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1. Introduction
Magnetic resonance spectroscopy (MRS) is a powerful methodology that allows the direct
detection of endogenous metabolites in the human body non-invasively in vivo. Although
historically most often applied within a clinical context, there is increasing uptake (as there
is with structural and functional MR imaging) of MRS to study the healthy brain. Although
the principal inhibitory neurotransmitter in the human brain GABA, or γ-aminobutyric acid
(H3N+CH2CH2CH2COO−), is only present in the human brain at millimolar levels, it is
possible to measure GABA concentration with MRS, usually by tailoring the MRS
experiment specifically to isolate GABA signals from the spectrum. This review will
summarize the MRS methods proposed for detecting GABA, and address their various
applications to date.

Although the majority of cortical neurons are glutamatergic, approximately one sixth of
cortical neurons are GABAergic inter-neurons [1]. There is wide interest within the clinical
and basic neuroscience community in studying the role of inhibitory processes in normal
brain function and the pathophysiology of disease. Both GABA receptors and transporters
have been well characterized, and associated genes have been implicated by genetic studies
of schizophrenia and bipolar disorder. Two main sub-types of GABA receptor, GABAA and
GABAB, mediate the synaptic effects of GABA, and synaptic GABA is rapidly removed by
high-affinity GABA transporters (GAT). GABA is produced from glutamate by glutamic
acid decarboxylase (GAD) within GABAergic neurons and is metabolised to succinic acid
semialdehyde by GABA transaminase (GABA-T) and thence to succinate, primarily within
astrocytic mitochondria [2].

Among a wide variety of methods for studying GABA and GABAergic processes, the only
technique that allows the direct, non-invasive detection of endogenous GABA in vivo in the
brain is magnetic resonance spectroscopy (MRS). The purpose of this review is to introduce

☆This work was supported in part by NIH P41RR015241.

© 2011 Elsevier B.V. All rights reserved.
*Corresponding author. Address: Russell H. Morgan Department of Radiology and Radiological Science, 600 N Wolfe St., Park 367C,
Baltimore, MD 21287, USA. Tel.: +1 410 614 3418. raee2@jhu.edu (R.A.E. Edden).

NIH Public Access
Author Manuscript
Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2012 June 26.

Published in final edited form as:
Prog Nucl Magn Reson Spectrosc. 2012 January ; 60: 29–41. doi:10.1016/j.pnmrs.2011.06.001.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MRS methods that detect GABA in vivo, and to summarize the existing published literature
applying these methods.

2. Methodological summary
2.1. In vivo 1H magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) is the in vivo application of nuclear magnetic
resonance (NMR) spectroscopy, and is implemented on magnetic resonance imaging (MRI)
scanners. 1H MRS detects radiofrequency signals that arise from hydrogen nuclear spins
within tissue metabolites, and these signals have chemically specific frequencies,
determined by the chemical environment of the hydrogen spins. Thus, MRS signals are
separated in the MR spectrum along chemical lines, in what is known as the chemical shift
dimension. Fig. 1a shows the MR spectrum acquired from an occipital region of the human
brain, showing signals associated with a number of metabolites, most prominent among
them being N-acetyl aspartate (NAA), creatine- (Cr) and choline-containing compounds
(Cho). The spectrum is a plot of signal intensity (roughly proportional to metabolite
concentration) against chemical shift. Chemical shift is reported in field-independent units,
ppm (or parts per million of the proton frequency), so that NAA, for example, always gives
a signal at 2.0 ppm even though signals are acquired at close to 64 MHz in a 1.5T scanner
and 128 MHz in a 3T scanner.

In order to perform useful MRS experiments, it is necessary to localize the MR signal
acquired to a particular region in the body, either by exciting signals only within a specific
volume (or voxel), known as single-voxel MRS or by performing a hybrid MRS and
imaging experiment, known as magnetic resonance spectroscopic imaging (MRSI, also
referred to as chemical shift imaging, CSI). Single-voxel spectra are usually acquired using
either the Point-RE-Solved Spectroscopy (PRESS) [3] or Stimulated Echo Acquisition
Mode (STEAM) [4] methods.

Since it is well-known which metabolites are present in the brain, the MR spectrum from a
given region can be analysed as a linear combination of basis spectra, using tools such as the
LCModel [5], in order to measure metabolite concentrations. The success of this kind of
analysis is affected heavily by the quality of data – the signal-to-noise ratio (SNR) of signals
increases linearly with the measurement volume and the square root of acquisition time, and
the width of signals (and thus their resolution from adjacent signals) depends on the
homogeneity of the magnetic field within the measurement volume. Therefore, a typical
single-voxel measurement might be made from a volume of 8 cm3 in about 5 min, after a
preparation step to optimize the field homogeneity known as shimming.

The spectrum in Fig. 1a exhibits a fundamental problem of in vivo 1H MRS, especially as
applied to GABA – the dispersion of different signals along the chemical shift axis is limited
in comparison with the linewidth of signals (even with good shimming). Therefore signals
from different metabolites often overlap, and signals from more abundant metabolites often
obscure those from less abundant metabolites such GABA.

2.2. Coupling in MRS
One common feature of the MR spectrum is the appearance of multiplets, signals associated
with a single hydrogen environment that are split into a number of sub-peaks (see for
example Fig. 1b). This phenomenon arises because of spin–spin coupling, or J-coupling,
whereby the field experienced by a spin is affected by adjacent spins within the molecule.
The splittings due to coupling result in signals that have lower peak intensity (in terms of
signal height) and a broader footprint along the chemical shift axis, both of which make
coupled species such as GABA and glutamate harder to detect and quantify.
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2.3. MRS of GABA
GABA is present in the human brain at a concentration of about 1 mM, which is an order of
magnitude lower than some of the more concentrated metabolites and ~40,000 times lower
than water. The chemical structure and MR spectrum of GABA is shown in Fig. 1b; the
three different multiplets correspond to the three methylene (CH2) groups in the molecule.
Comparison with the spectrum in Fig. 1a reveals that these signals are overlapped by more
intense signals arising from the more abundant metabolites NAA at 2 ppm, Cr at 3 ppm and
glutamate (Glu) and glutamine (Gln) at 2.3 ppm (Total Glu + Gln is often referred to as
Glx). Fig. 1c compares the MR spectra of GABA, Glu and Gln at a range of field strengths,
further demonstrating that at field strengths of 3T and below, differentiation between these
compounds becomes difficult.

Faced with the limited dispersion of signals along the chemical shift axis, there are three
possible approaches to reducing signal overlap in order to resolve GABA signals. Firstly, it
is possible to reduce the information content in the spectrum by applying one of a series of
spectral editing methods. Alternatively, overlap between signals can be alleviated by
spreading signals out into a second frequency dimension in two-dimensional MRS methods.
The third approach is to move to higher field strength, since the relative width of multiplets
(in ppm) scales inversely with field strength (as seen in Fig. 1c). Each of these approaches
will be considered in turn.

2.4. Edited detection of GABA
Although the coupling between the GABA spins results in wider signals with lower
intensity, hindering detection, it can also be used to advantage to separate GABA signals
from the rest of the spectrum. The GABA signal at 3.0 ppm is coupled to the signal at 1.9
ppm, whereas the majority of the signals at 3.0 ppm are not coupled to signals at 1.9 ppm;
therefore it is possible to separate the signals on this basis. A frequency-selective pulse
which only directly affects signals close to 1.9 ppm can be added to the MRS experiment.
This will also have an indirect effect (mediated by the coupling) on GABA signals at 3.0
ppm, because these GABA signals at 3.0 ppm are coupled to the GABA signals at 1.9 ppm.
Such a pulse will have no effect on other signals at 3 ppm, because they are not coupled to
spins close to 1.9 ppm. If two experiments are performed, with and without this frequency-
selective pulse (referred to as the editing pulse), the difference will give a spectrum that only
contains those signals that are affected by the pulse (the edited spectrum). Thus, the edited
spectrum contains both those signals close to 1.9 ppm that appear trivially due to the direct
effect of the pulse, as well as those signals remote from 1.9 ppm that only appear due to
couplings between spins. This editing approach, referred to as J-difference editing, is used
by both the first proposed method for specifically detecting GABA signals [6], and the
method most widely applied currently, the MEGA-PRESS method [7]. Edited detection of
GABA has been validated by correlation with chromatographic measurements of GABA [8].

One disadvantage of such J-difference methods is their reliance upon subtraction to remove
the strong overlapping signals from the spectrum. Any instability in the experiment, whether
caused by instrumental factors or subject movement, will result in subtraction artefacts that
can obscure the intended edited GABA signals. For this reason, several experimental editing
methods have been proposed which rely upon exciting multiple quantum coherences, which
are conceptually preferable to difference methods since they suppress overlying signals
within a single scan and do not rely upon subtraction, although often at a cost. Difference
methods are usually acquired in an interleaved fashion and post-processing phase- and
frequency-corrections are applied [9], both of which steps mitigate the impact of instabilities
during the measurement.
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2.5. Two-dimensional MRS
As the name suggests, rather than plotting signals along a single frequency axis, two
dimensional MR spectra plot signals against two frequency axes, as seen in Fig. 2.
Experimentally, this is achieved by acquiring a series of experiments that differ by a single
incremented parameter, such as the duration of a delay or spin echo, referred to as t1. In J-
resolved methods [10], the directly acquired dimension F2 contains both chemical shift and
coupling information (as in the one-dimensional spectrum) and the indirectly acquired
dimension F1 only contains the coupling information. Thus as seen in Fig. 2a, a multiplet, in
this case a triplet, will be slanted diagonally into the second dimension rather than appearing
as a series of adjacent peaks in a one-dimensional spectrum. This may allow resolution of
overlapping multiplets with different chemical shifts, as seen on the right in Fig. 2a.

Other two-dimensional approaches give an indirect dimension that contains both coupling
and chemical shift information, such as COSY-based methods [11] in which off-diagonal
cross peaks are caused by couplings between spins, or the frequency of double-quantum
coherences excited during the experiment. In general, the evolution that occurs during t1 can
be manipulated to determine the information content of the second dimension.

One problem with two-dimensional methods is the richness of the information acquired. In
contrast to edited one-dimensional spectra, two-dimensional spectra typically contain peaks
from all observable metabolites (albeit with reduced overlap due to expansion into a second
dimension). If GABA is the principal metabolite of interest, it is common to compress the
information back down to a one-dimensional spectrum prior to analysis and either extract
the F2 = 7.5 Hz row e.g. [12] or the F2 = 0 Hz row (mathematically equivalent to TE-
averaging [13], as described in Section 3.2.2) to quantify GABA signal. More
computationally intensive approaches extend the LCModel linear fitting approach to fitting
the full two-dimensional spectrum; for example ProFit [14] fits a 2D J-spectrum with a set
of 2D metabolite basis spectra.

2.6. High Field MRS
In vivo human scanners at field strengths greater than 3T have been used in a small number
of sites with considerable hardware expertise for a considerable time. However more
recently a growing number of sites have installed 7T scanners produced by the three major
manufacturers, and such magnets are likely to be more widely used to quantify GABA in the
future. Methodological considerations at high field are extensively covered in reference [15].
As seen in Fig. 1, one advantage of high field (in addition to the primary motivation of
increased SNR) is the ‘tightening’ of the multiplets from the metabolites, which occurs
because chemical shift differences between peaks remain at a constant number of ppm
moving from one field to another, while splittings due to couplings maintain a constant
value in hertz but have a reduced value in ppm. A further advantage is the increasing
frequency selectivity of edited experiments carried out at high field [16]. An editing pulse
with bandwidth of 90 Hz applied at 7T will excite a narrower range of the spectrum (90 Hz
~ 0.3 ppm) than at 3T (90 Hz ~ 0.7 ppm) resulting in far less contamination of the spectrum
with unwanted co-editing macromolecular contributions [17].

3. Literature review
Articles discussed in this review are classified into the following categories: methods; basic
neuroscience applications; pharmacological applications; and clinical applications.
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3.1. Literature review methods
Primary search terms applied to PubMed on April 14 2010 were ‘GABA MRS’ (196
results), ‘GABA editing’ (60 results). Additional searches were made based on known high
profile authors (such as ‘GABA Rothman’ – 90 results) and methods (such as ‘GABA
MEGA-PRESS’ – 12 results). These search results were filtered to remove: all references
that do not use MRS; all studies of non-human subjects; all studies not carried out in vivo;
all studies of organs other than the brain. The scope of this review was also restricted to only
cover ‘second generation’ methods as applied to the detection of GABA. The classification
‘second generation’ is intended to exclude those methods that simply localize signals
(whether in single voxel or MRSI experiments), and to include those methods that employ
additional steps to isolate GABA signals, either in the form of spectral editing or additional
dimensionality. Under this slightly arbitrary distinction, TE-averaged experiments (as
described in Section 3.2.2) are included, but parameter-optimized STEAM experiments are
not. The reason for this distinction is the somewhat limited ability of fitting to successfully
resolve GABA from NAA, Cr and Glx at 1.5T and 3T and the huge range of SNR and
spectral quality of data in the literature for which GABA output from fitting tools is quoted.

3.2. Methods
Table 1 provides an overview of methods proposed for measuring GABA. These will be
considered in terms of the three categories above, with additional consideration for MRSI of
GABA.

3.2.1. Edited methods—The pioneering work of Rothman et al. [6] first made possible
the unambiguous detection of GABA in vivo. This sequence uses ISIS localization (which
relies upon spatially selective pre-inversion) followed by a single spin echo, using a DANTE
pulse train to modulate coupling evolution. Rothman’s group has applied this method
extensively at 2.1T, for example to studies of epilepsy and depression and their associated
therapies as outlined below, but these studies have largely been restricted to measuring
GABA in the occipital lobe due to the experimental constraints of surface coil detection.

J-edited PRESS-based methods, such as MEGA-PRESS (MP in Table 1), have been applied
in a number of different brain regions – occipital, parietal and frontal regions (including the
anterior cingulate). MEGA-PRESS combines PRESS localization with two frequency-
selective editing pulses (which can also act to suppress water signal), and is relatively simple
to implement as a development of the PRESS single-voxel experiment. It is probably fair to
say that edited methods in general, and the MEGA-PRESS method specifically, are
currently the most widely used methods to quantify GABA at 3T.

As mentioned previously, double-quantum filtered (DQF) methods are less susceptible to
movement artefacts than J-difference methods, but they can suffer from signal losses due to
the selection of a given coherence and may require pulse phase calibrations. An additional
consideration contributing to the uptake of J-difference methods is that editing is ‘non-
destructive’ in the sense that either the ‘editing pulse off’ spectrum or the ‘sum’ spectrum
can be analysed to quantify uncoupled metabolites.

3.2.2. Two-dimensional methods—Both 2D J-resolved MRS e.g. [10] and COSY-
based methods e.g. [33] have been applied in vivo for the quantification of GABA. While
Schulte et al. have implemented a two-dimensional fitting algorithm for 2D J-resolved
spectra [14,25], Jensen et al. have analysed the J = 7.5 ppm row only, which is presumably a
more feasible approach when combined with MRSI [12]. It is worth noting that one of the
most exciting recent GABA MRS findings in the neuroscience field [34] applied the Schulte
method.
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Mullins et al. have shown that an implementation of TE-averaged PRESS (in essence a 2D
experiment in which the second frequency dimension is discarded) performed less
reproducibly than PRESS at TEs of 30 or 40 ms for the quantification of GABA [13].
Banakar et al. have applied two-dimensional localized COSY spectroscopy to study GABA
in HIV-positive children [33].

3.2.3. High-field MRS—The MEGA-PRESS method [7] was originally implemented at
4.7T (although it has been very widely applied at 3T e.g. [29]), and has subsequently been
applied at 7T [16]. Although high-field methods are not yet widely applied for GABA
detection, there is promise for the quantification of GABA from single voxel methods, such
as STEAM [15,35], and MRSI methods [31].

3.2.4. MRSI of GABA—Several approaches have been made to the spectroscopic imaging
of GABA: DQF-MRSI [26]; J-edited MRSI [18]; and 2DJ-MRSI [12]. Although an MRSI
method for the spatially resolved quantification of GABA over a whole slice would certainly
be valuable, these methods struggle to reconcile low GABA SNR with imaging voxel size
and experiment duration. Due to large voxel sizes and experimental difficulties, these
methods are rightly described as MRSI from a methodological perspective, but meaningful
images of GABA concentration remain elusive.

3.3. Neuroscience applications
Table 2 shows methodological details and summarized results of these studies. Within this
category, there are three clear groups of studies: those looking at normal temporal changes
in GABA; those involving non-pharmacological intervention to modulate GABA; and those
that seek to correlate individual measurements of baseline GABA concentration with other
measures.

3.3.1. Temporal studies—It has been reported that current methods do not reveal any
variation of GABA with time-of-day (over the range 7.30 AM–7.30 PM), which is important
for study design [50]. Epperson et al. have shown that GABA changes with menstrual cycle
phase [36,39], with GABA being reduced in the luteal phase relative to the follicular phase
in healthy non-smokers but not in smokers or women with premenstrual dysphoric disorder.
They have also shown that GABA is reduced post-partum (although less so in depressed
subjects) relative to follicular phase healthy controls [40]. Due to menstrual phase
variations, some studies of individual differences in GABA choose to exclude female
participants.

3.3.2. Interventional studies—Stagg et al. have shown that theta burst transcranial
magnetic stimulation causes a rise in GABA concentration and transcranial direct current
stimulation (both anodal and cathodal) causes a reduction in GABA [45,46]. Sanacora et al.
have shown that electro-convulsive therapy causes a rise in GABA in depressed subjects
[38].

In spite of the established role of GABA in cortical plasticity, there is limited MRS literature
showing changes in GABA after behavioural interventions. GABA concentration in
sensorimotor cortex has been shown to drop over a period of 50 min during and after a
motor learning paradigm [41], and by over 40% during an ischemic nerve block [37].
Painful heat stimuli cause an increase in GABA in the ACC [44]. Yoga (but not reading)
causes a global rise in GABA [43]. Cognitive behavioural therapy in depressed patients
resulted in a sizeable but non-significant reduction in occipital GABA [53]. Dietary
manipulation (tryptophan depletion in healthy subjects [53] and ketogenic diet in epilepsy
patients [54]) showed no significant effects.
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3.3.3. Correlational studies—Given the importance of functional neuroimaging within
cognitive neuroscience, the finding that BOLD fMRI signal changes correlate with
individual differences in GABA concentration among healthy individuals [34] is likely to
provoke much further work. It has been shown that larger negative BOLD changes occur in
healthy individuals with high GABA [34], whereas task-related positive BOLD changes are
larger in those subjects with lower GABA [48]. No relationship between negative BOLD
and GABA exists in depressed subjects [55]. Magnetoencephalography has been used to
observe individually characteristic sustained gamma oscillations in the visual cortex, the
frequency of which correlates with GABA concentration and visually stimulated positive
BOLD signal change [48].

Orientation discrimination has long been linked with GABAergic function in visual cortex
[56]. It has recently been shown that individual differences in performance at an orientation
discrimination task among healthy individuals correlate with GABA concentration in visual
cortex [47]. It has also been shown that orientation-specific surround suppression of contrast
discrimination also correlates with GABA concentration among a mixed cohort of
schizophrenic patients and healthy controls [51]. It has also recently been shown that
differences in frontal GABA concentration among healthy subjects may correlate with the
NEO-FFI extro-version score, although results did not reach significance after multiple
comparisons correction [49]. Additionally, it has been shown that eye movement
distractibility correlates negatively with GABA concentration in frontal eye field (FEF), the
frontal region associated with eye movement planning, but not GABA concentration in
occipital cortex [52].

3.4. Pharmacological applications
In this section, studies of drug action in both healthy controls and patient groups are
considered. In some clinical groups, recruitment of treatment-naïve subjects is practically
difficult, whereas ethical difficulties may hinder some pharmacological studies in healthy
controls. For both these reasons, the overlap between this section and Section 3.5 (Clinical
Applications) is substantial.

3.4.1. Epilepsy medications—GABA is produced from glutamate by glutamic acid
decarboxylase (GAD) and is metabolised to succinic acid semialdehyde by GABA
transaminase (GABA-T) and thence to succinate. Vigabatrin is an irreversible inhibitor of
GABA-T, and therefore of GABA breakdown. It has been widely been shown to raise the
level of GABA in occipital regions in healthy and epileptic subjects e.g. [6,58,67] and see
Table 3, although it can be assumed that these changes are not restricted to occipital regions.
Rises in GABA are linked to seizure control in patients [60,69]. GABA measurements rise
linearly with increasing vigabatrin dose up to 60 mg/kg per day [60] and then show no
further increase.

Gabapentin was designed as a GABA analogue (it is a γ-amino carboxylic acid), but its
mechanism of action is not known, although it may upregulate GABA synthesis by GAD.
Petroff et al. have shown that gabapentin increases GABA concentration in epilepsy patients
[59], while a retrospective analysis of patients with refractory complex seizures shows no
link between seizure control and gabapentin dose [77].

Topiramate acts as a GABAA receptor agonist, and also inhibits glutamatergic
neurotransmission as an AMPA/kainate receptor inhibitor. It has been shown to cause large
increases in GABA concentration in epilepsy patients (see Table 3).
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Valproate is an effective treatment for complex partial seizures, but does not cause a rise in
GABA in occipital cortex and there is no observed difference in GABA levels between
patients taking valproate, carbamazepine and phenytoin [65] or lamotrigine [69].

Levetiracetam caused a significant increase in occipital GABA among five of sixteen
epilepsy patients in whom it caused partial seizure reduction [82] and has also been shown
to a non-significant increase in GABA in the thalamus of subjects with social anxiety
disorder [78].

3.4.2. Other pharmacological agents—Administration of the benzodiazepine
clonazepam causes a 24% reduction in occipital cortex GABA in healthy controls, but not in
subjects with panic disorder (PD) [73]; these subjects had significantly lower GABA at
baseline than healthy controls. The non-benzodiazopine sedative zolpidem caused a similar
25% reduction in thalamic GABA concentration, but not in ACC [80]. It is interesting to
note that inter-regional differences in drug response can be observed, particularly in light of
the overwhelming bias of studies towards measurement in occipital cortex (see Section 3.6.1
for further comment). Non-significant increases in GABA have been observed in healthy
controls after lithium adminstration [79].

In separate studies, the selective serotonin reuptake inhibitors (SSRI) citalopram [72] and
fluoxetine [71] have been shown to increase occipital cortex GABA by about a third in
healthy volunteers and depressed subjects respectively. [71]. The SSRI venlafaxine caused a
non-significant increase in GABA in prefrontal regions in cocaine-dependent subjects,
whereas pramipexole administration gave a significant increase in the same study [75].
These results are in the context of a >30% reduction in GABA among cocaine-dependent
subjects [74].

It is interesting to contrast pharmaceutical agents that directly alter the concentration of
GABA to GABA-receptor agonists and antagonists. Vigabatrin, which inhibits breakdown
of GABA, is clearly expected to increase GABA concentration; it is less clear what impact
GABA receptor pharmaceuticals would be expected to have, and any impact on GABA
concentration is presumably secondary to their primary action. In this context it is therefore
perhaps surprising the wide diversity of drugs that have been shown to alter GABA
concentration.

3.5. Clinical applications
Table 4 shows the methodological details and summarized results of a range of published
clinical studies.

3.5.1. Epilepsy—As the major inhibitory neurotransmitter, there is great interest in GABA
with regards to epilepsy, both in terms of the pathophysiology of seizures and their treatment
and prevention. As discussed in Section 3.4.1, a number of epilepsy medications have been
shown to increase GABA, and measures of seizure control correlate with GABA
concentration in patients with complex partial seizures [83].

A study of epilepsy patients with idiopathic generalized epilepsy (IGE) or occipital lobe
epilepsy and being treated with a variety of medications (vigabatrin, topiramate, gabapentin,
valproate, lamotrigine, carbamazepine, clobazam and acetazolamide, oxcarbazepine,
phenytoin, and phenobarbitol) showed an elevation of GABA (versus healthy controls) in
occipital cortex attributed to increased grey matter inclusion of the MRS volume [87].
Frontal lobe measurements of GABA in IGE [86] and temporal measurements in temporal
lobe epilepsy before and after resection [98] showed no differences between patients and
controls.

Puts and Edden Page 8

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2012 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These studies demonstrate the difficulty of performing epilepsy studies: the pathology itself
is very heterogeneous, and treatment options are diverse, with multiple therapies common. It
is worth noting that treatment decisions are made on the basis of seizure control, so studies
of patients treated with various medications represent a far from random allocation.

3.5.2. Major depressive disorder and bipolar disorder—Both depressed male and
female subjects have been shown to have reduced GABA concentration in occipital cortex,
with a larger difference in women than men [84]. A similar difference has been reported in
dorsomedial/dorsal anteriolateral prefrontal cortex, although no significant difference was
seen in ventromedial prefrontal cortex [91]. In addition to replicating the reduction in
subjects with major depressive disorder (MDD), significant differences have been
demonstrated between depression groups classified as atypical, melancholic and no-subtype,
with the melancholic group having the greatest reduction [88]. Two studies have looked at
GABA in remitted MDD subjects: measurements in ACC and occipital cortex show a
significant reduction in GABA versus healthy controls [93], while measurements in
prefrontal cortex show no change [89]. It has also been shown that treatment-resistant (TR)
depressed patients have lower GABA in ACC and occipital cortex than non-TR depressed
subjects and healthy controls [97].

Recovered bipolar disorder (BD) patients have been shown to have lower occipital GABA
than controls [90], although MRSI-based methods show no significant difference between
symptomatic BD patients and healthy controls [96].

3.5.3. Additional clinical studies—Tayoshi et al. did not find a significant difference in
GABA concentration between schizoprenia subjects and healthy controls in the ACC and
basal ganglia [81]. However, Yoon et al. have shown a significant reduction in occipital
GABA in schizophrenia patients, and correlation of GABA concentration with performance
at a psychophysical task as mentioned above [51].

In panic disorder, significant reduction in GABA has been seen in occipital cortex [85], but
not in two regions of prefrontal cortex [95]. No significant GABA differences between
patients and controls were seen in either social anxiety disorder [78] or primary insomnia
[94]. GABA has been observed to be high in the substantia nigra of subjects with
Parkinson’s disease [24], and in frontal white matter of children with HIV [33].

3.6. Discussion
3.6.1. Regions studied—There has been a large bias towards studying occipital cortex,
as seen in Fig 3a. This is largely due to experimental limitations – measurements that use a
surface receive-coil are most conveniently carried out in this location, and those that use a
volume coil often have best SNR in this location due to proximity to the coil elements.
However, additional regions are being studied with increasing frequency.

It is becoming increasingly apparent that neither pathological changes in GABA
concentration, nor individual GABA differences between healthy controls [50,52] are
necessarily global across the brain. Both MRSI methods and studies of multiple regions will
be important in investigating this further.

3.6.2. Experiment duration, volume and SNR—In the design of MRS studies in
general, and especially those studying the low concentration metabolites, such as GABA,
there is a tension between needing to minimize experiment time to increase subject comfort
(and thereby data quality) and control costs, to minimize study volume in order to increase
anatomical specificity, and to maximize SNR and measurement precision. It is possible to
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generate a very crude estimate of the SNR of measurements (as tabulated) from the product
of the field strength (in T), the measurement volume (in ml) and the square root of the
measurement time (in minutes). This approach ignores any SNR differences between
methodologies.

Calculating this metric for all non-methodological studies for which all three parameters are
known, the mean value (215) is equivalent to a 7-min measurement of a 27 ml volume at 3T.
Fig. 3b shows how this metric has changed with year of publication. There is a significant
upward trend that is removed after controlling for field strength, as seen in Fig. 3c which
plots (volume × √(experiment time)) against year of publication. This suggests that, in
general, higher field strength has largely been used to increase SNR rather than to reduce
measurement volumes or times.

From a methodological standpoint, it is extremely important to be able to see both the SNR
and the quality of spectra in judging the merits of a study. Unfortunately, it is relatively
common for MRS studies of GABA to show no example data (either typical or bestcase
spectra), particularly in journals of psychiatry, and it is not clear whether this arises from the
preferences of authors, reviewers or editors.

3.6.3. Analysis methods—Traditionally, MRS spectra have often been quantified by
manual integration of metabolite peaks. This approach is time consuming and has the
potential for user error and bias to impact results. Therefore, it is generally accepted that
automated analysis is preferable, using tools such as LCModel for 1D spectra or ProFit for
2D spectra. Several groups have applied the LCModel to quantify J-edited spectra, but great
care must be taken to optimize control parameters for appropriate fitting. One potential
pitfall is to assign almost the entire edited signal at 3 ppm to the macromolecular baseline
e.g. Fig. 2 in [81].

Quantification of MRS signals is usually done in a relative fashion. In the studies described,
quantification relative to creatine, NAA and water have all been used. Each method has its
advantages: the creatine signal has a chemical shift of 3.0 ppm and therefore numerator and
denominator measurements come from identical volumes with no chemical shift
displacement artifact; NAA can be quantified directly from the edited difference spectrum,
in which it appears as a strong negative signal at 2 ppm; and water quantification has
excellent signal-to-noise and brings GABA measurements into line with most other MRS
measurements. It has been shown that quantification relative to Cr is slightly more
reproducible than relative to water, possibly as this method does not require an additional
scan [99].

4. Conclusion
MRS has become established as a robust and powerful tool for the investigation of the
inhibitory neurotransmitter GABA. This is a significant success, given the significant
methodological hurdles involved: low concentration; coupled spin systems; and overlapping
metabolite peaks to name a few. MRS has traditionally been applied within a clinical
context, but is increasingly being used to study the healthy brain, contemporaneous with an
increase in the number of MRI scanners being installed in non-clinical departments for
functional MRI studies. From a cognitive neuroscience perspective, a particularly interesting
recent field, which is anticipated to flourish, is the application of MRS to study individual
differences in GABA concentration as they relate to inhibition-dependent cognitive
processes.
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Nomenclature

2DJ two-dimensional J-resolved spectroscopy (in tables only)

ACC anterior cingulate cortex

BG basal ganglia (in tables only)

BOLD blood-oxygen level dependent functional MRI

Cho choline

COSY correlation spectroscopy

Cr creatine

DANTE delay alternating with nutation for tailored excitation

DQF double-quantum filtered

ECT electrocortical therapy

FEF frontal eye field (in tables only)

FRO frontal (in tables only)

GABA γ-amino butyric acid

GABA-T GABA transaminase

GAD Glutamic acid decarboxylase

GAT GABA transporters

Gln glutamine

Glu glutamate

Glx glutamate + glutamine

HHE Hartmann–Hahn editing (in tables only)

IGE idiopathic generalized epilepsy

JE J-difference editing (in tables only)

MDD major depressive disorder

MEG magnetoencephalography

MEGA-PRESS J-difference edited PRESS

MP MEGA-PRESS (in tables only)

MR magnetic resonance

MRS magnetic resonance spectroscopy

MRSI magnetic resonance spectroscopic imaging

NAA N-acetyl aspartate

NMR nuclear magnetic resonance

ns non-significant (in tables only)

OCC occipital (in tables only)
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PAR parietal (in tables only)

PDD premenstrual dysphoric disorder (in tables only)

PF prefrontal (in tables only)

PRESS Point-RESolved Spectroscopy

SAD social anxiety disorder

SM sensorimotor (in tables only)

SN substantia nigra

SNR signal-to-noise ratio

SSRI selective serotonin reuptake inhibitor

STEAM Stimulated-Echo Acquisition Mode

TE echo time

Th thalamus (in tables only)

TMS transcranial magnetic stimulation

TR treatment-resistant
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Fig. 1.
MR spectra of GABA. (a) 1H MR spectrum of the human brain acquired at 3T, showing
peaks corresponding to N-acetyl aspartate (NAA), creatine-containing compounds (Cr),
choline-containing compounds (Cho), Myoinositol (Myo), glutamate (Glu), glutamine (Gln)
and GABA. Coloured bars correspond to the simulated peak locations in (b). (b) Simulated
MR spectrum of GABA at 3T, showing the assignments to the GABA CH2 spins. (c)
Simulated MR spectra of GABA, Glu and Gln at a range of field strengths.
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Fig. 2.
Comparison of multiplets in 1D spectrum and 2DJ spectrum at 3T showing (a) an isolated
triplet, and separation of two overlapping triplets and (b) J-PRESS spectrum acquired at 3T.
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Fig. 3.
Literature review. (a) Histogram of brain regions studied (OCC occipital; PAR parietal; SM
sensorimotor; FRO frontal; ACC anterior cingulate; BG basal ganglia; Th Thalamus). (b)
Plot of ‘SNR’ metric (volume × √(experiment time)) against year of publication. (c) Plot of
‘SNR’ metric divided by field strength against year of publication.
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