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Proton MR spectroscopy (MRS) provides an effective tool for measuring metabolites in
human brain noninvasively. Precise measurement of several clinically important metabolites
such as glycine (Gly), 2-hyroxyglutarate (2HG), y-aminobutyric acid (GABA), and
glutamate (Glu) remains challenging primarily due to their relatively small signal strengths
and spectral overlap with adjacent large signals. The present study aims to develop new
MRS techniques for reliable imaging of these metabolites and apply in glioma patients at 3T
and 7T. The transverse relaxation times (T2) of brain metabolites are needed for absolute
quantitation. As the first topic, the T2s of metabolites in healthy brain were measured using

point-resolved spectroscopy (PRESS) at 3T. The Tzs of Glu, myo-inositol, NAA-aspartate,

viii



and N-acetyl-aspartyl-glutamate were evaluated in addition to large singlet signals. The
second topic was to measure Gly in human brain with MRS imaging at 3T. An optimized
PRESS TE=160 ms scheme was used to measure Gly in healthy brain and gliomas. The data
indicated the presence of a regional variation of Gly in healthy brain, with estimates ~1 mM
and ~0.3 mM in gray and white matter dominant regions, respectively. The Gly level was
significantly increased in tumors compared to the contralateral brain. Gly elevation was
more extensive with higher tumor grade. Mutations in isocitrate dehydrogenase (IDH) 1 and
2 result in production of 2HG and as a result, 2HG is elevated by orders of magnitude in
IDH-mutated gliomas. As the third topic, 2HG was estimated in subjects with IDH-mutated
gliomas using MRS imaging. PRESS TE=97 ms and 78 ms were used for detection of 2HG
at 3T and 7T, respectively. The reproducibility of 2HG MRS was evaluated at 3T. The MRS
measurement of 2HG was reliable and highly reproducible, suggesting that the methods can
be used as a noninvasive diagnostic/prognostic tool in gliomas. GABA, a primary inhibitory
neurotransmitter, is implicated in a variety of neuropsychiatric disorders. As the fourth topic,
GABA level in healthy brain was evaluated using PRESS TE=92 ms at 7T, which was
optimized for separating the GABA and Glu signals between 2.2 and 2.4 ppm. The data from
multiple brain regions indicated that GABA is higher by 7 - 8 fold in gray matter regions

than in white matter regions.
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CHAPTER ONE
Background and introduction

1.1 INTRODUCTION TO THESIS

Proton (*H) magnetic resonance spectroscopy (*H-MRS) confers an effective tool for
detecting biochemicals in the human brain noninvasively. Both single-voxel spectroscopy
(SVS) and multi-voxel spectroscopy imaging (MRSI or CSI or Sl) have been extensively
used for studying potential alterations of metabolite concentrations in the human brain in
disease conditions such as neuropsychiatric disorders and tumors (1-6). Although these
techniques have been around for more than three decades (7-11) their utility in the clinic
remains in the province of detecting large signals from metabolites such as N-acetylaspartate
(NAA), creatine (Cr), and choline (Cho). The present work aims to develop new SVS and
MRSI techniques for reliable imaging of the technically-challenging but clinically-important
brain metabolites such as glycine (Gly), glutamate (Glu), glutamine (GIn), 2-hydroxyglurate

(2HG), and y-aminobutyric acid (GABA) and apply in various clinical studies at 3T and 7T.

1.2 BASICS PHYSICS OF MAGNETIC RESONANCE

1.2.1 Origin of the NMR signal
Atomic nuclei have the fundamental particles called protons and neutrons (12,13).
These fundamental particles have a quantum mechanical property named “spin” (14). The

spin imparts several distinctive properties to the atoms or molecules. An isolated spin-1/2



2
nuclues can be in exactly two discrete spin states: + %2 or - %. Based on the atomic and mass

number of an atom the spin of the nucleus is determined. Nuclei with odd atomic or odd
mass number show special properties under the influence of an external magnetic field (12).
Under certain experimental conditions these properties provide us with a tool to probe the
physical and chemical properties of materials. When protons are placed in a strong
homogeneous magnetic field, the individual spins creates an angular magnetic moment. This
moment precesses along the axis of the applied magnetic field (15). The precession
frequency, called as Larmor frequency (wo), is determined by the applied external
homogenous magnetic field (Bo) and the gyromagnetic ratio (y), which is constant for a given
atom and is given by (12,13)
@, = 1B, Equation 1.1

In a sample with collection of nuclei, an effective magnetic moment is created which
is oriented along the applied external field (conventionally denoted as z-direction) (12,13).
Under such conditions there is small abundance of spins oriented along the direction of the
applied field compared to the anti-parallel of the applied field. This population difference

creates a thermal equilibrium magnetization (Mo) along the z-direction (longitudinal

magnetization) and is given by

/h* \NB,
M, =| — |—= :
0 (27[ AT Equation

1.2
where N is the total spin population difference, « is the Boltzmann’s constant and T is the

absolute temperature. For spin %2 nuclei, the population difference is given by



n(.z ~AE
ngzg =e ~7 Equation 1.2

where n is the number of spins in the particular energy state, AE is the energy difference
between the spin states. If one perturbs a spin system with a radio-frequency (RF) pulse (B,
external field), the magnetization is decomposed into longitudinal magnetization (M;) and

transverse magnetization (Myy) and are given by
M,=M,cosé and M, ,=Mysind  Equation13

where 0 is the angle between applied external (RF pulse or B:1) and static (Bo) magnetic

fields, termed a flip angle.

1.2.2 Chemical shifts
Protons in a molecule are surrounded by electrons and protons within the molecule.

The electron cloud surrounding the proton modifies the Larmor frequency by

o, =y(1-0)B, Equation 1.4
where o is the effective magnetic shielding that the environment has over the proton. The
value of o depends on the electron density could surrounding the proton. As a result, the

peaks from different metabolites appear at different frequency locations. This shift is called a

chemical shift and is given by

_ O — W

§=—"-x10° Equation 1.5
a)ref



4

where 6 is the chemical shift of nucleus under study with Larmor frequency of v and vret iS
resonant Larmor frequency of a reference nucleus. Chemical shifts are usually presented in
parts per million (ppm) (16). For *H-NMR, tetramethylsilane (TMS) is used as a reference at
0 ppm. The non-exchangeable protons, which can be detected in in vivo MRS, produce

NMR signals in a relatively small frequency range (i.e., 1 — 5 ppm).

1.2.3 Scalar coupling (J-coupling)

A single proton may interact with one or more protons, which is mediated through
bonding electrons between the spins. These surrounding protons cause a small shift in the
resonance frequency of the proton under study and this effect is termed indirect or scalar (J)
coupling. The strength of J-coupling usually presented in frequency units, Hz (12,13). The
coupling constants are characteristics of given molecule under specific environment and are
independent of field strength (Bo) (12,13). The magnitude of the coupling constants depends
on the molecular geometry and number of intervening bonds. Due to the J-coupling effects,
most metabolites exhibit complex spectral patterns (multiplets), thereby leading to
overlapping of signals. For example, the signals of Glu, GIn, GABA, and 2HG are

extensively overlapped between 2 and 2.5 ppm, as shown in the Figure 1-1.

1.3 RELAXATION MECHANISMS

Relaxation processes bring the perturbed NMR system back to its equilibrium state
(Mz = Mg and Myy = 0). This happens by two processes, namely transverse and longitudinal

relaxation (17).



1.3.1 Transverse Relaxation

Transverse relaxation is a process by which the transverse magnetization (Mxy)
decays to the equilibrium value of zero. This relaxation process can be modeled as an
exponential function of time,

—t
- T,
M, =M;sing|e" Equation 1.6

where T is the time during which the transverse magnetization reduces to 1/e of the M,y at
zero TE, as shown in Figure 1-2. The proton transverse relaxation is primarily caused by the
effects of direct spin-spin coupling (i.e., dipole-dipole interaction) and diffusion of the
molecules under the inhomogeneous magnetic fields. The transverse relaxation times are

very important for quantification when metabolites signals are measured at long echo times.

1.3.2 Longitudinal Relaxation

Longitudinal relaxation is a process of longitudinal magnetization (M;) recovery to
the thermal equilibrium magnetization (Mo). It is often referred to as spin-lattice relaxation
and its recovery from zero M, may be given by the equation

—t

Tf
M,=M,|+et Equation 1.7

where the Ty is the time during which the longitudinal magnetization recovers to
approximately 0.63 (= 1 — e!) times the thermal equilibrium magnetization (Mo), as shown in

Figure 1-3.
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Figure 1-1 Example of signal overlap of J-coupled metabolites.
Signals of Glu, GIn, GABA, and 2HG at equal concentrations, numerically calculated for
90°-acquisition. Linewidth is broadened to singlet linewidth of 0.03 ppm.

M

: : : ‘ —
T time (t)

Figure 1-2 Transverse relaxation (T2) time curve after 90° RF pulse excitation.

The transverse magnetization (Mxy) decays exponentially towards its equilibrium value of
zero at a rate of 1/T». T2 is the time for the Myy to reduce to 37% of Mo.



1.3.3 Bloembergen, Purcell, Pound (BPP) theory
Bloembergen, Purcell, Pound (BPP) theory is a way to explain the proton relaxation
times (T1 and T2) based on the correlation times (tc, the average time it takes a molecule to

rotate over one radian) and the proton-proton distance (r) (17). According to the BPP theory

T, is given by
1 K 5t 2T
= |3t P T Equation 1.8
T, 2 I+ayr, 1+4ayr, '
where
3‘1,127’227/4
K=—"——— ion 1.
1607°r° Equation 1.9

As molecular radius increases the correlation time increases and thus rate of
relaxation rate (1/T.) increases. Large molecules usually show shorter T, than small
molecules. Figure 1-4 shows the effect of tc on T2 and Ti. In liquids T»s are nearly equal to

TS, while in solids T2s are much shorter compared to Tss.

M -
0.63Mg |~~~

| | T | time (t) | |
Figure 1-3 Longitudinal relaxation curve. The longitudinal magnetization (M) recovers
at a rate of 1/T1. Ty is the time by which M; recovers to 63% of Mo.



Small molecules

Large molecules

Solids

1012 10" 10°10 107 10°% 107 10°¢ 103 10+ 103
T, (correlation time)

Figure 1-4 A plot of transverse and longitudinal relaxation times versus correlation
tlme (Tc).

1.4 TECHNIQUES OF 'H-MRS

1.4.1 Slice selection and localization

When a linear magnetic field gradient is applied along a direction to a sample under
homogenous Bo, a linear distribution of magnetic field (B) is created along that direction.
When a frequency selective RF pulse is applied with a gradient pulse at the same time, a
portion of the sample (a slice), within which the precession frequencies are within the
excitation bandwidth of the RF pulse, is excited. This process is termed localization or slice
selection. The position of the slice is determined by the carrier frequency of the RF pulse
and applied linear magnetic field gradient strength. The bandwidth of the RF pulse and the

applied magnetic field gradient strength determine the thickness of the slice (Figure 1-5)
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(16). The slice thickness (Az) is determined by gradient strength (G) and RF pulse bandwidth

(A®), as shown in Eq. 1.10.

Az = A9 Equation 1.10
=— quation 1.
L]
a t b
G G,
<=
-E Ao,
2 p
[+
m
Z Aw,
=
a. Ao,
e
L
AZ, AZ, ] AZ, AZ,
Slice thickness Slice thickness

Figure 1-5 A schematic diagram for slice selection by an RF pulse and linear gradient.
(a) For a gradient strength (G) and an RF pulse with bandwidths Am1 or Awy, the spins within
the slice of thickness AZ1 or AZ» are excited, respectively. (b) For a given RF bandwidth
(Awz), the thickness of the slice thickness can be adjusted by changing the strength of the
applied linear gradient.

1.4.2 Single-voxel *H-MRS sequences

Proton MRS methods include single-voxel spectroscopy (SVS) and multi-voxel
imaging (MRSI or Sl or CSI) (1). SVS and many MRSI sequences include volume-selective
schemes that are based on either the SE (Spin Echo), point resolved spectroscopy (PRESS),
or the Stimulated Echo Acquisition Mode (STEAM) techniques (1). In SVS signals are

obtained from a volume in the brain using three slice-selective RF pulses. The two most
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commonly used techniques for single-voxel localized in vivo *H-MRS are PRESS and

STEAM. Both sequences have three slice selection RF pulses with additional gradients to
modulate the transverse magnetization. The basic components of PRESS and STEAM
sequence are shown in Figure 1-6. The volume and orientation of the desired region can be
adjusted with changing the strength and directions of the slice select gradients. A PRESS
sequence induces full refocusing and consequently yields larger signal compared with
STEAM sequence, for same TE and TR. PRESS sequence is less sensitivity to motion
artifacts when compared to STEAM (18,19). The major characteristics of each sequence are

tabulated in Table 1-1.

PRESS STEAM
Number of RF pulses 3 3
Type of the signal Spin echo Stimulated echo
Signal Fully refocused Half refocused
Sensitivity to motion artifacts Relatively small Large
Chemical shift displacement errors Large Small
Minimum echo time Longer Shorter
SAR Relatively large Small

Table 1-1 Comparison of PRESS and STEAM sequences

1.4.3 Basic sequence of multi-voxel *H-MRS
MRSI allows to acquire the spatial distribution of metabolites levels. MRSI generates

spectra from an array of locations. This can be achieved by means of phase-encoding



gradients, similar to the encoding in magnetic resonance imaging (MRI).

11
Table 1-2

highlights major differences between SVS and MRSI methods.

A Schematic diagram of a PRESS sequence

44 A AJA — FID
| w | i |
| | |

TE, TE,
G Slice Sclect Spoilers I I Spoiers I
X - I
Refocusing
Slice Select
Spoilers
GV puilers
G I Spoilers I Slice Select
z

Acquisition off

b Schematic diagram of a STEAM se

| Acquisition on

quence

90" 90° 909

M S Wi\ FID
| | |
TE T™M TE
2 2

Slice Select

Gx Spoilers Spoilers
Spoil
Refocusing poters
Slice Select
G)’ - I Spoilers
Refocusing
Slice Select
G I Spoilers
z

Acquisition off

- Refocusing

| Acquisition on |

Figure 1-6 Schematic diagrams of single-voxel localized PRESS and STEAM sequences.
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b MRSI k-space data matrix grid
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Figure 1-7 Hlustration of PRESS-based MRSI.

The volume-of-interest (VOI) is selected by 90°-180°-180° RF pulses (PRESS sequence).
Phase-encoding gradients are applied along the x and y directions for imaging of metabolites.
Each acquisition forms a point in the k-space. The k-space data are Fourier transformed to
obtain the spectra in Cartesian coordinates and subsequently the metabolite maps.

For example, basic components of a 2D-PRESS MRSI sequence is presented in
Figure 1-7. The volume of interest (\VOI) is prescribed by the three slice select RF pulses of
the PRESS sequence, whereas field of view (FOV) is selected by phase encoding gradients

whose strength is varied during the acquisition for spatial localization. For each gradient
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increment, phase-encoded FID is placed in the k-space according to the gradient strength

applied. A two-dimensional Fourier transformation converts the k-space to spatial-domain

localized FIDs.
NAA Cr Glu Gin GABA Gly mlns 2HG Lac
Low grade gliomas l l T T l T T
High grade gliomas l l T T T J, T T
Schizophrenia l l T
Seirure disorders l T T T
Dementia l T

Figure 1-8 Reported alterations of brain metabolites in disease conditions (20).

SVS MRSI
Acquisition time Short Long
Coverage Small coverage Larger coverage
SAR Low High

Quantification

Relatively simple

Time consuming

Motion susceptibility

Relatively small

Large

distribution

Effects of inhomogeneous Bo

Small

Large

Table 1-2 SVS and MRSI comparison.
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1.5 APPLICATION OF 'H MRS IN HUMAN BRAIN

Metabolites in the human brain performs several specific roles to maintain normal
functioning. For example GABA is a dominant inhibitory neurotransmitter in the human
brain, with high concentrations in presynaptic terminals of neuronal cells and maintains
neural activity (21-25). Table 1-3 describes commonly measured brain metabolites and their
role under normal brain function. The metabolite level is altered in disease conditions such
as neuropsychiatric disorders and tumors (1,4-6,26-28). Figure 1-8 indicates changes

observed in metabolite levels in various diseases (20).

Metabolite Role in the brain

NAA Neuronal cell marker
N-acetylaspartylglutamate (NAAG) | Excitatory neurotransmission
Cho Membrane component
Lactate (Lac) Anaerobic glucose metabolism indicator
Cr Energy metabolism of cells
Glu Excitatory neurotransmitter
Gln Glutamate metabolism

Gly Inhibitory neurotransmitter
myo-inositol (mins) Present only in glial cells
GABA Inhibitory neurotransmitter

Table 1-3 Brain metabolites and clinical significance.
Commonly measured human brain metabolites and their role.
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1.6 NUMERICAL SIMULATIONS OF METABOLITE SPECTRA

Numerical simulations of metabolite spectra provides a tool for optimizing

experimental parameters and generating modeled spectra for spectral fitting analysis

(6,29,30).
TE1 =20 ms; TE2 =80 ms TE1 =80 ms; TE2 =20 ms
TE =100 ms TE =100 ms
Cr
mlns

i

5 45 4 35 3 25 2 5 45 4 35 3 25
Chemical shift (ppm) Chemical shift (ppm)

o -

Figure 1-9 Spectral pattern of mins and Cr with PRESS at two subecho time sets with
same total TE.

Spectral pattern of mins at (TE1 = 20 ms and TE2 = 80 ms) and (TEz1 = 80 ms and TE> = 20
ms). The Cr singlet peak is shown for comparison.

1.6.1 Effects of PRESS subecho times on spectra of J-coupled metabolites
PRESS, a double spin-echo sequence, has two sub-echo times (i.e., TE; and TE?) and

allows high variability for evolution of the J-coupled metabolites signals (7,8). A PRESS
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sequence is shown in Figure 1-6. The total echo time (TE) is the sum TE; (twice the time

between 90° and first slice—selective 180° RF pulses) and TE> (twice the time between
second slice—selective 180° RF pulse and the onset of FID acquisition). The subecho times
of the PRESS sequence modulate the evolution of J-coupled-spin metabolite spectra,
allowing an opportunity to simplify the spectral complexities arising from signal overlaps
and consequently to improve the detectability of relatively small signals (6,29,31-33). For
example, for the same total echo time of 100 ms, mins exhibits different spectral patterns at
(TE1 =20 ms and TE2 =80 ms) and (TE1 =80 ms and TE2 = 20 ms), as shown in Figure 1-9.
Using the variation of the spectral pattern in J-coupled-spin metabolites, we optimized
PRESS subecho times to achieve good selectivity for difficult-to-detect metabolites at 3T and
7T. A detailed description of optimization performed for the metabolites of interest is

provided in later chapters and in appendix A.

1.7 METABOLITE’S OF SPECIFIC INTEREST IN THE THESIS

1.7.1 Glycine (Gly)

Gly, a non-essential amino acid, is a inhibitory neurotransmitter and acts as co-
agonist of glutamate on N-methyl D-aspartate receptors (34,35). Also, Gly is a precursor for
the synthesis of proteins and a primary source of one-carbon units in cellular metabolism
(36). Several recent studies indicated elevation in Gly levels in several brain disorders, in
particular, high grade tumors (5,37-44), indicating a potential use of Gly as a biomarker for
detecting high grade gliomas. Noninvasive analysis of Gly levels may therefore be vital for

clinical management of gliomas (5,45).
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1.7.2 Glutamate (Glu) and Glutamine (GIn)

GlIn is the most abundant amino acid in plasma, essential for several metabolic
activities such as cell growth, protein synthesis and energy production (46-52). It is
catabolized into Glu, which is a precursor for production of GABA (47,49,51,52).
Radioactive labeled glutamine and glutamate analogs are currently under clinical
development (53,54) and may provide better understanding of cancer metabolism. Prior
studies indicated alterations in GIn and Glu levels in a variety of neurological diseases
(52,55,56). Although several MRS techniques for noninvasive measurement of Glu and GlIn
were reported, precise measurement of these metabolites remains challenging due to the
extensive spectral overlaps between the signals, particularly at 3T. Therefore it is important

to develop new Glu and GIn imaging methods with improved precision.

1.7.3 y-aminobutyric acid (GABA)

GABA is a primary inhibitory neurotransmitter in the human brain, with high
concentrations in presynaptic terminals of neuronal cells (21-25,57). Alterations in GABA
levels may be implicated in several psychiatric and neurological disorders such as
schizophrenia, anxiety disorders, epilepsy (58). In brain tumors it is suggested that
insufficient levels of GABA may potentially cause seizures (59,60). Also several
pharmacological medications target the GABAergic pathways changing the GABA levels.
Given its significant role in the human brain, the ability of measuring GABA precisely is of

high significance.
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1.7.4 2-Hydroxyglutarate (2HG)

Recently mutations were identified in isocitrate dehydrogenase (IDH) in >70% of low
grade gliomas and secondary glioblastomas (61-64). The IDH mutation is associated with
increased overall survival compared to wild type tumors (64). IDH mutations result in the
production of 2HG from a-ketoglutarate (61). Though the metabolic and oncogenic role of
2HG remain unclear, recent studies showed that the IDH mutational status of lesions can be

assessed noninvasively using in vivo *H-MRS techniques (6,27,30).

1.8 THESIS AIM

The primary focus of the present thesis will be on precise measurement of several
clinically-important metabolites such as Gly, GABA, and 2-hydroxyglutarate (2HG).
Detecting these metabolites is challenging mainly due to their relatively small signal
strengths, which arise largely from the effects of Jcoupling between the proton spins and due
to the spectral overlaps with adjacent large signals. The reliability of the metabolite
measurements may be governed by signal specificity, signal-to-noise ratio (SNR), and spatial
resolution (in case of spectroscopic imaging). The thesis presents new 'H-MRS methods for

in vivo measurement of Gly, 2HG, Glu, GIn, and GABA in human brain at 3T and 7T.



CHAPTER TWO
T2 measurement of J-coupled metabolites in the human brain at 3T

2.1 INTRODUCTION

2.1.1 Literature review

Proton MRS offers a noninvasive tool for measuring metabolites in the human brain
in vivo. While measurement with short TE benefits from minimum T signal loss, long-TE
approaches are often employed as an alternative (65-67), with advantages that TE
optimization can improve the spectral resolution and the uncertainties of metabolite measures
due to broad baseline signals from macromolecules are reduced. The detected signals are,
however, T. weighted and thus may not reflect the metabolite concentrations directly. T»
relaxation may reflect the cellular and molecular environments of metabolites in the brain;
e.g., viscosity of the cellular fluids and microscopic susceptibility distribution within cells
(68,69). Increased T» relaxation could occur due to reduced cell volumes and altered
micromolecule structures in bipolar disorder and schizophrenia (70). A reasonable estimate
of metabolite T2 may therefore be valuable not only for quantification of the metabolite
levels but also for understanding the physiological and pathological changes in disease
conditions.

Most of prior studies of T> measurements for metabolites in the human brain focused
on prominent singlet signals, such as N-acetylaspartate (NAA), total creatine (tCr), and total
choline (71-79). While the TE dependence of a singlet is described by T» relaxation only, the

time evolution of scalar coupled metabolite signals is affected by the effects of the J

19
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evolution as well as T, relaxation. Measurements of relaxation times of coupled resonances

therefore require proper evaluation of the J evolution on the signals (80,81). The primary
excitatory neurotransmitter glutamate (Glu) and the glial marker myo-inositol (mins) are
measured in many clinical studies (82). The complex behavior of the multiplets with
changing TE, which occurs due to strong coupling effects, makes it difficult to measure the
T, relaxation times in vivo. Moreover, when the bandwidth of the spatially localizing RF
pulses are not much greater than the spectral distance between coupled resonances, non-
uniform coherence distribution within the localized volume arises from chemical shift
localization errors (83), resulting in complicated behavior of the multiplets with changing
TE. Due to these spectral complexities, there is paucity in reports of T relaxation times of
coupled-spin metabolites.

Due to its single-shot volume-localization full-refocusing capability, point-resolved
spectroscopy (PRESS) is widely used in clinical studies. The in vivo evaluation of brain
metabolite T> may depends on MRS sequence. As shown by Michaeli et al. (75), signal
reduction due to the molecular diffusion effects may result in reduced T, estimates (T2
when measured with PRESS, compared to Carr Purcell-type sequences. Thus, signal
reduction with increasing TE may be greater in PRESS than in sequences with increased
number of 180° RF pulses. Thus, the Glu T values obtained using a triple-refocusing
method (80) may not be directly applicable to PRESS measures of Glu at intermediate or
long TEs. Given the field dependence of metabolite T> measures (75) and the utility of long-

TE approaches for measurements of J-coupled metabolites at 3T, a field strength increasingly
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available for in vivo spectroscopy, measurement of T," of coupled metabolites by PRESS at

3T is of high significance.

2.1.2 Aim of the project

To measure apparent proton T, relaxation times (T2") of metabolites in the human
brain at 3T, using a PRESS sequence. The metabolites measured include Glu, mins, NAA
aspartate (Asp) moiety, and N-acetylaspartylglutamate (NAAG), in addition to tCr, NAA and

choline singlets.

2.2 MATERIALS AND METHODS

2.2.1 Experimental setup

Experiments were carried out on a 3.0 T whole-body Philips scanner with actively
shielded gradient coils (maximum gradient strength 80 mT/m; slew rate 200 mT/m/ms)
(Philips Medical Systems, Best, The Netherlands). An integrated body coil was used for RF

transmission and an eight-channel phased-array head coil for signal reception.

2.2.2 MR Spectroscopy acquisition details

A PRESS sequence was used for measurement of apparent T2 (T.") of brain
metabolites. Single-voxel localization was obtained with a 9.8-ms amplitude/frequency-
modulated 90° RF pulse (bandwidth = 4.25 kHz) and 13.2-ms amplitude-modulated 180° RF
pulses (bandwidth = 1.27 kHz), the same RF envelopes used as in a prior study (84). A
vendor-set maximum allowed RF field intensity (B1 = 13.5 uT) was used for the RF pulses.

The slice selection was obtained along the anterior-posterior, left-right, and foot-head
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directions using the 90° and the first and second 180° RF pulses, respectively, for which the

gradient strength was 4.0 and 1.0 mT/m for slice thickness of 25 and 30 mm, respectively. A
pair of spoiling gradients (3.5 ms long; 20 mT/m) was applied in the same direction as that of
the slice selective gradient for each 180° pulse.

Four pairs of PRESS subecho times were used for T." measurement; (TE:, TE,) =
(32, 22), (32, 80), (32, 214), and (36, 338) ms. Here, the echo time pair (32, 22) ms was the
shortest possible for the chosen RF and gradient pulses. The other three TE1-TE> pairs were
obtained from density-matrix simulations, largely focusing on Glu. The C4-proton multiplet
of glutamate was varied with changing TE due to the J coupling effects, giving relatively
large and positive signals at TE = ~110, ~250, and ~370 ms, for which the subecho times
were asymmetric (TE1 # TE2). We chose subecho time pairs with TE; < TE, because
residual eddy current artifacts may be less in these pairs than in TE1 > TE2. The simulations
were performed including the effects of the shaped RF and gradient pulses as well as the
Zeeman, chemical shift and J coupling effects, thus the effects of the finite bandwidth of
volume selective RF pulses are accounted for precisely. Published chemical shift and
coupling constants were used in the simulation (82). The simulations were programmed with

Matlab (The MathWorks Inc., Natick, MA, USA).

2.2.3 Phantom studies

The optimized PRESS echo times were tested in an aqueous solution (pH = 7.2) with
Cr (8 mM), Glu (20 mM), and GIn (20 mM). Phantom spectra were obtained from a
25x25%25 mm? voxel, using a TR of 10 s (> 5T1), and compared with numerically-calculated

spectra.
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2.2.4 In vivo studies

In vivo measurement of brain metabolite T," was conducted in five healthy volunteers
(2 female and 3 male; age 27+7 years). The protocol was approved by the Institutional
Review Board of the University of Texas Southwestern Medical Center. Written informed
consent was obtained prior to the scans. Following survey scans, Ti-weighted images (MP-
RAGE) were acquired (TR/TE/TI = 2500/3.7/1300 ms; flip angle = 8°; field of view = 240 x
240 x 150 mm; 150 slices; resolution = 1 x 1 x 1 mm®). Spectroscopic data were obtained
from the medial occipital and left occipital regions (voxel size 25 x 30 x 30 mm®), which are
predominantly gray- and white-matter, respectively. The number of averages was 16, 32, 64,
and 128 for the four TEs, respectively, to compensate for the SNR loss at longer TEs,
similarly to the prior study (76). First- and second-order shimming for the selected volume
was carried out using the fast automatic shimming technique by mapping along projections
(FASTMAP) (85). The linewidth of the water signal was ~7 Hz at TE = 54 ms. Data
acquisition parameters included; TR = 3 s, sweep width = 2.5 kHz, and sampling points =
2048. Following 6 dummy scans, signals were recorded in multiple blocks, each with 4
averages. A 64-step phase cycling scheme was used for the PRESS data acquisition. The
carriers of slice-selective RF pulses were set at 3 ppm. A four-pulse variable-flip-angle
scheme was used for water suppression. Unsuppressed brain water signals were acquired at
the four TEs with the same gradient schemes as those of water-suppressed acquisitions. The
total MR scan time was ~1 hour including the shimming, power calibration, and water

imaging.
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2.2.5 Analysis and quantification of MRS data

The multi-block data were processed individually for correction of eddy current
artifacts and frequency drifts using an in-house written Matlab® program. Residual eddy
current effects were minimized using the unsuppressed brain water signal. The frequency
drifts were corrected using the NAA singlet as a reference. Data were apodized with a 1-Hz
exponential function for enhancing SNR and removing potential artifacts in the later part of
FID. Spectral fitting was performed using the LCModel software (86). 3D volume localized
model spectra of brain metabolites were numerically calculated and used as a basis function
for the fitting. The basis function included 18 metabolites; tCr, NAA, Glu, mins, GABA,
NAAG, GPCPC (glycerophosphocholine + phosphocholine), GIn (glutamine), GSH
(glutathione), glycine, taurine, scyllo-inositol, acetate, aspartate, phosphoethanolamine,
ethanolamine, lactate, and threonine. Given the potential differences in relaxation times
between resonances within a metabolite, model spectra were created individually for
subgroups of the metabolite according to their coupling connections. These metabolites
included tCr (methyl and methylene groups), NAA (acetyl and aspartate moieties), NAAG
(acetyl, aspartyl, and glutamate moieties), and GSH (glycine, cysteine, and glutamate
moieties). The spectral fitting range was set to 0.5 — 4.1 ppm. Cramér-Rao lower bounds
(CRLB), which represent the lower bound of precision, were returned as a percentage
standard deviation (%SD) with respect to the signal estimates. The LCModel estimates of
signal strengths at the four echo times were fitted with a monoexponential function,
exp(-TE/T,"). The fitting was performed on LCModel estimates with CRLB less than 20%

at all the four TEs. The T:-weighted images were segmented, using Statistical Parametric
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Mapping software (SPM5), to obtain the fractions of gray matter (GM), white matter (WM),

and cerebrospinal fluids (CSF) within the voxels.

2.3 RESULTS

2.3.1 Phantom studies

Figure 2-1 presents comparison between numerically calculated (sum) and phantom
spectra of Glu, Cr3 (Cr-CHs) and Cr2 (Cr-CHy>) for the four pairs of PRESS subecho times,
together with a calculated spectra of individual metabolites. The signal strength and spectral
pattern of Glu and GIn varied with changing echo time due to the J evolution of the coupled
resonances. The echo time dependence of the multiplets was in good agreement between
calculation and experiment for both Glu and GIn. The Glu multiplet pattern was well
preserved at the optimized echo times (except for (TEi, TE2) = (32, 22) ms). These
simulation results were reproduced in phantom spectra, with phantom T>'s of Glu, GlIn, Cr-

CHs and Cr-CH; at 720, 660, 1190 and 890 ms, respectively.

2.3.2 In vivo studies

Figure 2-2 presents in vivo spectra from medial occipital and left occipital cortices of
5 subjects enrolled in the study, obtained at the four pairs of PRESS subecho times, together
with voxel positioning (voxel size 25x30x30 mm?). The spectra from the 5 subjects showed
similar pattern for each voxel, indicating consistent voxel positioning between the subjects.
The spectral patterns in the 2.2 — 2.5 ppm and 3.4 — 3.65 ppm regions, which were largely

attributed to Glu and mins, respectively, showed good agreement between the subjects. The
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GPCPC singlet intensity was quite different between the regions, likely due to differences in

gray and white matter contents within the voxels. The GPCPC singlet at 3.2 ppm was about
50% the tCr-CHa singlet at TE = 54 ms. This signal ratio increased with TE and their signal

strengths were similar at TE = 374 ms, indicating a long T>" of GPCPC compared to that of

tCr.
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Figure 2-1 Phantom data at the four (TE1, TE2) pairs of PRESS

Comparison between numerically calculated and phantom spectra of Glu (20 mM), Gin (20
mM), and Cr (8 mM) for the four pairs of PRESS subecho times (TE1, TE2) used for in vivo
T. measurements. Spectra were broadened to 2.5 Hz. Spectra were calculated ignoring the
signal reduction due to T, effects.
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Segmentation of Ti-weighted images gave mean fractions of GM, WM and CSF as

60+3, 25+2 and 15+1% for medial occipital, and 16+2, 74+4 and 10+2% for left occipital,
respectively. Figure 2-3 displays in vivo spectra at the four PRESS TEs from the medial and
left occipital cortices of a healthy subject (subject 1 in Fig. 2-2), together with LCModel fits
and residuals. The spectra were all well reproduced by the fits, resulting in residuals without
considerable dependence on chemical shift resonance. Due to the increased number of signal
averages at the longer TEs (16, 32, 64 and 128 for TE = 54, 112, 246 and 374 ms,

respectively), the residuals were progressively smaller with increasing TE.
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Figure 2-2 In vivo spectra from five subjects.

In vivo spectra, at the four (TE:, TE2) pairs of PRESS, from medial occipital and left
occipital cortices of five healthy volunteers are presented together with voxel positioning
(size 25x30x30 mm?®). Spectra are normalized with respect to the NAA singlet at TE = 54
ms for each brain region. FIDs were filtered with a 1-Hz exponential function prior to the
Fourier transformation. The number of signal averages was 16, 32, 64, and 128 for TE = 54,
112, 246, and 374 ms, respectively (TR = 3 s).



28
Monoexponential fitting for metabolite T, estimation was performed for LCModel

estimates at the four TEs that had CRLBs less than 20%. The fitting included the multiplets
of Glu, mins, the NAA-Asp moiety, and the NAAG singlet, in addition to the three
prominent signals, i.e., the singlets of tCr (3.03 ppm), NAA (2.01 ppm) and GPCPC (3.2
ppm). The CRLB of Glu was 2 - 4% at TE = 54, 112 and 246 ms, and 4 - 5% at TE = 374 ms
for both brain regions, as shown in Fig. 4a. The mins CRLBs were somewhat larger, the
mean values being 4, 4, 6 and 9% at TE = 54, 112, 246 and 374 ms, respectively (Fig. 2-4).
The mean CRLBs of NAA-Asp were 3, 4, 4 and 5% at the four TEs, respectively. For the
NAAG singlet, only the data from the left occipital region gave CRLBs less than 20% at the
four TEs (i.e., mean values were 6, 7, 7 and 8, respectively). Compared to left occipital, the
data from medial occipital gave much greater CRLBs. The CRLBs were less than 20% only
at TEs shorter than 374 ms, at which NAAG estimates were not reliable (CRLB > 50). The
NAAG T fitting was therefore performed for left occipital only. The methyl group proton
signals of tCr, NAA and GPCPC were all well-defined, giving CRLBs less than 3% at all
TEs. Figure 2-4b presents the correlation coefficients between the estimates of Glu and
several metabolites having resonances adjacent to the Glu signals. While Glu and Glin
showed more or less negative correlations at TE = 246 and 374 ms, the two short TEs gave
positive correlations between the metabolites, implying that the Glu and GlIn estimation could
be influenced by other metabolites, which may include GABA, GSH and macromolecules.
At TE = 54 ms, the macromolecule signals may not be attenuated completely, but since the
Glu and GIn C4-proton multiplets were not extensively overlapped as indicated in Fig. 1, the

covariance between Glu and GIn were similar at TE = 54 and 112 ms. The correlation
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coefficients of Glu with respect to other resonances were more or less within £0.5 at the four

TEs, indicating that the Glu signals were estimated without substantial uncertainties due to

the neighboring interferences, which may provide Glu T estimation with acceptable

precision.
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Figure 2-3 LCModel fitting results at the four (TE1, TE2) pairs of PRESS.

In vivo spectra at the four (TE1, TE>) pairs of PRESS from medial occipital and left occipital
cortices of a healthy volunteer (subject 1 in Fig. 2) are shown together with LCModel fits and
residuals. The decreasing residual levels with increasing TE are due to the different number
of signal averages (16, 32, 64, and 128, top to bottom). Spectra are normalized with respect
to the NAA singlet at TE = 54 ms for each voxel.
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Figure 2-4 CRLBS and Correlation-coefficients of five subjects at four TE’s.

(a) The CRLBs of Glu and mins are shown for the four TEs used for T," measurement. For
each TE, five data points on left (circle) represent CRLBs in spectra from medial occipital,
and five data points on right (triangle) from left occipital. (b) The correlation coefficients,
returned by LCModel, between Glu and metabolites having resonances in the proximity of
the Glu signals. The metabolites include GIn (circle), GABA (square), GSH Glu moiety
(triangle up), NAA-CH3 (triangle down), NAAG-CH3 (diamond), and NAAG Glu moiety
(hexagon).

Figure 2-5 illustrates monoexponential fittings for several metabolite signals for the
spectra from subject 1 shown in Fig. 2. The upper panel shows fits of major singlet signals
(i.e., tCr-CHs, tCr-CHz, NAA and GPCPC) and the lower panel shows Glu, mins, NAA-Asp,
and NAAG. The signal decay vs. TE was well represented by a monoexponential function,
giving coefficients of determination (R?) of monoexponential fitting close to unity. Table 1

shows mean T, and R? of the metabolites and p values from paired t-tests (uncorrected and

Bonferroni corrected) for the T>' values between the medial occipital and left occipital
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regions. The T, of Glu was measured to be 181+16 and 180+12 ms (mean+SD, N = 5) for

medial occipital and left occipital, respectively. The mlns T, was estimated as 197+14 and
196+17 ms, respectively. For these coupled-spin metabolites, the T," was measured to be
very similar between the two regions (p > 0.8). The Glu and mins data were well fitted with
a monoexponential function for both regions, with R2 = 0.99 and 0.97, respectively. The T2's
of tCr-CHa, tCr-CHz and GPCPC were measured to be ~150, ~120 and ~230 ms for both
regions, respectively. The T, of the NAA singlet was observed to be ~260 and ~310 ms for
medial occipital and left occipital, respectively. The difference was statistically significant (p
= 0.008; paired t-test). The T, of the NAA-Asp CH, resonances was also observed to be
quite different between the regions (~220 and ~280 ms, respectively; p = 0.009). The
reliability of the T,' fitting of this NAA multiplet was low, as indicated by large standard
deviations and relatively small R? values. The p-values from Bonferroni correction for NAA
and NAA-Asp were close to 0.05, indicating statistical evidence for the presence of
relaxation time differences between the two regions. The T." of the NAAG singlet was
measured as ~290 ms for the left occipital region, with mean R? of 0.934. In addition, the
brain water T, was estimated using the unsuppressed water signals acquired with PRESS.
The water signals did not exhibit a monoexponential TE dependence consistently, primarily
due to the long T» effects of the CSF water. Thus, the water signals at TE = 54, 112, and 246
ms only were used for T estimation, giving T>" of ~83 ms for both medial and left occipital,

as shown in Table 2-1.
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Figure 2-5 Monoexponential fitting of LCModel estimates vs. four TE’s.
Monoexponential fitting of LCModel estimates vs. TE (= TE; + TE2) for the medial occipital
and left occipital lobes. The upper panel shows fits of major singlet signals (tCr-CHs, tCr-
CHa, NAA and GPCPC) and the lower panel shows fits of major multiplets (Glu, mins and
the NAA aspartate moiety) and the NAAG singlet (left occipital only). Error bars indicate
the standard deviation of the LCModel estimates.
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Paired Bonferroni
Medial occipital | Left occipital

t-test corrected
T.A(ms) | R? | T2f(ms)| R? P p

tCr-CHs | 147+10 | 0.998 | 156+7 | 0.998 | 0.0839 0.5873

tCr-CHz | 12446 | 0.998 | 123+11 | 0.998 | 0.8730 1

NAA | 258+11 | 0.995 | 309+16 | 0.989 | 0.0078 0.0545

GPCPC | 241+13 | 0.981 | 224+15 | 0.993 | 0.2169 1
Glu | 181+16 | 0.996 | 180+12 | 0.994 | 0.8809 1
mins | 197+14 | 0.977 | 196x17 | 0.983 | 0.9342 1

NAA-Asp | 222+33 | 0.986 | 284+23 | 0.963 | 0.0094 0.0657

NAAG - - 292+35 | 0.934 - -

Water | 837 | 0.998 | 83+5 |0.999| 0.9884 -

Table 2-1 Apparent T, (T21) values and the coefficients of determination (R?).

Apparent T, (T2") values and the coefficients of determination (R?) of monoexponential
fitting of metabolites and water data from the medial occipital and left occipital cortices are
shown together with p-values for T.' differences between the two brain regions. The
Bonferroni-corrected p-values were obtained by multiplying the uncorrected p-values by the
number of metabolites (i.e., 7, excluding NAAG). When the Bonferroni-corrected p-value
was greater than one, the p value was set to 1. The water T>" was estimated from the signals
at TE =54, 112, and 246 ms. T, and R? are mean+SD (N=5).

2.4 DISCUSSION

The present study reports apparent T» values of brain metabolites, including Glu,

mins, NAA-Asp, and NAAG, in addition to the major singlets. The signal intensity and
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spectral pattern of coupled-spin metabolites vary with changing TE due to the effects of J

evolution as well as the transverse relaxation. Therefore, when basis spectra that include the
J evolution effects are used for spectral fitting on multi-TE data, the relaxation time constant
can be obtained directly from the TE dependence of the spectral fitting estimates. Moreover,
for spectra obtained with PRESS volume localization, the signals of coupled resonances are
largely affected by the 180° pulses. The effects of the finite bandwidth and imperfect
refocusing profile have to be taken into account to evaluate the scalar coupling effects on the
signals. This was accomplished incorporating the actual RF pulse waveforms in calculating
the basis spectra in the present study.

The four TEs used in this study appear to be reasonably optimal for T," estimation of
Glu and mins in the human brain. Although the shortest TE (54 ms) may not be sufficiently
long for complete suppression of macromolecule signals, spectral fitting using precisely-
calculated basis spectra differentiated effectively the metabolite signals from the residual
macromolecule signals, leading to Glu and mins CRLBs smaller than those at short TEs in
prior studies at the same field strength (87,88). At long TEs, the metabolite signals were
attenuated substantively, but using the proper basis spectra the CRLBs of Glu and mins of
the present study were comparable to those of the prior short-TE studies (< 10%). The
resonances of GlIn are proximate to the Glu resonances, but the Gin signals were resolvable
with CRLB < 20% at TEs 54, 112, and 264 ms (mean CRLB = 12+4%, 11+4%, and 8+3% (n
= 10), respectively). The Gln signal at TE = 374 was not properly measurable (CRLB >
100%) likely due to the insufficient SNR. Given that the precision of signal estimates is

governed by SNR and critical for relaxation time estimation, measurements at the four TEs
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with various number of averages allowed us to achieve acceptable precision of LCModel

estimates and T." values for several J-coupled metabolites, as indicated by the R? values
comparable to those in recent T» studies with greater number of TEs (76,78,81). Despite the
increased number of signal averaging at the long TE (128 averages), the CRLBs of mins at
TE = 374 ms were relatively large (9.1+2.0%, N=10) due to the extensive signal degradation
arising from the J coupling effects (Figure 2-4).

The estimated T, values of the present study may well be apparent relaxation time
constants, presumably specific to the PRESS sequence used. With the changing inter-RF
pulse delays for multi-TE measurements, the relaxation estimates may include the effects of
spin-spin relaxation (T2) and molecular diffusion under the field gradients created by
magnetic susceptibility distribution, thereby resulting in T." < T.. The T2 of brain
metabolites may be measured employing constant, short inter-RF pulse delays in multi-TE
scans in vivo (75). In the present study, signal reduction due to diffusion under spoiling
gradient pulses may be minimal and equal at all TEs since the diffusivity of metabolites in
the human brain is low (< 0.3x10~" m?/s) (89) and and the inter-gradient pulse intervals were
relatively short (~17 ms) and kept constant in the multi-TE scans. The molecular diffusion
effects associated with the pulsed field gradient pulses may therefore be negligible in our
relaxation estimates. In addition, the use of constant TR of 3 s for the multi-TE scans may
lead to relaxation estimates shorter than the T.. However, this effect does not seem
substantial. The trajectory of the longitudinal magnetization in the steady-state condition
(TR < 5xT1) is varied with changing TE, resulting in unequal initial longitudinal

magnetization prior to the 90° excitation in multi-TE scans (90). Assuming that for a PRESS
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sequence the ratio of the steady-state initial longitudinal magnetization to the thermal

equilibrium magnetization is given by 1 — Etr + 2E7rE1 — 2E7rE2, Where Etr = exp(—TR/T1),
E1 = exp((TE1/2)/T1), and E2 = exp((TE1 + TE2/2)/T1), the T estimates can be corrected for
constant-TR effects using known T1 values. For published T1 of ~1.2 s for Glu and mins at
3T (74,76), the steady-state constant-TR effect on the T, estimates of the present study is
predicted to be only 1.5% compared to T-' estimates from TR » T1. For tCr and NAA with
T10f ~1.4 s, the discrepancy may be 1.6%.

Prior studies of relaxation time measurements for brain metabolites indicated
consistently that T, of the NAA singlet differs between gray and white matter (74,76,78,79).
The T»'s of the NAA singlet from the medial occipital and left occipital regions in the present
study were similar to those of the prior studies for occipital GM and WM (74,76), indicating
that GM and WM were dominant in the voxels positioned in the medial occipital and left
occipital cortices in the present study, respectively, in agreement with the GM, WM and CSF
estimates shown earlier. The NAA-Asp CH, multiplet also showed T. longer in left
occipital than in medial occipital, most likely due to the different fractions of GM and WM
within the voxels. The NAA-Asp T," was measured separately from the NAA singlet. While
it is necessary to individually fit the subgroups of metabolites to take into account possible
differences in relaxation times between resonances within a metabolite, this approach may
decrease the precision of spectral fitting. The NAAG signals from the left occipital region
were measurable with CRLB < 20% at the four TEs, most likely because of its relatively high
concentration in WM compared to that in GM, as indicated by prior studies (91,92). For the

medial occipital cortex, CRLB of NAAG was less than 20% at TEs other than the longest TE
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in 4 subjects. Monoexponential fitting of the data at the three TEs gave an NAAG T.' of

252+49 ms, implying that the NAAG relaxation time may differ between GM and WM,
similarly to NAA.

The T2 of Glu in the GM and WM dominant regions in the human brain was
estimated to be about the same in the present study (180 ms), similarly to a prior study (80),
but somewhat shorter than the previously reported value (200 ms). Although the investigated
brain regions differ (occipital vs. frontal), given that the metabolite T," estimation depends on
the number of refocusing RF pulses (75), the difference in Glu T2's from the two studies may
be in part due to the difference in the effects of inter-RF pulse molecular diffusion during the
sequences (dual refocusing vs. triple refocusing). Presumably for a similar reason, the tCr-
CHs T, was shorter in the present study (~150 ms) than in the prior triple-refocusing study
(~165 ms). In the present study, Glu T." was measured to be much shorter than NAA-CH3
T2" (=290 ms). The large T,' difference between Glu and NAA was also the case in phantom
solutions (~700 vs. 1200 ms). These in vivo and phantom results may be as expected given
that the CH> protons (Glu) are most likely less mobile than the CH3 protons (NAA) and
consequently the motional averaging of the dipole-dipole interaction occurs less in Glu than
in NAA. In the brain, Glu and NAA are largely present within neuronal cells and the intra-
molecular dipolar interaction may be a dominant mechanism for T relaxation in both Glu
and NAA. However, for tCr, the T," (3.02 ppm) was shorter than the NAA-CH3 T, in many
prior studies (71-79) and in the present study. This may not be due to the difference in the
diffusion-induced dynamic dephasing since the diffusion constants of tCr and NAA are

similar (93-95). The relatively short T>" of tCr may be a result of tCr-to-water magnetization
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transfer occurring via immobile proton pools (96,97). Since in all prior and present T> studies

the data were acquired following water suppression (i.e., creation of large magnetization
difference between the tCr and water proton pools with respect to their thermal equilibrium
values), the tCr signals may undergo further relaxation with increasing TE in addition to the
relaxation caused by the intra-molecular dipolar interaction, thereby leading to reduced T,
shorter than that of Glu T2, as in the present and prior Glu T, studies. The tCr T>" may
become longer when measured without water suppression. In phantom solutions, in which
the magnetization transfer is not present, the Cr-CHs and NAA-CH3 T>'s are similar due to
the similarity in their dipolar interaction strength. For the brain water (excluding CSF), the
T," was measured to be short (~80 ms) compared to metabolite T>" because of the strong
intra-molecular interactions and the high diffusivity in water (93-95).

In conclusion, we have demonstrated measurement of apparent proton T» of coupled-
spin metabolites in the human brain using a PRESS sequence at 3T in vivo. The signals of
brain metabolites, including Glu, mins and NAAG, were resolved, for the GM-dominant
medial occipital and WM-dominant left occipital regions, at four selected echo times using
spectral fitting with numerically calculated basis spectra. Further studies will be required to

determine variations in relaxation times across brain regions and in disease conditions.



CHAPTER THREE
In vivo 'H MR Spectroscopic Imaging of Glycine in Healthy Brain and
Gliomas at 3T

3.1 INTRODUCTION

3.1.1 Literature review

Glycine (Gly), a non-essential amino acid, is a post-synaptic inhibitory
neurotransmitter and acts as co-agonist of glutamate on N-methyl D-aspartate receptors
(34,98). It is a precursor for the synthesis of proteins and is a primary source of one-carbon
units in cellular metabolism (36). Gly is derived from serine, as a product of the Gly, serine
and threonine metabolism pathway, and is hypothesized to reside in two separate pools, i.e.,
metabolic and transmitter pools (36,99). Recent studies indicate abnormal Gly levels in a
wide range of brain tumor subtypes (5,41,43-45,100-102) including gliomas, as well as a
variety of cancer cell lines (103). Thus Gly may be a biomarker for primary as well as
metastatic brain tumors. Given the cellular heterogeneity as well as regional variations in
metabolic alterations (104-106) in brain tumors, imaging of Gly may have important clinical
application in the management of patients with brain tumors.

Gly has two uncoupled co-resonating protons, giving rise to a singlet at 3.55 ppm
(82). In vivo detection of Gly using *H MRS in the human brain is challenging primarily due
to the presence of the overlapping multiplets of myo-inositol (mlns), whose concentration is
much higher (5 - 7 fold) than the Gly concentration in normal physiological conditions
(5,40,44,107). Thus good suppression of the mins multiplet in the proximity of the Gly
resonance is essential for reliable detection of Gly. Several single-voxel localized MRS

39
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approaches were proposed to overcome the spectral complexity in Gly measurement, which

include TE averaging (107) and triple refocusing (108) at 3T, and short-TE single-spin echo
(40) and long-TE PRESS (point-resolved spectroscopy) methods (44) at 7T. Prior in vivo
studies for Gly elevation in brain tumors used single-voxel localized MRS (5,100) and multi-
voxel MRS imaging (41,45). While single-voxel MRS is technically simple and may be
preferable for precise measurement of Gly, given the high heterogeneity of brain tumors
(104-106) and the presence of regional variation of Gly levels in the normal human brain

(44), applicability of Gly spectroscopic imaging is very high.

3.1.2 Aim of the project

To measure Gly in the human brain at 3T with *H MR spectroscopic imaging, using
Gly-optimized PRESS TE = 160 ms scheme (5). To investigate the regional variations of Gly
in healthy brain with linear regression analysis, effect of linewidth, and signal-to-noise on

reliable estimation of Gly. To study potential variations of Gly levels in human gliomas.

3.2 MATERIALS AND METHODS

3.2.1 Experimental setup
MR experiments were carried out on a 3.0 T whole-body scanner (Philips Medical
Systems, Best, The Netherlands), equipped with an integrated body coil for radio-frequency

(RF) transmission and an 8-channel phased-array coil for signal reception.

3.2.2 MR Spectroscopy acquisition details
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'H MR spectroscopic imaging (SI) data were obtained using phase encoding gradients within

a PRESS sequence for spatial localization. The volume of interest (VOI) was prescribed by
the PRESS sequence with TE = 160 ms (TE1 = 60 ms and TE, = 100 ms). The PRESS
sequence included 9.8 ms 90° (along the anterior-posterior direction) and 13.2 ms 180°
(along the left-right and head-foot directions) RF pulses, with bandwidths of 4.2 and 1.3 kHz,

respectively, at an RF field intensity of 13.5 uT.

3.2.3 Phantom experiments

Validation experiments were performed on a 10 cm diameter spherical phantom that
contained Gly, mins and creatine (Cr) at 1.1 mM, 10 mM and 8 mM, respectively. Phantom
Sl data were obtained with a 32 x 32 data matrix with a field of view (FOV) of 160 x 160
mm?, VOI of 50 x 50 mm?, using a TR of 3000 ms and four signal averages. For comparison
with Sl data, single-voxel spectroscopy (SVS) data were obtained from a voxel size of

10x10x10 mm3, using a TR of 3000 ms and 256 signal averages.

3.2.4 In vivo studies

For in vivo experiments in healthy volunteers, the MR protocol included survey
imaging followed by a Ti-weighted high-resolution sagittal Magnetization Prepared RApid
Gradient Echo (MPRAGE, TE/TI/TR= 3.8/875/1360 ms, 160 slices with 1 mm thickness,
256x256x160 mm? field of view) sequence. For gliomas, the MR protocol included survey
imaging followed by T>-weighted fluid attenuated inversion recovery (Tow-FLAIR) imaging
(TR/TE/TI = 11000/125/2800 ms, FOV = 230 x 230 mm?, slice thickness of 5 mm, 28 slices

along each of transverse and sagittal directions) for tumor identification.
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For Sl data acquisitions, a PRESS-prescribed transverse slice was positioned to cover

the region of interest with spatial resolution of 10 x 10 mm? and slice thickness of 15 mm. In
each Sl scan, a 20 x 16 data matrix was obtained from a 200 x 160 mm? FOV. A vendor-
supplied 2D elliptical k-space sampling scheme was used (109), to reduce the acquisition
time by ~30%. Each k-space point with 1024 complex points was acquired with two averages
at TR = 1.2 s and spectral width = 2000 Hz. The Sl data were reconstructed with 2D Fourier
transformation of the k-space data, after zero filling the non-acquired k-space points and
zero-padding the data matrix to two fold along each phase encoding direction (i.e., 40 x 32)
to obtain spatial resolution of 5 x 5 mm?. The PRESS RF pulses were tuned to 3 ppm which
is halfway between the N-acetylaspartylglutamate 4.6 ppm and lactate 1.3 ppm resonances.
Water suppression was performed using a four RF-pulse scheme (110). In healthy brain a
VOI of 80 x 80 mm? was positioned to cover the central brain region above the corpus
callosum and for tumor scans the VOI included the tumor mass as well as normal-appearing
brain regions. Four outer volume suppression bands were placed in the periphery of the VOI
to minimize potential contamination from extracranial lipids and water outside the VOI.
First- and second-order shimming was carried out on VOI using FASTMAP (85). To
minimize motion artifacts, foam pads were placed to restrict head motions inside the

reception coil. The scan time of a single Sl acquisition was approximately 10 minutes.

3.2.5 Post-processing, analysis and quantification of SI data
During post-processing, residual water signals were further minimized using a

singular value decomposition algorithm in jMRUI (5,6,41,111). A 1-Hz exponential function
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was multiplied to FIDs prior to Fourier transformation, in order to suppress potential

distortions in the later part of the FIDs. Correction for spatial Bo was performed using in-
house programs written in MATLAB® (MathWorks Inc., Natick, MA, USA). The FIDs were
zero filled to 4096 points and spectra were analyzed with LCModel (Version 6.3) (86,112)
using numerically simulated basis sets, which were calculated according to a published
method (6). The basis function included simulated spectra of sixteen brain metabolites; Gly,
mins, tCr (creatine + phophocreatine), tNAA (N-acetylaspartate + N-
acetylaspartylglutamate), tCho (phosphocholine + glycerophosphocholine + free choline),
glutamate, glutamine, y-aminobutyric acid, glutathione, lactate, alanine, taurine, scyllo-
inositol, aspartate, phosphoethanolamine, and serine. Spectral fitting was undertaken between
0.5 - 4.1 ppm. For validation purpose, additional LCModel fitting was performed without
Gly in the basis sets. For estimation of mins, tCr, and tCho concentrations, the transverse
relaxation effects were corrected using published T> values of 200, 150, and 230 ms,
respectively (5,113). The T, of Gly was assumed to be equal to the mins T,. Metabolite
estimates in molar concentrations (mM) were then obtained with reference to tCr in white
matter regions at 6.4 mM (114-118), ignoring potential difference in T saturation effects
between metabolites in healthy brain and tumors. The linewidth (FWHM) estimates were
obtained from the LCModel output. Maps of metabolite estimates and Cramér-Rao lower
bounds (CRLB) for the VOI were generated. The maps (e.g. matrix of size 16 x 16) were
then interpolated 10 fold (e.g. 160 x 160) using the nearest neighbor method. The correction
for the chemical shift displacement effects was performed by shifting the metabolite matrix

grid according to the ratio of the chemical shift difference of metabolite resonances from the
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PRESS RF carrier frequency (3.03 ppm) with respect to the PRESS RF pulse bandwidths.

For this, a major resonance was chosen for each metabolite based on the highest signal
selectivity. The major resonance used was 3.55, 3.62, 3.21, and 3.03 ppm for Gly, mins,
tCho, and tCr, respectively. For Gly, the chemical shift displacement of the VOI was 2% and
5% along the anterior-posterior (selected by the 90° pulse) and left-right directions (selected
by the 180° pulse), respectively. After the shift, the matrix grid was reduced to the original
matrix size by averaging over 10 x 10 pixels. In case of healthy brain data, the central 13 x
13 grid was selected for analysis of GM and WM linear regression and to generate average
metabolite maps.

For healthy brain data only, gray and white matter (GM and WM) segmentation was
performed on MPRAGE images using SPM 5. Fifteen slices of MPRAGE corresponding to
an Sl slab were selected from the segmented images and averaged to obtain the GM, WM
and CSF contents within each of the SI voxels. Metabolite concentrations from healthy brain
data were corrected for cerebrospinal fluid contamination (119). To obtain the metabolite
concentrations in pure GM and WM, the tissue concentration of metabolite was fitted with a
linear function of fractional GM content, fom = GM/(GM+WM), individually for each of the
subjects, and subsequently the intercepts at fem = 0 and 1 were averaged over the 8 subjects..
Paired two tailed t-tests were conducted for comparing the metabolite concentrations and
CRLBs between pure GM and WM in the healthy brain. For tumor data, paired and unpaired
two-tailed t-tests were used to compare the metabolite levels between tumors and normal-

appearing brain and between tumor grades. Statistical significance was declared for p-value <
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0.05. All statistical analyses were conducted using software SAS 9.3 (SAS Institute, Gary,

NC).
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Figure 3-1 Sl and SVS data were acquired with PRESS TE = 160 ms from a phantom
containing Gly (1.1 mM), mins (10 mM) and Cr (10.0 mM).

(a) The FOV (blue line; 160 x 160 mm?) and VOI (brown line; 50 x 50 mm?) are shown in a
gradient echo image. Fine grids indicate the individual voxels of the SI. (b) Spectra from the
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VOI are presented between 2.7 and 4.2 ppm. (c,d) SI and SVS spectra and LCModel fitting
results. Vertical dashed lines are drawn at 3.55 and 3.62 ppm. Data were acquired using a
TR of 3000 ms. The Sl data were acquired with a single average for each k-space point,
while the SV'S spectrum was acquired with 256 signal averages. The spectra are broadened to
singlet linewidth of ~3 Hz.

3.3 RESULTS

3.3.1 Phantom experiments

The PRESS (TE3, TE2) = (60, 100) ms method was tested in a phantom solution with
Gly and mins for both SI and SVS acquisitions. The multiplet of mins at ~3.55 ppm was
substantially attenuated, affording good separation of the Gly singlet from the mins
background signal (Figure 3-1c and 3-1d). For a prepared mins-to-Gly concentration ratio of
10/1.1 and a singlet linewidth (FWHM) of 3 Hz, a computer simulation of 90°-acquisition
indicated that the largest peak of mins at ~3.55 ppm is 9.5 fold greater than the Glysignal.
The peak amplitude of mins in the phantom was decreased by 17 fold at TE = 160 ms when
compared to 90°-acquisition and consequently the mins-to-Gly peak amplitude ratio at 3.55
ppm was 0.57. This mins signal suppression occurred similarly in SI and SVS data, and the
Gly+mlns composite signal pattern was about the same between Sl and SVS. The Gly and
mins signals were well reproduced by LCModel fitting, with uniform residuals between 2.7
and 4.2 ppm in both Sl and SVS. Following the correction for transverse relaxation effects
using measured phantom T2’s of Gly (1.5 s) and mlns (0.75 s), the Gly and mlns
concentrations were estimated as 1.1 and 10.2 mM, respectively. T of mins was obtained by

fitting phantom data with the simulated signal of mins at various echo times.
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3.3.2 Healthy Brain Studies

The PRESS TE = 160 ms SI method was evaluated for imaging of Gly in healthy
brain. Figure 2 shows representative data from a healthy subject. For an Sl slab positioned
above the corpus callosum (Figures 3-2a and 3-2Db, blue line), the spectra within a 65%65
mm? volume (Figure 3-2b, brown line) showed well defined metabolite signals without
substantial baseline distortions (Figure 3-2c). Two spectra from GM and WM dominant
regions were analyzed using basis sets with and without Gly (Figures 3-2d and 3-2e¢). In the
spectral fitting with a basis set with Gly the in vivo spectra were closely reproduced by the
fit. In the spectrum from the GM dominant region (Figure 3-2d), the signals of Gly (3.55
ppm) and mins (3.62 ppm) were readily discernible, similarly as in the phantom data (Fig.
1c). The Gly level was estimated to be 0.8 mM with CRLB of 9%, and the mins was 9.2 mM
with CRLB of 4%, after CSF correction and normalization of tCr in white matter region to
6.4 mM. When Gly was excluded from the basis set, residual signals were clearly present at
~3.55 ppm, indicating that the signal at 3.55 ppm was primarily attributed to Gly. The
absence of Gly in the basis set influenced mins estimation, resulting in higher estimate (11.0
mM). In contrast, spectra from WM dominant region (Fig. 2e) gave lower estimate of Gly
(0.3 mM) and mins (6.2 mM), with larger CRLBs compared to the data from the GM
dominant region. The residual difference between the fittings with and without Gly was
relatively small in spectrum from WM region. The linewidth of the spectra from GM and
WM dominant regions were 5.7 and 5.6 Hz, respectively. The LCModel returned SNRs of
the spectra were very similar between the fittings with and without Gly (i.e., 50 vs. 49 for

GM and 45 vs. 45 for WM).
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Figure 3-2 Representative 1H Sl data from a healthy volunteer.

(a, b) The FOV (blue line) and VOI (brown line) of the SI are shown in T;w-MPRAGE
images. The VOI was prescribed by PRESS localization (TE = 160 ms). Fine grids indicate
the individual voxels of the SI. The mean tCr estimate over the voxels within a red line was
set to 6.4 mM after CSF correction and used as reference for metabolite quantification. (c)
Spectra from voxels within the VOI are shown between 4.1 to 1.0 ppm. (d, e) Spectra from a
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voxel in the gray matter (blue box) and from a voxel in the white matter (green box)
dominant regions are shown together with LCModel fits, baseline, and residuals that were
obtained using basis sets with and without Gly. The Gly and mins signals, returned by
LCModel, are shown with the concentration estimates and CRLBs. Vertical lines are drawn
at 3.55 ppm.
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Figure 3-3 Averaged metabolite concentration and CRLB maps.

a) Concentration and CRLB maps of Gly, mins, and tCr for the VOI (green box in a Tiw-
MPRAGE image), averaged over eight healthy volunteers. The maps were smoothened by
eight fold using a bi-cubic polynomial function, after the corrections for theCSF
contamination and chemical-shift displacement effects. Averaged Gly-mins correlation
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coefficients (returned by LCModel) are mapped on linear scale between —0.5 and 0.5. (b)

Gray matter and white matter segmented brain images are shown with the SI VOI. (c, d)
Linear regression of Gly and mlns tissue concentrations with respect to fractional GM
:c:i(intents from a single subject. Dashed lines indicate 95% confidence intervals of the linear

Concentration and CRLB maps were averaged over the eight healthy subjects, using
axial Tiw-MPRAGE images as anatomical reference. The averaged concentration map of
Gly showed regional variations of Gly levels in the brain (Figures 3-3a). The Gly
concentration was constantly high in the GM dominant regions along the anterior-posterior
midline, whereas the left and right parietal WM-rich regions showed markedly low
concentrations of Gly. The Gly concentration was estimated to be 1.0 £ 0.4 mM (mean £ SD,
n = 8) for the GM dominant regions (as indicated by a black line Figure 3-3a, regions with
GM/(GM+WM) > 80%) and 0.4 £ 0.2 mM for the WM rich regions (red line in Figure 3-3a,
regions with WM/(GM+WM) > 95%). The mean CRLBs of Gly and mins were 16 + 17%
and 9 £ 3% for GM regions, and 24 + 16% and 6 + 1% for WM regions, respectively. The
Gly CRLBs showed significant difference between GM and WM (p < 0.001), while the mins
CRLB difference between the regions was not significant (p > 0.05). The mean correlation
coefficient between Gly and mins, returned by LCModel, was —0.31 + 0.10 and —0.19 £ 0.09
in GM and WM dominant regions, respectively. The negative value of the correlation
coefficient was as expected given the equal polarity of the Gly and mins signals at the echo
time used. Figures 3-3c and 3-3d show the linear regression of the Gly and mins
concentrations versus fractional GM content. The Gly and mins concentrations both

increased with fractional GM content. From the y-intercepts at unity and zero fractional GM

contents, the concentrations in pure GM and WM were estimated to be 1.1 £ 0.2 and 0.3 +
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0.1 mM for Gly, and 10.2 + 1.1 and 5.7 £ 1.2 mM for mins, respectively. The difference of

Gly level between pure GM and WM was statistically significant (p < 0.001). Similar
regional variation was observed in mins and tCr, with significantly higher concentrations in

GM than in WM (p < 0.001 for both).
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Figure 3-4 Numerically-calculated spectra and LCModel fitting results are shown for

Gly-to-mins = 1:10 (a) and 1:20 (b).

Spectra were broadened to singlet linewidth of 3.5 - 7.5 Hz and random noise was added to
the spectra such that the ratio of the NAA singlet amplitude to the noise standard deviation
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was 50 for all the linewidths. The metabolites include Gly (1 and 0.3 in (a) and (b)
respectively), mins (10 and 6 in (a) and (b) respectively), NAA (10), Cr (8), Cho (2), Glu (9),
and Gln (2), where the numbers in brackets are the concentrations.
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Figure 3-5 Sl data from a subject with multi-focal glioblastoma.

Spectra from tumors (labeled A and C) and the corresponding contralateral locations (labeled
B and D) are shown together with spectral analysis results. The concentrations of Gly and
mlns were estimated with reference to the mean tCr estimate within a black box in the Tow-
FLAIR image at 6.4 mM.
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Due to the small spectral distance between the Gly singlet (3.55 ppm) and the largest

peak of mins at (3.62 ppm), detection of the small Gly signal in healthy brain may depend on
linewidth. The effect of linewidth on Gly detection was investigated with spectral fitting on
simulated spectra with various linewidths (Figure 3-4). Simulation included Gly, mins, NAA,
Cr, Cho, Glu and GIn spectra. With the linewidth of 4 - 7 Hz in our in vivo data, spectra were
generated for singlet linewidths of 3.5 - 7.5 Hz. Based on our estimated Gly-to-mins ratios
in GM and WM dominant regions, the simulations were performed with Gly-to-mins
concentration ratios of 1:10 and 1:20 for GM and WM, respectively. The spectral pattern of
the Gly+mlins composite signal was well preserved across the linewidth and the Gly signal
was constantly discernible. LCModel fitting of the calculated spectra with in vivo noise level
reproduced the Gly and mlns concentrations used for generating the spectra. The Gly-to-
mins estimated ratio was 0.099 £+ 0.002 and 0.047 + 0.001 for simulated Gly-to-mins
concentration ratios of 1:10 and 1:20, respectively. Gly and mlns estimates were within 5%
of the true values. The Gly CRLBs were 6 £ 1 and 18 * 2 for Gly-to-mins ratio of 1:10 and

1:20, respectively.

3.3.3 Glioma studies

The PRESS SI method was used to acquire data from fourteen subjects with gliomas.
Figure 3-5 shows data from a subject with glioblastoma (grade 1V), in which Tow-FLAIR
imaging identified two distinct lesions in the left mid-to-posterior brain. Spectra from the two
lesions (labeled A and C in Figure 3-5) showed a large singlet like signal at 3.55 ppm with a
much smaller signal at 3.62 ppm, compared to the contralateral normal brain (labeled B and

D). Spectral analyses of the data showed that Gly was higher in the posterior lesion (labeled
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C; 4.2 mM) than in the other lesion (labeled A; 2.8 mM). The ratio of the elevated Gly to the

contralateral normal Gly level was 9.3 and 7.0 for the posterior and mid brain lesions,
respectively. In contrast, tCho was extensively elevated (~5 mM) in the mid brain tumor
(labeled A) compared to the other lesion (labeled C; ~3 mM). The variations in the Gly and

tCho levels between the lesions were clearly contrasted in the concentration maps.
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Figure 3-6 Mean Gly and tCho concentrations in the tumor and contralateral brain
regions.

The mean Gly and tCho concentrations in the tumor and contralateral brain regions in 5
grade 11, 4 grade 111, and 5 grade IV gliomas are bar graphed with standard deviations. The
contralateral estimates in grade IV were calculated from 3 patients, excluding 2 patients in
whom the tumor was located in brainstem. Statistical significance is shown for p < 0.05, with
an asterisk (*) for paired t-test and a dagger (1) for unpaired t-test.
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For the 14 tumor patients, the Gly level was evaluated by averaging the estimate over

~4 voxels for each of the tumors and each of the contralateral normal appearing brain.
Necrotic regions were not present in the tumors and no significant lipid or macromolecule
signals were observed. The mean concentration of Gly in 14 patients was 1.8 = 1.4 mM
(CRLB of 11 + 7 %) and 0.4 + 0.2 mM (CRLB of 18 + 10 %) for tumor and contralateral
regions, respectively. Figure 3-6 presents the group comparison of the metabolite estimates.
For grade II, 111 and 1V gliomas, the mean Gly level in tumors was estimated to be 1.2 + 0.6
(N =5 subjects), 0.7 £ 0.1 (N =4), and 3.3 = 1.5 (N = 5) mM respectively, which were all
significantly higher than the normal levels in the contralateral brain (0.5 £ 0.2, 0.3 £ 0.2, and
0.5 £ 0.3 mM respectively). Here the contralateral Gly level in glioblastoma patients was
calculated from 3 patients, excluding 2 cases in which the tumor was located in brainstem.
The mean Gly level was lower in grade I11 than in grade Il tumors (0.7 vs. 1.2), but the ratio
of the elevated Gly in tumors with respect to the contralateral brain was higher in grade 111
than in grade 11 (3.0 vs. 2.3). This was largely because the contralateral Gly estimate was
very low in the grade Il patients in whom the tumors were located mostly in WM dominant
regions. Glioblastoma (grade V) showed significantly higher Gly level compared to grade Il
and 111 tumors (p < 0.05 and 0.01 respectively). Excluding the 2 glioblastomas in brainstem,
the mean tumor-to-contralateral Gly ratio in glioblastoma was calculated to be 10.5,
significantly higher than those in grade Il and 111 (p < 0.01and p < 0.02 respectively). Taken
together, the Gly elevation was significantly higher in grade IV than in grade Il and IlI,
indicating that elevated Gly may be a marker of tumor malignancy. For tCho, the mean

concentration in tumors was higher than the contralateral value for all three grades, but the
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difference between the tumor and contralateral regions was significant only in grade I1l. The

mean tCho level or the tumor-to-contralateral tCho ratio was not significantly different
between the grades. The Gly-to-tCho ratio in tumors was significantly larger in grade IV
compared to grade Il and grade Il (p < 0.05 and p < 0.01, respectively) and significant

difference was not observed between grade 11 and grade I11 tumors.

3.4 DISCUSSION AND CONCLUSION

The study reports in vivo *H MR spectroscopy imaging of Gly in healthy brain and
gliomas at 3T. The use of an optimal PRESS TE (160 ms) gave an effective suppression of
the mins signal in the proximity of the Gly resonance and consequently allowed Gly
measurement with minimal contamination from the mins background signals. The data
indicated the presence of a regional variation of Gly in the healthy brain. The Gly
concentration was estimated to be higher by > 2 fold in GM than in WM from a linear
regression analysis, in good agreement with a recent single-voxel MRS study at 7T (44). The
mean Gly CRLB was much smaller in GM voxels than in WM voxels (16% vs. 24%), which
may be largely due to the regional difference of Gly. The Gly level was significantly
increased in tumors. Compared to the contralateral normal appearing brain, Gly elevation in
tumors was more extensive with increasing tumor grade, suggesting Gly as a potential
biomarker of tumor malignancy. The observation of elevated Gly in all tumors in the current
study is contrasted with the result from a prior study (5), which reported that Gly was
elevated only in a subset of glioblastomas as measured using a single-voxel localized PRESS

TE = 160 ms method. Given that in this prior study abnormal Gly levels in tumors were
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evaluated with respect to the normal level (~0.6 mM) in the GM dominant region (medial

occipital brain), it is most likely that elevated Gly in some tumors in WM dominant regions
(e.g., Fig. 4c in reference 10) was interpreted as normal. Of note, for the location of the
tumor in the left-hemisphere WM dominant region, the normal Gly level was estimated to be
approximately 0.3 mM in the present study.

The capability to discriminate Gly singlet from mins signals could be affected by
shimming. The in vivo linewidth was 4 - 7 Hz in healthy brain and 4 - 6 Hz in tumors in our
data set. LCModel analysis of simulated spectra indicated that Gly estimate was not
substantially influenced by increase in linewidth up to 7.5 Hz (see Figure 3-4). Also, Gly
detection may depend on SNR. In the present study we observed a mean NAA SNR
(calculated as ratio of peak amplitude of NAA and standard deviation of noise from signal-
free region) of 74 + 15 in the voxels with GM/(GM+WM) > 70% and 84 + 12 in the voxels
with WM/(GM+WM) > 80% in healthy brain data. The mean NAA SNR was 78 + 12 for an
estimated Gly concentration of 0.3 mM or more. LCModel analysis on in vivo healthy brain
SVS data at TE = 160 ms indicated reliable Gly detection at NAA SNR of 70 or greater
(Figure 3-7). The voxel size of the SI was set at 1.5 mL at acquisition and reconstructed at
0.375 mL, to achieve a sufficient SNR for Gly detection within an acceptable time frame.
The spatial resolution of 1.5 mL is lower than those in some prior Sl studies (~0.8 mL)
(41,120-122). The spatial resolution of SI may be possibly enhanced without substantial loss
of spectral information using echo-planar spectroscopic imaging (123), parallel imaging

(120,121), and compressed sensing (124,125) techniques.
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Figure 3-7 SNR dependence of Gly detectability.

In vivo SVS and MRSI spectra of Gly and mins in (a) GM-dominant and (b) WM-dominant
regions. SVS spectra are shown for various NSA (number of signal average). The SVS
voxel (red line; 9 mL) and MRSI voxel (green line; 0.375 mL) are shown in Tiw-MPRAGE
images. For both GM- and WM-regions, the Gly signals were successfully resolved with
acceptable CRLBs when NAA SNR of ~70 or higher.
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Figure 3-8 Comparison of spectroscopic imaging data obtained with TR = 1.2 and 2.5 s.

Each of the spectra is normalized to the tNAA (2.01 ppm) peak amplitude. The CRLBs of
Gly and mins in gray matter region spectra were 10% and 4% for TR = 1.2 s and 9% and 3%
for TR = 2.5 s, respectively. The CRLBs of Gly and mlIns in white matter region spectra
were 16% and 5% for TR = 1.2 s and 16% and 6% for TR = 2.5 s, respectively. The Gly and
mlns composite signal pattern was similar between the TRs. Significant differences were not
observed in the CRLBs of Gly and mins between the TRs. The Gly-to-mins estimate ratio
was also similar between the TRs (0.090 vs. 0.088 in GM and 0.064 vs. 0.060 in WM,

respectively)

The T, of Gly was assumed to be identical to T, of mins (200 ms), and this
assumption may introduce small error in estimation of Gly, depending on the difference in

Gly and mins T2s. In phantom studies Gly T2 was measured to be long compared to T of
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mins (1.5 s vs. 0.75 s). However, the phantom T data may not be directly applicable to the in

vivo situation since T» may differ between aqueous solutions and brain tissue. For instance,
the in vivo T» values of the CH3 group protons of Cr and NAA are quite different in human
brain (i.e., 150 vs. 300 ms) while their T values in phantom solutions are very similar. Also,
the mins T2 may be longer than the Cr CHz T> in brain (81,113), but it is the opposite in an
aqueous solution. Given the small molecular size of Gly, the Gly molecules may be very
mobile in vitro and consequently the Gly CH. proton T> is measured to be long (i.e., much
longer than the Cr CH2 T» and similar to the Cr and NAA CHs T»2s). For proton NMR,
although the intra-molecular dipole-dipole interaction is a dominant mechanism for T»
relaxation in most cases, there may be several other factors that affect the TE dependence of
PRESS signals (namely, apparent T>), which may include molecular diffusion, magnetization
transfer (96), and the environments in which the molecules reside. In addition, the Ti
saturation effects of metabolites in healthy brain and tumors were assumed to be equal, based
on our in vivo experiment (Figure 3-8), in which the Gly and mIns composite signal pattern
and estimate ratios from GM and WM dominant regions were very similar between TR = 1.2
and 2.5 s.

Spectroscopy imaging of Gly may provide a clinically useful tool compared to single-
voxel MRS. The brain Gly level appears to be quite different between GM and WM, as
shown in a prior study (44) and in the current study. The Gly elevation may be regionally
different between many brain lesions, as shown in Figure 3-5. Our data indicated ~2 fold
difference in Gly levels between the lesions and more than 4 fold elevations when compared

to contralateral normal brain regions. To date, noninvasive in vivo detection of elevated Gly
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in malignant tumors has been achieved largely using single-voxel MRS (5,100). Gly

spectroscopic imaging may provide a unique opportunity to study multiple lesions and to
investigate the disease infiltration into surrounding normal tissue. In a prior Gly imaging
study at 3T by Hattingen et al., data were acquired at both short (~30 ms) and long echo
times (~140 ms) and the spectral difference between the two TEs was analyzed to obtain the
Gly portion of the composite signal (41). As demonstrated in the current study and in a prior
study (45), imaging of Gly and mins can be achieved using a single refined optimized TE,
which simplifies the spectral analysis without need of additional data analysis. A major
drawback of our SI method is extensive T signal loss due to the use of long TE (160 ms), but
selected signals are often better resolved at optimized long TE, benefiting from attenuated
macromolecule signals (44,65). With its improved ability for Gly detection, the proposed Gly
SI method may have extended applications for which alterations of Gly levels are relatively
small.

The ability to image Gly in the human brain may have important applications in the
diagnosis and management of malignant gliomas. Tumors reprogram their metabolism to
meet the needs of rapid cell growth and survival in harsh environments (126). Thus, changes
in metabolite abundance relative to normal tissue may serve as a biomarker of malignancy.
Evidence suggests that production of Gly is under oncogenic control, emphasizing its
importance in tumor biology (127). A recent mass spectrometry study in a wide range of
cancer cell lines (NCI-60) (103) indicates that Gly may play a critical role in rapid cell
proliferation. Elevation of Gly in tumors relative to contralateral is distinctly pronounced in

GBM compared to lower grade tumors (~10 fold vs. ~3 fold). Thus longitudinal monitoring
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of Gly in serial measurements in patients may provide a noninvasive tool for early detection

of malignant transformation. A recent study indicated correlation of Gly elevation with
increase in tCho, cerebral blood flow, and enhancement of contrast in MR imaging (45).
Hence the capability to monitor the changes in Gly levels noninvasively by means of
spectroscopic imaging would help to identify diffuse infiltration into normal brain and/or

metabolically active regions in the periphery of the tumor mass.



CHAPTER FOUR
2-hydroxyglutarate (2HG) detection in gliomas by *H-MRS imaging

4.1 INTRODUCTION

4.1.1 Literature review

Gliomas are the most common primary brain tumors (128). Gliomas can be classified
into three WHO grades i.e. grade Il — low grade, grade Il — anaplastic, and grade IV —
glioblastoma, gliosarcoma, glioblastoma with oligodendroglial (129). Each of these gliomas
shows several specific mutations in their genetic maps. Several studies have associated IDH
mutations with longer life expectancy compared to IDH wild type gliomas (62,64). These
mutations occur > 70% in low grade gliomas and secondary glioblastomas (62-64). In
oligodendrogliomas IDH mutations precede the 1p/19q codeletion, while in astrocytomas
they precede tumor protein p53 mutations (130). While the wild type IDH converts isocitrate
to a-ketoglutarate, the mutated IDH converts a-ketoglutarate to 2-hydroxyglutarate (2HG)
(61) (Figure 4-1). Both wild type IDH and mutated IDH enzymes were observed in IDH
mutated tumors (131). Some studies have suggested that the mutations may represent an
early step in gliomagenesis i.e. tumor progression (130).

In the healthy brain 2HG levels are extremely low, virtually undetectable using
noninvasive techniques. In contrast, 2HG levels are elevated orders of magnitude in gliomas
with IDH mutations (61). Recently, several in vivo studies have reported detection of 2HG in

IDH-mutated gliomas using H-MRS (6,27,30,132). Noninvasive detection of 2HG may

63
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become an important biomarker for predicting tumor genetics, and monitoring therapeutic

response.

4.1.2 Aim of the project

To develop new *H-MRS techniques for reliable detection of 2HG in human gliomas
at 3T and 7T. To measure the reproducibility of the 2HG measures. To evaluate the utility of
2HG as a prognostic and diagnostic biomarker in gliomas. To assess the feasibility and utility

of 3D 2HG imaging.

4.2 MATERIALS AND METHODS

4.2.1 Experimental setup

MR experiments were carried out in a 3T and 7T whole-body scanner (Philips
Medical Systems). The 3T scanner was equipped with an integrated body coil for RF
transmission and an 8-channel phased-array coil for signal reception. The 7T scanner was

equipped with quadrature birdcage RF transmission and 16-channel signal reception.

4.2.2 Numerical simulations

Numerical density-matrix quantum mechanical simulations were carried out to
optimize the subecho times of a PRESS sequence to improve the spectral resolution between
the 2HG (2.25 ppm) and Glu (2.35 ppm), and GIn (2.45 ppm) resonances. 3D-volume
localized spectra were calculated for various subecho times incorporating the experimental

RF and gradient pulse waveforms, according to a product-operator based transformation-
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matrix method described in a prior study (6,30,133). The simulations were programmed with

Matlab® (The MathWorks, Inc.).
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Figure 4-1 Metabolic pathways of wild type and mutated IDH.
Oncogenic mutations in IDH1 and IDH2 produce 2HG.

4.2.3 MR Spectroscopy acquisition details at 3T

Slice-selective RF pulses included 90° RF pulse (9.8 ms, bandwidth = 4.2 kHz) and
180° RF pulse (13.2 ms, bandwidth = 1.3 kHz) at an RF field intensity of 13.5 pT. *H MR
spectroscopic imaging (SI) data were obtained using phase encoding gradients within a
PRESS sequence for spatial localization. The volume of interest (VOI) was prescribed by the
PRESS sequence with TE = 97 ms (TE1 = 32 ms and TE, = 65 ms). The MR protocol

included survey imaging followed by T»-weighted fluid attenuated inversion recovery (Tw-
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FLAIR) imaging (TR/TE/TI = 11000/125/2800 ms, FOV = 230 x 230 mm?, slice thickness

of 5 mm, 28 slices along each of transverse and sagittal directions) for tumor identification.
For Sl data acquisitions, a PRESS-prescribed transverse slice was positioned to cover
the region of interest with spatial resolution of 10 x 10 mm? and slice thickness of 15 mm. In
each Sl scan, a 20 x 16 data matrix was obtained from a 200 x 160 mm? FOV. A vendor-
supplied 2D elliptical k-space sampling scheme was used (109), to reduce the acquisition
time by ~30%. Each k-space point with 1024 complex points was acquired with two averages
at TR = 1.2 s and spectral width = 2000 Hz. The Sl data were reconstructed with 2D Fourier
transformation of the k-space data, after zero filling the non-acquired k-space points and
zero-padding the data matrix to two fold along each phase encoding direction (i.e., 40 x 32)
to obtain spatial resolution of 5 x 5 mm?. The PRESS RF pulses were tuned to 2.6 ppm
which is halfway between the N-acetylaspartylglutamate 4.6 ppm and lactate 1.3 ppm
resonances. Water suppression was performed using a four RF-pulse scheme (110). Four
outer volume suppression bands were placed in the periphery of the VOI to minimize
potential contamination from extracranial lipids and water outside the VOI. First- and
second-order shimming was carried out on VOI using FASTMAP (85). To minimize motion
artifacts, foam pads were placed to restrict head motions inside the reception coil. The scan

time of a single Sl acquisition was approximately 10 minutes.

4.2.4 MR Spectroscopy acquisition details at 7T
Slice-selective RF pulses included an 8.8 ms 90° RF pulse (bandwidth = 4.7 kHz) and

an 11.9 ms 180° RF pulse (bandwidth = 1.4 kHz) at B; = 15 puT. !H MR spectroscopic
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imaging (SI) data were obtained using phase encoding gradients within a PRESS sequence

for spatial localization. The volume of interest (VOI) was prescribed by the PRESS sequence
with TE = 78 ms (TE1 = 58 ms and TE2 = 20 ms). The MR protocol included survey imaging
followed by T.-weighted fluid attenuated inversion recovery (T w-FLAIR) imaging
(TR/TE/TI = 11000/93/2800 ms, FOV = 230 x 200 mm?, slice thickness of 5 mm, 16 slices
along each of transverse) for tumor identification.

For Sl data acquisitions, a PRESS-prescribed transverse slice was positioned to cover
the region of interest with spatial resolution of 10 x 10 mm? and slice thickness of 15 mm. In
each Sl scan, a 20 x 16 data matrix was obtained from a 200 x 160 mm? FOV. A vendor-
supplied 2D elliptical k-space sampling scheme was used (109), to reduce the acquisition
time by ~30%. Each k-space point with 2048 complex points was acquired with two averages
at TR = 1.8 s and spectral width = 5000 Hz. The SI data were reconstructed with 2D Fourier
transformation of the k-space data, after zero filling the non-acquired k-space points and
zero-padding the data matrix to two fold along each phase encoding direction (i.e., 40 x 32)
to obtain spatial resolution of 5 x 5 mm?. The PRESS RF pulses were tuned to 2.6 ppm
which is halfway between the N-acetylaspartylglutamate 4.6 ppm and lactate 1.3 ppm
resonances. Water suppression was performed using a four RF-pulse scheme (110). Four
outer volume suppression bands were placed in the periphery of the VOI to minimize
potential contamination from extracranial lipids and water outside the VOI. First- and
second-order shimming was carried out on VOI using FASTMAP (85). To minimize motion
artifacts, foam pads were placed to restrict head motions inside the reception coil. An

unsuppressed water Sl data was also acquired using an RF carrier at the water resonance for
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residual eddy current compensation. The scan time of water suppressed Sl acquisition was

approximately 15 minutes.

4.2.5 Human subjects with gliomas

Subject were screened and recruited by neuro-oncologist and neuro-surgeons at UT
Southwestern Medical Center, Dallas. Subjects with well-defined tumors (hyper-intensities
on Tow-FLAIR images) were selected for acquiring MRSI data. Only subjects without metal

implants in the body were selected for 7T study.

4.2.6 Reproducibility study

Five subjects with glioma were recruited to study the reproducibility of 2HG
measures (two low grade oligodendroglioma, one anaplastic astrocytoma and two without
any biopsy or surgery). Each subject had two MR examinations on the same day (Scan-1 and
Scan-2) to evaluate the reproducibility. All the subjects had detectable 2HG signal. To
evaluate the reproducibility, voxels from the tumor mass and contralateral were selected and
Coefficient of Variance (CV) and Intraclass Correlation Coefficient (ICC) were calculated

with multi-factorial random effects model from analysis of variance (ANOVA) (134,135).

4.2.7 Phantom studies at 3T

The performance of PRESS TE = 97 ms was validated on a phantom containing 2HG
(8mM) and glycine (Gly) (10mM). Data were acquired with TR of 3.0 sec, spectral width of
2000 Hz and 1024 complex points per FID. Phantom Sl data were obtained with a 32 x 32
data matrix with a field of view (FOV) of 160 x 160 mm?, VOI of 50 x 50 mm? and four

signal averages.
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4.2.8 Phantom studies at 7T

The validati of PRESS TE = 78 ms was performed on a phantoms containing 2HG (8
mM) and Gly (10 mM). Data were acquired with TR of 3.0 sec, spectral width of 5000 Hz
and 2048 complex points per FID. Data were obtained with a 32 x 32 data matrix with a

field of view (FOV) of 160 x 160 mm?, VOI of 50 x 50 mm? and four signal averages.

4.2.9 Post-processing, analysis and quantification of Sl data

During post-processing, residual water signals were further minimized using a
singular value decomposition algorithm in jMRUI (5,6,41,111). A 1-Hz exponential function
was multiplied to FIDs prior to Fourier transformation, in order to suppress potential
distortions in the later part of the FIDs. Correction for spatial Bo was performed using in-
house programs written in MATLAB® (MathWorks Inc., Natick, MA, USA). The FIDs were
zero filled to 4096 points and spectra were analyzed with LCModel (Version 6.3) (86,112)
using numerically simulated basis sets, which were calculated according to a published
method (6). The basis function included simulated spectra of sixteen brain metabolites; 2HG,
tCr, tNAA, tCho, Glu, GIn, GABA, Gly, mins, glutathione, lactate, alanine, taurine, scyllo-
inositol, aspartate, phosphoethanolamine, and serine. Spectral fitting was undertaken between
0.5 - 4.1 ppm. For validation purpose, additional LCModel fitting was performed without
2HG in the basis sets. For estimation of Glu, NAA, tCr, and tCho concentrations, the
transverse relaxation effects were corrected using published T2 values of 180, 250, 150, and

230 ms, respectively (5,113) for data at 3T. The T2s of 2HG, GIn and GABA were assumed
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to be equal to the Glu T,. Metabolite estimates in molar concentrations (mM) were then

obtained with reference to tCr in white matter regions at 6.4 mM (114-118), ignoring
potential difference in Ty saturation effects between metabolites in healthy brain and tumors.
The linewidth (FWHM) estimates were obtained from the LCModel output. Maps of
metabolite estimates and Cramér-Rao lower bounds (CRLB) for the VOI were generated.
The maps (e.g. matrix of size 16 x 16) were then interpolated 10 fold (e.g. 160 x 160) using
the nearest neighbor method. The correction for the chemical shift displacement effects was
performed by shifting the metabolite matrix grid according to the ratio of the chemical shift
difference of metabolite resonances from the PRESS RF carrier frequency (2.6 ppm) with
respect to the PRESS RF pulse bandwidths. For this, a major resonance was chosen for each
metabolite based on the highest signal selectivity. The major resonance used was 2.25, 2.35,
2.45, 3.21, 3.03, and 2.02 ppm for 2HG, Glu, GlIn, tCho, tCr, and tNAA respectively. For
2HG, the chemical shift displacement of the VOI was 1% and 3.5% along the anterior-
posterior (selected by the 90° pulse) and left-right directions (selected by the 180° pulse),
respectively. After the shift, the matrix grid was reduced to the original matrix size by

averaging over 10 x 10 pixels.

4.3 RESULTS

4.3.1 Numerical simulations results at 3T
A 2HG molecule has five nonexchangeable scalar-coupled protons, resonating at 4.02
ppm, 2.27, 2.22, 1.98, and 1.83 ppm, giving rise to multiplets at approximately three

locations at 3 T; that is, 4.02 ppm (H2), ~2.25 ppm (H4 and H4') and ~1.9 ppm (H3 and H3’)
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(6). The 2HG resonances are all scalar coupled, and, consequently, the spectral pattern and

signal strength vary with changing echo time of MRS sequence (6). Figure 4-2 shows the
numerically calculated spectra of the 2HG H4 resonances for various PRESS TE: and TE>
values at 3T. At an echo time of 97 ms (TE: = 32ms and TE2 = 65 ms), the 2HG signal is
temporally maximum and well separated from Glu, and GIn signals. The maximum signals of
2HG, Glu, and GIn (H4 resonances) appear at 2.25 ppm, 2.35 ppm and 2.45 ppm,

respectively.

a Quantum-mechanically calculated b Calculated spectra of major metabolites
spectra of the 2HG H4 resonances at3TH 5 1 ppm at PRESS echo time of 97 ms at 3T
. (TE, =32 ms, TE, = 65 ms)
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Figure 4-2 Numerically simulated metabolite spectra at 3T.

(a) The 2HG H4 signal at 3T is shown versus the first and second echo times, TE; and TEo,
of PRESS. (b) The signals of Glu, GIn, 2HG, GABA, Cit, Gly, mins, and Lac are shown for
PRESS TE =97 ms (TE1 = 32 ms, TE2 = 65 ms).
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Figure 4-3 Numerically simulated metabolite spectra at 7T.
(a) The 2HG H4 signal at 7T is shown versus the first and second echo times, TE; and TEo,
of PRESS. (b) The signals of Glu, GIn, and 2HG are shown for PRESS TE = 78 ms (TE: =
58 ms, TE2 = 65 ms).
4.3.2 Numerical simulations results at 7T

Figure 4-3 shows the numerically calculated spectra of the 2HG H4 resonances for
various PRESS TE; and TE> values at 7T. At an echo time of 78 ms (TE1 =58 ms and TE; =
20 ms), the 2HG signal is temporally maximum and well separated from Glu, and Glin

signals. 2HG signal at 2.25 ppm appears as an inverted peak. The maximum signals of Glu,

and GlIn (H4 resonances) appear at 2.35 ppm and 2.45 ppm, respectively.

4.3.3 Phantom studies at 3T
The performance of PRESS TE = 97 ms was validated on a phantom containing 2HG
(8mM) and glycine (Gly) (10mM) (Figure 4-4). Spectra and LCModel fits were consistent

with the simulated 2HG spectral pattern.
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Figure 4-4 Phantom Sl data from PRESS TE = 97 ms.
Sl data from a phantom containing 2HG (8 mM) and Gly (10 mM). Spectra (blue), LCModel
fit (red) are consistent with the simulated data (brown).
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Figure 4-5 Phantom Sl data from PRESS TE = 78 ms.
Sl data from a phantom containing 2HG (8 mM) and Gly (10 mM). Spectra (blue), LCModel
fit (red) are consistent with the simulated data (green).
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4.3.4 Phantom studies at 7T
Spectra from phantom containing 2HG and Gly show an inverted peak of 2HG at
2.25 ppm, in excellent agreement with the simulation results (Figure 4-5). Spectra and

LCModel fits were consistent with the simulated 2HG spectral pattern.

4.3.5 In vivo detection of 2HG at 3T

Figure 4-6 shows the SI grid overlaid on top of FLAIR images and spectra from
subject with oligodendroglioma. Spectra from the voxel within tumor region showed
elevated tCho, reduced tCr and tNAA. A large signal at ~2.25 ppm was observed,
attributable most to the 2HG peak at 2.25 ppm. LCModel analysis of the spectra gave a
2HG, Glu and GIn estimates of 7, 2 and 2 mM, respectively. The CRLB of the metabolites

were 4 %, 9 % and 26 %, respectively.

4.3.6 Reproducibility of 2HG detection in IDH-mutated gliomas at 3T

Figure 4-7 shows the Scan-1 and Scan-2 data from five subjects with gliomas. The
spectra shown were selected from voxels within the tumor regions identified by T.w-FLAIR.
The spectra in Scan-1 and Scan-2 showed similar spectral pattern, over 1.8 — 4.1 ppm region.
Figure 4-8 shows the Scan-1 and Scan-2 spectra from voxels located in tumor and normal-
appearing brain regions of a low grade oligodendroglioma subject. Spectra were selected
from voxels located in normal appearing and tumor brain regions on the T;W-FLAIR images.
Spectra from Scan-1 were identical to the spectra from Scan-2, indicating excellent
reproduction of 2HG MRS. This was observed in both spectra from tumor and normal

appearing brain regions. The metabolite estimates were similar between the two scans.
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Figure 4-6 Spectra and metabolite estimates from a oligodendroglioma subject at 3T
Spectra (blue), LCModel fit (red) from a voxel selected from tumor regions (shown in the
axial Tow-FLAIR image). CRLB values of the fitting are mentioned in parentheses.

Low grade Low grade Anaplastic
No surgery No surgery oligodendroglioma | oligodendroglioma | Oligoastrocytoma ICC CV
2HG 2.6 3.1 3.2 3.3 7.7 0.77 0.29
Glu 2.3 4.6 2.2 4.9 2.4 0.84 0.19
Gin 2.3 2.4 4.1 3.1 2.1 0.81 0.24
tCho 2.3 2.1 2.2 2.6 3.2 0.93 0.06
tINAA 2.3 5.2 3.1 7.2 2.9 0.98 0.01

Table 4-1 Mean estimates of 2HG, Glu, GlIn, tCho and tNAA along with ICC and CV
estimates.

The metabolite estimates are shown in mM. Coefficient of Variance (CV) and Intraclass
Correlation Coefficient (ICC) across the scans are shown.
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Figure 4-9 shows the comparison of the metabolite estimates from the Scan-1 to those

from the Scan-2 for all five glioma subjects for 2HG, tCho, tNAA, Glu, and GlIn in tumor
region. The mean 2HG levels over the tumor mass in five subjects were 2.6, 3.1, 3.2, 3.3 and
7.7 mM. The mean metabolites estimates, ICCs and CVs are shown in Table 4-1. ICC was
for 2HG was 0.77, very similar to the values of Glu prior studies (136), indicating excellent
reproducibility. ICC of Glu, GlIn, tCho and tNAA was higher (0.81 — 0.98) in the present
tumor study when compared to previous healthy volunteer study (136). CVs for tCho and
tNAA were similar to previously reported studies at 3T (136). CVs for Glu, GlIn are ~4 fold
higher than previously reported studies at 3T, but the previous studies were performed on
healthy volunteers (136).

Low grade Low grade Anaplastic
oligodendroglioma oligodendroglioma Oligoastrocytoma

No surgery No surgery

4 35 3 25 2 4 35 3 25 2 4 35 3 25 2 4 35 3 25 2 4 35 3 25 2

Figure 4-7 In vivo spectroscopic Scan-1 and Scan-2 data from five gliomas subjects.
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Spectra were selected from the tumor regions shown on the Tow-FLAIR image. Spectra in
blue and red were obtained in Scan-1 and Scan-2, respectively.
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Figure 4-8 In vivo Scan-1 and Scan-2 data from a low grade oligodendroglioma subject.
Spectra, LCModel fittings, residuals along with 2HG, Glu and GlIn signals from two voxels
selected from normal and tumor regions in a low grade oligodendroglioma.

4.3.7 Diagnostic utility of 2HG measures in gliomas

2HG MRS may provide a noninvasive diagnostic tool for IDH mutated gliomas. This
utility is especially useful for the lesions where surgical biopsy is challenging due to the risks
of permanent neurologinal injury. Tow-FLAIR identified a lesion in the brainstem (Figure 4-
10). An initial experiment presented large 2HG signal at 2.25 ppm, which indicated that the
tumor may be an IDH-mutated glioma. In the light of these findings, the decision was made
to follow the subject without surgery or treatment and to monitor the 2HG level in serial

scans. We have been following the subject for the last 30 months and the 2HG level was
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stable during that time period. Figure 4-10 shows the location of the tumor mass, and the

concentration maps of 2HG, and tCho/tNAA ratio.
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Figure 4-9 Reproducibility plots of 2HG, Glu, GIn, tCho and tNAA in five subjects.
The metabolite estimates were obtained from voxels located in the tumor regions. The
metabolite estimates are shown in mM

[2HG]  45mM

: . 0 mM
Axial and sagittal

T,w FLAIR images

[Cho]/[tNAA] 04
Figure 4-10 Subject with hyper-intensity in brain stem on a To.w-FLAIR image.

The SI grid was placed in the brain stem covering the pons, and cerebellum regions. The
mean 2HG was estimated to be ~3 mM.

4.3.8 Prognostic and therapeutic monitoring with 2HG

Figure 4-11 shows a case of an oligodendroglioma patient followed over the course of
~20 months. The patient came in with clinical symptoms such as seizures, left-leg weakness
after 5 months being enrolled in the study. The clinical imaging showed no significant

enlargement of area with Tow-FLAIR hyper-intensity. MRS data indicated more than 4 fold
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elevation in the 2HG levels across the tumor mass when compared to the scan at 0 month (~2

mM vs ~9 mM). The patient underwent chemotherapy over the course of next 10 months and
the 2HG levels were monitored with MRS. Post-treatment the clinical symptoms subsided

and 2HG levels reduced to pre-progression levels (~2 mM).

Month 0

9mM
E . . . IOmM
Max 1.7 mM 9.0 mM 5.6 mM 4.1 mM 2.0 mM 1.6 mM 1.8 mM

2HG (mM)
|

Treatment period

Figure 4-11 Longitudinal monitoring of a subject with oligodendroglioma.
The 2HG levels were estimated in mM over the VOI. Tow-FLAIR did not show significant
changes.

4.3.9 Three-dimensional imaging of 2HG over the tumor mass

In cases where the tumor size was large, we explored the possibility of acquiring
multiple slices of Sl to create 3D mapping of metabolites. Figure 4-12 shows the data from
three Sl slices in a subject with oligodendroglioma. 2HG levels were different across slices,
with largest 2HG concentration in Sl slice-3 at ~15 mM. Elevation in tCho and tNAA also
varied across the three Sl slices, consistent with the hyper-intensity region in T.w-FLAIR
images. In a subject with anaplastic oligodendroglioma (grade I11), we acquired two SI-
slices to cover the tumor region (Figure 4-13). Similar regional variation of 2HG levels was

observed in the two Sl-slices.
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Figure 4-12 Three Sl slices data from a subject with oligodendroglioma at 3T.
(a, b) Sagittal and axial T.w-FLAIR images with the positions of the three SI slices. (c) 2HG,
tCho, tNAA concentration maps over VOI in mM.
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Figure 4-13 Two Sl slices data from a subject with anaplastic oligodendroglioma at 3T.
(a, b) Sagittal and axial Tow-FLAIR images with the positions of the two Sl slices. (c)
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Concentration maps of 2HG, tCho, tNAA (in mM).

4.3.10 In vivo detection of 2HG at 7T

Figure 4-14 shows spectra and metabolite maps from a WHO grade |1 subject at 7T.
The spectra shown were selected from the region which showed hyper-intensity on Tow-
FLAIR image and contralateral normal appearing brain region. The residuals obtained using
basis sets without 2HG simulated spectrum in Figure 4-14b show an inverted signal at 2.25
ppm which is not present in the residuals obtained using basis sets with 2HG simulated
spectrum (Figure 4-14a). No differences were observed in other spectral regions. Spectral
fitting without 2HG signal also changed the metabolite estimates of Glu and GlIn (estimates
in Figures 4-14a, 4-14b)). The 2HG, Glu and GIn were estimated at 4 mM, 2 mM and 5.8
mM, respectively in the tumor spectra (Figure 4-14a). GABA was not measurable in either
tumor or normal brain regions. In case of the spectra from normal brain region (Figures 4-
14c, 4-14d), 2HG signal was not observed in LCModel fits with and without 2HG in the
basis set, whereas the Glu and GIn concentrations remained similar (6.4 mM and 1.9 mM,

respectively). Figures 4-14e and 4-14f shows the concentration maps of 2HG and Glu.

4.4 DISCUSSION AND CONCLUSION
The project was aimed for spectroscopic imaging of 2HG noninvasively by optimized
'H-MRS methods in subjects with gliomas. The signal overlaps of 2HG with Glu and Gln,
which occur in short-echo-time standard data acquisitions, were overcome with multiplet
narrowing by sequence optimization and spectral fitting with numerically simulated basis

functions (30). The spectroscopic imaging was performed using phase encoding gradients
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within PRESS prescribed volume (6). Several tumor with elevated 2HG were observed and

the concentrations were from 2 — 15 mM.

a Spectral fitting using b Spectral fitting using
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Figure 4-14 In vivo data from WHO grade Il tumor at 7T.
(a, b) Tumor region spectra (blue), LCModel metabolite fits (red) and residuals (black) using
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basis-sets with and without 2HG signal. (¢, d) Normal brain region spectra (blue), LCModel

metabolite fits (red) and residuals (black) using basis-sets with and without 2HG signal.
2HG, Glu, GIn and GABA estimates in mM are also shown (CRLB values in presented in
parentheses). (e, f) represent the 2HG and Glu concentration maps over VOI.

The Tos of 2HG, GIn and GABA were assumed to be identical to T, of Glu (180 ms)
(113), and this assumption may introduce small errors their estimation. We believe that there
may not be substantial differences in their T>s when compared to Glu, as all of them exist
under similar environmental conditions inside the cells. In the present study, TE of 97 ms at
3T and 78 ms at 7T are longer compared to the majority of prior MRSI (119,137-139). A
recent study showed that the 2HG-optimized PRESS sequence at TE = 97 ms provides
enhanced signal selectivity and specificity for 2HG when compared to standard short-TE
PRESS methods at 3T (30). In addition, the T1 saturation effects in tumors were assumed to
be equal. This assumption may not be applicable in all tumors i.e. tumors with necrotic
cores.

While phase encoding based spectroscopic imaging gives higher SNR, the acquisition
time is longer compared to other MRSI techniques. Several methods were proposed to
speed-up the MRSI acquisitions and improve the localization, such as echo-planar MR
spectroscopic imaging (140-142), steady-state free precession and echo planar spectroscopic
imaging (143), slice-selective FID acquisitions (144,145), editing MRSI (146), adiabatic
spiral 3D MRSI (147), J-refocused coherence transfer imaging (148). The major drawbacks
of these techniques are complicated data analysis, difficulty with clinical implementation,
and use of vendor specific capabilities. Our current MRSI was built on commonly available

PRESS localized spectroscopic imaging. The echo times of 97 and 78 ms at 3T and 7T,
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respectively, can be implemented readily. The spectral fitting is simpler due to the

acquisition under a dual spin echo sequence i.e. PRESS.

The ability to image 2HG, Glu and GIn in gliomas may have important applications
in the diagnosis and management of gliomas (6,30,49,63,130,132,149). Mapping 2HG
distribution over the tumor mass may provide a tool for monitoring IDH-mutated glioma’s
response to therapy (130). Currently several groups are developing and testing inhibitors for
mutated IDH gliomas and have shown encouraging results in pre-clinical studies (150,151).
Hence the capability to monitor the changes in 2HG levels noninvasively by means of
spectroscopic imaging would help monitor the inhibiting characteristics of these drugs
without the need of a biopsy. Also longitudinal monitoring of 2HG in serial measurements in
patients may provide a noninvasive tool for early detection of transformation in tumor from

low to high grade.



CHAPTER FIVE
Measurement of regional variation of y-aminobutyric acid (GABA) at 7T

5.1 INTRODUCTION

5.1.1 Literature review

The in vivo measurement of y-aminobutyric acid (GABA), the primary inhibitory
neurotransmitter in the mammalian brain, has considerable potential for the investigation of a
wide variety of neuropsychiatric disorders (4). The proton magnetic resonances of GABA are
all proximate to the resonances of other abundant metabolites (82) and thus precise
measurement of this low-concentration metabolite is challenging. At low or intermediate
field strengths, since direct measurement of GABA is very difficult, spectral editing
approaches are commonly used to detect GABA. For instance, the 3.01 ppm resonance of
GABA can be edited by means of difference editing (57,152-154) and double-quantum
filtering (23,155), utilizing the J coupling of the 3.01 ppm resonance to the resonance at 1.89
ppm. At high fields, spectral resolution of coupled resonances is notably improved (156)
because the coupling strength which governs the overall linewidth of the multiplets is
independent of field strength while the chemical shift differences (in Hz) increases with field
strength. With this increase in spectral resolution and signal gain at high fields, several
studies reported MRS measures of many brain metabolites, including GABA, using
conventional sequence schemes with short echo times at 7T (117,157,158). Despite the

presence of substantial macromolecule (MM) signals (159,160), many small signals were

86
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well resolved with good shimming and GABA in medial occipital brain was measured with

good precision in these previous studies.

GABA has six non-exchangeable protons from 2CHa, *CHz, and “CH: groups, which
resonate at 2.284, 1.888, and 3.012 ppm respectively, with J coupling strengths of 6.4 - 8.1
Hz (154,161). While the C3- and C4-proton signals of GABA are extensively obscured by
the large signals of N-acetylaspartate (NAA) and total creatine (tCr), the C2-proton
resonance at 2.28 ppm is relatively distant from the neighboring resonance of glutamate
(Glu) at 2.35 ppm. The GABA C2 and Glu C4 proton signals, which are 18 Hz apart from
each other at 7T, are both triplets with an overall width > 14 Hz, and thus the GABA
multiplet appears largely overlapped with the Glu signal in short TE spectra. Since the
spectral pattern of J coupled resonances varies with inter-RF (radio frequency) pulse timings,
the selectivity of the GABA signal against the Glu resonance can be improved with
modification of the sequence timings, with an additional advantage that the MM signals are
suppressed at long TE, as demonstrated with STEAM (stimulated echo acquisition mode) in

a prior study at 3T (162).

5.1.2 Aim of the project

To measure GABA at 7T with intermediate-TE PRESS approach, to achieve good
selectivity of the GABA 2.28 ppm signal against Glu. To measure the GABA concentrations
in frontal and occipital brain and to evaluate the GABA levels in gray and white matter via

linear regression analysis of the measures with respect to fractional gray matter contents.
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5.2 MATERIALS AND METHODS

5.2.1 Experimental setup
MR experiments were carried out in a 7T whole-body scanner (Philips Medical
Systems), equipped with quadrature birdcage RF transmission and 16-channel signal

reception.

5.2.2 Numerical simulations

Numerical density-matrix simulations were carried out to optimize the subecho times
of a PRESS sequence to improve the spectral resolution between the GABA 2.28 ppm and
Glu 2.35 ppm resonances. 3D-volume localized spectra were calculated for various subecho
times, TE:1 and TE, incorporating the experimental RF and gradient pulse waveforms,
according to a product-operator based transformation-matrix method described in a prior

study (6). The simulations were programmed with Matlab (The MathWorks, Inc.).

5.2.3 MR Spectroscopy acquisition details

Slice-selective RF pulses included an 8.8 ms 90° RF pulse (bandwidth = 4.7 kHz) and
an 11.9 ms 180° RF pulse (bandwidth = 1.4 kHz) at B; = 15 uT. PRESS acquisition
parameters included TR = 2.5 s, acquisition bandwidth = 5 kHz, and 2048 sampling points.
The voxel size ranged from 10 to 15 mL. The number of signal averages (NSA) was 192 -
256, depending on the voxel size and brain regions (256 averages for the scans in left frontal
and occipital regions). The carrier frequencies of the slice selective RF pulses were set to 2.5

ppm. An unsuppressed water signal was acquired from each voxel using an RF carrier at the
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water resonance for residual eddy current compensation. An unsuppressed short-TE (13 ms)

water signal was acquired using TR = 2.5 s from the same voxel.

5.2.4 Phantom studies
The GABA-optimized PRESS sequence was validated in a phantom solution with

GABA (2 mM), Glu (20 mM) and creatine (Cr) (16 mM).

5.2.5 In vivo studies

In vivo single-voxel localized *H MR spectra were obtained from four brain regions
in each of the 9 subjects; namely, medial prefrontal, left frontal, medial occipital and left
occipital brain. The voxel size ranged from 10 to 15 mL. The number of signal averages
(NSA) was 192 - 256, depending on the voxel size and brain regions (256 averages for the
scans in left frontal and occipital regions). 3D sagittal T1-weighted image was acquired with
TR/TE/TI = 2500/3.7/1300 ms, flip angle = 8°, field of view = 240 x 240 mm, and 150 slices
(slice thickness = 1.0 mm). Metabolite T. measurement was conducted for the medial
occipital brain in a subject, with NSA = 32 at each of 11 TEs (75 - 275 ms; increments of 20

ms) and TR =2.5s.

5.2.6 Analysis and quantification of MRS data

The data from the 16 channels were combined off-line, using an in-house Matlab
script which was developed according to a published algorithm (163). The combined data
were then zero filled to 8192 points prior to Fourier transformation. Spectral fitting was

performed with LCModel software (Ver 6.2) (86), using numerically-calculated basis spectra
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of 16 metabolites; GABA, Glu, GIn, GSH, NAA, NAAG, tCr (creatine +

phosphorouscreatine), tCho (glycerophosphocholine + phosphocholine), myo-inositol,
glycine, taurine, scyllo-inositol, aspartate, phosphoethanolamine, ethanolamine, and lactate.
Published chemical shift and J coupling constants were used for calculating the basis
function; Kaiser et al. (154) for GABA, Choi et al. (33) for GSH, and Govindaraju et al. (82)
for other metabolites. The spectral fitting was performed between 0.5 and 4.2 ppm. Cramer-
Rao lower bound (CRLB), which is the measure of precision (164), computed from the
Cramer-Rao Theorem that uses the diagonal elements of the least-squares variance-
covariance matrix (86), was returned as a percentage standard deviation (SD) by LCModel.
The fractions of gray and white matter (GM and WM) and cerebrospinal fluids (CSF) within
the MRS voxels were obtained from segmentation of the Ti-weighted images using
Statistical Parametric Mapping software (SPM5) (165). The tissue segmentation was
undertaken incorporating the chemical shift displacement effect. A major resonance was
chosen for each metabolite based on the highest signal selectivity and used to calculate the
voxel displacement according to the spectral difference of the resonance from the RF carrier
(2.5 ppm). The major resonance used was 2.01, 2.045, 2.28, 2.35, 2.44, 2.54, 3.03 and 3.21
for NAA, NAAG, GABA, Glu, GIn, GSH, tCr and tCho, respectively. The metabolite signal
estimates from LCModel were normalized with respect to the water signal from GM and
WM. Metabolite concentrations were then calculated by setting the mean value of the tCr
estimates from the medial occipital brain at 8 mM (117,157). The T relaxation effect on the
metabolite signal was corrected using experimental T values obtained within the study. To

obtain the metabolite concentrations in pure GM and WM, the metabolite estimates from the
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brain regions were fitted with a linear function of fractional GM matter content, fom =

GM/(GM+WM). Prism 5 (GraphPad Software, Inc.) was used for the linear regression and
relevant statistical analyses. Paired t-test was performed for comparison of metabolite
estimates and regression outputs between brain regions. Statistical significance was declared

at p value < 0.05. Data are presented in mean+SD.

5.3 RESULTS

5.3.1 Numerical simulations and phantom experiments

We performed numerical simulations and obtained a PRESS subecho time set (TEq,
TE2) = (31, 61) ms for detection of GABA and Glu at 7T, where TE; and TE are the
subecho times of the first and second slice-selective 180° RF pulses respectively. At this
PRESS TE = 92 ms, the GABA and Glu multiplets between 2.2 and 2.4 ppm were narrow
and completely separated up to singlet linewidth (FWHM) of 14 Hz, as indicated by
simulation results in Figure 5-1a. The overall widths of the GABA 2.28 ppm and Glu 2.35
ppm multiplets were smaller by ~2 fold compared to 90°-acquisition for potential in vivo
singlet FWHM of 8 - 12 Hz. Of note, the multiplet widths at TE = 92 ms were comparable to
singlet linewidth; for instance, for singlet FWHM of 10 Hz, the GABA and Glu multiplet
widths were 10 -10.5 Hz at the level of (positive amplitude + negative amplitude)/2, whilst
the GABA and Glu multiplet widths of 90°-acquisition were 18.5 - 19 Hz. Ignoring T»
relaxation effects, the signal strengths of GABA and Glu were 72% and 58% with respect to
the 90°-acquisition. As a result, when the GABA and Glu multiplets were summed for a

GABA-to-Glu concentration ratio of 1:10, the GABA 2.28 ppm signal, which was not
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discernible in 90°-acquisition for singlet FWHM > 8 Hz, became clearly differentiable from

Glu at PRESS TE = 92 ms. For the same concentration ratio, the calculated composite signal
pattern of PRESS TE = 92 ms was closely reproduced in phantom experiment (Figure 5-1b).
The zero-TE calculated composite signals of GABA and Glu were very similar to phantom
spectra obtained with STEAM (TE, TM) = (8, 14) ms, in which the J evolution effects may
be negligible.

Calculated Phantom
PRESS TE=92ms  90°-acquisition PRESS TE=92ms STEAM TE=8ms

Q
c

FWHM

4 Hz

6 Hz

8 Hz

10 Hz

12 Hz

FFEEEE
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a 3 25 2ppm 3 2.5 2 ppm b 3 2.5 2ppm 3 2.5 2 ppm

Figure 5-1 Numerically-calculated and phantom spectra at 7T.

(a) Spectra of GABA, Glu and Cr, calculated for PRESS (TE1, TE2) = (31, 61) ms and 90°-
acquisition, are shown for singlet FWHM of 4 - 14 Hz. The concentration ratio is
GABA:GIu:Cr = 1:10:8. (b) Spectra from a aqueous solution with GABA (2 mM), Glu (20
mM) and Cr (16 mM), obtained with PRESS TE = 92 ms and STEAM (TE, TM) = (8, 14)
ms, are shown for singlet FWHM of 4 - 14 Hz. Spectra are normalized with respect to the Cr
peak amplitude.
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Figure 5-2 T> measurements for Glu, NAA, tCr and tCho at 7T in vivo.

(a) A stack of medial occipital brain spectra at 11 TEs are shown together with LCModel fits
(voxel size = 23x23x23 mm3; NSA = 32). (b) LCModel estimates of the metabolite signals
at the eleven TEs were fitted with a mono-exponential function of TE. The estimated T»
values and the coefficients of determination (R?) are shown in a box.

5.3.2 T relaxation measurement of Glu, NAA, tCr and tCho

T, relaxation times of Glu, NAA, tCr and tCho in the medial occipital brain were
measured for use to correct for the transverse relaxation effects. The singlets of NAA, tCr
and tCho at TE = 275 ms were 26%, 15% and 23% relative to those at TE = 75 ms,
respectively (Figure 5-2a). With increasing TE, the intensity and pattern of the Glu multiplet
at 2.35 ppm were both altered due to the T relaxation and J coupling effects. The Glu signal

was relatively well defined at TE =75 - 115 ms and 215 - 255 ms. From mono-exponential
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fitting of the LCModel estimates of the signals as a function of TE, the T2’s of Glu, NAA,

tCr and tCho were estimated to be 121, 147, 106 and 141 ms, respectively. The T estimates
of NAA and tCr agreed well with prior measures by PRESS at 7T (75). The T values of
Glu, NAA, tCr and tCho were used for subsequent data analysis for metabolite

quantification. The T2’s of GABA, GIn and GSH were assumed to be identical to the Glu To.

5.3.3 In vivo spectra at PRESS TE =92 ms

Figure 5-3 presents in vivo spectra from the medial frontal (MF) and left frontal (LF)
brain of a healthy volunteer, together with spectral analysis results. The fractional GM
content was 78% and 18%, respectively. With the substantial attenuation of MM signals at
TE = 92 ms, the spectra had fairly flat baselines and were well reproduced by the fit with
minimal variations in residuals between 0.5 and 4.2 ppm (Figure 5-3b). As predicted by the
simulation and phantom data, the GABA signal at 2.28 ppm was resolved from the large Glu
2.35 ppm peak (Figure 5-3c). The GABA signal was clearly discernible in the spectrum
from the MF voxel (GM dominant), whilst the spectrum from the WM-rich, LF region
showed a small signal at 2.28 ppm. The GABA concentration estimate was higher by > 2
fold in GM- than in WM-dominant regions. The GABA CRLB was 5% and 9% in spectra
from GM and WM regions, respectively. The Glu signal at 2.35 ppm was also greater in
GM- than in WM-dominant region. The Glu CRLB was 1 - 2% in both spectra. The
spectrum from the LF showed a small GlIn signal at 2.44 ppm compared to the MF spectrum.

The NAAG singlet at 2.045 ppm was unequivocally discernible in the spectrum from LF,
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indicating higher NAAG in WM than in GM. The 2.18 ppm multiplet of the NAAG

glutamate moiety was also larger in LF than in MF.
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Figure 5-3 Spectral analyses of in vivo PRESS TE = 92 ms spectra from four two brain
regions.

(a) Voxel positioning is shown in T1-weighted images, together with the fractional GM
contents (fGM) within the voxels (size 20x23%23 and 35x20x15 mma3 for medial frontal and
left frontal brain respectively). (b) Spectra are shown with LCModel fits, residuals and
baseline between 1.8 and 4.2 ppm. Data were acquired with NSA = 128 for medial frontal
and 256 for left frontal. Spectra are normalized to GM+WM water. (c) In vivo spectra and
LCModel fits are shown between 1.85 and 2.75 ppm together with metabolite signals and
concentration estimates. Residual-1 and -2 (both two-fold magnified) were obtained from
spectral fittings using basis sets with and without GABA, respectively. Dotted lines are
drawn at 2.28 and 1.89 ppm (GABA resonances), at which large residual signals were
discernible in Residuals-2 from medial frontal.
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Figure 5-4 Linear regression of metabolite estimates with respect to fractional GM
contents (fGM).

The regression was performed for 8 metabolites, separately for frontal brain data (18 circles
in blue) and occipital brain data (18 diamonds in brown). Shown in a bracket (within a box)
for frontal (F) or occipital (O) brain is, left to right, Y-axis intercepts at f{GM = 0 and 1,

slope, and R2 (coefficient of determination). Dashed lines indicate 95% confidence intervals
of the linear fits.

For validation of GABA detection, LCModel fitting was undertaken with and without
GABA in the basis set. In the spectral fitting with GABA, the in vivo spectra were well
reproduced by the fits, leading to noise-level residuals at GABA resonances (Figure 5-3c,

Residuals-1). When GABA was excluded from the basis set, large residuals at the GABA
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2.28 and 1.89 ppm resonances resulted (Figure 5-3c, Residuals-2), supporting that the signals

at 2.28 and 1.89 ppm in the in vivo spectra were primarily attributable to GABA. The
residuals from without-GABA fitting were larger in spectra from GM regions than in spectra
from WM regions.

The signal-to-noise ratio (SNR) and linewidth were quite similar between the 36 data
sets from 9 subjects (4 voxels in each). For spectra from the MF, LF, MO (medial occipital),
and LO (left occipital) regions, the mean SNR of NAA (2.01 ppm) was 304+37, 296+25,
313£36 and 302+37, and the mean linewidth of tCr (3.03 ppm) was 10.1+0.9, 9.2+0.7,
9.6+£0.6 and 9.9+0.8, respectively. Here, the SNR was the ratio of the tNAA singlet
amplitude with respect to the SD of the residuals between 1.7 and 3.3 ppm. As shown in
Table 1, the fractional GM content was approximately 70% for the voxels in the MF and MO
regions and about 20% for the voxels in the LF and LO regions.

GABA was measurable with CRLB < 16% in all 36 spectra. The concentration of
GABA was estimated to be 1.0+0.1, 0.4+0.1, 0.8+0.1, and 0.3+0.1 mM for the MF, LF, MO
and LO regions, respectively (Table 1). The estimate was significantly different between MF
and LF and between MO and LO (p < 2x10-6). Also, the GABA estimate was significantly
different between MF and MO regions (p = 9%x10-4) while the fGM was about the same
between the regions (p = 0.5). Linear regression of the GABA estimates with respect to fGM
showed slightly stronger correlation of the concentration with fGM in frontal brain than in
occipital brain (slope = 1.1 vs. 0.9), but the difference in the slopes was not significant (p =
0.06) (Figure 5-4). The GABA level in pure GM (i.e., Y-axis intercept at fGM = 1) was

estimated to be 1.3 and 1.0 mM for frontal and occipital brain respectively, which were
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significantly different from each other (p = 0.001). The GABA concentration in pure WM

(i.e., Y-axis intercept at fGM = 0) was about the same between frontal and occipital brain
(~0.15 mM). The ratio of the Y-axis intercepts was 7.5+2.7 and 7.5+2.9 for frontal and
occipital brain, respectively. The GABA CRLB ranged from 4% to 7% in the data from the
MF and MO regions, while it was relatively large (8 - 16%) in the data from the LF and LO

regions.

fom (%) Concentration (mM) CRLB (%)

MF LF MO LO MF LF MO LO MF LF MO LO

GABA | 6946 18+5 70+6 21+6|1.0+0.1 0.4+0.1 0.8+0.1 0.3+0.1 |5.1+0.6 9.8+2.6 5.4+0.9 12+2

Glu |69+6 17+5 706 21+6|9.9+0.9 6.5+0.4 9.1+0.7 5.8+0.7|1.1+0.3 1.6x0.5 1.3+0.5 1.6+0.5

GIn | 70+6 1745 7046 2146 |1.5+0.3 0.440.2 2.3+0.3 2.3+0.3 [4.7+1.2 17#7 3.1#0.3 2.7£05

GSH | 70+7 16+5 706 21+6|1.1+0.2 1.0+0.2 0.8+0.1 1.0+0.2|5.0+0.7 4.8+0.7 6.0+0.7 4.7+0.9

NAAG | 68+6 24+4 706 21+6|0.840.2 1.9+0.2 0.7+0.2 1.8+0.2|5.1+1.2 2.3+0.5 5.0+1.0 2.3+0.7

NAA | 68+6 24+4 70+6 21+6|9.7x0.7 9.5+0.7 9.3+0.7 8.8+0.8 1 0.9+0.3 0.9+0.3 0.7+0.5

tCho | 7247 1044 69+5 20+6|1.9+02 1.3+0.1 1.2+01 14#01| 1 1 1 1
7247 8*
tCr L1£5 6945 204686106 54104 0o 64:03| 1 1 0903 0605

Table 5-4 Fractional GM contents (fem), concentration estimates (mM), and CRLB (%)
of metabolites from nine subjects.

Fractional GM contents (fem), concentration estimates (mM), and CRLB (%) are tabulated
for eight metabolites for the medial frontal (MF), left frontal (LF), medial occipital (MO),
and left occipital (LO) brain in nine subjects. Metabolite concentrations in the four regions
were calculated with reference to the mean tCr of the MO region at 8 mM (indicated by an
asterisk) following the normalization of LCModel estimates to the GM+WM water signal for
individual spectra. Data are mean = SD (n = 9).

The Glu estimate was significantly different between the MF and LF regions and
between the MO and LO regions (p < 2x10-°) (Table 5-1). Linear regression showed that the

correlation of Glu with fom was about the same between frontal and occipital brain (slope =
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6.4). Glu showed significant difference between MF and MO regions and between LF and

LO regions (p < 0.02) (Fig. 5). The Glu CRLB was < 2% in all data. For Gln, the GM and
WM dependence of the estimate was markedly different between frontal and occipital brain.
While the mean GlIn level was similar between the MO and LO regions (~2.3 mM), the data
from the MF and LF regions showed drastically different Gin levels (1.5 and 0.4 mM
respectively; p = 3x10°°), giving a correlation slope of 2.0, which was significantly different
from the (essentially) zero slope in the occipital-brain data (p = 10°). The GIn difference
between MF and LF remained significant (p = 2.4x10%) following a Bonferroni correction,
which was done by multiplying the uncorrected p value by the number of metabolites, 8. The
GIn CRLB of the LF region was distinctly larger than those of other regions (9 - 31% vs. 2 -
6%). For GSH, the concentration was estimated to be more or less 1 mM in the four regions.
The estimates from the MF and MO were significantly different from each other (1.1 and 0.8
mM respectively; p =0.01). Linear regression analysis suggested that the GSH concentration
may be higher in frontal GM than in occipital GM (p = 0.02). In contrast to many other
metabolites, NAAG showed negative correlation with fom. The NAAG estimate was very
similar between frontal and occipital brain. The mean concentration of the LF and LO
regions was ~2.5 times higher than that of the MF and MO regions (1.9 vs. 0.8 mM). A
linear regression of the entire 36 estimates of NAAG gave the ratio of the Y -axis intercepts at
fem = 0 and 1 as 33+42. The concentration of NAA was estimated to be fairly constant
between the four regions (9 - 10 mM), without an indication of significant difference
between GM and WM or between frontal and occipital brain. For tCho, the concentration

from the MF region was distinctly larger than those from other regions (1.9 vs. ~1.3 mM)
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(Table 5-1). The concentration was significantly different between GM- and WM-dominant

regions (p = 6x107° in frontal and 0.01 in occipital). The correlation with fom was quite
different between frontal and occipital brain, the slope being positive (0.9) in frontal brain
and negative (—0.4) in occipital brain, which were both significantly different from zero (p =
4x1078 and 0.01 respectively). The tCr estimates from the MF, LF, MO, and LO regions
were 8.6, 5.4, 8, and 6.4 mM, respectively. The tCr level was significantly different between
GM- and WM-rich regions (p < 4x107°%). The GM tCr levels in frontal and occipital brain

(10.0 and 8.9 mM respectively) were significantly different from each other (p = 0.02).

5.4 DISCUSSION AND CONCLUSION

Although, at 7T, short-TE MRS gives large signals with minimal T signal loss, the
spectral overlaps between the broad multiplets and interference of MM signals could make
GABA estimation from short-TE data difficult, as in our prior study (33). Given the spectral
complexities at short TEs, simplification of spectra via suppression of MM signals and
manipulation of the J evolution at an optimized intermediate TE can provide an alternative
tool for measuring small metabolite signals. The current paper reports regional variations of
GABA, Glu, GIn, GSH and NAAG, together with those of NAA, tCho and tCr, using PRESS
(TEs1, TE2) = (31, 61) ms, which was tailored for improving the spectral resolution of the J
coupled resonances between 2.1 and 2.6 ppm, particularly for GABA. This PRESS TE =92
ms method gave substantial narrowing of the GABA 2.28 ppm and Glu 2.35 ppm multiplets
and allowed improved differentiation of the small GABA signal from the adjacent Glu peak

compared to our previously-reported TE = 100 ms method (33). The Glu signal amplitude
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was slightly suppressed to increase the GABA selectivity, but this is not detrimental to Glu

detection given the overall small CRLB of Glu in the present study (2% or less). In
particular, acquisition of in vivo data that show a visually discernible GABA peak at 2.28
ppm may be a major achievement of the present study. The GABA CRLB was reduced
compared to our prior study (i.e., ~5% vs. ~15% for medial frontal brain), indicating
improved precision. Additionally, spectral fitting without GABA resulted in noticeable
residuals at the GABA resonances, indicating good selectivity of GABA by the optimized
MRS. In addition, it is noteworthy that the GABA signal strength from the PRESS TE = 92
ms method is substantially larger than the GABA 3.01 ppm signal obtainable by J difference
editing. A computer simulation indicated that, for a GABA-to-Cr concentration ratio of 1:8,
a GABA 2.28 ppm to Cr 3.03 ppm signal amplitude ratio is 3.7% in PRESS TE = 92 ms
whereas J difference editing can give a GABA 3.01 ppm signal only up to 2% of the Cr
signal depending on the slice-selective RF pulse bandwidth.

Several prior 7T MRS studies reported GABA measures together with other brain
metabolites, obtained with conventional MRS sequence schemes at relatively short TEs (6
and 35 ms) (117,157,158). The tCr concentration estimates of the present study and the prior
studies are similar for medial occipital brain (8 mM vs. 8 - 8.7 umol/g). For this brain
region, our GABA estimate is somewhat smaller than the estimates in the prior studies (0.8
mM vs. 1 - 1.5 umol/g). The GABA CRLB was quite smaller in our study (5 - 6%)
compared to the prior studies (7 - 15%). For Glu, our estimate of 9.1 mM agrees well with
the prior studies (9 - 10 umol/g), with mean CRLBs < 2% in all the studies. Gln was

measured at various levels (1.5 - 3 umol/g) in the prior studies, among which our GIn
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estimate of 2.3 mM is close to the measurements (2.2 - 3 umol/g) at TE = 6 ms (117,157).

Published concentrations of GSH are between 0.9 and 1.4 umol/g while our estimation is 0.8
mM. The mean CRLBs of GIn and GSH are slightly lower in the current study (3 and 6%
respectively) than in the prior studies (4 - 13%).

At 7T, while GABA may be measurable by means of uniform excitation over the
entire resonances as demonstrated in the present and aforementioned prior studies
(117,157,158), some studies measured GABA using spectral editing such as difference
editing or polarization transfer methods (166-168), which edited the GABA 3.01 ppm C4-
proton resonance utilizing its J coupling to the 1.9 ppm C3-proton resonance. A notable
difference between the uniform excitation and spectral editing methods is homocarnosine
contamination. Due to the close proximity of the homocarnosine C4 and C3 proton
resonances to the free GABA C4 and C3 proton resonances, the homocarnosine C4 proton
resonance will be fully co-edited in GABA editing and consequently the edited signal at ~3
ppm will be representative of the concentrations of GABA plus homocarnosine (assuming no
other contamination). In contrast, the performance of a uniform excitation method may be
largely dependent on the selectivity of the GABA 2.28 ppm C2-proton resonance.
Generating a well-defined GABA 2.28 ppm signal against the neighboring abundant Glu
signal would therefore be essential for reliable estimation of GABA. Since the
homocarnosine 2.35 ppm C2-proton resonance (162,169) is relatively distant from the
GABA C2-proton resonance, GABA estimation by uniform excitation may be quite immune
to homocarnosine contamination. Interestingly, our GABA estimates of 0.8 - 1.0 mM in

medial frontal and occipital brain are in good agreement with prior spectrally-edited free
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GABA estimates that were obtained with a correction for homocarnosine contamination

(166,169) assuming a homocarnosine-to-free GABA concentration ratio of 1/3 (170). In
biopsies from frontal, temporal and cerebellar cortices of the human brain, the
homocarnosine concentration was measured to be about 50% of the free GABA level (171).
GM and WM dependence of GABA was evaluated in several prior MRS studies,
mostly 3T, which all performed regression analyses to obtain the GABA levels in pure GM
and WM (23,155,172,173). In the current study, the GM-to-WM GABA concentration ratio
was about the same between frontal and occipital brain (~7.5). This value is in good
agreement with a prior measure (~8) by spectroscopy imaging, in which the GABA 3.01 ppm
was measured with double-quantum editing and a nonlinear regression was undertaken on
point-spread-function corrected estimates of GABA/tCr, mostly from posterior brain (155).
Our estimate for occipital-GM GABA is lower by ~30% compared to this prior study (1.0 vs.
1.3 mM) in which homocarnosine was likely included in GABA estimates. A similar GM-to-
WM GABA concentration ratio (8.7) was obtained from a linear regression in a prior single-
voxel MRS study in sensorimotor cortex (173), in which the GM GABA estimate was quite
large (2.8 mM). However, the GM-to-WM GABA concentration ratio from the present study
is much larger than those (2 - 3) from other prior studies (23,172). For regional variations in
GABA, our observation of higher GABA in MF than in MO agrees with a recent 3T study
which reported GABA levels in four regions in anterior and posterior cingulate cortices
(174). In this prior study, GABA was measured to be significantly higher in anterior
cingulate cortex than in posterior cingulate cortex while the fractional GM content within the

voxel in the anterior region was lower than that in the posterior. In contrast, GABA was
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measured to be higher in posterior brain than in anterior brain in other 3T study (175). The

cerebellar GABA level was measured to be lower than the anterior cingulate GABA level in
another prior 3T study (176). It may be that the GABA concentration and its dependence on
tissue composition vary from one anatomical location to another and the GABA measures of
the current study could be specific to the locations investigated.

Several prior spectroscopic imaging and single-voxel MRS studies evaluated Glu in
GM and WM with regression analyses (80,141,148,177). The GM-to-WM ratio of Glu is in
good agreement between the present and prior studies (2 - 2.5) most likely because of the
relatively high concentration and consequently large signal. In contrast, there is paucity in
literature for regional variations in GIn and GSH, perhaps due to the presence of technical
challenges in measuring these relatively low concentration metabolites. While in our study
GIn was estimated to be substantially higher in GM than in WM in frontal brain and to be
about the same between GM and WM in occipital brain, a prior spectroscopic imaging study
at 7T (148) showed that Glin is about 2 fold higher in GM than in WM in the supplementary
motor area. Compared to a single-voxel MRS study at 7T (178), which reported metabolite
ratios (/tCr) from MRS voxels (~15 mL) in medial frontal and right frontal brain (without
regression), the (GIn/tCr)me-to-(GIn/tCr).r ratio of the present study (calculated from Table
1) is quite large compared to the (GIn/tCr)mr-to-(GIN/tCr)rignt-Frontal ratio of the prior study
(2.4 vs. 1.3). For GSH, the GM-to-WM concentration ratio of ~1.2 (frontal brain) in the
present study is slightly smaller than a value (1.5) from a prior spectroscopic imaging study
(difference editing of the GSH 2.95 ppm resonance) (179), in which the GSH level was

estimated to be 3.2 and 2.2 mM for GM and WM, respectively. Our observation of higher
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GSH in frontal GM than in occipital GM agrees with the result from this prior study. For

NAAG, our measures of the concentrations in the GM- and WM-dominant voxels (~1 and ~2
mM respectively) agree well with the reported values in prior MRS studies (91,117,180).
The NAAG-to-NAA ratios in the GM and WM voxels of the present study, which were
respectively ~0.1 and ~0.2 for both frontal and occipital brain, show slight discrepancy
compared to some previous studies (92,179), but are in good agreement with recent 3T and
7T studies (181,182).

Several weaknesses and sources of errors may be present in the present study. First,
while spectral simplification by the use of a relatively long TE (92 ms) may be beneficial,
quantification of metabolite levels requires correction for T» relaxation effects. Since the T»
effects in GABA, GIn and GSH were corrected using the Glu T» value, uncertainties may be
present in the estimation of GABA, GIn and GSH, depending on the differences in their T2’s
from the Glu T2. Second, slice displacements due to the limited bandwidth of the 180° RF
pulse were quite large (~10% of the slice thickness per 0.5 ppm), preventing estimation of
metabolites in an identical volume. Third, although the NAA CH, multiplet at ~2.5 ppm was
substantially suppressed with PRESS TE = 92 ms, the residual signal was not negligible
compared to the C4-proton multiplets of GIn and GSH and thus could interfere with
estimation of these metabolites. It appears that the NAA multiplet at ~2.5 ppm can be further
suppressed by applying an additional RF pulse between the PRESS 180° pulses (178),
although this may require additional echo time optimization. In the present study, a short-TE
(13 ms) STEAM water signal was obtained from a single voxel and used for metabolite

estimation. As shown in Table 1, the fractional GM contents within the NAA 2.01 ppm and
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tCho 3.21 ppm resonance voxels in left frontal brain differed by ~7% from that of the ~2.5

ppm resonance voxel. It is expected however that, with published water concentrations in
GM and WM (81% and 71% relative to the bulk water concentration respectively (183)), the
GM+WM water signals from the shifted voxels may differ by ~1% from the acquired water
signal. This is within the experimental errors in vivo. Also, errors could be introduced due to
the difference in the slice profiles of the STEAM 90° and PRESS 180° RF pulses, whose
ratios of the transition width to the bandwidth at half amplitude were 10% and 12%
respectively. The discrepancy between the STEAM and PRESS voxel shapes was ignored in
this study. Lastly, presence of potential residual MM signals near 2.28 ppm could influence
estimation of GABA by the proposed method. Although the MM resonance at ~2.3 ppm
may undergo very rapid T relaxation (i.e., ~10 fold faster compared to the Cr CH3 resonance
(184)) and consequently the signals are extensively attenuated at TE = 92 ms at 7T, precise
evaluation of the MM 2.3 ppm multiplet resonance (159) would be required for ensuring
GABA detection without MM interferences. However, it is likely that, given similar MM
concentrations between GM and WM regions (23), the notable difference in the 2.28 ppm
signal strengths in our spectra from medial frontal and left frontal voxels (see Fig. 3) may be
primarily due to the regional difference in GABA, implying that our GABA estimates may
not contain substantial MM contaminations.

In conclusion, we have measured GABA and other challenging metabolites in several
regions in healthy human brain, using a GABA-optimized PRESS method at 7T in vivo.
Linear regression of the GABA estimates with respect to the fractional GM content indicated

that GABA is 7 - 8 fold higher in GM than in WM. The concentrations of Glu and tCr were
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about 2 fold higher in GM than in WM while NAAG was notably higher in WM than in GM.

The dependence of GIn and tCho on tissue composition was markedly different between
frontal and occipital brain. These results suggest that evaluation of potential alterations in
the metabolites in disease conditions may require comparison of the estimates from matched
brain regions and/or interpretation of the metabolite measures together with the tissue

contents.



APPENDIX A
Numerical quantum-mechanical simulations by the product-operator-
based transformation matrix algorithm

Quantum-mechanical simulations were carried out to numerically simulate spectra of
metabolites and generate modeled spectra fo LCModel spectral fitting. The time evolution of
the density operator was calculated numerically incorporating the shaped 90° and 180° RF
and gradient pulses. The product-operator-based transformation matrix method was
employed to calculate the spectra at numerous echo times (14,31). The density matrix
simulations were programmed with Matlab (The MathWorks Inc., Natick, MA, USA).
Published chemical shift and coupling constants were used in the simulation (82,185,186).

The time evolution of the density operator p is described by the Liouville-von
Neumann equation

op/ot =i [H, p], Equation 1
which has a solution

p = exp(—iHt) po exp(iHt), Equation 2
for a time-independent Hamiltonian H. The Hamiltonian H may include the chemical shift
(CS) and scalar coupling (J) terms and the radio-frequency (RF) and gradient (G) pulse
terms,

H = Hcs + Hy + Hrr + Hg, Equation 3

in the rotating frame.
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For a spin system with N coupled protons (spin = 1/2), 4N product operators (PO) can

constitute a complete set in Liouville space (133). The density matrix p may be written as a

linear sum of the PO terms a.,

4N
p= Zciai )
i=1 , Equation 4
where p and o are 2¥x2N square matrices with complex entries, and the coefficient c is real.

The density operator can be expressed as a column vector o which is composed of the

coefficients c,

a7, Equation 5
The density operator evolution during an RF pulse can be put in terms of a single matrix
multiplication (14),

(o T1,1 T1,2 T1,4N C
, C, T, T 248 || G2
o=|." |=]|. ) ) . |=To
!
Cyn T4N,1 T4N,2 T4N,4N Cyn

: Equation 6
where the transformation matrix T is a 4¥x4N square matrix with real entries. The T-matrix

was constructed for each spatially/spectrally-selective shaped RF pulse and used for
calculating the time evolution of the density operator during the MRS sequences for each
metabolite.

For a time-dependent RF pulse whose envelope consists of n numbers as a function of
time, Hrr and consequently H may be constant during each time period At. The density

operator following the RF pulse was calculated using a (total) time evolution operator Viota,
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p = Viotar* po Viotal, Equation 7

where

V,

total

=V Vp ViV Equation 8

The time evolution operator for the i-th period of the RF pulse, Vi, was obtained using

_ i 1y diag -1
V. =U exp(-i H™ At)U | Equation 9

where Hi%9 (= U'HjU) and U are the diagonalized matrix and the unitary matrix of the
Hamiltonian of the i-th period, Hi, respectively.

When a gradient pulse was applied during an RF pulse for slice selection, since Hg
and consequently H are position dependent, the space was divided into small segments and
the calculation of Eq. [7] was undertaken for individual segments, assuming uniform Hg
within each segment. The simulation for slice selection was conducted on a 20 mm thick
slice at the center of a 30 mm sample. The sample space was divided into 150 segments, the
spatial resolution being 1% with respect to the slice thickness (i.e., 0.01 = 30/150/20). The
90° and 180° slice-selective RF pulse envelopes consisted of 500 and 200 digits for RF
amplitude/phase variations, respectively. With an RF carrier at 3 ppm, the slices of
resonances between 1 — 5 ppm were all included within the sample dimension for both 90°
and 180° RF pulses. For the 180° pulse, two density matrices were calculated with two
orthogonal RF phases (i.e., 0 and =/2), and the slice-localized density matrix was obtained
via subtraction between the matrices,

Pslice = (Pg=0 — Po=ri2)/2. Equation 10
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The square matrix psiice Was then converted to a column vector o, whose i-th element was

calculated from
ci = trace(ai pslice), Equation 11
where ai is the normalized i-th PO term of the spin system and i = 1, 2, ..., 4N. A single-
column matrix was calculated from each PO term as an initial density operator prior to the
RF pulse, and placed in the corresponding column of the T-matrix. For a metabolite with n
coupled spins, a 4"x4" transformation matrix was constructed from the 4°" column vectors,
each from each PO term. The T-matrix calculation time for the PRESS 90° RF pulse was
relatively minimal (~1 min) because the calculation was to be done only for a single PO term
(i.e., I). For calculating a spectrum following a PRESS sequence
ss90 — TD; —ss180 — TD2 — ss180—TDs— Acquisition Equation 12
|— TE:1 —|— TE; -],
the simulation began with the calculated density matrix of the slice-selective 90° pulse
(ss90). The time evolution during the inter-RF pulse delay (TD1) was calculated using
p=V1ipoV, Equation 13
where V = U exp(—i H%® TD;) U, and H%9 and U were formed from H = Hcs + Hy. After
this, the square density p matrix was converted to a column matrix o using Eq.[11] and
multiplied by the ss180 T-matrix (Eq. [6]), giving a column matrix at the end of the ss180.
This column matrix was then converted to a square matrix p for calculating the density
operator evolution during the subsequent time delay (TD2). The calculation of the density

operator evolution was continued to obtain the density operator p at the end of the sequence.
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The expectation values of single-quantum coherences were then extracted from the p, using

trace(l-p), to construct a time-domain signal, which was Fourier transformed to obtain a
spectrum in the frequency domain. The spoiling gradients symmetric about the PRESS 180°
pulses were omitted in the simulation because the 2-step phase cycling in the T-matrix

calculation eliminated the outer-band magnetization completely.
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