective local magnetic field By, at the nucleus will be:

Br = Bo(1—0) (A1)

with ¢ the shielding constant which depends on the chemical environment of
the nucleus, expressed in parts per million (ppm). 'H nuclei in molecules with a dif-
ferent chemical environment have different shielding constants which changes B; .
According to equation A.2, a difference in By, leads to a difference in local resonance
frequency vy, depending on the chemical environment of the nucleus.

¥
= —8B A2
oL 7 L ( )

In this equation v is the gyromagnetic ratio, which is specific for a certain nucleus.
The difference in Larmor frequency v} results in a chemical shift of the nucleus from
the frequency of a chemically inert reference molecule v,.r. Chemical shift , ex-
pressed in terms of ppm, is defined as

5= L0 qq8 (A3)
Oref
The chemical shifts can be depicted in a 'H NMR spectrum, from which an example
is given in figure 1 [67], [68].

The differences in resonance frequency due to the chemical shifts are very small
because of the small variation in shielding constants [67]. Shielding is proportional
to the applied magnetic field By which means that a high magnetic field leads to
a larger chemical shift dispersion (see equation A.1 and A.2). This allows for easier
distinction between different resonance signals [69]. Another advantage of the use of
a high magnetic field is a better signal to noise ratio (SNR) compared to lower mag-
netic fields [45]. These properties are useful in research into glutamate, because the
chemical structure of glutamate is similar to that of glutamine (which is synthesized
from glutamate) and therefore the resonance signals of glutamate and glutamine
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MRSI spectrum
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FIGURE A.1: 'H NMR spectrum acquired at a field strength of 7T. Cr:

creatine, Glu: glutamate, GSH: Glutathione, Cho: choline, NAA: N-

acetylaspartate, Lip13a: lipid at 1.3ppm, MMO0.9: macromolecule at
0.9ppm

overlap. Due to the use of a magnetic field of 7T or higher it becomes possible to
distinguish these metabolites on the 'H NMR spectrum [70].
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LCModel characteristics

TABLE B.1: Control parameters used in LCModel. MM: macro-
molecule, FOPC: first order phase correction, PE: phospho-
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rylethanolamine
Parameter Value || Parameter Value
sd of expectation value (degrees/ppm) | 7 start analyzing at column 5
ppm start 4.0 end analyzing at column 40
ppm end 0.2 field strength (Hz per ppm) 3.0000e+02
nunfil 519 echo time (ms) 2.30
n metabolites to be excluded 8 hidden control parameter 0.3
n metabolites for individual plots 50 upper limit FOPC 20
n data slices 1 lower limit FOPC (degrees/ppm) | -20
n data rows 44 sample time (s) 3.333e-04
n data columns 44 expected value for FOPC 0
create table file yes exclude spectrum "‘MM17’
create ps file yes exclude spectrum "‘MM2(0’
create csv file yes exclude spectrum "‘MM14’
create coraw file yes exclude spectrum "MM12’
create coord file yes exclude spectrum "MMO09’
islice 1 exclude spectrum "PE’
start analyzing at row 5 exclude spectrum "Acetate’
end analyzing at column 40 exclude spectrum ’Alanine’
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Appendix C

T1 values applied in T1 correction

TABLE C.1: T; values for WM and GM measured at a field strength of
7T, based on values determined by Xin et al. [40]. Cr: creatine, Cho:
choline, mI: myo-inocitol, Gly: glycine PCr: phosphocreatine, NAA:
N-acetylaspartate, NAAG: N-acetylaspartatylglutamate, GPC: glyc-
erophosphocoline, Gln: glutamine, Glu: glutamate, Lip13ab: lipid at
1.3ppm, PC: phosphatidylcholine, Tau: taurine, GSH: glutathione

Metabolite Ti WM (s) T;GM(s)
Cr 1.78 1.74
Cho 1.32 1.51
ml+Gly 1.19 1.28
Cr+PCr 1.78 1.74
NAA+NAAG 1.9 1.83
GPC+Cho 1.32 1.51
Glu+GIn 1.75 1.61
Gln 1.74 1.64
Glu 1.75 1.61
NAA 1.9 1.83
Lip13ab 0 0
NAAG 0.94 1.21
GPC 1.32 1.51
PC 1.32 1.51
PCr 1.78 1.74
Tau 2.09 2.15
Gly 1.19 1.28
ml 1.19 1.28
GSH 1.06 1.14
Macromolecules | 0.42 0.43
Water 1.55 2
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