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6.1 Magnetic Resonance
Spectroscopy: The Virtual
Biopsy

6.1.1 Introduction

Research in neuroscience has slowly been trying
to bridge the gap between understanding the dif-
ference between the brain and the mind. In this
process, many of the concepts in cognitive psy-
chology and psychiatry are being rewritten as
development and application of new technologies
further our understanding of the brain. The goal
is to answer many of the questions that cognitive
psychologists and psychiatrists have been seek-
ing to understand. A particularly productive field
of research has involved medical imaging that
utilizes techniques such as functional magnetic
resonance imaging (fMRI; as reviewed in this
textbook (Posner and Raichle 1997)) or positron
emission tomography (PET) (Friston 1997). Both
techniques purport to measure neuronal activa-
tion; however, both only measure specific proper-
ties of the brain: blood flow in fMRI and glucose
uptake with PET. The relationship between these
measures and actual neuronal activity is a major
assumption that is generally unquestioned. A
growing number of scientists, psychiatrists, and
philosophers are nonetheless beginning to ques-
tion this assumption.

Until recently, there were no direct means to
measure brain activity aside from animal studies
in which neuronal activity was measured by elec-
trodes implanted deep in the brain, clearly a very
invasive technique (although electroencephalog-
raphy as reviewed in this textbook can provide a
related measure). A technique that could directly
measure neuronal activity, could provide a non-
invasive assay, and could explore brain systems
as opposed to areas would be the ideal cogni-
tive psychological tool: it exists as magnetic
resonance spectroscopy (MRS), a noninvasive
neurochemical assay that can directly measure
neuronal activity, biochemical systems, and met-
abolic processes utilized by neurons.

6.1.2 Physics of MRS

A technique older than both fMRI and PET,
nuclear magnetic resonance (NMR) spectroscopy,
was first introduced in the early 1950s. Typically
employed by the organic chemist to define chemi-
cal structures, NMR spectroscopy can in fact be
applied to the human body, or more specifically to
the human brain, providing quantitative and non-
invasive studies of neurobiochemistry. The idea
of using NMR to study the human body is by no
means new. In fact, very soon after the first suc-
cessful NMR experiments were conducted on test
tube samples in 1946, Bloch, the pioneer of NMR,
obtained a strong proton signal by placing his fin-
ger in the radio-frequency (RF) coil of his spec-
trometer (Andrew 1980). Although the potential
of using NMR in biological systems was prevalent
throughout the 1950s and early 1960s, it was not
until the development of high-field superconduct-
ing magnets together with the emergence of fast
Fourier transform (FFT) NMR did the potential of
NMR in biological systems become realized (Ernst
1992). During this same time period, scientists
began to realize that NMR machines could produce
images of body structures that very quickly led to
the advent of magnetic resonance imaging (MRI)
as we know it today (Lauterbur 1989). This intro-
duced whole body magnets with magnetic field
strengths of 0.5-9.4 T, of which there are presently
over 25,000 installed worldwide (Rinck 2012).
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It was not until the late 1980s that industry
standardization of spectroscopy occurred, herald-
ing a new era of clinical applications of NMR,
giving a new name (by dropping the word
“nuclear’), magnetic resonance spectroscopy, or
MRS, as well as a new lease to life to spectros-
copy. The physics behind the technique is funda-
mentally the same as that utilized by early NMR:
the sample (patient) slides into the bore of the
magnetic where there is a uniform static mag-
netic field such that unbound nuclei are oriented
parallel and antiparallel according to their spin
state. A radio-frequency (RF) coil is then placed
near the body part of the patient to maximize the
amount of signal that can be obtained. The nuclei
are then excited by electromagnetic radiation in
the form of a pulse sequence via a transmitter.
The nuclei absorb the energy, altering the nuclear
spin. As the nuclei precess or “relax” back to
their original state, energy is released and
detected by the receiver in the RF coil as a free
induction decay, which is promptly fast Fourier
transformed into the resulting spectra (Fig. 6.1).

Cho

Each chemical resonates at established fre-
quencies that upon Fourier transform results in
peaks at specific locations, or chemical shifts,
along the x-axis. The chemical shift of each
chemical is governed by the structure of the
chemical, in particular, the grouping of the hydro-
gen atoms as single or multiple peaks (singlets
and multiplets), and proximity to other hydrogen-
containing groups (J-coupling). These chemical
shifts are often expressed as “parts per million,”
which can be confusing as it does not relate to the
concentration of the chemical, but historically
has been used to express the frequency. The use
of this nomenclature is so that it is not dependent
upon the field strength of the magnet used such
that the resonance frequencies are the same
between a 1.5 T MRI scanner and a 3.0 T scan-
ner. The concentration of the metabolite is
expressed along the y-axis as the height of the
peak such that higher concentrations result in
higher peaks and vice versa. Quantitation of these
peak heights can provide an objective measure of
brain biochemistry that is similar to a blood test

Fig. 6.1 Representative proton spectrum acquired from
the posterior cingulate gyrus. Data were acquired using a
3 T clinical MRI scanner and point-resolved spectroscopy
localization with an echo time of 30 ms and repetition
time of 2 s. Voxel location is shown in the inset to the right

in the axial, coronal, and sagittal planes. Major metabo-
lites of N-acetylaspartate (VAA), glutamate and glutamine
(Glx), creatine (Cr), choline (Cho), and myoinositol (ml)
are labeled
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or lab analysis: different concentrations are mea-
sured and reported, which can then be used for
diagnosis or disease characterization. More
importantly, however, the role of each of the
chemicals is tied to metabolic and physiological
processes within the brain that directly relate to
cognitive or neuronal processes. The remainder
of this chapter will be devoted to the major
metabolites that are detected by MRS, as well as
the different methods by which the data can be
collected.

6.2  N-Acetylaspartate (NAA):

Neuronal Marker

As indicated in the spectra in Fig. 6.1, one of the
chemicals that can be measured by MRS is NAA.
The primary resonance of NAA is at 2.02 ppm. It
is an amino acid derivative synthesized in neu-
rons and transported down axons. It is therefore a
putative “marker” of viable neurons, axons, and
dendrites. Studies where NAA was labeled with
fluorescent tags demonstrated that NAA was dis-
tributed throughout the neuron and axon (Moffett
et al. 1993). Studies have also correlated the con-
centration of NAA in the brain with the number
of neurons measured (Urenjak et al. 1992). The
ability to quantifiably measure neuron popula-
tions allows MRS to provide a diagnostic tool
that no other radiological technique can match:
an ability to literally “count” the number of active
brain cells using a completely noninvasive and
quantitative technique by simply measuring the
peak height of the NAA chemical in the MRS
spectra. This can be utilized in a number of prac-
tical means. For example, every metabolite has a
“normal” concentration that generates a pattern
of peaks that is the same from person to person
unless there is an underlying pathology. Diagnosis
with MRS can therefore be made either by com-
paring the numeric values of metabolite concen-
trations or by recognizing abnormal patterns of
peaks in the spectra. With either method, it is the
increase or decrease in the concentrations of the
metabolites that is diagnostic for pathology as

has been shown across a broad variety of diseases
(Lin et al. 2005; Harris et al. 2006; Moffett et al.
2007). However, it should also be noted that
NAA is a cerebral metabolite that participates in
a number of metabolic processes, and therefore,
the interpretation of NAA as solely a neuronal
marker is somewhat of an oversimplification
(Barker 2001). It is important to understand the
context of NAA metabolism, as detailed below.

6.2.1 NAA Metabolism

NAA is formed by the transamination of glu-
tamate (Glu)with oxaloacetate which leads to
aspartate (Asp) (Cooper et al. 1970), and in the
presence of acetyl coenzyme A and NAA syn-
thase, (L-aspartate N-acetyltransferase), aspartate
(Asp) is converted to NAA. This process occurs
primarily, but not exclusively, in neurons, where
it exhibits a very high intracellular—extracellular
gradient. NAA is hydrolyzed back into aspar-
tate and acetate by aspartoacylase (N-acetyl-
L-ASPARTATE  amidohydrolase) in  mature
oligodendrocytes only. In some neurons, a portion
of NAA is turned into N-acetylaspartylglutamate
(NAAG) in the presence of glutamate (Glu) by an
NAAG synthase (N-acetylaspartate-L-glutamate
ligase) (Baslow 2000). NAA and NAAG are
major neuronal osmolytes, and the large amount
of NAA and NAAG present in the brain can serve
as cellular reservoirs for Asp and Glu. Since both
are polar and ionizable hydrophilic molecules that
undergo a regulated efflux into extracellular fluid,
they can also play a role in water movement out of
neurons (Baslow 2000). In addition, the fact that
the NAA-metabolizing enzyme aspartoacylase is
an integral component of the myelin sheath sug-
gests that intraneuronal NAA may supply the ace-
tyl groups for myelin lipid synthesis (Chakraborty
et al. 2001). Finally, the cell type-specific meta-
bolic enzymes in the NAA and NAAG cycle indi-
cate a three-cell compartmentalization involving
neurons, astrocytes, and oligodendrocytes. Those
neurons that may synthesize NAAG from NAA
and Glu target the release of NAAG to astrocytes,
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Fig.6.2 Tricellular
NAA-NAAG cycle operating
between neurons, astrocytes,
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where it is cleaved into NAA and Glu. The Glu is
taken up by astrocytes, where it may be returned
to neurons via the glutamate—glutamine cycle.
The residual NAA extracellular products are
removed and hydrolyzed by oligodendrocytes
(Baslow 2000). This unique tricellular metabolic
cycle, as shown in Fig. 6.2, involving NAA and
NAAG, provides a potential glial cell-specific
signaling pathway, which can also be reflected in
changes in different diseases (Baslow 2010).

6.2.2 Measuring NAA Using Single
Voxel Spectroscopy

As a “virtual biopsy,” localization is required
when examining specific regions of the brain
involved in disease. Localization is defined by a
region of interest, or voxel, from which the spec-
trum is acquired and, hence, described as single
voxel spectroscopy (SVS). This region is a cube
within the brain that can be visualized and placed
in the sagittal, coronal, and axial planes as shown
in Fig. 6.1. The localization is achieved by utiliz-
ing a pulse sequence that acquires the MRS

signal. Though several sequences, and permuta-
tions of sequences, exist which are capable of
yielding an in vivo MRS spectra, many of them
are research techniques and not widely available
(although discussed later in this chapter). The
two most commonly used sequences are PRESS
and STEAM as described below:

6.2.2.1 Point-Resolved
Spectroscopy (PRESS)

The point-resolved spectroscopy (PRESS)
sequence is a standard part of the software pack-
age that accompanies the two most popular MRI
manufacturers, Siemens (Erlangen, Germany)
and General Electric (Waukesha, Wisconsin). On
Siemens scanners, it is known as “svs_se.” On
General Electric machines, the sequence is called
“Probe-P.” The PRESS sequence was originally
developed in 1987 by Paul Bottomley at General
Electric (Bottomley 1987) and utilizes three
orthogonal magnetic field gradients along the x-,
y-, and z-axes using slice-selective 90° pulse fol-
lowed by two slice-selective 180° pulses to select
a specific three-dimensional voxel, within which
a proton MRS spectrum can be obtained.
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6.2.2.2 Stimulated Echo Acquisition
Mode (STEAM)

STEAM also uses a series of three consecutive
slice-selective  90° pulses for localization.
However, the sequence only yields half as much
detectable magnetization; therefore, the signal-to-
noise ratio is halved. Nonetheless, adequate water
suppression—which is necessary for all MRS
techniques, as the metabolites to be detected exist
at much lower concentrations than water—is
more easily accomplished via STEAM (Haase
et al. 1986). Shorter echo times are also attainable
with STEAM, which may provide an advantage
when detecting short T2 metabolites such as
y-aminobutyric acid (GABA).

6.2.2.3 Post-processing Single
Voxel Data

SVS data can be post-processed and analyzed in
several different 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
semiautomated fitting of the metabolite peaks
and a quantitative measure of major metabolites
(NAA, creatine, choline, myoinositol), usually
as a ratio to creatine to provide a normalization
factor to account for differences in the peak area
or amplitude between subjects which will differ
depending on parameters such as the voxel size,
number of averages, transmit gain, etc. The MRS
data can also be exported for further analysis
using MRS post-processing packages such as
LCModel (Provencher 1993), j]MRUI/AMARES
(Vanhamme et al. 1997), etc. The advantage
of this more sophisticated post-processing is
that it allows for “absolute quantitation” of the
metabolites by incorporating prior knowledge or
additional measures (Kreis et al. 1993) that pro-
vide a concentration in millimolar per kilogram
wet weight that would be equivalent to in vitro
measurements of metabolite concentrations.
While the accuracy of the quantitation, in terms
of “absolute” quantitation, is somewhat contro-
versial, the advantage of this method is that the
metabolites can be quantified without being a
ratio to creatine. This is especially important in
diseases that can cause a change in creatine, in

which case it is unclear whether it is the major
metabolite that has altered or creatine or both.

6.2.3 Measuring NAA Using
Chemical Shift Imaging (CSI)

One of the drawbacks of SVS is the natural limits
of a single area of acquisition. Obtaining spectra
in many different areas of the lesion would be
time consuming. Multivoxel spectroscopy, also
called chemical shift imaging (CSI) or spectro-
scopic imaging, overcomes this issue by adding
an additional phase-encoding step that allows for
spatial encoding of a larger volume such that it is
divided into smaller voxels that can be summed
or selected chemical shifts can be color-coded
into chemical shift maps. In experimental dura-
tion, some two to three times longer than that in
which a single voxel method acquires the spec-
trum of a single ROI, the CSI technique
(Maudsley et al. 1983) can collect an array of
spectra from a single plane.

6.2.3.1 CSl Pulse Sequence

STEAM and PRESS are still utilized for localiza-
tion; however, phase-encoding gradients are
employed to encode the spatial dimensions, and
the MR signal is collected in the absence of any
gradient in order to maintain the spectroscopic
information. Each acquired ROI contains an MR
spectrum that allows for the assessment of the
metabolic profile of a specific location or allows
for visualization of the spatial distribution of spe-
cific metabolites of interest. CSI also allows for
the acquisition of smaller volumes than in single
voxel techniques (as small as 0.4 cm® at higher
magnetic field strength). This has the advantage
over single voxel MRS techniques, as multiple
brain regions can be assessed using the CSI tech-
nique which can also be completed offline via
post-processing routines that allow for position-
ing of different areas of interest, assuming that
they are contained with the larger region of inter-
est selected for CSI acquisitions. Furthermore,
there are additional variants of CSI that utilize
different phase-encoding methods to either
reduce scan time or allow for additional spatial
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Fig. 6.3 Representative chemical shift imaging. (a) Left:
MRI image with grid of voxels indicated in purple. Right:
reconstruction of CSI data as individual spectra. (b)

resolution and information such as spiral phase
encoding, echo planar sequences, multislice
sequences, and parallel imaging methods (Posse
et al. 2013).

6.2.3.2 Reconstruction of CSl Data

The main advantage of CSI is that the spatial infor-
mation is retained such that during post-processing
one can characterize the spectra in a number of
different methods. The field of view can be parti-
tioned into individual voxels determined by the res-
olution of the phase encoding. For example, if 16
frequency encodes and 16 phase encodes are used
in a 16-cm? field of view and 1-cm slice thickness,
each voxel will have a resolution of 1x1x1 cm?,
and a spectrum can be reconstructed in each voxel
as shown in Fig. 6.3a. Analyzing each voxel would
be time consuming, and therefore, there are two
different ways to display the data. First, one can
create a “metabolite map” which selects a certain

Metabolite map of NAA. (¢) Simplified display of CSI data
as a small grid of spectra as indicated on the image (left)
and individual spectra (middle) and summed spectra (right)

region of the spectrum, for example, 2.0-2.05 ppm
for NAA, which creates a map based on the signal
intensity of the spectrum from that spectral region,
which is then displayed on top of the MRI image
as shown in Fig. 6.3b. The spatial resolution of the
metabolite maps are often interpolated which may
result in over-interpretation of the true voxel reso-
lution. There are also issues with signal correction
where some areas may appear to have increased
SNR but overall signal may be increased in that
region, leading to possible misinterpretation of the
data. It is therefore somewhat dangerous to rely
solely on metabolite maps without evaluating the
individual spectra. One can sum all of the spectra
from a certain region of the spectrum, much like a
single voxel acquisition as shown in Fig. 6.3c. This
procedure is repeated at multiple regions in the CSI
volume. The major advantage of CSI is that in post-
processing, the ROI can be readily shifted to any
location with the excitation volume.
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However, CSI suffers from the disadvantage
that the shape of individual ROIs is less well
defined than in single voxel techniques. This can
result in the adjacent ROIs being contaminated by
large-amplitude signals from surrounding ROIs.
Furthermore, CSI is not as reproducible as SVS
(Rosen and Lenkinski 2007) and therefore is less
sensitive to the more subtle changes. Finally, on
most clinical scanners, the majority of CSI acqui-
sitions are set up for long echo MRS which also
eliminates important diagnostic metabolites such
as glutamate Glu or myoinositol (ml), although
for NAA, the focus of this section, it is sufficient.

6.2.4 Whole-Brain NAA

As described above, single voxel and CSI meth-
ods suffer from issues such as lipid contamina-
tion, voxel registration, as well as assumptions of
T1 and T2 relaxation times. One method of
addressing the aforementioned issues is to take
advantage of the fact that NAA is the most prom-
inent peak within the MRS spectrum (thus having
a high signal-to-noise ratio) that acquires signal
from the entire head and is thus named whole-
brain NAA (WBNAA) spectroscopy (Rigotti
et al. 2007). Unlike the single voxel and CSI
methods, WBNAA does not utilize localization
and instead acquires data immediately after exci-
tation (TE=0 ms) with a very long repetition
time (TR=10 s) and a short inversion time
(TI=940 ms). The inversion pulse is alternated
between each acquisition where the TI is designed
to null the NAA signal. The even and odd
acquisitions are then subtracted from one another
which nulls those metabolites, including lipid,
that have a short T1 relaxation time. As NAA has
along T1 relaxation time (1.4 s), it remains visi-
ble. As aresult of the long TR, there are no T1- or
T2-weighting effects. The WBNAA signal is
then normalized to the total brain volume as can
be obtained from brain segmentation. This
method operates under the assumption that all
NAA arises from within the brain, and given the
lack of localization, results of such studies would
imply global effects of the disease.

6.2.5 NAA in Psychiatric Diseases

6.2.5.1 Schizophrenia

A recent meta-review of spectroscopy papers in
schizophrenia revealed 103 papers alone that
focused on MRS which included a total of
2,067 subjects and 2,115 controls of which the
great majority of the studies focused on treated
chronically ill patients (Kraguljac et al. 2012).
All papers utilized either the SVS or the CSI
methods, thereby allowing for regionalized
differences to be measured. Decreased levels of
NAA were found all across the brain including
structures such as the hippocampus, thalamus,
and frontal and temporal lobes. While the tem-
poral lobes showed the greatest decreases in
NAA with a standardized mean difference of
—0.72, the variability of measurements in the
temporal lobe were also greater than any other
area of the brain. The reason for this variability
is due to the susceptibility artifacts that occur
due to the air and bone tissue interfaces within
this brain region that result in distortions and
signal loss (Olman et al. 2009). The basal gan-
glia and frontal lobe showed the most consis-
tent decreases in NAA. While WBNAA
measures have not been applied to schizophre-
nia, these global changes in NAA throughout
the schizophrenic brain would indicate that this
method would be sensitive to these changes.

6.2.5.2 Dementia

Given the relationship between NAA and
neuronal viability, NAA is a key biomarker
for dementia. Dozens of papers have shown
decreases in NAA in both cortical and white
matter regions of the brain including the pos-
terior cingulate gyrus, the temporal lobe, and
the occipital lobe (Graff-Radford and Kantarci
2013). In combination with myoinositol (ml), a
putative glial marker, NAA provides up to 90 %
sensitivity and 95 % specificity for distinguish-
ing Alzheimer’s disease (AD) from healthy
subjects (Kantarci 2007). In a recent study,
the ratio of NAA/ml predicted progression to
mild cognitive impairment (MCI) or dementia
in 214 subjects (Kantarci et al. 2013), which
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supports previous findings of reduced NAA in
MCIT patients. Furthermore, MRS is valuable in
differentiating between different types of demen-
tia such as the Lewy body, frontal lobe, and vas-
cular dementia (Shonk et al. 1995; Kantarci et al.
2004). While the temporal lobe is often thought
to be the ideal location for detecting Alzheimer’s
disease, it is the posterior cingulate gyrus that
has been shown to be the most sensitive to AD.
While there may be a neuropathological role
for the posterior cingulate cortex in AD, as has
been shown in PET studies (Minoshima et al.
1997), this region of the brain is also one of the
most homogeneous parts of the brain that results
in spectra of superior technical quality, which
would also contribute to the diagnostic sensitiv-
ity of MRS to AD and other dementias.

6.2.5.3 Depression/Bipolar Disorder
Changes in NAA in bipolar disorder and major
depression have also been studied extensively
(Capizzano et al. 2007). Several studies have
shown reductions in NAA/Cr in the temporal
lobes as a result of bipolar disorder. Some studies
have also shown reductions in NAA/Cr in the
frontal lobe in patients suffering from major
depression; however, there are also studies that
were not able to replicate these results. This may
be due to the fact that a majority of the studies
used a ratio to Cr despite the fact that some stud-
ies have shown that Cr is altered as a result of
major depression (Gruber et al. 2003).

6.3  Glutamate: Excitatory

Neurotransmitter

Glutamate (Glu) is an amino acid with sev-
eral important roles in the brain. First, it is the
most abundant excitatory neurotransmitter in
the human brain, where it plays a major role in
neurotransmission and where it is released from
presynaptic cells and then binds to postsynap-
tic receptors, thus inducing activation as shown
in Fig. 6.4. As a result, many neurological and
psychiatric diseases have an impact upon Glu.

In particular, dysfunction reflected in excessive
Glu release or reduced uptake can lead to an
accumulation of Glu, which results in excitotox-
icity. This second mechanism is key to not only
understanding the underlying pathophysiology
of different brain disorders but also providing
a potential pathway for disease treatment. The
existence of numerous Glu agonists and antago-
nists now allows for pharmaceutical interven-
tions that can be used to modulate glutamate
Glu levels and thus provide potential treatments.
Finally, Glu is a key compound in brain metabo-
lism via the citric acid cycle and therefore also
tightly coupled to brain energetics.

6.3.1 Glutamate and Glutamine

Metabolism

Metabolically, glutamate (Glu) is stored as gluta-
mine (Gln) in the glia, and the balanced cycling
between these two neurochemicals is essential
for normal functioning of brain cells. Glu and
Gln are compartmentalized in neurons and glia,
respectively, and this chemical interconversion
reflects an important aspect of metabolic inter-
action between these two types of cells. In vivo
studies have revealed that the neuronal/glial Glu/
Gln cycle is highly dynamic in the human brain
and is the major pathway of both neuronal Glu
repletion and astroglial GIn synthesis (Gruetter
et al. 1994; Mason et al. 1995). After its release
into the synaptic cleft, Glu is taken up by adjoin-
ing cells through excitatory amino acid transport-
ers. Astrocytes are responsible for the uptake of
most extracellular Glu via Glu transporters and
additionally have a vital role in preserving the
low extracellular concentration of Glu needed
for proper receptor-mediated functions, as well
as to prevent excitotoxicity (Schousboe 2003;
Schousboe and Waagepetersen 2005). Once taken
up into the astrocyte, Glu is rapidly converted to
Gln by the enzyme GIn synthetase. Small quan-
tities of Gln are also produced de novo or from
GABA (Hertz and Zielke 2004; Bak et al. 2006).
Gln is released from astrocytes, accrued by neu-
rons, and converted to Glu by the neuron-specific



96

S. Merugumala et al.

Terminal Button

Blood
Astroglia
Ac-CoA
f / Gin
TCA, - GIn

Glc

Fig.6.4 Glutamate cycle in the neuron and glia. Glucose
(Glc) from the capillaries is the primary source of fuel for
the neurons which are then metabolized via the tricarbox-
ylic acid cycle (TCA) to acetyl coenzyme A (acetyl-CoA),
then to alpha-ketoglutarate (a-KG), and finally to succinate

enzyme phosphate-activated glutaminase (Bak
et al. 2006). Gln is the main precursor for neuro-
nal Glu and GABA (Hertz and Zielke 2004), but
Glu can also be synthesized de novo from tricar-
boxcylic acid cycle intermediates (De Graaf et al.
2011). The rate of Glu release into the synapse
and subsequent processes are dynamically modu-
lated by neuronal and metabolic activity via stim-
ulation of extrasynaptic Glu receptors, and it has
been estimated that the cycling between Gln and
Glu accounts for more than 80 % of cerebral glu-
cose consumption (Sibson et al. 1998). The tight
coupling between the Glu/Gln cycle and brain
energetics is largely tied to the nearly 1:1 stoichi-
ometry between glucose oxidation and the rate
of astrocytic Glu uptake. This relationship was
first determined by Magistretti et al. in cultured

GABA T
Glu /

GABA

(Suc). a-KG is transaminated to glutamate (Glu), which
can be further metabolized to gamma-aminobutyric acid
(GABA). However, it is primarily released by the neuron
and then taken up into the astroglia and metabolized to
glutamine (Gln)

astroglial cells where the addition of Glu resulted
in increased glucose consumption (Pellerin and
Magistretti 1994). These results provided the
hypothesis that glycolysis in the astrocytes results
in a production of two molecules of ATP, which
are then consumed by the formation of Glu from
Gln, which suggests a tight coupling between the
two mechanisms.

6.3.2 Glutamate and Glutamine
Structure and Spectroscopy

The molecular structures of Glu and Gln are
very similar and, as a result, give rise to similar
magnetic resonance spectra (Govindaraju et al.
2000). The four protons from the two methylene
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groups of glutamate Glu and GlIn are located at
2.04-2.35 ppm and 2.12-2.46 ppm, respec-
tively. Similarly, the methine group resonates at
3.74 ppm and 3.75 ppm for glutamate Glu and
Gln, respectively. Thus, even though Glu has a
relatively high concentration in the brain, its
major resonances are usually contaminated by
contributions from Gln, GABA, glutathione
(GSH), and NAA. To avoid confusion in spec-
tral assignment of Glu and Gln, the term “GIx”
has traditionally been used to reflect the com-
bined Glu and Gln concentrations. However,
this approach does not allow for the evaluation
of conditions where the concentrations of Gln
and Glu are in opposing directions, nor does this
approach allow for the evaluation of Gln and
Glu separately. As our understanding of the
importance of Glu/Gln system in the human
brain has increased, much endeavor has been
invested in being able to quantify Glu or Gln
separately. The sections below detail methods
for measuring Glu utilizing various pulse
sequences to achieve the separation of Glu from
co-resonating metabolites.

6.3.3 Single Voxel MRS
and LCModel

LCModel (Provencher 1993) is a software pack-
age often used for post-processing of MRS data.
It utilizes prior knowledge in the form of a basis
set that is made up of a linear combination of in
vitro, or simulated, spectra from individual
metabolite solutions. The advantage of this
method is that it is almost completely automated
and utilizes algorithms for baseline correction
and peak fitting without imposing restrictive
parameterization and without subjective input. It
is often used in the literature to calculate concen-
trations of individual metabolites including Glu
and GIln. LCModel provides a quantitative mea-
sure of the accuracy of the measure by using the
estimated standard deviations or Cramer—Rao
lower bound (CRLB) that provides a measure of
how reliable the measurement is. A standard
deviation of <20 % has been used throughout the
literature as the criteria for adequate reliability.

While Glu standard deviation measures tend to
fall below 20 %, Gln standard deviation measures
do not. Given the overlap between the two mole-
cules, it is unclear whether LCModel can accu-
rately discern Glu from Gln.

In our lab we conducted a series of experi-
ments where different solutions, or phantoms,
were created that had different concentrations of
Glu and Gln. In three of the phantoms, Glu was
increased from 6 to 18 mM concentrations and
Gln was maintained at 6 mM, which is equivalent
to the physiological concentrations in the brain
(3-5.8 mM (Govindaraju et al. 2000)). In the
other three phantoms, Glu was maintained at
12 mM (equivalent to in vivo concentrations of
6-12.5 mM (Govindaraju et al. 2000)), but Gln
was increased from 3 to 12 mM. Spectra were
then acquired from these solutions using a clini-
cal MRI scanner (Siemens 3 T TIM Trio) using
conventional PRESS MRS (echo time of 30 ms,
repetition time of 2 s). LCModel was then used to
calculate the concentrations of each phantom as
shown in Fig. 6.5. Our results showed that the
variable concentration of Gln has a direct effect
on the reported Glu concentrations and therefore
demonstrates that this method is not sufficient for
discerning Glu from Gln.

6.3.4 Optimal EchoTime

In order to better separate Glu and Gln, the echo
time can be altered to minimize the contribution
of the GlIn signal to the Glx complex. Schubert
et al. (Schubert et al. 2004) were able to selec-
tively detect C4 proton resonances of Glu using a
PRESS sequence at 3 T with a TE of 80 ms and
analyzing the data using both the time and the fre-
quency domains with prior knowledge obtained
from phantom spectra. Using this approach, in
vivo spectral features were similar to in vitro Glu
spectral features collected from a phantom, and
Glu signal was well resolved and separated from
major interferences, such as Gln and NAA.
Similarly, Jang et al. acquired PRESS spectra at
1.5 T in vitro and in vivo at four TE values: 30, 35,
40, and 144 ms (Jang et al. 2005), with the result-
ing spectra analyzed with LCModel (Provencher



98

S. Merugumala et al.

Fig.6.5 Titration curve of 20 4
solutions of glutamate and 18 mM Glu, 6mM Gin
glutamine. Different 18
concentrations of glutamate = 16| 12 mM Glu. 12 mM GIn =
and glutamine were created as % ’
indicated by the data labels. = 141 12 mM Glu, 6mM Gin
The results show that the L
different concentrations of g 124
glutamine had a strong effect § 10
on the 12-mM Glu phantom S
solutions such that LCModel ‘é’ 8 6 mM Glu,
over- and underestimated the S 6 mM GIn
Glu concentration when Gln S 61
concentrations were high and T
low, respectively 41

2 4

0 2 4 6 8 10 12 14 16 18 20

2001). In vitro and in vivo spectra yielded the
lowest Cramer—Rao lower bounds (CRLB) for
Glu quantitation when TE was set to 40 ms. TE
optimization for the purpose of Glu and Gln
detection has also been demonstrated using stim-
ulated echo acquisition mode (STEAM) spectros-
copy by Yang et al. (2008), who optimized TE
and mixing time (TM) to resolve the C4 proton
resonances of Glu and GlIn. Optimal TE methods
are appealing acquisition strategies due to their
ease of implementation for both acquisition and
processing and the ease with which appropriate
parameter timings can be selected at the scanner
interface. Additionally, the resulting spectra can
be analyzed using scanner software or commer-
cially available software (e.g., LCModel, jMRUI)
after simulating an appropriate basis set.

6.3.5 Ultrashort Echo Time

Due to the fact that Glu is a strongly coupled sys-
tem, short echo time acquisitions are usually pre-
ferred over long echo time acquisitions for the
purpose of reducing peak phase modulation. The
ultrashort TE approach in such coupled systems
gives rise to spectra where the majority of peaks
are inphase and thus reduces signal cancellations
due to J-modulations at longer echo times which
in turn lead to more robust signal quantification.

LCModel concentraiton (mM)

Wijtenburg and Knight-Scott (2011) quantified
Glu/tCr at 3 T by combining short TE STEAM
(6.5 ms) with phase rotation (Hennig 1992;
Ramadan 2007) to detect Glu in human brain.
This approach has been compared to 40 ms TE
PRESS, 72 ms TE STEAM, and TE averaging
and demonstrated that the short TE phase-
rotation-STEAM approach yielded the greatest
precision for Glu/tCr ratio quantification followed
by TE averaging, PRESS 40 ms, and STEAM
72 ms (Wijtenburg and Knight-Scott 2011).

The implementation of very short echo time
techniques requires substantial modification of
standard vendor-supplied localization sequences.
These spectra are usually complicated by a broad
baseline extending over the whole spectral width,
and care should be taken during analysis to elimi-
nate the contribution of the baseline to the desired
metabolite signal—which is usually done by uti-
lizing T1 differences (Starcuk et al. 2001). The use
of third-party spectral analysis software and, in
some cases, the collection or simulation of metab-
olite basis set are essential to yield results of high
accuracy (Wijtenburg and Knight-Scott 2011).

6.3.6 TE-Averaged PRESS

In this method, a number of 1D PRESS spectra
are acquired at variable TE values and co-added



6 Magnetic Resonance Spectroscopy

99

T T T
4.0 3.5 3.0 25 2.0
a TE-Average for Glu

T ppm

| Left sTG u
T T 1 T m
4 3 2 1 PP
b MEGAPRESS for GABA

Fig. 6.6 In vivo spectra of schizophrenia. Representative spectrum of (a) glutamate-edited MRS (left panel) and (b)
GABA-edited MRS (right panel) in the left superior temporal gyrus (STG) of a schizophrenia subject

(averaged) in real time to produce a single 1D,
TE-averaged spectrum. Alternatively, the same
TE-averaged spectrum can be obtained if these
time-domain FIDs are ordered in a 2D matrix and
a two-dimensional Fourier transform (2DFT)
applied. The resultant 1D spectrum correspond-
ing to the middle of the F1 axis (F1=0 Hz) is
equivalent to the TE-averaged spectrum obtained
above (Dreher and Leibfritz 1995; Bolan et al.
2002). This 1D spectrum offers relatively uncon-
taminated spectral peaks for C4 protons at
2.35 ppm for Glu and for C2 at 3.75 ppm for GIx
(Hurd et al. 2004). Representative spectra are
shown in Fig. 6.6a.

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. The method also suffers from dif-
ferential T2 weighting per individual TE value,
which can be corrected for if a basis set is similarly

simulated or experimentally acquired. TE-averaging
sequences are not usually available from major
MRI vendors but can be easily modified from stan-
dard PRESS sequence source code.

6.3.7 Glutamate Chemical Exchange
Saturation Transfer (GLUCEST)

A large sensitivity enhancement for the detection
of Glu can be achieved by careful design of MR
exchange experiments. A recent example of this
technique was recently implemented by Cai et al.
where the chemical exchange saturation transfer
(CEST) between bulk water and Glu was utilized
for the detection of Glu (Cai et al. 2012). In such
CEST experiments, advantage is taken from the
protons on the Glu amine group, which are labile
and in constant exchange with the protons of bulk
water. When the Glu NH, protons are saturated
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Fig.6.7 2D correlated spectroscopy (COSY) of schizo-
phrenia. Representative 2D COSY of left STG of SPD.
Green ROIs show identification of multiple cross peaks
such as threonine (Thr), N-acetylaspartate (NAA),
glutathione (GSH), glutamate (Glu), myoinositol (ml),

by RF irradiation at 7.7 ppm (i.e., 3 ppm higher
than water), the resultant saturation effect is
transferred to water due to the ongoing chemical
exchange between the protons of NH, and H,O.
This in turn leads to a reduction in the amplitude
of water resonance due to the saturation of its
protons and the saturation RF field applied to the
Glu amine group. An excellent review of chemi-
cal exchange methodology can be found here
(Zhou and van Zijl 2006).

6.3.8 Two-Dimensional MRS

An alternative to separating Glu from Gln is to use
a second chemical shift dimension: 2D Fourier
NMR spectroscopy utilizes a simple two-pulse
sequence, 90x-t1-90x-Acq(t2), creating a dataset
that is a series of one-dimensional (1D) spectra
with traditional time readout (t2), but each with
increments in delay (t1), inserted before the termi-
nal readout 90° RF pulse (Jeener et al. 1979). Two-
dimensional Fourier transformation (FT) of t1 and

glycerophosphorylcholine (GPC), phosphorylcholine
(PC), total choline (Cho), lysine (Lys), histidine (His),
creatine (Cr), aspartate (Asp), gamma-amino butyric
acid (GABA), glutamate—glutamine (Glx), macromole-
cules (MM), and lipids

t2 produces a 2D spectrum where the x- and y-axes
are the frequencies F2 and F1, respectively, known
as correlated spectroscopy (COSY). In a 2D
COSY spectrum, scalar coupling between protons
in molecules results in cross peaks that allow for
unambiguous identification of different metabo-
lites (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, glutathione, as
well as other metabolites (Fig. 6.7).

6.3.9 '3C Spectroscopy

While the aforementioned methods have been
utilized throughout the literature to study Glu,
these measures provide static measures of Glu,
measuring the total concentration of Glu in the
brain without a sense of the dynamic changes
that result from neurotransmission and brain
energetics. Carbon 13 (*C) MRS is presently
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Fig. 6.8 Fate of 1-'*C atom of glucose through neuronal
TCA and part of the neuronal—glial glutamate—glutamine
cycle involved in glutamate neurotransmission. Two turns
of the TCA cycle are represented. Carbon atoms enriched
are shown in black. Carbons with 50 % chance of enrich-
ment are shaded. For clarity the 3rd turn of neuronal TCA
is represented only by bicarbonate ('3COs) release. In the
paper, CO, is referred to as a bicarbonate (H3CO;).

the only method that provides noninvasive
measurements of neuroenergetics and neu-
rotransmitter cycling in the human brain. *C
MRS, combined with the administration of
13C-labeled substrates, allows the detection of
BC incorporation from '*C-labeled precursors
into various carbon positions of metabolites,
including the Glu cycles between neuronal and
glial compartments (De Graaf et al. 2011). For
example, if glucose, the primary fuel for the
brain, is labeled with a nonradioactive isotope
of 3C on the first carbon, that label is retained
as it is metabolized through the TCA cycle.
At the point of alpha-ketoglutarate, the label
is transaminated to Glu and Gln via the Glu/
Gln cycle as shown in Fig. 6.8. As the label is
incorporated separately into the fourth carbon
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Other abbreviations: Glc glucose, Pyr pyruvate, acetyl-
CoA acetyl coenzyme A, Cit citrate, V¢, tricarboxylic
acid cycle rate, aKG 2-oxoglutarate, Vx s Glu transami-
nase rate, Vy,)transaminase or malate—aspartate shuttle
rate, Glu glutamate, Glug glial glutamate, Gln glutamine,
Ging glial glutamine, aKGyg glial 2-oxoglutarate, Suc suc-
cinyl CoA, OAA oxaloacetate, Asp aspartate, NAA
N-acetylaspartate, Vys4 s NAA synthesis rate

group of Glu and Gln, real-time acquisition of
the brain will result in the observation of the
Glu C4and Gln C4 resonances at 34.4 ppm and
31.8 ppm, respectively. In the second turn of
the TCA cycle, Glu C2 and C3 are labeled.
Thus, *C MRS allows continuous, noninva-
sive monitoring of metabolic fluxes under
different physiological or pathophysiological
conditions.

The '3C MRS acquisition consists of sev-
eral different steps providing multiple means
by which Glu can be measured. These include
choice of substrate (glucose, acetate, label
position), method of delivery (oral, IV, glucose
clamped), data acquisition (direct detection,
indirect detection), and method of analysis
(dynamic difference spectroscopy, isotopomer
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analysis) (Ross et al. 2003). It is important
to note that the natural abundance of "*C is
approximately 1.1 % which implies that there
is very little background signal of indigenous
BC Glu, therefore providing excellent con-
trast to noise ratio of signals that arise from
the incorporation of the '*C label via the TCA
cycle and subsequent transamination from
alpha-ketoglutarate to the Glu/Gln cycle.

6.3.10 Glutamate in Psychiatric
Diseases

6.3.10.1 Schizophrenia

It is thought that schizophrenia is related to a dys-
function in N-methyl-D-aspartate (NMDA) recep-
tors, the major subtype of Glu receptors. Evidence
from studies of NMDA receptor agonists such as
phencyclidine and ketamine has shown decreased
Glu levels as well as the psychotic symptoms
observed in schizophrenia (Javitt and Zukin 1991).
A recent meta-review (Marsman et al. 2013) exam-
ined 28 publications for a total of 647 patients with
schizophrenia compared with 608 healthy controls
appears to support this hypothesis by showing evi-
dence of reduced Glu. While several brain regions
were explored including the medial frontal region,
hippocampus, and thalamus, only significant dif-
ferences were found in the medial frontal region
with reduced Glu. Group-by-age associations
showed that Glu decreased at a faster rate with age
in patients with schizophrenia compared to con-
trols. While there have been few longitudinal stud-
ies of Glu using MRS, the literature appears to
reflect that first-episode schizophrenics show
increased glutamate whereas in the chronic stage of
disease, Glu is decreased (Port and Agarwal 2011).
This provides the basis for the second hypothesis of
excitotoxicity of Glu in schizophrenia. Proponents
argue that initially Glu levels are increased leading
to excitotoxicity, which in turn leads to neuronal
death as reflected by decreases in NAA. In the
chronic stages of the disease, neuronal loss would
also be reflected in decreases in Glu.

The meta-review also showed several studies
where GlIn is increased in schizophrenia
(Marsman et al. 2013), which may reflect defi-
ciencies in glutaminase, the enzyme that converts

Gln into Glu, thus leading to decreased Glu and
increased Gln as reflected in studies in chronic
schizophrenia. However, it is unclear whether the
methods used to measure Gln are accurate as few,
if any, of the aforementioned pulse sequences
have been validated for their measure of Gln
given the overlap between Glu and Gln. The only
efficient method that clearly delineates Gln from
Glu are *C MRS studies of which there is only
one published study (Harris et al. 2006) that
showed reductions in TCA cycle rate, but did not
show differences in GIln metabolism rates
between schizophrenics and controls.

6.3.10.2 Dementia

Several proton spectroscopy studies have demon-
strated decreases in Glu in Alzheimer’s dementia
using traditional MRS methods (Ross et al. 1997,
Jones and Waldman 2004; Fayed et al. 2011) as
well as others such as GIuCEST (Cai et al. 2012,
2013). Reduced Glu is also found in HIV-related
dementia (Ernst et al. 2010). Perhaps of greatest
interest is that some studies in dementia patients
have shown how Glu levels can be reversed using
pharmaceutical interventions such as galan-
tamine, a cholinesterase inhibitor, which showed
that Glu increased after treatment in AD patients
(Penner et al. 2010).

The role of Glu in Alzheimer’s disease has also
been explored in detail using *C MRS. The initial
study in AD utilized [1-*C] glucose in patients
clinically diagnosed with AD as well as age-
matched controls (Lin et al. 2003). The results of
the study showed reduced Glu neurotransmission
as measured by examining the time course of
enrichment of Glu via the TCA cycle as well as
relative enrichment of Glu to Gln. The time course
measurements reflect the neuroenergetics of the
brain and effectively measure TCA cycles rates. In
AD patients, these rates were found to be reduced.
The measure of Glu and Gln enrichment is of par-
ticular interest as it is reflective of Glu neurotrans-
mission in itself. For example, if the glial TCA
cycle is operating faster, then an enrichment pat-
tern with relatively increased Gln signal versus
Glu signal would be expected. In this study, Glu/
Gln ratios were found to be significantly decreased,
reflective of decreased neurotransmission. More
interestingly, when correlated with NAA measures
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as a surrogate marker for neuronal integrity, sig-
nificant correlates were found with Glu/Gln ratios,
further supporting the argument that this measure
may be reflective of Glu neurotransmission in and
of itself. As NAA, or the number of neurons
decreased, Glu/Gln decreased, thus demonstrating
that Glu neurotransmission may be decreased as a
result in the reduction of the number of function-
ing brain cells. Sailasuta et al. also found that
using [1-13C] acetate, the third turn of the TCA
cycle, which produces bicarbonate, is significantly
slower in AD patients when compared to controls
(Sailasuta et al. 2011).

6.3.10.3 Anxiety Disorders

Several studies have demonstrated that Glu is
increased in the anterior cingulate cortex as a
result of general (Strawn et al. 2013) and social
anxiety disorder (Phan et al. 2005; Pollack et al.
2008) when compared with healthy controls.
Excess Glu in anxiety is not only found in group
differences and correlations with anxiety sever-
ity. One study showed that when anxiety is
induced using cholecystokinin tetrapeptide, Glu
levels in the anterior cingulate markedly increase
within 2-10 min of the challenge (Zwanzger
et al. 2013). Furthermore, when patients with
anxiety are treated with medications, such as
levetiracetam, Glu levels appear to decrease as a
result of the treatment (Pollack et al. 2008).

6.3.10.4 Depression

A recent meta-review (Luykx et al. 2012) exam-
ined 16 publications of Glu in major depressive
disorders (MDD) using MRS for a total of 281
patients and 301 controls. The anterior cingulate
cortex and the prefrontal cortex were the two pri-
mary brain regions examined by most studies.
The result of the meta-analysis showed that Glu
and Glx were found to be significantly decreased
in the anterior cingulate in MDD subjects.
However, the literature remains mixed. For
example, 2D COSY was used to study levels of
metabolites in the dorsolateral prefrontal white
matter regions to study MDD in the elderly. The
study concluded that the depressed subjects had
lower levels of NAA and higher levels of Glu/
Gln, ml, and phosphoethanolamine (Binesh et al.
2004).

Perhaps the strongest evidence of the impor-
tance of using MRS to measure Glu in MDD
comes from neuropharmacological literature
where MRS has been used extensively to measure
the effects of medication on brain metabolites. A
recent review identified 15 articles where MRS
was used to assess MDD treatments of which six
specifically studied Glu and/or GIx. These find-
ings showed several studies where Glx levels
were initially decreased in MDD subjects, but
after treatments such as electroconvulsive therapy
and repetitive transcranial magnetic stimulation,
Glx levels increased. These studies give rise to the
hypothesis that Glu has a role in neuroplasticity
(Sanacora et al. 2012), thus clearly demonstrate
that GIx is an important component of MDD and
that MRS is an effective means by which one can
monitor therapeutic interventions.

6.3.10.5 Bipolar Disorder

Given the role of Glu in psychosis and depres-
sion, there is also a body of literature that has
explored the use of MRS in bipolar disorder
(BD). Similar hypotheses of Glu neurotoxicity
and neuroplasticity arise in the literature for Glu
MRS of BD as discussed in a recent review
(Gigante et al. 2012), where 17 studies were
identified. In most studies, the frontal lobe was
the focus of MRS in regions such as the anterior
cingulate cortex and the dorsal lateral prefrontal
cortex. The meta-analysis showed elevated levels
of GlIx in BD. It is particularly interesting that
this remained the case regardless of whether the
patients were medicated. This is in contrast to
MDD studies where Glx levels were decreased
and modified by treatment.

6.4  y-Amino Butyric Acid
(GABA): Inhibitory

Neurotransmitter

The counterpart to Glu is GABA, the major
inhibitory neurotransmitter in the brain.
Interestingly, in the developing brain, GABA is
initially excitatory and later shifts to its inhibitory
role as glutamatergic functions develop (Ben-Ari
2002). The balance between excitation and inhi-
bition is reflected not only in the roles of these
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two neurotransmitters but also in their metabo-
lism as Glu is a metabolic precursor of GABA.
GABA acts as an inhibitor by binding to specific
receptors that open ion channels that allow for
the flow in of negatively charged ions or the flow
out of positively charged ions, thus creating a
negative membrane potential. This, in turn,
hyperpolarizes the cells and prevents the forma-
tion of action potentials. GABA is of particular
interest given the availability of drugs that modu-
late the binding of GABA receptors, such benzo-
diazepines, which have helped elucidate the role
of GABA across a broad range of psychiatric
conditions such as anxiety, memory loss, depres-
sion, and pain. Similar to Glu, GABA is difficult
to detect using MRS due to its overlap with the
resonances of Glu and Gln, therefore requiring
specific sequences to measure. Further, the con-
centration of GABA in the brain ranges from 1.3
to 1.9 mM (Govindaraju et al. 2000) and there-
fore is difficult to detect accurately and consis-
tently given its low concentration.

6.4.1 GABA Metabolism

GABA is synthesized via the GABA shunt (Olsen
and DeLorey 1999): first, alpha-ketoglutarate
from the TCA cycle is transaminated to glutamic
acid by GABA transaminase (GABA-T).
Glutamic acid decarboxylase (GAD) catalyzes
the decarboxylation of glutamic acid to GABA.
GABA can be metabolized to succinic semialde-
hyde by GABA-T but only in the presence of
alpha-ketoglutarate in order to conserve the sup-
ply of GABA. Finally, succinic semialdehyde is
oxidized into succinic acid which then reenters
the TCA cycle, thus completing the shunt. This
metabolism takes place in the GABAergic neu-
ron where GABA is released as a neurotransmit-
ter and then binds to receptors on the postsynaptic
neuron. There are three different types of GABA
receptors, GABA,, GABAg, and GABA( (also
considered GABA,-p), which have different
properties where A and A-p are fast-acting and B
is slow acting and hence different pharmacolo-
gies and diseases. Finally, GABA can also be
taken up by the astrocytes, thus leading to a

GABA-—glutamine cycle following similar meta-
bolic pathways as the GABA shunt.

6.4.2 GABA Structure

As with Glu, the GABA nuclear spins J-couple
with other neighboring spins. This causes the
molecule to appear as a number of small peaks
spread out a broad frequency range on a standard
PRESS spectrum. This results in multiplet reso-
nances around 1.9, 2.28, and 3.0 ppm. The prob-
lem with all of those locations is that they overlap
with other major metabolites within the spectrum
such as NAA at 2.02 ppm, Glu at 2.34 ppm, and
Cr at 3.02 ppm. Therefore, specialized methods
are once again required to discern GABA and to
reliably estimate its concentrations in vivo.

6.4.3 MEGA-PRESS

One technique to measure the GABA peaks involves
utilizing a difference of spectra that selectively pre-
serves the GABA signal while eliminating other
metabolites. GABA has characteristic resonances at
3.0 and 1.9 ppm. A frequency-selective pulse that
targets one of these regions would also enhance the
signal in the other region due to the effect of
J-coupling. 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 have an effect on the
3.0 ppm peak. Subtracting the spectra from these
two different pulse acquisitions should preserve the
metabolite that only resonates at the characteristic
frequencies of GABA as shown in Fig. 6.6b.
MEGA-PRESS utilizes these frequency-selective
pulses and combines them with PRESS localiza-
tion. While this method has the selectivity to mea-
sure GABA, by utilizing difference spectra, there is
a loss in SNR and a chance to introduce additional
artifacts as a result of subtraction.

This method has been successfully applied to
estimate the GABA concentration of several brain
regions including the anterior cingulate cortex
(ACC), occipital lobe, and parietal lobe (Terpstra
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et al. 2002; Oz et al. 2006; Bhattacharyya et al.
2007; Edden and Barker 2007; Kaiser et al. 2007,
Waddell et al. 2007). This sequence combined
with LCModel quantitation of the MEGA-PRESS
spectra can provide an estimate of the absolute
GABA concentration present in the brain in vivo.

6.4.4 Double Quantum
Coherence (DQC)

A DQC filter technique can be used to eliminate
uncoupled resonances from metabolites like cho-
line, creatine, and NAA and leave strongly cou-
pled resonances from GABA in a single
acquisition without the need for subsequent spec-
tral editing. This method exploits the difference in
the phase-accumulation rate of coherences from
single versus multiple quantum states. By selec-
tively rephasing, only the magnetization from a
multiple quantum coherence, the signal from the
uncoupled metabolites, is removed. Because this
method does not require the difference spectra
from two scans, the SNR is improved and the
acquisition time is reduced (Keltner et al. 1997).
Quantifying GABA from DQC-filtered spectra
has the potential to provide more reliable and
reproducible estimates (McLean et al. 2002; Choi
et al. 2004, 2005a, b). The technique can be
applied with PRESS localization just as with
MEGA-PRESS, and the same applications of
study are possible. Comparison of subjects with
occipital lobe epilepsy (OLE) versus healthy con-
trols shows increased levels of GABA acquired
from DQC spectra (Simister et al. 2003). An
increased GABA concentration after treatment
with the SSRI citalopram in the OCC with healthy
subjects is also detected with DQC spectra
(Bhagwagar et al. 2004).

6.4.5 2D JPRESS

Similar to 2D COSY, 2D JPRESS also acquires a
series of TE increments to provide a 2D MR spec-
trum. 2D JPRESS differs from 2D COSY in that it
utilizes the standard PRESS sequence for each
increment with the addition of maximum echo

sampling scheme that increases the sensitivity of
the method (Ke et al. 2000; Schulte et al. 2006;
Lymer et al. 2007). Additional consideration is
also necessary to quantify the 2D JPRESS spectra.
Unlike COSY where the cross-peak volumes can
be measured as an analog of metabolite concentra-
tion, 2D JPRESS cross peaks are not as differenti-
ated and therefore do not lend itself as readily for
visual analysis. More sophisticated tools like
ProFit (Schulte and Boesiger 2006) attempt to
quantify the 2D spectra with prior knowledge
basis sets of the metabolites similar to LCModel.
2D JPRESS can also be combined with the CSI
method previously described in Sect. 2.3 where
instead of using PRESS, 2D JPRESS is used
instead (Jensen et al. 2005). 2D-JPRESS CSI can
sample many regions of interest to determine the
GABA concentration, but obtaining reliable spatial
distribution maps of GABA in the brain requires
overcoming technical challenges. The smaller
voxel size greatly reduces the SNR of each spec-
trum making the GABA concentration estimates
inherently less reliable relative to estimates from
larger voxels. The 2D JPRESS can also be com-
bined into a 1D TE-averaged JPRESS spectrum, as
described earlier; however, while the TE-averaged
JPRESS spectra can be used to reliably estimate
other metabolites like Glu, this method is less reli-
able for quantifying GABA (Mullins et al. 2008).

6.4.6 GABA in Psychiatric Disease

6.4.6.1 Schizophrenia

Alterations in GABA neurotransmission underly-
ing the pathophysiology of schizophrenia are evi-
denced by reduced GABA synthesis as reflected
by decreased activity of GAD67 in parvalbumin-
staining cortical neurons (Gonzalez-Burgos et al.
2010). Additionally, GABA, receptors may be
upregulated, possibly reflecting a compensatory
response to reduced GABA levels (Jarskog et al.
2007). Due to the relatively recent advances in
MRS that has allowed for GABA measurements,
MRS studies of GABA in schizophrenia are rap-
idly evolving. A study of chronic schizophrenics
reported the MEGA-PRESS estimated GABA to
be 10 % lower than in healthy controls and to
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correlate with the orientation-specific surround
suppression — a quantitation of the level of visual
inhibition that is thought to be regulated by
GABAergic pathways (Yoon et al. 2010). A more
recent study found similar reduction of GABA in
chronic schizophrenia in the anterior cingulate
which also correlated with poor attention perfor-
mance (Rowland et al. 2012). In a study in early
course schizophrenia, decreased GABA levels in
the basal ganglia was also found (Goto et al.
2009). In contrast, however, another study found
increases in GABA/Cr ratios in chronic SZ
(Ongiir et al. 2010). These discrepant results may
have resulted from the use of Cr as studies have
shown that Cr is reduced in schizophrenia thus
possibly elevating the ratio if the reduction is
greater than the reduction in GABA. It is also
clear that there are significant medication effects
on the GABA measures as another study in
schizophrenia showed that the measured GABA
concentration in the anterior cingulate was sig-
nificantly negatively correlated with the dose of
antipsychotics (Tayoshi et al. 2010). In this study,
exclusion of patients on these compounds abol-
ished the statistically significant effects.

6.4.6.2 Anxiety

There have only been a handful of studies that
have used MRS for measuring GABA in anxi-
ety. Comparing patients with panic disorder and
healthy controls, MRS studies have found that
GABA is reduced in the occipital cortex, ante-
rior cingulate cortex, and medial prefrontal cor-
tex (Goddard et al. 2001; Long et al. 2013).
Interestingly, upon administration of benzodiaz-
epine, GABA levels in the occipital cortex did not
change (Goddard et al. 2004). Other studies how-
ever have not found differences in GABA levels
in patients with panic disorder in the dorsal pre-
frontal or ventrolateral prefrontal regions (Hasler
et al. 2005). Similarly, there were no significant
differences in patients with social anxiety disor-
der (Pollack et al. 2008). It should be noted how-
ever that measuring GABA is challenging and can
often result in large variability in the measurement
which would result in the lack of significant find-
ings, but should not necessarily be interpreted as a
lack of change in GABA.

6.4.6.3 Depression

A recent review cited 14 papers that utilized
MRS to measure GABA levels in major depres-
sive disorder where there are general findings of
decreased GABA in the occipital cortex, anterior
cingulate, and dorsal prefrontal cortex but not in
the frontal white matter (Maddock and Buonocore
2012). Furthermore, the review highlights four
studies that examine the effect of treatment on
GABA levels and show that treatments of selec-
tive serotonin reuptake inhibitors and electrocon-
vulsive therapy both increased levels of GABA in
the occipital cortex, although one study of cogni-
tive—behavioral therapy did not show increased
levels.

6.4.6.4 Bipolar Disorder

Two studies have shown that patients with bipo-
lar disorder (BD) exhibit lower GABA in the
anterior cingulate, parieto-occipital cortex, and
occipital cortex (Bhagwagar et al. 2004; Brady
et al. 2013). A CSI study, however, did not show
any significant differences between patients
with BD and healthy controls (Kaufman et al.
2009). It is likely that the low SNR of CSI
sequences, as described earlier, resulted in the
lack of statistical differences between the two
cohorts.

6.5  Glutathione (GSH)

The primary role of GSH is as an antioxidant, pro-
viding the brain’s defense system against damag-
ing reactive oxygen species (ROS) that arise from
oxidative stress such as super oxide, nitric oxide,
hydrogen peroxide, and free radicals (Dringen
et al. 2000). The damage caused by ROS include
DNA modification, lipid peroxidation, and pro-
tein modification from which the brain is espe-
cially vulnerable due to the large quantity of ROS
produced there, availability of lipids, and iron
deposition that catalyzes ROS reactions. Oxidative
stress is also strongly associated with neuroin-
flammatory processes (Mosley et al. 2006;
Agostinho et al. 2010). As a result, compromises
in GSH metabolism have been found to play an
important role in the pathogenesis across a wide
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variety of diseases such as neurodegenerative dis-
orders as well as psychiatric disorders.

6.5.1 Glutathione Metabolism

GSH is synthesized intracellularly by first combin-
ing Glu and cysteine to form y-glutamylcysteine
via synthetase enzyme followed by addition of
glycine as catalyzed by GSH synthetase. Due to
the limited supply of Glu, cysteine, and glycine, in
different cell types, GSH is synthesized between
different neurons, astrocytes, and glial cells, thus
providing an interesting specificity to GSH mea-
sures to processes such as neuroinflammation. The
thiol group on GSH is a reducing agent in that it
can donate an electron to unstable molecules such
as ROS. When ROS is present, GSH will reduce
ROS by catalysis of glutathione peroxidase (GPx)
to form glutathione disulfide (GSSG). GSSG can
then regenerate GSH using glutathione reductase.
GSSG resonates at a different frequency on the
MRS spectrum (Satoh and Yoshioka 2006) and
therefore reductions in GSH concentrations as
measured by MRS would provide a putative mea-
sure of brain oxidative stress and neuroinflamma-
tion. However, it is important to note that defects
in GSH metabolism can also reduce concentra-
tions of GSH, and disruptions to GSH synthesis or
GSH peroxidation can also reflect oxidative stress.

6.5.2 Measuring Glutathione

As a tripeptide of Glu, cysteine, and glycine, the
GSH spectrum will have overlap with all three of
those metabolites (Matsuzawa and Hashimoto
2011). From the Glu moiety, the methylene protons
give rise to multiplets at 2.15-2.55 ppm and the
methine at 3.77 ppm (which also has contributions
from the glycine moiety). The cysteine moiety of
GSH gives rise to resonances at 4.56, 2.93, and
2.98 ppm. Thus, there is significant overlap between
Glu and GSH resonances. This is particularly of
concern given that GSH concentrations in the brain
are 1-3 mM, whereas Glu concentrations are
6—10 mM (Govindaraju et al. 2000). Furthermore,
there is also overlap with NAA and creatine reso-

nances as well. Fortunately, many of the same tools
that are used for separating Glu and GABA from
overlapping resonances can also be used for GSH.
Minor modifications to those methods are required:

6.5.2.1 LCModel

Some studies have reported measuring GSH
using conventional PRESS or STEAM MRS
methods by using LCModel (Terpstra et al. 2005;
Wood et al. 2009; Hermens et al. 2012;
Lagopoulos et al. 2013; Duffy et al. 2013).
Current versions of the LCModel basis set (ver-
sions 6.2 and above) contain glutathione within
the basis set which can be used for quantifying
levels of GSH in the brain. However, similar to
the issue described for Glu and Gln, GSH mea-
sures are often reported to have <20 % CRLB in
most publications; however; once again, our lab-
oratory tests have shown that the Glu concentra-
tion can have a significant impact upon the
estimation of the GSH concentration despite the
fact that the CRLB are still reported to be less
than 20 %. It is therefore unclear whether or not
this is a reliable method by which one can mea-
sure GSH. Furthermore, it is important that those
studies that utilize this method must report the
CRLB and they should be below 20 %.

6.5.2.2 MEGA-PRESS

In this implementation of the pulse sequence, the
selective editing pulses are targeted to the
a-cysteinyl protons of GSH at 4.56 ppm, which
after subtraction of the on and off resonance
acquisitions results in detection of the -cysteinyl
protons of GSH (Choi et al. 2004; Terpstra et al.
2005; Matsuzawa et al. 2008; Mandal et al.
2012). LCModel is then used to fit this resonance.
Unlike the PRESS or STEAM spectra, the spec-
tral editing removes the contributions of metabo-
lites such as Glu and GIn and thus provides a
more accurate measure of GSH concentrations
(Fig. 6.9).

6.5.2.3 Double Quantum Coherence
Similarly, DQC methods can also be modified to
target the GSH molecule. In the one study
reviewed here, the group also focused on the cys-
teinyl groups.
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Fig.6.9 MEGA-PRESS GSH spectrum. Representative
spectrum of glutathione measured by MEGA-PRESS.
The difference spectrum is shown at the fop, with an
arrow pointing to the GSH resonance. The middle spec-
trum shows the fit of the data and the bottom spectrum
shows the residual. Note the NAA is co-edited with this
implementation of the MEGA-PRESS sequences
(Terpstra et al. 2005)

6.5.2.4 2D MRS

Although not utilized yet in psychiatric studies,
2D JPRESS and 2D COSY methods can accu-
rately measure GSH in the brain (Thomas et al.
2001; Schulte et al. 2006). The advantage of the
2D methods is that unlike MEGA-PRESS or
DQC which can only measure a single metabolite
for one acquisition, 2D JPRESS and COSY can
measure many metabolites. For example, in order
to measure Glu, GABA, and GSH, using 1D
methods would require three separate acquisi-
tions of approximately 7 min each for a total of
21 min. 2D MRS could measure those metabo-
lites and more in 12 min (Ramadan et al. 2011).

6.5.3 Glutathione in Psychiatry

6.5.3.1 Schizophrenia

A recent review identified four studies that
measure GSH in patients with schizophrenia
(Matsuzawa and Hashimoto 2011). The first
study used DQC to measure GSH in the medial
prefrontal cortex in 14 patients including schizo-
phrenia and schizophreniform disorder and com-
pared them to 14 controls (Do et al. 2000). GSH
was found to be significantly lower which was

further confirmed by a decrease in CSF GSH
levels. The second study utilized MEGA-PRESS
and STEAM in the medial prefrontal cortex in 11
patients with schizophrenia and 9 controls, and
although they found decreased GSH, the differ-
ence was not statistically significant between the
two groups (Terpstra et al. 2005). The third study
also utilized MEGA-PRESS in the medial pre-
frontal cortex, and although they too did not find
significant group differences between schizo-
phrenic (n=20) and controls (n=16), they did
find significant negative correlations between
GSH measures and negative symptom scores
(Matsuzawa et al. 2008). Finally, the fourth study
utilized LCModel with conventional PRESS
(TE=30 ms) in the bilateral temporal cortex in
first-episode psychosis (n=30), of which 13 were
neuroleptic naive and had various diagnoses of
schizophrenia, schizopsychosis, schizoaffective
disorder, and depression with psychotic symp-
toms (Wood et al. 2009). Their findings are sur-
prisingly contrary to previous studies where they
show increased GSH in the schizophrenia group
when compared with controls. It is important
to note however the authors used the criteria of
<50 % CRLB which indicates that metabolite
concentrations could range from zero to twice
the estimated concentration. According to the
LCModel guidelines, this would imply that the
metabolite is undetectable. Coupled with find-
ings of interference of Glu with GSH LCModel
measures, it is likely that these results are not
reliable.

6.5.3.2 Dementia

Two recent studies have utilized MRS to mea-
sure GSH in dementia. The first study utilized
MEGA-PRESS and measured GSH in healthy
young and old controls, 11 patients diagnosed
with MCI, and 14 patients that suffered from
Alzheimer’s disease (Mandal et al. 2012). They
explored several different brain regions including
the frontal cortex, parietal cortex, hippocampus,
and cerebellum. While the study found higher
GSH in the young controls versus the elderly
controls and patients, there did not seem be any
significant differences between the elderly con-
trols and MCI or AD patients. The second study
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(Duffy et al. 2013), however, examined a much
larger group of subjects (54 MCI and 41 healthy
controls) using PRESS (TE=35 ms), MRS, and
LCModel in the anterior and posterior cingulate
gyri. They found elevated GSH levels in MCI
patients when compared to age-matched healthy
subjects in both brain regions. Furthermore, they
also found the anterior and posterior cingulate
GSH levels negatively correlated with executive
and memory function, respectively. The authors
hypothesize that the increased GSH may be a
neuroprotective affect that arises from the upreg-
ulation of GSH in response to oxidative stress
onset by MCIL.

6.5.3.3 Bipolar Disorder

Fifty-four patients with bipolar disorder (13 bipo-
lar I, 25 bipolar II, 15 bipolar spectrum) and 51
age- and gender-matched controls were studied
with PRESS (TE-=30 ms) in the anterior cingu-
late cortex and GSH measured using LCModel
(Lagopoulos et al. 2013). In this case, CRLB
was reported to be less than 20 %. There were no
significant differences found in the comparison
of BD patients and controls nor were there any
significant correlations with clinical scores of
depression or mania. The authors conclude that
oxidative stress does not play a role in bipolar
disorder. It is interesting that an earlier paper
from the same group utilizing the same methods
but in a larger cohort (n=80; mixed psychiatric
disease including depression, bipolar, and psy-
chosis) found that GSH was accounted for by the
40 % of the clusters when cluster analysis was
applied (Hermens et al. 2012). One of the clus-
ters exhibited higher GSH; however, as a mix of
different psychoses, it is difficult to determine
the underlying pathophysiology, which might
explain this finding.

6.6  Other Metabolites

The following metabolites can be measured using
conventional MRS techniques. A description of
their role in the brain and how they are affected
by various psychiatric diseases will be described.

6.6.1 Creatine (Cr)

The major resonance at 3.02 ppm is comprised
of creatine (Cr) and phosphocreatine (PCr),
although in general, most publications refer to
the combination as Cr. LCModel provides both
a Cr measure and a PCr measure, although con-
ventional proton MRS cannot readily distin-
guish Cr from PCr as they are in rapid molecular
exchange with one another. Instead, 3'P MR
spectroscopy must be used to discern the phos-
phorous resonances in PCr. The metabolism of
Cr and PCr provided the basis of energy metabo-
lism in the brain via the mitochondria where Cr
is phosphorylated by the enzyme creatine kinase
and adenosine triphosphate (ATP) to form PCr
in reverse (Ross 2000). Used to maintain energy
homeostasis in the brain, Cr is fairly uniform in
different areas of the brain and between subjects
and therefore is often used as a normalization
factor between metabolites and subjects such
that a ratio to Cr is often used. The danger of
utilizing such a ratio is that it naturally assumes
that the concentration of Cr in the brain (approx-
imately 8 mM) is static and unaffected by dis-
ease (Kreis et al. 1993).

In many situations, this is not the case as
energy utilization can be affected by disease and
other Cr metabolic pathways. 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). 3'P MRS studies have shown reduced PCr
in schizophrenia (Kegeles et al. 1998; Bliiml
et al. 1999) which supports findings from proton
MRS studies where reduced Cr has been found
using TE-averaged PRESS in schizophrenia
(Ongiir et al. 2009). Interestingly in the same
study, bipolar disorder did not show changes in
PCr; however, other studies using both proton
MRS (Frey et al. 2007) and 3'P MRS (Kato et al.
1994) have shown reductions in Cr and PCr.
Findings of changes in Cr in schizophrenia and
bipolar disorder however are inconsistent. A
recent study showed that meta-analysis failed to
find significant abnormalities in Cr levels in both
diseases (Kraguljac et al. 2012).
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It is also important to note that in addition to
mitochondrial dysfunction, Cr can be affected by
other factors. For example, Cr is synthesized in
the liver, and therefore, patients with liver failure
will result in reduced Cr in the brain. Cr is also
an osmolyte and therefore can be affected by
osmotic equilibrium in the brain (Bluml et al.
1998). It is therefore important to screen for
comorbid diseases such as liver disease and
other conditions that may cause changes in brain
metabolites secondary to the disease of interest.

6.6.2 Choline (Cho)

Similar to Cr, Cho is a term that includes several
different metabolites that contain the choline moi-
ety that give rise to the primary resonance at
3.2 ppm. These metabolites include choline,
phosphorylcholine (PC), and glycerophosphoryl-
choline (GPC), which are the main constituents,
as well as phosphorylethanolamine and glycero-
phosphorylethanolamine, to a lesser extent. All
of these metabolites are constituents of sphingo-
myelin and lecithin which make up the myelin
sheath critical for the propagation of signals
throughout the brain. As a result, increased Cho
is found in areas of greater myelin and membrane
density such as in the white matter and in the
pons. In addition, PC and GPC are involved in the
metabolism of phosphatidylcholine and other
membrane phospholipids. PC is a precursor of
membrane phospholipid synthesis, and GPC is
produced upon the breakdown of membrane
phospholipids. Thus, the turnover of the mem-
brane of myelin phospholipids as well as demy-
elination are closely tied to increases in Cho as
observed by MRS. As a result of the involvement
of Cho in both membrane turnover and degrada-
tion as well as density, it is a sensitive marker but
not necessarily specific to membrane conditions.

Recent reviews in Alzheimer’s dementia
(Kantarci 2007), schizophrenia (Kraguljac
et al. 2012), and depression (Caverzasi et al.
2012) have shown conflicting reports on Cho
levels in these diseases. It is only in bipolar
disorder where the literature has shown con-
sistent elevated choline signal in the basal gan-

glia (Maddock and Buonocore 2012). The most
likely reason for why Cho findings are discor-
dant across different studies within the same
disease is due to the sensitivity of Cho to the
gray and white matter volumes in the regions of
interest studied. For example, a meta-analysis
has shown that duration of illness is associ-
ated with basal ganglia gray matter volume in
bipolar patients (Bora et al. 2010), which may
explain the increase in Cho as a function of
membrane density. Within studies, Cho levels
could be affected by placement of the voxel for
MRS, which may include different volumes of
gray and/or white matter when comparing con-
trols with patients thus resulting in conflicting
reports of Cho changes. The solution to this
problem is to combine image segmentation
within the voxel of interest for MRS to account
for the relative contributions of gray and white
matter to the Cho level.

6.6.3 Myoinositol (ml)

ml is a simple sugar alcohol; however, it is involved
in a multitude of different metabolic processes,
and as a result, its role cannot be defined to a single
function (Ross and Bluml 2001). It is a cerebral
osmolyte and also believed to be an astrocyte
marker. Similar to Cho, ml has also been impli-
cated in demyelination. While its role may not be
well understood, the importance of ml however is
the broad range of concentrations found across dif-
ferent conditions from 3x the normal adult values
in newborns to nearly zero in hepatic encephalopa-
thy. It has been found to be highly specific and sen-
sitive within the context of disease diagnosis in
patients when compared with controls and there-
fore provides great clinical value.

The importance of ml has long been recognized
in studies of dementia. In early stages of dementia
such as mild cognitive impairment, ml is elevated
long before symptoms of dementia are obvious
(Kantarci 2013). As described earlier in Sect. 2.5.2,
ml in combination with NAA predicted outcome of
MClI in patients and is also highly sensitive and spe-
cific in the diagnosis of Alzheimer’s disease where
much of the specificity arose from ml measures.
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There does not appear to be strongly associated
changes in ml in other psychiatric disorders includ-
ing schizophrenia, bipolar disorder, or depression.

It should be noted that like Glu, mI can only
be observed at short echo times (TE<55 ms), and
so studies that utilize long echo time MRS would
not be capable of measuring ml. Also, given the
changes in ml observed in hepatic encephalopa-
thy, it is important to screen for liver disease to
ensure that changes in ml are not masked by
comorbid conditions.

Conclusion

MRS is a powerful neuroimaging tool that
can provide noninvasive, quantitative, and
objective measures of key neurometabolites
in vivo. This insight can be utilized to reveal
the underlying pathology of many neuropsy-
chiatric disorders. Highly complementary
to other imaging tools, MRS can be used in
conjunction to better understand the differ-
ent brain functions such as neurodegenera-
tion (NAA), excitotoxicity (Glu), inhibition
(GABA), neuroinflammation (GSH), mito-
chondrial function (Cr), membrane turnover
and demyelination (Cho), and gliosis (ml). In
schizophrenia, reduced NAA, increased Gln,
and variable Glu (dependent on chronicity,
reduced GABA, GSH, and Cr) have been the
major findings providing insight into the neu-
ronal function and the influence of the major
neurotransmitters upon the disease. In demen-
tia, the primary findings are reduced NAA
and Glu and increased ml, which are not only
diagnostic for Alzheimer’s disease but also in
predicting progression of dementia as well.
Reduced NAA, Glu, and GABA are charac-
teristic of depression. Those results provide
an interesting contrast to bipolar disorder
where NAA and GABA are also reduced but
Cho and Glu are increased and GSH does not
appear to change. Anxiety disorder is proba-
bly the least explored by MRS but have shown
increased Glu but decreased GABA, thereby
demonstrating an imbalance between the
major excitatory and inhibitory neurotrans-
mitters in the brain. As MRS methods evolve
through the various pulse sequences and post-

processing methods that are more and more
rapidly becoming available to neuroscien-
tists, psychiatrists, psychologists, and physi-
cians, MRS may eventually cross over into
the realm of clinical diagnosis where it would
be a valuable tool to provide mechanistic and
physiological insight into psychiatric diseases
much as genetics and pathophysiology have
provided for other diseases.
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