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Abbreviations 9.1 Magnetic Resonance
Spectroscopy (MRS)
13C Carbon 13
2D COSY Two-Dimensional COrrelated  9.1.1 General Overview
SpectroscopY
2D JPRESS Two-Dimensional J-resolved Magnetic Resonance Spectroscopy (MRS) is a
Point RESolved Spectroscopy  non-invasive technique that quantitatively mea-
Cho Choline sures the metabolic composition of tissues in vivo
Cr Creatine using conventional magnetic resonance (MR)
CRLB Cramer—Rao lower bounds scanners. This technology is of special interest for
CSI Chemical shift imaging clinical applications in psychiatry due to its non-
FT Fourier transform invasive nature. In recent years, studies have dem-
FID Free induction decay onstrated its diagnostic capability in psychiatric
fMRI functional magnetic resonance  conditions such as schizophrenia, bipolar disorder,
imaging depression, as well as in neurodegenerative disor-
GABA gamma-Aminobutyric acid ders and neuro-oncology among others (Oz et al.
Gln Glutamine 2014). The most relevant brain chemicals that can
Glu Glutamate be quantified include: N-acetylaspartate (NAA), a
Glx Both glutamate and glutamine  neuronal marker; creatine (Cr), involved in energy
GPC Glycerophosphocholine metabolism; choline (Cho), a key component of
GSH Glutathione myelin; glutamate (Glu), an excitatory neurotrans-
JPRESS J-resolved Point RESolved mitter; y-aminobutyric acid (GABA), an inhibitory
Spectroscopy neurotransmitter, and glutathione (GSH), an anti-
MCI Mild cognitive impairment oxidant involved in neuroinflammation. In this
MEGA PRESS  MEscher-GArwood Point chapter, the biological roles of the primary brain
RESolved Spectroscopy metabolites will be discussed. Moreover, the gen-
ml myo-Inositol eral principles of MRS and the specialized pulse
MRI Magnetic resonance imaging sequences that enable the detection each of these
MRS Magnetic resonance metabolites will be described. Furthermore, a com-
spectroscopy prehensive introduction of the most common tech-
NAA N-Acetylaspartate niques and examination protocols used in research
NAAG N-Acetylaspartylglutamate and clinical applications will be presented.
NMDA N-Methyl-D-aspartic acid
NMR Nuclear magnetic resonance
PCP Phencyclidine 9.1.2 Physics of MRS
PC Phosphorylcholine
PCr Phosphocreatine MRS is based in nuclear magnetic resonance
PET Positron emission tomography (NMR) spectroscopy, which was first introduced
PRESS Point RESolved Spectroscopy  in the early 1950s and was typically employed in
RF Radiofrequency organic chemistry to define chemical structures
ROI Region of interest (Bloch 1946; Bloch et al. 1946; Purcell et al.
ROS Reactive oxygen species 1946). Shortly thereafter, NMR spectroscopy
STEAM STimulated Echo Acquisition ~ was successfully applied to the human body
Mode (Andrew 1980), providing access to quantitative
SVS Single voxel spectroscopy and non-invasive studies of biochemistry.
TCA Tricarboxylic acid cycle The physics behind MRS is fundamentally the
TE Echo time same as that utilized by NMR. In an MRS experi-
TI Inversion time ment, the patient is placed into a uniform static
TR Relaxation time magnetic field such that unbound nuclei precess at
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a specific frequency proportional to the field
strength, known as the Larmor frequency. Then, a
radiofrequency (RF) transmitter coil excites the
nuclei by applying electromagnetic radiation in
the form of an RF pulse. The nuclei absorb the
electromagnetic energy, altering the orientation of
the nuclear spins. Finally, as the nuclei relax back
to their original state, energy is released and
detected by the receiver in the RF coil as a free
induction decay (FID) signal. By computing the
Fourier transform of the measured FID, its spec-
tral components can be obtained and visualized in
a graph (Fig. 9.1). Each molecule in the sample
resonates at established frequencies, which appear
as a peak at a specific frequency location, or
chemical shift, along the x-axis. The chemical
shift of a molecule is often expressed in parts per
million (ppm) of the Larmor frequency so the
scale is independent of the magnetic field strength.
In an MRS spectrum, the concentration of a spe-
cific metabolite is proportional to the area under
the curve of each peak. Higher concentrations
result in larger peaks, which enables MRS’s use
as a quantitative technique. Some pulse sequence
parameters that largely influence the robustness
and sensitivity of this technique are: echo time
(TE), related to the time between the excitation
and the signal readout; repetition time (TR),
which corresponds to the time between consecu-
tive excitations; number of signal averages and
the volume of the excited tissue. The neurome-
tabolites that can be detected with MRS are of
great interest as they are tied to metabolic and
neurological processes within the brain that
directly relate to a physiological, cognitive or
neuronal process.

9.1.3 Brain Metabolites

The abundance of hydrogen ('H) in organic
molecules and the relatively high sensitivity
that it provides in MRS in comparison with
other nuclei, allows detecting several character-
istic resonances of the central nervous system
(CNS). Although up to 18 metabolic compo-
nents could be identified in a '"H MRS spectrum

in vivo, their detection is generally limited by
different factors related to the hardware sensi-
tivity, field strength, spectral overlap, signal
artifacts, and patient stability. The present sec-
tion presents a detailed description of the most
relevant brain metabolites that can be reliably
measured and quantified under healthy and dis-
ease conditions using clinical MR scanners,
typically at 3 T magnetic field strength. In
Fig. 9.1, a representative '"H MRS examination
is shown together with the measured spectrum
and the different metabolic components present
in it.

9.1.3.1 N-Acetyl Aspartate (NAA)

NAA is an amino-acid derivative synthesized in
neurons and transported down axons (Moffett
et al. 1993). In '"H MRS of the brain and under
healthy conditions, the primary resonance of
NAA appears as the largest peak in the spectrum
located at 2.02 ppm. Studies have also correlated
the concentration of NAA in the brain with the
number of neurons measured. Therefore, it is
considered a marker of healthy neurons, axons,
and dendrites (Urenjak et al. 1992). A diagnosis
can be made using MRS by either comparing the
numeric values of NAA concentrations or by
recognizing abnormal patterns of peaks in the
spectra. This has been shown across a variety of
diseases (Lin et al. 2005; Harris et al. 2006;
Moffett et al. 2007). Although different studies
have shown some of the functions of NAA in the
central nervous system, the main role of NAA is
not fully understood (Barker 2001).

9.1.3.2 Creatine (Cr)

Creatine (Cr) and its phosphorylated version,
phosphocreatine (PCr) appear with their major
resonance at 3.02 ppm. The metabolism of Cr and
PCr provides the basis of energy metabolism in
the brain via the mitochondria where Cr is phos-
phorylated by the enzyme creatine kinase and
adenosine triphosphate (ATP) to form PCr and
vice-versa (Ross 2000). As a key metabolite to
maintain energy homeostasis, Cr is uniform in
different areas of the brain and between subjects.
For this reason, the ratio to Cr is often reported as



164 E. Coello et al.
NAA
Cho
Cr
Cr
ml Glu
i Cho
NAA
AN or
Chemical Shift (ppm)
4.5 4 3.5 3 25 2 1.5 1 0.5
1 1 1 1 1 1 1 1 1

Fig. 9.1 Standard 'H MRS of the brain at short echo
time. (left) Selected volume of interest (VOI) within the
brain showed together with the anatomical reference.

a normalized concentration between metabolites
and subjects. However, in some situations, energy
utilization can be affected by disease and other Cr
metabolic pathways, thus affecting the reliability
of relative concentrations. Mitochondrial dys-
function in the brain would likely cause changes
in Cr and PCr and has been implicated across a
range of neuropsychiatric disorders including
schizophrenia and bipolar disorder (Rezin et al.
2009). Cr can be also affected by osmotic equilib-
rium in the brain (Bluml et al. 1998). Furthermore,
as Cr is synthetized in the liver, a reduction in Cr
in the CNS can be caused by liver failure.

9.1.3.3 Choline (Cho)

Choline (Cho) or total Cho (tCho) includes sev-
eral different metabolites: choline, phosphoryl-
choline (PC), and glycerophosphorylcholine
(GPC), which are the main constituents, as well
as phosphorylethanolamine and glycerophospho-
rylethanolamine, to a lesser extent. The primary
resonance can be found at 3.2 ppm. These metab-
olites are components of the myelin sheath, cru-
cial for the propagation of signals throughout the
brain. As a result, an increased Cho level is found
in areas of greater myelin and membrane density

(right) Measured spectrum containing resonances of five
metabolites, namely glutamate (Glu), choline (Cho), myo-
inositol (ml), N-acetyl-aspartate (NAA) and creatine (Cr)

such as in the white matter. In addition, PC and
GPC are involved in the metabolism of phospha-
tidylcholine and other membrane phospholipids.
Thus, the turnover of the membrane of myelin
phospholipids, as well as demyelination, are
closely tied to increases in Cho as observed by
MRS. Due to the involvement of Cho in both
membrane turnover and degradation, as well as
density, it is a sensitive but not necessarily a spe-
cific marker of membrane conditions.

Recent studies in Alzheimer’s disease
(Kantarci 2007), schizophrenia (Kraguljac et al.
2012), and depression (Caverzasi et al. 2012)
have shown conflicting reports on Cho levels in
these conditions. In bipolar disorder, however,
the literature has shown a consistent elevated
choline signal in the basal ganglia (Maddock and
Buonocore 2012). The most likely reason for
why Cho findings are discordant across different
studies even within the same disease is due to the
sensitivity of Cho to the gray and white matter
volumes in the regions of interest studied. A solu-
tion to this problem is to combine image segmen-
tation within the voxel of interest for MRS to
account for the relative contributions of gray and
white matter to the Cho level.
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9.1.3.4 Myo-Inositol (ml)

Myo-inositol (ml) is a cyclic sugar-alcohol only
detected at short echo times. Its main observable
resonance peak appears at 3.52 ppm. ml is
involved in a multitude of different metabolic pro-
cesses (Ross and Bluml 2001), such as cerebral
osmotic regulation and demyelination. While its
role may not be well understood, the importance
of ml, however, is the broad range of concentra-
tions found across different diseases. For exam-
ple, ml has nearly zero concentration in hepatic
encephalopathy to up to a three-fold increase in
newborns compared to nominal adult values.
Therefore, it has been found to be highly specific
and sensitive within the context of disease diagno-
sis in patients when compared with controls and
therefore provides great clinical value.

Studies of dementia have highlighted the impor-
tance of ml. In the early stages of dementia, such as
mild cognitive impairment (MCI), ml is elevated
long before symptoms of dementia are obvious
(Kantarci 2013). Moreover, in combination with
NAA, ml predicts the outcome of MCI patients and
is also highly sensitive and specific in the diagnosis
of Alzheimer’s disease (Oz et al. 2014).

9.1.3.5 Glutamate (Glu) and
Glutamine (GIn)

Glu is an amino acid with several important roles
in the human brain. It is the most abundant excit-
atory neurotransmitter; therefore, several neuro-
logical and psychiatric diseases have an impact
upon this molecule. Neuronal dysfunction leads
to an accumulation of Glu, which results in exci-
totoxicity. Additionally, Glu is a key compound
in brain energy metabolism via the citric acid
cycle. After its release into the synaptic cleft,
Glu is taken up by adjoining cells through excit-
atory amino acid transporters. Astrocytes are
responsible for uptake of most extracellular Glu
preserving the low extracellular concentration of
Glu needed for proper receptor-mediated func-
tions (Schousboe 2003; Schousboe and
Waagepetersen 2005). Glu is stored as Gln in the
glial cells, and the balanced cycling between
these two neurochemicals is essential for the
normal functioning of brain cells (Gruetter et al.
1994; Mason et al. 1995).

Gln is the main precursor for neuronal Glu
and GABA (Hertz and Zielke 2004). It has been
estimated that the cycling between Gln and Glu
accounts for more than 80% of cerebral glucose
consumption (Sibson et al. 1998; Pellerin and
Magistretti 1994). The molecular structures of
Glu and Gln are very similar and, consequently,
give rise to similar magnetic resonance spectra
(Govindaraju et al. 2000). Thus, even though Glu
has a relatively higher concentration in the brain,
its major resonances are usually contaminated by
contributions from GIln, GABA, GSH, and
NAA. For this reason, the term GIx is often used
to reflect the combined concentrations of Glu and
Gln. Section 9.5 details different pulse sequences
to achieve the separation of Glu from its neigh-
boring metabolites.

9.1.3.6 y-Amino Butyric Acid (GABA)
GABA is the major inhibitory neurotransmitter in
the brain. In the developing brain, GABA is ini-
tially excitatory and later shifts to its inhibitory
role as glutamatergic functions develop (Ben-Ari
2002). Moreover, GABA is of interest across a
broad range of psychiatric conditions such as anx-
iety, memory loss, depression, and pain. GABA
acts as an inhibitor by binding to specific recep-
tors that open ion channels, creating a negative
membrane potential and preventing the further
formation of action potentials. Nevertheless, the
detection of GABA using MRS is challenging due
to a couple of reasons. First, the concentration of
GABA in the brain is rather low, ranging from 1.3
to 1.9 mM (Govindaraju et al. 2000), therefore it
is difficult to detect accurately and consistently.
Additionally, GABA nuclear spins couple with
other neighboring spins, causing the molecule to
appear as multiple resonances around 1.9 ppm,
2.28 ppm, and 3.0 ppm, that overlap with other
major metabolites such as NAA, Glu, and Cr,
respectively. Therefore, specialized sequences
(see Sects. 9.3.2 and 9.5) are required to reliably
estimate GABA concentrations in vivo.

9.1.3.7 Glutathione (GSH)

The primary role of GSH is as an anti-oxidant,
providing a defense system against oxidative
stress (Dringen et al. 2000), which can cause
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damage related to DNA modification, lipid per-
oxidation, and protein modification, from which
the brain is especially vulnerable. Oxidative
stress is also strongly associated with neuroin-
flammatory processes (Agostinho et al. 2010;
Mosley et al. 2006). Consequently, GSH metabo-
lism has been found to play an important role in
the pathogenesis of neurodegenerative disorders,
as well as psychiatric disorders. GSH is synthe-
sized intracellularly and differently between neu-
rons and glial cells, thus providing an interesting
specificity to GSH measures to identify inflam-
matory processes.

GSH is composed of Glu, cysteine, and gly-
cine, therefore its spectrum highly overlaps with
all three of those metabolites (Matsuzawa and
Hashimoto 2011). Particularly of concern is the
overlap with Glu, given that GSH concentra-
tions in the brain are 1-3 mM whereas Glu con-
centrations are 6-10 mM (Govindaraju et al.
2000). With minor modifications to the methods
that will be described in Sects. 9.3.2 and 9.5,
resonances of GSH can be effectively separated
from Glu.

9.2 Localization Techniques

To detect and to quantify the metabolic compo-
nents of brain tissue it is necessary to precisely
localize the volume of interest (VOI) within the
brain. To achieve this, RF pulses combined with
magnetic gradients are used to selectively excite
the given region of the brain. This effectively iso-
lates the signal from the VOI avoiding over-
whelming lipid signals from the skull that can
contaminate the signal. In this section, three
commonly used localization sequences will be
described.

9.2.1 Stimulated Echo Acquisition

Mode (STEAM)

STEAM is a method that uses a series of three
consecutive slice-selective 90° pulses for local-
ization (Frahm et al. 1989). Since the sequence
only yields half as much of the maximum detect-

able magnetization, the signal-to-noise ratio
(SNR) is reduced compared to other localization
methods such as PRESS or semi-
LASER. Nevertheless, an effective water sup-
pression and shorter echo times (TE; the time
between the first two 90° pulses and between the
third 90° pulse and the stimulated echo) are more
easily accomplished via STEAM (Haase et al.
1986). This provides an advantage when detect-
ing short-T2 metabolites such as GABA, ml, Glu,
and Gln.

9.2.2 Point-Resolved Spectroscopy
(PRESS)

PRESS is a localization technique that selectively
excites a specified volume using a pulse sequence
that consists of a slice-selective 90° pulse fol-
lowed by two slice-selective refocusing 180°
pulses (Bottomley 1987). Each RF pulse is
applied in conjunction with a perpendicular gra-
dient. The first pulse excites an axial slice, while
the other two pulses refocus the proton spins
inside the intersection of the three perpendicular
slices. In the selected volume, B-field homoge-
neity can be optimized using shim coils to
improve the spectral line width and consequently
the quality of the measurement. Reduction of
contamination by nuisance signals, i.e., water
and lipids, is often achieved by additional outer
volume suppression (OVS) bands around the
localized voxel. While this technique achieves a
higher SNR than STEAM, it suffers from chemi-
cal shift displacement errors (Andronesi et al.
2010) that reduce the reliability of the localization
at high field strengths. Similar to STEAM,
metabolites with short T2 are not visible at longer
echo times (TE > 80 ms) such that only NAA, Cr,
and Cho can be measured.

9.2.3 Semi-Localized by Adiabatic
Selective Refocusing
(Semi-LASER)

Semi-LASER is an improved localization method
that incorporates amplitude- and frequency-
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modulated adiabatic full passage (AFP) refocus-
ing pulses. The sequence utilizes an optimized
90° slice-selective pulse followed by a pair of
180° AFP slice selective refocusing pulses
(Scheenen et al. 2008a; Scheenen et al. 2008b).
The adiabatic pulses achieve an in-plane spin
refocusing that is less sensitive to B;-field inho-
mogeneities and chemical shift displacement
errors, resulting in a more accurate localization.
Nevertheless, due to the high energy that AFP
pulses deposit in the subject, the minimum repe-
tition time (TR) is limited, thus extending the
total acquisition duration.

9.3  Single Voxel Spectroscopy

(SVS)

The standard SVS experiment incorporates, at
each TR, a water suppression module, a volume
localization module and record the resulting
FID. To improve SNR, several excitations are
recorded and then averaged. Studies have shown
that short-TE acquisitions increase the SNR and
maximize the number of metabolic components
that can be detected (Mlynarik et al. 2006).
Details regarding signal reconstruction and pro-
cessing will be described in Sect. 9.7.

9.3.1 TE-Averaged PRESS

In this method, a series of 1D PRESS spectra are
measured with increasing TE value. Then the sig-
nals are averaged to produce a 1D spectrum that
contains an average of the TE effects in the signal
(Bolan et al. 2002; Dreher and Leibfritz 1995).
From this 1D spectrum, relatively uncontami-
nated Glu and GIx peaks can be quantified (Hurd
et al. 2004). While TE-averaging is a simple and
reliable method for measuring Glu and Gln, it
sacrifices spectral information arising from the
J-evolution of other metabolites. Moreover, a dif-
ferent T2 effect is present at each TE value, which
should be ideally corrected using a basis set with
the same experimental parameters as the acquired
sequence.

9.3.2 J-Editing

Spectral editing, or J-difference editing, is a
method that enables the detection of resonances
that overlap with higher-concentration metabo-
lites. Some examples include GABA, which
overlaps with Cr, and lactate, which can be
obscured by the lipid signal. In general, this
method applies the concept of scalar coupling to
modify the signal of a single scalar-coupled
metabolite and separates it from uncoupled
metabolites (Rothman et al. 1984).

9.3.2.1 Meshcher-Garwood PRESS
(MEGA-PRESS)

In MEGA-PRESS (Mullins et al. 2014), the
J-editing method introduced in the previous sec-
tion is used in combination with the PRESS exci-
tation scheme. Currently, this technique is widely
used as the standard for GABA editing. GABA
has two characteristic resonances at 3.0 ppm and
1.9 ppm. Applying a frequency-selective pulse
that is on resonance at 1.9 ppm would increase
the signal in the 3.0 ppm region if GABA is
indeed present. Likewise, a frequency-selective
pulse that is off resonance would not influence
the 3.0 ppm peak. Subtracting the spectra from
these two different acquisitions should preserve
the metabolite that only resonates at the charac-
teristic frequencies of GABA. Although this
method has shown to successfully estimate
GABA concentrations in several brain regions
including the anterior cingulate cortex, occipital
lobe, and parietal lobe (Terpstra et al. 2002; Oz
et al. 2006; Bhattacharyya et al. 2007; Waddell
et al. 2007; Kaiser et al. 2007; Edden and Barker
2007), spectral subtraction may lead to artifacts
or loss in SNR and undesired off-resonance
effects may affect the robustness of the
technique.

9.4  Chemical Shift Imaging (CSI)

Chemical shift imaging (CSI), also known as MR
spectroscopic imaging (MRSI), allows measur-
ing the spatial distribution of metabolites in the
brain. Like in MRI, magnetic gradients are used
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to encode the 2D or 3D frequency components of
the sample, known as k-space. Like SVS, local-
ization using STEAM, PRESS or semi-LASER
and water suppression modules are typically used
in combination with the spatial encoding to
reduce artifacts related to nuisance signals. For
each phase encode, the spectral information is
acquired in the form of an FID. Therefore, the
signal can be reconstructed following the pipe-
line described in Fig. 9.2, with the incorporation

Channel Combination
Y
Frequency Correction
Y
Signal Averaging

Csl

of an additional 2D or 3D Fourier transform. The
reconstructed data can be then visualized as an
intensity map showing the spatial distribution of
each metabolite. This map is typically interpo-
lated and overlaid with the anatomical MRI
image as shown in Fig. 9.3a, b. Alternatively, the
reconstructed spectra can be visualized in a grid
(Fig. 9.3c) to evaluate its features and detect
potential artifacts in the signal, thus avoiding
misinterpretation of the data.

T Yes
?No

Spatial FT (2D / 3D)

Water Removal

Phase Correction

Spectral FT

Metabolite Quantification

Fig.9.2 Standard reconstruction and processing pipeline
for 'TH MRS experiments. Equivalent reconstruction steps
can be used for SVS and CSI with only of one extra pro-

a T1-weighted b CSI Map

S
o
=
Qe

Fig. 9.3 Visualization of 2D CSI reconstructed data. (a)
The corresponding anatomical T1-weighted image and the
localized voxel. (b) A representative metabolite map show-

cessing step involved in computing the 2D or 3D spatial
Fourier transform (FT) of the data (blue)

c CSI Spectra

e
I
e
=i

ing the distribution of the total choline to creatine ratio
(tCho/Cr). (¢) Local CSI spectra displayed in every voxel for
qualitative assessment. (Modified from Coello et al. 2018)
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In CSI acquisitions, the optimization of the
By-homogeneity is challenging due to the large
volume that is measured. This reduces the spec-
tral resolution and may cause spectral overlap-
ping and inaccuracies in metabolite quantification.
Moreover, the spatial information measured can
extend the acquisition time considerably, limiting
the maximum resolution of 2D and 3D-CSI.

9.4.1 Phase Encoded CSI

Phase encoded CSI is the most widely used due
to its simplicity and SNR efficiency. It uses mag-
netic gradients to additionally encode the spatial
dimensions of the measured sample. Then the
FID signal is recorded in the absence of any gra-
dient to preserve the spectroscopic information.
Each voxel in the acquired VOI contains a spec-
trum that allows for the assessment of the meta-
bolic profile of a specific location or alternatively
for the visualization of the spatial distribution of
a specific metabolite of interest. This has an
advantage over single voxel MRS techniques, as
multiple brain regions can be assessed using the
CSI technique. However, the acquisition time
directly scales with the number of phase encodes,
i.e., the number of spatial positions encoded,
which limit the maximum matrix size that can be
acquired in a clinically feasible time. Several
alternatives to phase encoded CSI have been pro-
posed to either reduce scan time or increase the
spatial resolution. These include spiral phase
encoding, echo-planar sequences, multi-slice
sequences, and parallel imaging methods (Posse
et al. 2013).

9.4.2 Echo Planar Spectroscopic
Imaging (EPSI)

Fast encoding-efficient techniques such as EPSI
shorten the acquisition time of CSI scans at the
cost of SNR (Posse et al. 1995; Posse et al. 1994).
Based on the same principle as echo planar imag-
ing (EPI), this technique simultaneously encodes

and acquires the temporal dimension and one
spatial dimension. This is achieved using an
oscillating gradient that encodes one spatial
dimension during the sampling of the FID. Two
gradient trajectories commonly used are flyback
and symmetric EPSI readouts. In flyback EPSI
(Cunningham et al. 2005), sampling takes place
only during positive lobes of the oscillating gra-
dient. This has the advantage of being more
robust against trajectory imperfections since the
flyback gradient causes the sampling points to be
well aligned. However, this approach requires a
high gradient performance and a significant
amount of time is spent on the flyback segment of
the trajectory. In symmetric EPSI (Zierhut et al.
2009), on the other hand, the readout takes place
during both positive and negative gradient seg-
ments. This provides enhanced SNR efficiency
and is less gradient demanding. Nonetheless, the
bipolar trajectory is prone to spectral ghosting
artifacts due to inconsistencies between the odd
and even k-space lines, which requires an extra
correction step (Coello et al. 2018).

9.5 Two-Dimensional

Spectroscopy

Two-dimensional and multi-dimensional spec-
troscopy methods make it possible to separate
scalar coupled and noncoupled metabolites into
orthogonal planes (Aue et al. 1976). Despite the
longer measurement times compared to 1D MRS,
2D spectroscopic techniques have a great poten-
tial for the unambiguous detection of overlapping
frequencies. Thus, increasing the number of
metabolites that can be reliably quantified.

9.5.1 Correlation Spectroscopy

(COsY)

2D correlation spectroscopy (COSY) utilizes a
sequence with two 90° pulses separated by a time
interval ¢;, with variable increments between con-
secutive excitations, and with a standard readout



170

8.5 7.5 6.5 5.5 4.5

F2 (ppm)

Fig. 9.4 Reconstructed 2D COSY spectrum. Green
squares indicate the location of six metabolic components
of interest, namely (a) GSH, (b) NAA, (¢) GIx, (d) Cho,

time #,. In this way, a series of 1D spectra is
acquired (Jeener et al. 1979). After two-
dimensional Fourier transform (FT) of the time
dimensions ¢, and t,, a 2D spectrum is obtained.
Figure 9.4 shows a typical reconstructed COSY
spectrum, where the x and y axes correspond to
the frequencies F2 and F1, respectively. In 2D
COSY, scalar-coupling between protons in mol-
ecules results in cross-peaks that allow for unam-
biguous identification of different metabolites
(Thomas et al. 2001; Cocuzzo et al. 2011;
Ramadan et al. 2011). This technology has been
translated to clinical MR scanners and has been
applied in vivo (Schulte et al. 2006), demonstrat-
ing detection of GABA, Glu, Gln, GSH, among
other metabolites (Figs. 9.4 and 9.5).

9.5.2 2D JPRESS

2D JPRESS acquires a series of TE increments to
provide a 2D MR spectrum. It differs from 2D
COSY in that it utilizes the standard PRESS

E. Coello et al.

3.5 25 1.5 0.5

(e) Cr, and (f) NAA. Quantification can be performed by
integration of the area under the peak of interest relative to
the area of Cr

sequence for each increment with the addition of
amaximum echo sampling scheme. This approach
increases the sensitivity of the method (Schulte
et al. 2006; Ke et al. 2000; Lymer et al. 2007).
However, an additional consideration is also nec-
essary to quantify the 2D JPRESS spectra. Unlike
COSY where the cross-peak volumes can be mea-
sured as an analog of metabolite concentration,
2D JPRESS cross-peaks are not as differentiated
and therefore this method does not lend itself as
readily for visual analysis. Tools for the quantifi-
cation of this type of data, like ProFit (Schulte and
Boesiger 2006), use prior knowledge, i.e., simu-
lated basis sets of the metabolites, to perform a
non-linear fit of the 2D spectrum. In addition,
2D-JPRESS can be combined with the CSI acqui-
sitions described in Sect. 9.4 (Jensen et al. 2005).
2D-JPRESS CSI can sample the distribution of
metabolite concentrations throughout the brain.
However, this considerably reduces SNR and
extends the acquisition time thus making it chal-
lenging to obtain reliable estimates for low-con-
centration metabolites, such as GABA or GSH.
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Fig. 9.5 °*'P brain spectrum measured with 2D CSI. The
location of the plotted spectrum is indicated in red. The
right plot shows the measured signal and the spectral fit,

9.6  Multi-nuclear Spectroscopy

In addition to 'H MRS, NMR-detectable nuclei
that form biomolecules include phosphorous 31,
carbon 13 and sodium 23, among others. For sev-
eral CNS applications, these isotopes are shown
to be highly specific and sensitive to changes.
Despite the differences in the spectral appear-
ance, resonances that can be found, and measure-
ment challenges that are specific to each of the
NMR-detectable nuclei (described in the detail
below), the basic principles of the technique, sig-
nal acquisition and processing remain unchanged.

9.6.1 Phosphorus-31 (3'P)

Spectroscopy

3P MRS can be used to qualify brain energetics
by measuring the *'P signal from phosphocre-
atine as well as inorganic phosphate, adenosine
triphosphate, and phospholipids such as phos-
phoethanolamine and phosphocholine, as well as
glycerophosphoethanolamine and glycerophos-
phocholine. *'P studies have focused on reduced

where the principal resonances can be identified.
(Modified from Potwarka et al. 1999)

PCr in schizophrenia (Bliiml et al. 1999; Kegeles
et al. 1998), which supports findings from proton
MRS studies where reduced Cr has been found
using TE-averaged PRESS (Ongiir et al. 2009).
In the same study, bipolar disorder did not show
changes in PCr, however, other studies using both
proton MRS (Frey et al. 2007) and *'P MRS
(Kato et al. 1994) have shown reductions in Cr
and PCr. Findings of changes in Cr in schizo-
phrenia and bipolar disorder are inconsistent. A
recent study showed that meta-analysis failed to
find significant abnormalities in Cr levels in both
diseases (Kraguljac et al. 2012). Other techniques
used to measure neurological changes using *'P
MRS include diffusion tensor spectroscopy
(DTS) (Du et al. 2013) and phosphorus magneti-
zation transfer (MT) (Du et al. 2014).

9.6.2 Carbon (*C) Spectroscopy

Unlike *'P MRS, which focuses on the inherent
metabolites within the brain, C MRS takes
advantage of the low background levels of natu-
ral abundance *C (1.1%) in order to provide
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high contrast when '*C-labelled substrates such
as 3C-1-glucose or acetate are infused. This
allows for the measurement of the metabolites
that are subsequently labeled by the metabolism
of the substrates. Of particular interest for psy-
chiatry is the ability to measure glutamate and
glutamine synthesis rates as a putative measure
of neurotransmission. While there have been
very limited studies in schizophrenia (Harris
et al. 2006), this would prove to be a fascinating
area of research.

9.7 MRS Signal Processing

This section outlines data reconstruction and pro-
cessing as it is generally used for spectroscopic
data. Figure 9.2 shows the pipeline of standard
data processing applicable to SVS and CSI
datasets. Often, a water reference scan is acquired
in addition to the water-suppressed metabolite
scan, which can be used to further process the
spectral data. In the following sections, the pro-
cessing steps are explained.

9.7.1 SVS Reconstruction

In SVS a complex 1D temporal signal, known as
FID, is measured using single- or multi-channel
receiver coils in a single TR. Then, the process is
repeated to increase SNR via signal averaging.
Therefore, several processing steps are required
to retrieve a single spectrum from the multi-
dimensional signal recorded. Initially, the mea-
surement of each of the coils in the multi-channel
receiver is combined. This can be done by simple
averaging after signal phasing or using singular
value decomposition (SVD) to obtain weighting
factors proportional to the signal intensity in each
channel, which optimizes the SNR of the com-
bined signal. Then, frequency shifts in the signal,
caused by temperature changes or B-drifts are
corrected through the alignment of the different
repetitions before averaging them. This coher-

ently adds the signals and improves the full width
at half maximum (FWHM), i.e., the spectral res-
olution. Finally, the large water signal and zero-
order phase are removed from the single 1D
temporal signal and the spectrum is obtained via
1D Fourier transform.

9.7.2 (Sl Reconstruction

In CSI acquisitions, additional dimensions
related to the spatial information of the subject
are measured using phase encoding. Analogous
to MRI, this spatial information in arranged in a
2D or 3D k-space. In general, the processing
steps to reconstruct such a signal are equivalent
to the SVS pipeline. However, an additional spa-
tial 2D or 3D FT is necessary to recover the spa-
tial distribution of the signal. Figure 9.2 shows
the position in the pipeline where the spatial
transform is performed.

9.7.3 Post-processing

MRS data can be post-processed and analyzed in
several ways. All major MR platforms have their
own methods of reconstructing the data where
the details are somewhat different, but the end
result is generally an automated or semi-
automated fitting of the metabolite peaks and a
quantitative measure of major metabolites (NAA,
creatine, choline, myo-inositol), usually as a ratio
to creatine to provide a normalization factor to
account for differences in the peak area or ampli-
tude between subjects, which will differ depend-
ing on parameters such as the voxel size, number
of averages, transmit/receiver gain, etc.

9.7.3.1 Water Signal Removal

As the metabolites to be detected exist at much
lower concentrations, typically 3—4 orders of
magnitude, water suppression during data acqui-
sition is a key component of most MRS tech-
niques. However, the intensity of the residual



9 Magnetic Resonance Spectroscopy Methods

173

water peak can still corrupt the baseline of the
spectrum. Thus, it is necessary to remove further
this unwanted residual water. This can be per-
formed using Hankel singular value decomposi-
tion (HSVD). This method decomposes the
temporal signal into decaying sinusoids and esti-
mates the components of the water resonance
peak (Barkhuijsen et al. 1987). By selecting the
spectral range of the water peak, its correspond-
ing FID can be fitted and then subtracted from the
initial time domain signal. Finally, after Fourier
transform, only the metabolite resonances remain
in the spectrum.

9.7.3.2 Eddy Current Correction

Eddy currents are present in every measurement
due to the interaction of magnetic field gradients
with the scanner hardware components. These
can introduce phase distortions in the spectrum
and destroy the metabolite resonance peaks,
especially in the range from 4.5 to 3.5 ppm. A
methodology for correcting eddy current effects
has been effectively demonstrated and widely
used in vivo (Klose 1990). This method estimates
the phase distortions from a water reference
acquisition with identical sequence parameters
but without water suppression. The estimated
phase is then subtracted from the water-
suppressed measurement in the time domain and
the corrected spectrum is recovered via FT.

9.7.3.3 Frequency Shift Correction

During the acquisition of signal averages, fluctu-
ations in the By-field may affect the center fre-
quency of the measurement. This causes the
center frequency of the measurement to drift
through time and consequently, it blurs the spec-
tral peaks when computing the average.
Therefore, the alignment of every individual
average is necessary to reduce the effects of the
B-drifts and improve spatial resolution. It has
been shown that when SVS is combined in the
same clinical study with other gradient-intense
sequences such as diffusion tensor imaging (DTT)

this approach reduces the instability artifacts and
improves the quantification of metabolites
(Rowland et al. 2017).

9.8 Metabolite Quantification

Quantitative MRS is achieved by estimating the
relative area of the resonance peaks, which is
proportional to their concentration in the tissue.
The MRS data can be exported before or after
post-processing to be quantified using commer-
cially available packages such as LCModel
(Provencher 1993), jMRUI (Naressi et al. 2001),
Tarquin (Wilson et al. 2011), AMARES
(Vanhamme et al. 1997), etc. These software
tools incorporate post-processing routines and
prior knowledge to estimate the concentration of
metabolites together with other quality measures,
such as FWHM, SNR and error estimates.

9.8.1 LCModel Quantification

Fitting algorithms based on prior knowledge
have shown superior robustness to non-liner dis-
tortions present in the spectra, such as eddy cur-
rents, distortions in the baseline, linear and
zero-phase effects (de Graaf 2007). Most of these
tools are based on modeling the fitting problem
as a linear combination of a basis set generated
via simulations, signal models or high-quality
measurements following identical experimental
conditions. LCModel is a widely used tool for
used for quantification and reporting of SVS and
CSI data. The fitting algorithm estimates the
metabolite signal and separates it from the base-
line component and the noise. Moreover, a list of
the absolute concentrations, relative concentra-
tions and Cramer-Rao Lower Bounds (CRLB)
are computed for each metabolite present in the
basis set. Finally, a summary of the results is
obtained to perform a diagnosis and can be
exported for further statistical analysis (Fig. 9.6).
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Fig. 9.6 Obtained report using LCModel quantification
software (Provencher 1993). The spectral fit using a simu-
lated metabolite basis set estimates the spectral fit (red) of
the signal and residual components such as baseline and

Summary

42 40 3.8 36 34 32 30 28 26 24 22 20 18 16 14 12 1.0 0.8

noise (black). Furthermore, the concentration values, rela-
tive concentrations (i.e. Crratio) and the CramerRao-Lower
Bound (CRLB) are generated for each metabolite in the

basis

set

e Magnetic resonance spectroscopy (MRS) can non-invasively measure the concentration of
brain metabolites that provide pathophysiological insight into neuropsychiatric diseases such

as:
— N-acetyl aspartate: neuronal marker
— Creatine: energy marker

— Choline: membrane marker

— Myo-inositol: glial marker

— Glutamate/glutamine: excitatory neurotransmission
— Gamma-Amino Butyric Acid: inhibitory neurotransmission

— Glutathione: neuroinflammation marker

* There are several different ways that MRS data can be acquired:
Localization methods such as STEAM, PRESS, and semi-LASER

— Two dimensions providing increased spatial resolution

Two dimensions providing increased spectral resolution
Multinuclear (i.e., phosphorous) acquisitions

e The methods used for post-processing the MRS data also has an impact on the accuracy of

the measurement:
— Presenting 1D spatial spectral data
— Presenting 2D spatial spectral data

— Additional post-processing necessary to correct spectra

— Quantitation of brain metabolites
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