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Abstract
A spin echo-based MRSI sequence was developed to acquire edited spectra of γ-aminobutyric acid
in an entire slice. Water and lipid signals were suppressed by a dual-band presaturation sequence,
which included integrated outer volume suppression pulses for additional lipid suppression.
Experiments in three normal volunteers were performed at 3 T using a 32-channel head coil. High
signal-to-noise ratio spectra and metabolic images of γ-aminobutyric acid were acquired from
nominal 4.5 cm3 voxels (estimated actual voxel size 7.0 cm3) in a scan time of 17 min. The
sequence is also expected to co-edit homocarnosine and macromolecules, giving a composite γ-
aminobutyric acid+ resonance. The γ-aminobutyric acid+ to water ratio was measured using a
companion water MRSI scan and was found to correlate linearly with the % gray matter (GM) of
each voxel (γ-aminobutyric acid+/water = (1.5 × GM + 3.2) × 10−5, R = 0.27), with higher γ-
aminobutyric acid+ levels in gray matter compared with white. In conclusion, high signal-to-noise
ratio γ-aminobutyric acid-MRSI is possible at 3 T within clinically feasible scan times.
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INTRODUCTION
Gamma-aminobutyric acid (GABA) is the most abundant inhibitory neurotransmitter in the
human brain and is of major interest to the clinical neuroscience community (1). Abnormal
GABA levels are postulated to play an important role in various neurological disorders, in
particular epilepsy (2) and in several psychiatric disorders (3– 5). Brain GABA levels have
been demonstrated to increase in response to various anti-epileptic medications (1) and
correlate with seizure control (6). Recent studies have also found inverse relationships
between brain function (for instance, as measured by magnetoencephalography (MEG) or
fMRI) and localized GABA levels, suggesting a prominent role of GABA in the regulation
of brain activity (7–9).

Currently, the only noninvasive method to measure brain GABA concentrations is magnetic
resonance spectroscopy (MRS). In a conventional proton brain spectrum, the GABA signal
is approximately one order of magnitude smaller than the commonly observed signals (e.g.,
choline, creatine (Cr), or N-acetylaspartate (NAA)) and is strongly overlapped by these and
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other resonances. Therefore, it is common practice to use spectral editing techniques to
reliably observe and quantify GABA free from spectral overlap with larger signals.
Commonly used approaches include “J-difference” spectroscopy (10,11), multiple-quantum
filtering (MQF) (12,13), or other (14–16) techniques.

Over the last few years, the “MEscher-GArwood Point RESolved Spectroscopy” (MEGA-
PRESS) J-difference technique (10,17,18) has become widely used for measuring GABA
from well defined, single voxels. However, MEGA-PRESS GABA measurements are
usually from large tissue volumes and quite time-consuming (e.g., on the order of 10 min, 30
cm3), and it is difficult to measure more than a handful of brain regions in a single clinical
study. Attempts have been made to map the distribution of GABA in the human brain using
spectroscopic imaging (MRSI) sequences with MQF or two-dimensional J-spectroscopy
(13,19–22). However signal-to- noise ratios (SNR) using MQF techniques may be adversely
effected by inefficiencies in creating and detecting multiple quantum coherences, as well as
radio-frequency (RF) pulse imperfections. MRSI measurements of GABA using a 2D J-
resolved sequence (21,22) suffer from substantial overlap with the nonsuppressed Cr signal.
In this article, an alternative method of mapping brain GABA levels over a whole brain slice
using MRSI based on a J-difference approach is described. The sequence uses a relatively
simple design, with few RF pulses, that is expected to be less sensitive to RF pulse
imperfections and signal losses than MQF techniques. It is demonstrated that this sequence,
performed at 3 T using a 32-channel head coil, can give excellent SNR from relatively small
voxels (nominal 4.5 cm3; estimated actual voxel size 7.0 cm3) in clinically feasible scan
times. Similar to the MEGA-PRESS and other editing techniques, the sequence is expected
to co-edit resonances from homocarnosine and macromolecules (MM) (11,23,24), and the
abbreviation GABA+ is used throughout this article to acknowledge contributions from these
compounds. As with all J-difference methods, the method is potentially susceptible to head
motion or other instabilities.

MATERIALS AND METHODS
The basic building block of the pulse sequence is a slice-selective spin echo MRSI scan with
two dimensional phase-encoding, and water and lipid suppression (25,26) (Fig. 1). For
“pseudo-triplets” such as the C2 or C4 methylene protons of GABA, if the TE of the
sequence is chosen to be 1/2J (68 ms; J2-3 ≈ 5 to 10 Hz) then the outer lines of the multiplets
are inverted due to modulation by the homonuclear scalar coupling to the C3 protons at 1.9
ppm. If a second experiment is performed with frequency-selective 180° editing pulses
applied to the C3 protons at 1.9 ppm, the modulation due to the scalar coupling is removed,
and the outer lines of the C2 multiplet will have positive signal intensity. By subtracting
these two scans, all signals unaffected by the editing pulse are removed. Signals
predominantly affected are the desired GABA C2 and C4 resonances at 3.01 and 2.29 ppm,
respectively, as well as contributions from homocarnosine and macromolecules. Particular
care has to be taken to suppress unwanted lipid signals. As the editing pulse also affects the
very strong scalp lipid signals (see below), good lipid suppression is required to avoid
residual lipid artifacts in the edited spectra. In this implementation, therefore, lipid
suppression was achieved using a dual-band water and lipid suppression scheme with
additional lipid suppression provided by integrated outer-volume suppression (OVS) (27).

Experiments were performed on three normal volunteers (three female, ages 36 ± 10 years)
on a 3T Achieva system (Philips Healthcare, Best, Netherlands) with a 32-channel phased
array coil (Invivo Inc., Orlando, FL). After collection of localizer images and receiver coil
sensitivity maps, a single axial slice at the level of the centrum semiovale was acquired (Fig.
2) just above the roof of the lateral ventricles.
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Sinc-gaussian editing pulses (20 ms, 107 Hz bandwidth) were added to a spin-echo 2D-
MRSI sequence with dual-band water and lipid suppression and OVS (23) (Fig. 1). The
dual-band pulses gave a pass band from 4.1 ppm to 1.8 ppm; full details of this sequence are
given in reference (27). The editing pulses were placed on the H3 protons at 1.9 ppm in the
“ON” acquisition, and at 0.7 ppm in the “OFF” acquisition. The 0.7 ppm “OFF” frequency
was chosen to be symmetric about the 1.3 ppm lipid signal, to help reduce the lipid
resonance in the difference spectrum. TE/TR was 68 ms/2s, and the bandwidths of the slice
selective excitation and refocusing pulses were 4.26 kHz and 1.26 kHz (pulse waveforms are
shown in Fig. 1, and are available upon request), respectively. For 2D-MRSI, the FOV was
21 × 18 cm2, 14 × 12 acquisition matrix (interpolated to 32 × 27), 20 mm slice thickness,
giving a nominal acquired voxel size of 1.5 × 1.5 × 2.0 = 4.5 cm3 (estimated actual voxel
size 7.0 cm3). Four averages were performed ([ON+OFF]×2-step phase cycle, 0° and 180°
alternation of the excitation pulse and receiver phase) resulting in a total scan time with
circular phase-encoding of 17 min 38 sec. Multichannel MRSI data were optimally
combined based on receive coil sensitivity profiles determined from MRI. Before MRSI data
acquisition, a rapid field mapping technique was used to optimize B0 homogeneity and to
determine the optimal transmit B1 level (i.e., best flip angle calibration over the slice used
for MRSI) (28).

To compensate for magnetic field drift over the 17 min duration of the MRSI acquisition, a
small flip-angle pulse was used to measure the resonance frequency of brain water at the
beginning of each TR time period, and correct the transmit (slice selection, editing and
water/lipid suppression) and receive RF frequencies accordingly. This function was not
applied between consecutive ON and OFF scans with the same phase encoding and phase
cycling parameters, so that pairs of ON and OFF scans were always executed with the same
center frequency to minimize subtraction error, but field drift over a longer time scale was
compensated.

Two additional co-registered scans were included with the GABA-MRSI scan for the
purpose of postprocessing and spectral quantification. First, an unedited MRSI without
water suppression was recorded with one average, identical FOV and resolution to the
GABA-MRSI scan. The slice selective pulse center frequency set to the water resonance at
4.7 ppm, while for the GABA-MRSI it was set for GABA at 3 ppm. The scan time was 4
min 26 sec. Second, a 3D T1-weighted “MP-RAGE” scan (75-slices) was prescribed with
the same in-plane FOV, and imaging resolution of 2.2 × 2.2 × 1.1 mm3. The scan time for
this sequence was 2 min 4 sec.

Voxel-by-voxel phase and susceptibility correction for the GABA-MRSI spectra was
performed using the corresponding phase and frequency values determined from the
unsuppressed water MRSI. Four Hertz exponential line broadening was applied before
Fourier transformation with respect to time. A linear baseline correction was applied based
on data points at 2.7 and 3.3 ppm, and the area of the C2 GABA+ peak at 3.01 ppm
determined by integration after subtraction of the linear baseline. The baseline correction
was performed to remove any residual DC offset in the spectrum, and the integration range
(3.2 to 2.8 ppm) was wide enough to account for the voxel to voxel linewidth variations.
This procedure was automated using Matlab (Mathworks, Natick, MA) for all the voxels,
resulting in an image of the GABA+ signal for the slice. Water spectra were processed
similarly to generate an image of water signal for the slice, and the ratio GABA+-to-water in
each voxel was also calculated.

MP-RAGE images were segmented in FSL (FMRIB, Oxford, UK) to produce maps of gray
matter composition (29). Eighteen (=20 mm/1.1 mm) segmented slices corresponding to the
same location as the MRSI slice were averaged to produce a co-registered gray matter map.
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The map was then down-sampled to the resolution of the MRSI images for statistical
analysis. For the correlation of GABA+-to-water with tissue composition (% gray matter
(GM)), the anterior part (~40%) of each slice was discarded because of lesser spectral
quality above the sinus region. Linear regression was then performed to the pixel values of
the GABA-to-water maps and %GM maps.

RESULTS
Figure 2 shows the reconstructed image of GABA+-to-water and corresponding water image
from one subject, as well as localized MP-RAGE image and GM composition map. Two
selected spectra are shown from gray and white matter voxels. In these voxels, doublets are
seen for both the C2 and C4 resonances of GABA, as well as the co-edited Glx signal at 3.6
ppm. The chemical shift of the edited C2 resonance was measured to be 3.01 ppm,
consistent with literature and phantom (see below) GABA values. Figure 3 shows a 5 × 5
MRSI grid from two subjects at the level of the centrum semiovale (grid location shown in
Fig. 2e). Average GABA+ SNR measured in central voxel locations over the three subjects
was 12.0 ± 4.6. Figure 4 shows the result of linear regression of GABA+-to-water ratio
versus tissue gray matter fraction for all three subjects. With data acquired from all three
subjects, the regression equation was determined to be

where GM is the gray matter fraction, with R = 0.27 and P < 0.0001. The standard
deviations for the slope and intercept were ±0.1 × 10−5 and ±0.2 × 10−5, respectively.
GABA+-to-water ratios for gray and white matter regions calculated from regression
equations are given in Table 1.

Figure 5 shows selected GABA-MRSI data in a phantom containing GABA, glutamate, and
other neurochemicals (including Cr and NAA) at near physiological concentrations,
confirming the ability of the sequence to edit GABA. Note that the multiplet structure of the
GABA 3.01 peak is only discernible in central voxels where field homogeneity is high.
More peripheral voxels show an unresolved multiplet for 3.01 ppm. The range of field
homogeneity in the slice used for MRSI was in the range ±10 Hz. Figure 5 also shows
inversion profile of the editing pulses (with a MEGA-PRESS-typical pulse for comparison)
combined with a histogram of the frequency distribution of the creatine resonance in vivo to
demonstrate that regional variation of B0 field (relative to the editing pulse frequency) will
not result in creatine subtraction artifacts due to direct saturation. However, it should be kept
in mind that subtraction artifacts might occur for other reasons (e.g., motion) in J-difference
experiments of this type; in vivo, the unedited Cr signal is an order of magnitude larger than
the GABA resonance due to concentration differences. In the phantom of Fig. 5, the Cr
concentration is a factor of 3.3 times higher than GABA (Cr 10 mM, GABA 3 mM).

DISCUSSION
The GABA-MRSI sequence with dual-band suppression can acquire edited GABA+ spectra
with excellent SNR and resolution within a reasonable scan time. The spatial resolution
(nominal 4.5 cm3, estimated actual resolution 7.0 cm3 based on the use of circular k-space
sampling) and coverage of the current scans exceeds by nearly an order of magnitude that of
prior single-voxel (MEGA-PRESS) and relatively motion insensitive MQ-filtered CSI
experiments (10,12,13). Although J-difference edited MRSI has been applied for the
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detection of lactate (30), as far as we are aware this approach has not previously been used
for GABA+.

The excellent SNR of this study can be attributed to several factors, including the relative
simplicity (few RF pulses) of the pulse sequence, the use of high (3 T) field strength, and the
high sensitivity of the 32-channel head coil. The slice-selective spin-echo localization
sequence allows signals to be detected all the way to the edge of the cortex to form a
complete metabolic image of GABA+, unlike PRESS-based approaches to MRSI (31). In
addition, because only a single 180° slice selective refocusing pulse is applied (instead of
two in PRESS), the loss of signal due to unwanted modulation patterns caused by chemical
shift displacement effects is also smaller (17). In this implementation, the use of a high
bandwidth refocusing pulse (1.26 kHz) resulted in a displacement of 11% (or 2.2 mm) of the
GABA C3 slice relative to the C2 slice (17). A single 180° refocusing pulse also allows
longer, more selective editing pulses to be used than in a PRESS sequence, potentially
giving greater editing selectivity and less unwanted co-editing of other compounds, however
macromolecules and homocarnosine still co-edit in the current implementation (32). Three
Tesla human brain MRS has also been shown to have higher SNR than 1.5 T MRS provided
that appropriate care is taken in protocol design (33), and 32-channel head coils have been
shown to exhibit more than 2-fold increase in SNR compared to eight-channel coils,
depending on voxel location (34). Maximum sensitivity of multichannel experiments
depends on optimum combination of coil channels (35). All of these factors in this
experiments resulted in GABA-MRSI data with excellent SNR.

Various other experimental factors are important for the successful implementation of
GABA-edited MRSI. Since accurate subtraction of “on” and “off” scans is of key
importance, it is important to interleave these acquisitions to minimize the effects of any
scanner drift, or drift due to subject motion. Over the acquisition time of 17 min, significant
drift of the magnetic field strength can occur. To compensate for this, a frequency drift
correction (based on a small flip angle pulse on the water resonance for every TR) was used
to correct the center frequency throughout the acquisition. However, paired “on” and “off”
acquisitions were recorded with the same center frequency to prevent subtraction errors.
Similarly, successful edited MRSI depends on the main magnetic field homogeneity being
sufficient across the volume of the MRSI slice; inadequate field homogeneity results in loss
of signal both due to broader lines and loss of editing efficiency as the editing pulse
becomes off resonance. In this study, high order shimming using a field-map based
optimization was used to maximize field homogeneity over the whole slice. Obtaining
sufficient field homogeneity (±0.1 ppm) over large volumes remains one of the challenges in
extending this methodology to multislice, or even whole brain, coverage.

Lipid suppression is particularly important as the editing pulse causes the presence of lipids
in the difference spectra, and unsuppressed lipid signals may be massive compared to the
small GABA+ resonance. Therefore, the use of the combined dual-band-OVS sequence,
which was particularly optimized for lipid suppression (27), was essential for successful
implementation of these experiments. Residual lipid signal was also minimized by setting
the “off” editing pulse at 0.7 ppm, so that the “on” (at 1.9 ppm) and “off” pulses were placed
symmetrically around the 1.3 ppm lipid resonance. If lipid presaturation is sufficiently good,
an alternative possibility with the spin-echo approach would be to set the “off” pulse to 1.5
ppm to minimize co-editing of the 1.7 ppm macromolecule signal (36). This is usually not
possible with MEGA-PRESS because the editing pulses are shorter and not sufficiently
frequency selective. Similar to MEGA-PRESS, however, the spin-echo GABA-MRSI
sequence can also be used to observe (and map the distribution of) the combined glutamate
and glutamine (Glx) alpha protons which co-edit at 3.8 ppm (Figs. 2 and 3).
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In this study, GABA+ was quantified relative to the unsuppressed water signal. This
approach is commonly used in conventional, unedited MRSI and has also been used for
GABA+ quantification with MEGA-PRESS (7,8,18), although both the creatine and NAA
signals have also previously been used for normalization (37). Regression analysis suggests
an ~48% higher GABA+/water ratio in grey matter than white matter. Higher GABA+ in
gray matter has also been reported previously (20,21), with a somewhat larger difference
between gray and white matter. The lower difference between gray and white matter
GABA+ found in this study may reflect technical differences, including differences in spatial
resolution. It is also possible that unknown GABA+ T1 differences between gray and white
matter may affect this ratio, as relatively short TR of 2 sec was used in this experiments.
Although not attempted here, if relaxation times, water content and editing efficiency are
known, it is possible to estimate GABA+ concentrations from the GABA+/water ratio.
Concentration estimates might also be improved by more advanced curve-fitting techniques,
such as the LCModel with appropriate basis sets and control parameters (38), which can
make use of both the C2 and C4 GABA+ resonances in the edited spectrum. Although prior
MEGA-PRESS studies have reported ratios of GABA+/water (7,8,18), they have done so in
“institutional units” which make comparison to this study difficult.

In conclusion, using a spin-echo based J-difference method, high spatial resolution MRSI of
GABA+ in the human brain is possible with good SNR. It should be remembered, as in
MEGA-PRESS, that homocarnosine and MM co-edit with GABA, and that there is potential
for residual Cr (due to subtraction artifact) also to contribute to the GABA+ signal. This
methodology enables the study of regional variation of GABA+ signals (and of particular
interest, regional variation of individual differences in GABA+ among healthy controls)
which has not been widely studied previously. It is anticipated that GABA-MRSI will have
application in both clinical and basic neuroscience, where knowledge of the spatial
distribution of GABA+ is important.
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FIG. 1.
Schematic illustration of the pulse sequence for GABA-edited MRSI of the human brain.
The sequence consists of a slice-selective spin-echo sequence with TE 68 ms, with phase-
encoding in 2 directions (x and y). A high bandwidth frequency modulated slice selective
excitation pulse is used. Frequency selective editing pulses (shaded) are applied at 1.9 ppm
and 0.7 ppm on alternating scans. The spin-echo sequence is preceded by a hyper geometric
dual-band (HGDB) sequence with integrated outer-volume suppression (OVS) for water and
lipid suppression (27).
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FIG. 2.
GABA-MRSI data from one subject; (a) reconstructed GABA+/water image from the whole
slice, (b) water MRSI image from the same slice, (c) coronal localizer image showing slice
location of GABA-MRSI and OVS pulses, (d) MP-RAGE MRI shows voxel locations of
two selected voxels from mesial gray matter and left frontoparietal white matter, (e) average
gray matter composition map from the imaging slices co-registered with the MRSI slice
(dotted white line indicates 5 × 5 voxel locations in Fig. 3), and edited spectra from (f)
mesial gray matter and (g) left frontoparietal white matter (voxel locations indicated in 2d)
showing signals from GABA+ at 3.0 ppm, glutamate and glutamine (Glx) at 3.6 ppm, and
GABA plus Glx at 2.2 ppm.
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FIG. 3.
5 × 5 spectra from the interpolated MRSI grid from two subjects; the location of the 5 × 5
grid is illustrated in one subject in Fig. 2e; signals can be seen from the GABA+ at 3.0 ppm
(gray overlay) as well as co-edited signals from Glx at 3.6 ppm in all spectra plotted.
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FIG. 4.
Linear regression of GABA+/water ratio versus % gray matter for all three subjects. Insert
images show (a) % gray matter composition and (b) and GABA+/water ratio in the posterior
region of interest used for analysis from one subject.
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FIG. 5.
a: GABA-MRSI in a phantom containing metabolites (but no macromolecules) at similar
concentrations to those found in the human brain (NAA 12.5 mM, Cr 10.0 mM, Cho 3.0
mM, myo-inositol 7.5 mM, glutamate 12.5 mM, lactate 5.0 mM, GABA 3.0 mM) (b)
corresponding MR image showing voxels locations for (a). The multiplet structure of the
edited 3.0 GABA peak is only clearly visible in spectrum 1 from the center of the sample;
field homogeneity degrades off-center so that (e.g., spectra 3 and 4) the splittings are no
longer resolved. c: Histogram of field inhomogeneity (off-resonance frequency) over the
GABA-MRSI slice, showing that the peak-to-peak field inhomogeneity is ~±10 Hz. d:
Histogram of Cr peak frequency from one in vivo dataset, showing a peak-to-peak range of
~0.1 ppm. Also indicated are the inversion profile for the 20 msec editing pulse used in all
experiments in this article and, for comparison, that of a 14 msec editing pulse as commonly
used in MEGA-PRESS. It can be seen that with either editing pulse, no direct saturation of
Cr should occur, but that the 20 msec is pulse is significantly more selective.
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Table 1

Average GABA+/Water Ratios for Gray and White Matter

Subject White matter Gray matter

1 3.31 4.76

2 3.01 4.60

3 2.99 4.69

All 3.16 4.67
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