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There is increasing interest in the use of edited proton magnetic resonance spectroscopy for the detection of
GABA in the human brain. At a recent meeting held at Cardiff University, a number of spectroscopy groups
met to discuss the acquisition, analysis and interpretation of GABA-edited MR spectra. This paper aims to
set out the issues discussed at this meeting, reporting areas of consensus around parameters and procedures
in the field and highlighting those areas where differences remain. It is hoped that this paper can fulfill two
needs, providing a summary of the current ‘state-of-the-art’ in the field of GABA-edited MRS at 3 T using
MEGA-PRESS and a basic guide to help researchers new to the field to avoid some of the pitfalls inherent
in the acquisition and processing of edited MRS for GABA.
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Introduction

Magnetic resonance spectroscopy (MRS) provides a non invasive
technique to measure neurometabolites in vivo. In particular a large
number of studies into methods to accurately and reliably measure the
neurotransmitters glutamate and GABA (γ-aminobutyric acid) have
taken place, a few of which are referenced here (Edden and Barker,
2007; Evans et al., 2010; Hancu, 2009; Henry et al., 2010; Hurd et al.,
2004; Jang et al., 2005; Jensen et al., 2005a; Mullins et al., 2008;
Rothman et al., 1993; Waddell et al., 2007). GABA in particular has
proven to be difficult to reliably measure in-vivo with standard sin-
gle voxel techniques, in large part due to the spectral overlap of the
main GABA peaks with peaks of other neurotransmitters which are
present in much greater concentrations, in particular the creatine (Cr)
peak at 3.0 ppm. While high field (3 T–7 T) short echo sequences have
shown some promise in allowing detection of GABA (Hu et al., 2007;
Mekle et al., 2009;Napolitano et al., 2012; Stagg et al., 2011), recent tech-
nical advances and increased availability of spectral editing sequences
have resulted in a rapid growth in the use of edited protonMRS to detect
the inhibitory neurotransmitter GABA in both the healthy and diseased
brain (Puts and Edden, 2012). In response to this development, re-
searchers from several spectroscopy groups met in August 2011 to
discuss current practice for the use of the MEGA-PRESS sequence
for GABA-edited MRS (Edden and Barker, 2007; Mescher et al., 1998;
Rothman et al., 1993; Terpstra et al., 2002). The purpose of the meeting
was to present recent findings (Boy et al., 2010, 2011; Foerster et al.,
2012a, 2012b; Michels et al., 2012; O'Gorman et al., 2011b; Petrou et
al., 2012; Puts et al., 2011) and to discuss issues of acquisition, processing
and quantification encountered in performing these studies.

This paper focuses on MEGA-PRESS (Mescher et al., 1996, 1998)
editing for GABA at 3 T, as this is currently the most widely used MRS
technique for quantifying GABA and therefore the most promising
ground on which to build consensus. This paper is not intended to be a
prescriptive rule book for MEGA-PRESS or GABA acquisition and analy-
sis; rather, it is intended as a useful guide to current “minimal-best”prac-
tice as reached from consensus amongst researchers in the MRS field
present at the meeting. Although it is likely that some of the discussion
presented here may generalize to different editing strategies and field
strengths, this paper does not cover the entire range of alternate acquisi-
tion schemes for GABAmeasurement which includes 2D J-resolvedMRS
(Jensen et al., 2005b; Ryner et al., 1995), alterations in TE or sequence
timing parameters (Hu et al., 2007; Mullins et al., 2008; Thompson and
Allen, 2001), unedited spectra at 7 T (Mekle et al., 2009), CT-PRESS
(Mayer et al., 2006) or other editing sequences (Choi et al., 2005) (for a
broader review see Puts and Edden (2012)). However we believe that
applied research into GABAergic function in both the healthy and dis-
eased brain will benefit greatly from standardization of acquisition and
analysis practices, allowing the quantitative comparison of data fromdif-
ferent brain regions, studies, and scanner platforms.
MEGA-PRESS

MEGA-PRESS (MEshcher–GArwood Point RESolved Spectroscopy),
named after the authors who first proposed the MEGA suppression
scheme, is quickly becoming the standard technique used in MRS mea-
surements of GABA. It allows GABA signals to be separated from the
stronger overlying signals of other metabolites by taking advantage of
known couplings within the GABA molecule. Scalar coupling is an inter-
action between different hydrogen nuclei within amolecule, transmitted
through the bonding electron network, which alters the appearance of
the spectrum and the time-evolution of spins during an experiment. In
the context of MEGA-PRESS, applying an RF pulse to one coupled spin
can modify the time-evolution of a coupling partner and therefore the
appearance of the corresponding peak in the spectrum. We refer the in-
terested reader to deGraaf (2007) andKeeler (2011) for further explana-
tion of scalar coupling that is beyond the scope of this article.

A difference-edited technique, MEGA-PRESS involves the collection
of two interleaved datasets which differ in their treatment of the GABA
spin system. In one dataset, an editing pulse is applied to GABA spins at
1.9 ppm in order to selectively refocus the evolution of J-coupling to
the GABA spins at 3 ppm (often referred to as ‘ON’). In the other, the in-
version pulse is applied elsewhere so that the J-coupling evolves freely
throughout the echo time (often referred to as ‘OFF’). The majority of
peaks in the spectrumare unaffected by the editingpulses, so subtraction
of the refocused ON spectrum from the non-refocused OFF spectrum
removes all these peaks from the spectrum and retains only those
peaks that are affected by the editing pulses. This process is demonstrat-
ed in Fig. 1. Thus, in-vivo, the edited spectrum contains signals close to
1.9 ppm (those directly affected by the pulses), the GABA signal at
3 ppm (coupled to GABA spins at 1.9 ppm), the combined glutamate/
glutamine/glutathione (Glx) peaks at 3.75 ppm (coupled to the Glx res-
onances at approximately 2.1 ppm), and J-coupled macromolecular
(MM) peaks. The ON and OFF spectra are generally collected in an inter-
leaved fashion to limit the impact of subject and hardware instabilities,
and subtraction is performed in post-processing. For more specific infor-
mation regarding the MEGA-PRESS technique and its acquisition and
post-processing, readers are directed towards the following articles
(Edden and Barker, 2007; Evans et al., 2010; Henry et al., 2010;
Mescher et al., 1998; Near et al., 2011; O'Gorman et al., 2011b; Terpstra
et al., 2002).

MEGA-PRESS has become the most widely used technique for MRS
measurements of GABA, largely due to ease of implementation within
pre-existing PRESS sequences and the distribution of a research se-
quence by at least onemajor vendor. ImplementingMEGA-PRESSwithin
a stock PRESS sequence at the simplest level involves adding two RF
pulses and altering the timing of the gradient pulses. MEGA-PRESS was
published contemporaneously with the BASING method (Star-Lack et
al., 1998)which similarly adds two editing pulses to the PRESS sequence.
The distinction between the two lies mainly in the choice of gradient
scheme used for coherence transfer pathway selection; both allow for si-
multaneouswater suppression, a feature that is often not used due to the
development of excellent pre-saturation methods. Many GABA experi-
ments being applied currently could be loosely described either as
MEGA- or BASING-edited. They are possibly almost uniformly referred
to asMEGA-PRESS because thatmethodwas originally applied to editing
GABA, whereas BASING was originally applied to lactate.
Acquisition

Almost inevitably, the implementation and application of the MEGA-
PRESS method differs between makes and models of scanners, field
strength, operating systems and research groups. However, the acquired
spectra share a number of stereotypical characteristics, as shown in
Fig. 2. The differences in implementation originate largely from differ-
ences in the timing, slice profile and bandwidth of slice-selective pulses
used in the base PRESS experiment and differences in the timing and
bandwidth of the editing pulses. Despite these differences in sequence
implementation, spectra from all three major MR system vendors are



Fig. 1. Schematic diagram of MEGA-PRESS editing for GABA. (a) Editing pulses applied at 1.9 ppm modulate the shape of the GABA signals at 3 ppm (b). Subtracting scans acquired
without these pulses (labeled OFF) from scans acquired with the editing pulses (ON) removes overlying creatine signals from the edited spectrum, revealing the GABA signal in the
difference spectrum (labeled DIFF). (b) shows the effect of editing pulses on signals at 3 ppm only.
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sufficiently similar to be amenable to a common series of processing and
analysis steps (Fig. 2).

The followingdiscussionof the intricacies ofMEGA-PRESS implemen-
tation assumes that theMEGA-PRESS sequence (an example is shown in
Fig. 3b) consists of two editing pulses added into a base PRESS sequence
(an example is shown in Fig. 3a), usually the vendor-default PRESS
implementation.
Basic parameters

Echo times (TE) are largely standardized to the 68 ms duration
suggested in the original GABA editing paper (Rothman et al., 1993).
Repetition times vary between groups, resulting in variable degrees of
T1-weighting of the signals; this should be considered in the light of
the significant MM contribution to the edited signal, which is discussed
further below.
PRESS timing

At medium and long echo times, the first spin echo duration (TE1)
of the PRESS sequence is typically kept as short as possible to mini-
mize the degree of excitation of multiple-quantum coherence path-
ways. The value of TE1 varies between vendors due to differences in
maximum B1 strength, maximum gradient strength and slew rate,
and gradient areas chosen to achieve slice-selection. Changing the rel-
ative values of TE1 and TE2 (while maintaining TE) will modulate the
appearance of the edited GABA signal detected (see Fig. 2 for in vitro ex-
amples) as it does for other J-coupledmetabolite peaks (Thompson and
Allen, 2001).
PRESS pulses

It has beenwidely reported that losses in editing efficiency occur due
tofinite bandwidth slice-selective refocusing in edited PRESS (Edden and
Barker, 2007; Near et al., 2011). The bandwidth of slice-selective
refocusing pulses (which is generally inherited from the base PRESS
sequence) is determined by themaximumB1 available and the RFwave-
form used. The slice-profile of these pulses (i.e. how rectangular the slice
selection is) will therefore also impact the appearance of the acquired
doublet. This is one of the reasons for slightly different phantom spectral
results between different vendor systems (Fig. 2a). This figure highlights
the fact that even under optimum conditions and when using a phan-
tom, the edited spectra acquired deviate from the theoretical ideal, and
small changes in sequence parameters can have unintended conse-
quences in the final acquired spectrum. This highlights the need to be
exact when stipulating the RF pulses used in numerical simulations.

Editing pulse timing

In order to fully refocus the evolution of coupling during TE, and
therefore maximize editing efficiency, the two editing pulses should
be separated by TE/2 (as shown in Fig. 3b). However this optimal
timing constrains the maximum duration of the editing pulses and
may not always be adopted. The absolute timing of the first editing
pulse is often set to be halfway between the slice-selective excitation
pulse (specifically the zero-phase time point during the pulse) and
the second slice-selective refocusing pulse. The second editing pulse is
often set halfway between that second excitation pulse and the end of
the echo time. Combinedwith the differences in resulting edited spectra
seen in Fig. 3, it would therefore seem prudent for the researcher to be
fully aware of the timing schemes used in their implementation of



Fig. 2. Comparison of GABA-edited spectra across three vendors. The Siemens data is ac-
quired with a vendor-distributed sequence, whereas the GE and Philips sequences are cus-
tomer implementations by and available from RAEE. (a) Phantom data (acquired in a
10 mM GABA solution in phosphate-buffered saline) show similar edited signal in each
case. Note that the commonly anticipated ‘pseudo-doublet’ is not observed in any imple-
mentation, and that implementations differ significantly in the extent to which the ‘center
peak’ is edited. (b) In-vivo edited spectra. Typical parameters are: TE 68 ms; TR 2 s;
3×3×3 cm3 voxel; acquisition time 10 min; editing pulses applied at 1.9 ppm (ON) and
7.46 ppm (OFF).

Fig. 3. Representative PRESS (a) and MEGA-PRESS (b) pulse sequences, showing the
addition of the editing pulses symmetrically around the second 180° pulse.
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MEGA-PRESS, and how they may differ when comparing results to
other vendors or versions of the sequence.

Editing pulse bandwidth

The bandwidth of editing pulses, a key parameter as it determines
the degree of co-editing of macromolecular signal (see Section 7
“Contamination of spectra by co-edited macromolecular signal”), is
determined by both the RF waveform used for editing and the dura-
tion of the editing pulses. The editing pulse duration is in turn deter-
mined by the remaining period of the echo time not already occupied
by PRESS localization pulses and gradients.Where greatermaximumB1
is available, slice selective pulses can be shorter and editing pulses lon-
ger, resulting in narrower bandwidth editing pulseswith less co-editing
of macromolecular signals.

Phase cycling

Although pulsed field gradients are used in the PRESS sequence for
localization and coherence transfer pathway selection, localization is
improved with additional phase cycling. It is an unresolved question
whether phase cycling for localization (which can greatly improve
water suppression, for example) is a higher priority than rapid
(e.g. contiguous) interleaving of ON and OFF spectra for MEGA-PRESS
subtraction. For ease of implementation, phase cycling of between 2
and 16 steps is often prioritized over interleaving, but the phase cycling
and edit ON/OFF interleaving scheme should be selected carefully to
minimize subtraction artefacts resulting from potential drift or motion
between collection of the ON and OFF lines. The degree of phase cycling
also impacts the time resolution of data available for pre-processing
frequency- and phase-correction (see “Pre-processing of data before
fitting”) in some data export formats.

Voxel size

Typically, the voxel size used inMEGA-PRESS is largewhen compared
to that used for other neuroimaging modalities (for example, fMRI).
Primarily, the large voxel size is necessary to offset the inherent low
signal to noise ratio (SNR) for GABA (reported to be between 0.7 and
1.4 mM/cm3 in concentration (Govindaraju et al., 2000; Petroff, 2002;
Rothman et al., 1993)), and so voxels on the order of 3×3×3 cm3 are
commonly used as a compromise between localization and signal qual-
ity. As with all spectroscopic techniques when SNR may be limited, re-
ductions in voxel size may require increases in acquisition times and
vice versa to ensure data reliability.

Unsuppressed water

To allow concentration reference to tissue water, unsuppressed
water spectra are acquired after the metabolite spectra as a separate
scan (or as part of the standard PRESS acquisition). Typically 16 spec-
tral averages are collected for the water reference scan, allowing for a
full phase cycle, but as long as spectral quality is good, any number
should suffice.

Pre-processing of data before fitting

Processing of edited single voxel MRS data follows the same work-
flow as that for unedited single voxel measurements: if a phased array
receive coil is used, data from the individual coils are phase-corrected
and combined either using the default vendor approach or off-line; ex-
ponential line broadening (3–4 Hz is typical) is usually applied (unless
LCModel is to be used for analysis); Fourier transformation is applied;
and frequency- and phase-correction are applied to time-resolved fre-
quency domain data prior to temporal averaging and subsequent fitting
(Zhu et al., 1992). As the data are usually collected as a series of ON and

image of Fig.�2
image of Fig.�3
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OFF editing pairs they are already in a format that facilitateswithin-scan
correction of each pair for any potential frequency drift. Indeed, fre-
quency correction of this type is particularly beneficial as it improves
line width in the difference spectrum (Waddell et al., 2007) and can re-
duce or remove subtraction artefacts associated with frequency and
phase instability.

The details of frequency correction vary extensively between groups.
Typically a high-signal-to-noise peak is fitted to determine the frequency
and phase corrections to be applied to each spectral pair across the entire
acquisition. While the residual water peak is often chosen for frequency
and phase corrections due to its higher SNR and spectral separation
from GABA signals, the frequency and phase of the residual water signal
may respond in an unpredictable manner to any frequency instability,
and the efficacy of this approach varies according to the degree of
water suppression applied (whichdiffers between vendors). Onemethod
for dealing with this frequency instability involves the addition of an in-
terleaved water navigator to the MEGA-PRESS sequence (Bhattacharyya
et al., 2007). Creatine (Cr) can also be used as a frequency and phase ref-
erence, and may be preferable to the water peak due to the common lo-
cation of origin of the GABA and Cr signals. However, Cr has lower SNR
than water, and the form of the Cr signal is expected to differ between
OFF and ON scans due to changes in the underlying GABA signal at the
same chemical shift. For this reason, pair-wise corrections (applying
the same correction parameters to both spectra in each ON–OFF pair)
should be applied if Cr is to be used as a frequency and phase reference
(Evans et al., 2012), except in cases where large frequency drifts are
present, since frequency correction in the presence of large frequency
drifts may result in incomplete subtraction of choline and creatine sig-
nals. TheN-acetyl-D-aspartate (NAA) signal does not appear in ON spec-
tra, so could only be used with a pair-wise correction based on the OFF
spectra (at the cost of temporal resolution). An additional benefit of fre-
quency correction is the possibility of using themagnitude of frequency
shifts as an exclusion criterion for data confounded by excessive subject
motion (Bhattacharyya et al., 2007).

Once the frequency- and phase-corrections have been applied, time
averaging is performed and the edited difference spectrum calculated.
In addition, the sum of the editing OFF spectra alone can be calculated,
essentially a standard press sequence, so that other metabolites such
as NAA, Cr and Cho can be quantified either as the internal quantifica-
tion reference (see below) or for additional metabolic information. Al-
ternatively, reference Cr levels can be calculated from the sum of edit
ON and OFF spectra, with the advantage of improved SNR (relative to
the edit OFF spectra alone).

Signal quantification and fitting

As with unedited spectroscopy, there are a number of tools avail-
able for fitting and quantification of GABA concentration from edited
Table 1
Summary description of analysis methods.

Fitting method AMARES (jMRUI) Gannet

DATA format GE, Philips, Siemens GE, Philips, Si
Frequency correction Optional automatic processing Automatic

Water subtraction Optional semi-automatic processing Optional auto

Calculation of edited spectrum Manual Automatic
GABA model User choice — singlet or doublet, prior

knowledge for Gaussian or Lorentzian
Singlet, Gauss

Concentration estimates User choice of reference to water,
Cr NAA

Automatic ref

Quality measures SD of residual SD of residual
poor quality,

Analysis of non-edited spectrum Single, or double peak model Single peak m
spectra. Fitting methods that use predefined models of spectral peaks
corresponding to the spectrumof expectedneurometabolites, called basis
sets, such as LCModel (Provencher, 1993, 2001), TARQUIN (Wilson et al.,
2010), and QUEST in jMRUI (Naressi et al., 2001; Stefan et al., 2009), orig-
inally designed for unedited spectra, can be applied to edited spectrawith
appropriate modifications to basis sets and control parameters. Some
tools, which are custom-written for GABA-MRS analysis, such as Gannet
(available through gabamrs.blogspot.com), can performboth preprocess-
ing and fitting. Table 1 summarizes the pre-processing and fitting steps
commonly used in the various MRS quantification tools.

Where used, basis sets should be acquired experimentally, or simulat-
ed using full 3-dimensional voxel simulation (rather than hard-pulse or
on-resonance approximations), with the exact pulse widths and timings
of the individual experiment used as approximations may fail to capture
the significant spatial variation in intensity andmultiplet structure of the
edited signal that occur throughout the voxel (see e.g. (Edden and Barker,
2007)). Software such as VESPA (scion.duhs.duke.edu, n.d.) is freely avail-
able and has been used by several groups to simulate basis spectra. How-
ever, validation of simulations against phantomdata is advised as there is
on-going debate as to the values of the couplings in GABA and the extent
to which two-bond proton–proton couplings need to be included
(Govindaraju et al., 2000; Kreis and Bolliger, 2012). A database of
simulated spectra for different sequence implementations would
be useful for future researchers and would promote common anal-
ysis pathways. There has been mention of such a database on both
the TARQUIN and VESPA users mailing lists, and the VESPA project
has a repository for user contributions http://scion.duhs.duke.edu/
vespa/contrib, although as yet no metabolite results for any se-
quence have been contributed.

Using the AMARES fitting routine in jMRUI is another option where
prior knowledge and a degree of manual user intervention can be used
to fit both the GABA and other metabolite peaks as a mixture of single
Gaussian or Lorentzian peaks.

While the simple triplet model of the 3-ppm GABA signal supports
the use of a pseudo-doublet model for GABA fitting, both simulations
and phantom data show significant contribution from the center peak
(as seen in Figs. 1 and 2), and the appearance of in-vivo spectra from
different implementations vary in the extent to which a splitting is
seen in-vivo, with estimates varying from 20% to 60% of spectra showing
doublet character. Note that small-to-moderate Cr subtraction artefacts
can easily be misinterpreted as ‘true’ doublet splittings, and the use of
doublet character as a benchmark for spectral quality cannot be univer-
sally applied. Trials ofmodel-typewithin one pipeline (GANNET) suggest
that the integral that results from fitting by either a Gaussian singlet or
doublet model agree with an R2 of 0.9872 for a dataset of 144 spectra
from occipital, sensorimotor and DLPFC (as shown in Fig. 4). This is per-
haps not surprising given the general line broadening seen in in vivo
data, and the presence of underlying macromolecule peaks (discussed
LC-MODEL Tarquin

emens GE, Philips, Siemens GE, Philips, Siemens
Optional pre-processing step. Not
part of the LC Model package

Optional automatic
processing

matic processing Not performed Optional automatic
processing

Pre-processing required Automatic
ian Basis set uses simulated or

phantom spectra.
Two Gaussian singlets

erence to water and Cr Automatic reference to water or
user choice of NAA, Cr

Automatic reference to
water or user choice of
Cr, NAA

, rejection of data with
or excessive motion

CRLB SD of residuals

odel Metabolite basis set analysis Metabolite basis set
analysis

http://scion.duhs.duke.edu/vespa/contrib
http://scion.duhs.duke.edu/vespa/contrib


Fig. 4. The effect of fit model on the estimation of GABA: Analysis was performed on
144 in-vivo datasets using both single Gaussian and double Gaussian functions to fit
the GABA peak. The high correlation between the resulting integral values demon-
strates that, for in-vivo data, fitting a single Gaussian is equivalent to using a more
complex model.

Table 2
Within-session reliability of different analysis methods.

Analysis method GABA test–retest reproducibility
(% CV from consecutive scans)

AMARES 9%
Gannet 8%
LCModel 7%
TARQUIN 8%
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in greater detail later), and highlights that even with edited spectra, dis-
crimination of individual spectral peaks is difficult in vivo.

If LCModel is to be used to fit edited spectra, the default fit param-
eters (including an unconstrained baseline and the default macromo-
lecular fitting) are not recommended as these may lead to variable
results, often with minimal detection of GABA due to LCModel appor-
tioning the majority of the peak at 3.0 ppm to the MM component.
The use of LCModel for fitting edited spectra is limited by the fact
that its default settings tend to assume a spectrum of sharp peaks
superimposed on a broad positive baseline. In in vivo edited spectra,
the GABA signal is not particularly narrow (compared to the MM sig-
nal) and the majority of the MM baseline is removed upon editing.
These problems can be addressed either by constraining the baseline
(by setting VITRO=T or NOBASE=T in LCModel) or by explicitly
modeling the co-edited macromolecules in the basis set (see below)
and are not limited to LCModel. However, LCModel is viewed in some
circles as the default tool for the analysis of

1
H-MRS spectra and many

literature examples of variable or inappropriate fitting arise from mis-
use of LCModel (e.g. Fig. 5 in Taki et al., 2009).

TARQUIN is an MRS analysis package that uses a linear combina-
tion of basis functions to fit spectra, similar to LCModel. The fitting
is performed in the time-domain and simulated basis sets based on
quantum calculations can be automatically generated tomatch common
acquisition protocols. However, for edited MEGA-PRESS data TARQUIN
uses a simple predefined basis set which models the GABA peak as two
single Gaussian peaks. Full simulation of the MEGA-PRESS sequence is
under development by the developers of TARQUIN.

The reliability of these various fitting/analysis methods has been
assessed in a recent study investigating the (within-session) test–retest
reproducibility of GABA concentrations in a group of healthy adult vol-
unteers (O'Gorman et al., 2011b). Results from this study indicate that
the reproducibility of GABA quantification is similar across methods
(see Table 2). The reliability of GABA quantification was assessed from
MEGA-PRESS data acquired from a 25×40×30 mm3 voxel in the dorso-
lateral prefrontal cortex in sixteen healthy adults (age 25–38 years;
with signed informed consent and local ethics board approval)
(O'Gorman et al., 2011b). Four consecutive restingMEGA-PRESS spectra
were acquired fromeachparticipant andwater-scaledGABA concentra-
tions were derived with LCModel, jMRUI, TARQUIN and Gannet. For
each fitting method, the reliability was quantified as the coefficient of
variation of the GABA concentrations derived for each participant, aver-
aged across the subject group. Coefficients of variation ranged from 7%
to 9% for all fitting methods (Table 2). Further details with regard to
the processing methods are given in Table 1.

While MEGA-PRESS has been shown to be reliable in vivo, re-
searchers are recommended to validate the technique on their systems
against phantomsof known concentration, and to perform this step on a
regular basis as part of a normal quality assurance protocol. Validation
of in vivo measures is of course difficult as apart from other MRS tech-
niques, other non-invasive methods to measure neuronal GABA are
non-existent. This may be considered one potential downfall of any
MRS methods, in that ground truth for concentration is not known,
and allmeasures by their nature are relative to some proposed reference,
whose concentration may itself be based on assumptions and estima-
tions. However, the use of appropriate assumptions, and literature values
for key constants (e.g. T1, T2, and water concentrations) as discussed in
the next section is widely accepted, and should provide measures that
are comparable between research groups.

Concentration estimation and the use of Internal Standards

The calculation of concentration values from fitted edited spectra
follows the same principles (and suffers from the same limitations)
as for standard single-voxel MRS. In general, concentrations are calcu-
lated relative to an experimentally acquired internal reference of (an
assumed) known concentration. In published studies to date, three
references have been used — Cr, Water and NAA. Each has its merits:
Cr and NAA have the advantage that they are acquired during the
MEGA-PRESS scan, rather than as a separate scan at the beginning
or end of the GABA acquisition, so potential effects of subject motion
are minimized. Using Cr as a reference is familiar amongst the clinical
community and has been shown to perform well (Bogner et al., 2010).
In addition, the main Cr resonance is very close to the edited GABA sig-
nal; therefore chemical shift displacement issues will be negligible. The
water signal has higher SNR and is more easily modeled, although
chemical shift effects (Howe et al., 1993; Weinreb et al., 1985) mean
that the acquired water signal (in some implementations) may be
from a different location than the acquired voxel. Within the Gannet
pipeline, referencing to both Cr and water is used (when water data
are provided), which is useful in establishing that it is the GABA numer-
ator, rather than the denominator, that drives observed effects as
changes in NAA, Cr and water signals are all well documented in
disease.

Water-scaled GABA concentrations can be estimated in institu-
tional units frommetabolite peak amplitudes according to the follow-
ing equation:

GABA½ � ¼ SGABA
SH2O

� H2O½ � � VISH2O

1− exp −TR
T1H2O

� �

1− exp −TR
T1GABA

� � �
exp −TE

T2H2O

� �

exp −TE
T2GABA

� � �MMcor

eff
ð1Þ

where SGABA and SH2O are the averaged rawGABA andwater signals, re-
spectively, [H2O] is the brain water concentration (e.g. 55,550 mmol/l),
VISH2O is thewater visibility (e.g. 0.65 inwhitematter), eff is the editing

image of Fig.�4
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efficiency (0.5), TR is the repetition time, T1H2O is the T1 of water (1.1 s)
(Wansapura et al., 1999), T2H2O is the T2 of water (0.095 s) (Wansapura
et al., 1999), T1GABA is the T1 of GABA (0.8 s), T2GABA is the T2 of GABA
(0.13 s) (Träber et al., 2004), and MMcor is a macromolecular correc-
tion factor given by the fraction of GABA thought to occupy the
GABA+peak (0.45).

The use of water as a concentration reference for spectroscopy has
been discussed extensively elsewhere, and while it has many advan-
tages, users are recommended to acquaint themselves fully with current
practices and cautions (Gasparovic et al., 2006). The most important
issue with regard to quantification using water as an internal reference
is the accurate correction for partial volume effects within the voxel —
this is especially important when performing group comparisons or cor-
relations with other parametric measures. It is most important to correct
themeasured GABA signal for the CSF-fraction of the voxel, such that the
quoted GABA pseudo-concentration is per unit brain tissue, excluding CSF
(Kreis et al., 1993). Correction of the water reference signal for apparent
water density and relaxivity in each tissue type is recommended
(Gasparovic et al., 2006). Most current image analysis packages for
structural/anatomical neuroimaging data have the ability to perform
tissue segmentation, the reliability of which will depend on several
factors, not the least of which is the quality of the anatomical images
collected. While ensuring correct registration of the voxel of interest
with the anatomical brain structures is seen as the biggest hurdle,
the importance of performing tissue segmentation and correction
was universally acknowledged in all discussions, especially if water
was used as a concentration reference. Readers are directed to Alger
(2010) for a detailed discussion of the issues inherent in quantitative
measures in MRS.

Correction of GABA measurements for voxel gray matter (GM) and
white matter (WM) fraction is more controversial. While some groups
have found that the concentration of GABA is two times higher in gray
matter than white matter (Jensen et al., 2005a; Petroff et al., 1988,
1989), it is probably more appropriate to utilize GM:WM ratios explic-
itly as covariates in any statistical analysis rather than to attempt to cor-
rect measures based on these reported differences in concentration
between tissue types — indeed it is not obvious what such corrected
quantities would correspond to, as they no longer represent concentra-
tions. Corrections for voxel GM:WM fraction invariably also ignore the
heterogeneous excitation of GABA signal within the voxel (Edden and
Barker, 2007) and are as likely to inject tissue-fraction-driven effects
into the data as they are to correct for these effects.

Contamination of spectra by co-edited macromolecular signal

As with any spectra acquired with a short-to-medium TE, macro-
molecular (MM) contamination represents a major area of concern.
Unfortunately, spectral editing does not separate GABA signal from
at least one MM component, arising from spins at 3 ppm coupled to
spins at 1.7 ppm which are affected by the editing pulses. As such re-
duction of the MM signal component is perhaps one of the most im-
portant areas for development in the measurement of GABA.

Three main approaches have been proposed to separate GABA from
co-editedMM signals: directmeasurement of theMMbaseline through
metabolite nulling (Behar et al., 1994; Hofmann et al., 2001; McLean et
al., 2004); symmetric editing-based suppression of MM (Henry et al.,
2001; Mescher et al., 1998; Rothman et al., 1993) and fitting of data
with GABA and MM basis functions (Murdoch and Dydak, 2011). Cur-
rently each method has some detrimental effect on data quality or
time of acquisition, thus the most common approach to date has been
to acceptMMcontamination as a limitation of theMEGA-PRESSmethod
at 3 T. A discussion of the three main techniques applied currently, and
their caveats follows.

Directmeasurement of theMMbaseline through the use of an inver-
sion pulse prior to the PRESS sequence to cause metabolite nulling has
been proposed for normal short echo MRS as well as MEGA-PRESS
studies (Behar et al., 1994; Hofmann et al., 2001; McLean et al., 2004).
However using this technique to account for the MM contributions
has several disadvantages; (i) it increases experiment time, (ii) in the
MEGA-PRESS implementation it reduces the amplitude of the peak at
3.0 ppm, reducing fit reliability, (iii) it increases the noise level in the
resulting MM-corrected GABA spectrum by √2 (assuming the residual
noise of the metabolite-nulled acquisition is the same as that of the
GABA acquisition), and, (iv) it requires the subtraction of two non-
interleaved measurements, resulting in a greater sensitivity to partici-
pant motion. Pilot data (O'Gorman et al., 2011a) show that metabolite-
nulling significantly reduces the reliability of GABA measures (with
CRLBs increasing from 20 to 44%) and reduces the sensitivity of
MEGA-PRESS GABA levels. These factors would suggest that metabo-
lite nulling is not a useful technique for control of MM contributions
to the MEGA-PRESS experiment.

Symmetric suppression of MM signals is a promising approach, and
has been shown to be somewhat effective. Caution is advised when ap-
plied at 3 T however as the editing pulses commonly used are insuffi-
ciently selective to suppress MM without also significantly impacting
on the GABA signals via co-editing. Recent work has suggested that
the use of a slightly increased echo time over the typical 68 ms in
MEGA-PRESS allows for editing pulses that are sufficiently selective to
avoid this co-editing (Edden et al., 2012). Validation of this technique,
or others with more selective editing pulses is one potentially reward-
ing area of future development.

Finally, explicitly modeling the MM contributions in the basis set is
advantageous in that this method does not require additional scans
(Murdoch and Dydak, 2011). However, fitting of edited spectra for
both GABA andMM is heavily dependent on data quality and fitting con-
straints, and reproducibility data from one group suggests that modeling
the co-edited macromolecules may introduce additional variability into
the estimated GABA levels. While simple to implement, other fitting
methods like AMARES, and Gannet do not yet allow for simulation of
MM or accurate modeling of the baseline beyond a linear fit. In this
case fitting of the edited peak at 3.0 ppm as either a singlet or a doublet
will yield an estimate for GABA that should be reported as having a sig-
nificant contribution from MM, often referred to as GABA+ in the
literature.

While unfortunate, the contribution of MM to the GABA signal must
be acknowledged, and the likelihood of MM driving observed results
must be assessed on a case-by-case basis. For example, studies that hy-
pothesize strong relationships between GABA-MRS measures and be-
havioral function (e.g. Edden et al., 2009; Puts et al., 2011; Yoon et al.,
2010) from the outset, or examine experimentally-induced changes
within session due to a task (Floyer-Lea et al., 2006; Michels et al.,
2012) are perhaps less likely to be confounded by MM. However,
group studies comparing patients with neurotypical controlsmay be af-
fected by MM changes between groups, particularly in light of recent
data suggesting that agingmay influence themacromolecular contribu-
tion (Aufhaus et al., 2012). As suchwork onmethods to account forMM
contributions is an important area of development in GABA measures.

While MM contributions are an acknowledged problem, there is as
yet no real consensus on the best way to deal with them, and those
methods that are available are not yet widely applied. This widespread
failure to account for MM,while perhaps understandable given the lim-
itations of themethods available, stands as the greatest single limitation
of the area to date and should be acknowledged as such. While prob-
lematic, accounting forMM contribution also represents an area of con-
siderable on-going work, both in the MEGA-PRESS community and
within MRS in general. All those interested in using MRS to measure
GABA should follow these future advances closely.

Future developments

Methodological developments continue, both in terms of acquisition
and processing, and this review is only intended to present a snapshot



1 These sequences are freely available from Dr Edden (raee2@jhu.edu).

50 P.G. Mullins et al. / NeuroImage 86 (2014) 43–52
of a rapidly developing field. Quantification of GABA at fields higher
than 3 T, although not widely available, will benefit from increased
SNR, increased spectral dispersion and increased selectivity of editing
pulses, advancing our understanding of GABAs role in the brain even
further. There is also considerable work being done on non-edited
MRS techniques to detect GABA reliably (Hu et al., 2007; Napolitano
et al., 2012) at 3 T, however, MEGA-PRESS is still the most commonly
applied MRS technique for GABAmeasurement, warranting this review
and discussion of appropriate implementation and current problems
with this technique.

Absolute quantification inmeaningful concentration units is one use-
ful goal, requiring the measurement of GABA relaxation times (Edden et
al., 2011), editing efficiency, improved handling of MM contamination,
and extensive validation of both acquisition and processing steps. How-
ever, much like other MRSmeasures at present, until a standard practice
is settled upon by thewider community most GABAmeasures should be
thought of as provisional or institutional estimates, and not true absolute
concentrations when making comparisons between studies at different
sites. Provided the same techniques are applied however, studies from
the same sites, should be directly comparable.

Determining a standardized approach can be problematic in any
academic field where several differing view points vie for prominence
however a summary of the consensus reached at the MEGA-PRESS
meeting regarding minimal best practice follows. Data should be col-
lected at the standard TE of 68 ms although recent data suggests that
the use of 80 ms allows for better MM removal through the use of
symmetric-editing (Edden et al., 2012). Phase cycling of at least 2
steps should be performed, and allows for repeated interleaving of
ON and OFF edited spectra. The interleaving of spectra allows for fre-
quency correction and monitoring across a spectral acquisition and is
recommended to both improve line width of the final spectra, and to
catch subjectmotionwhichmay lead to subtraction artefacts. Researchers
should also be aware of the differences in timing and pulse shapes be-
tween vendors and sequence versions and the effects this may have on
the data acquired. Voxel size, or acquisition time can be tailored to the
question at hand, but should also be tested to ensure they provide ade-
quate signal to noise for reliable fitting. There are several processing and
fitting implementations available, if basis sets are used, models from
phantoms or from full simulation with appropriately modeled RF pulses
are recommended over simpler approximations, however use of either
a single or double Gaussian peak for GABA has been shown to produce
equally reliable results. Concentration referencing to an unsuppressed
water scan is recommended, although the Cr andNAApeaks from the un-
edited spectrum can also be used as long as whichever is used should be
prominently mentioned when reporting the results. If water is used, ap-
propriate correction for tissue content and relaxation differences is re-
quired. Finally, MM contributions need to be addressed, either through
acknowledgement of their contribution to the GABA signal reported, or
through the use of some technique to control for these. While several
techniques exist, researchers are advised to be aware of the caveats and
potential pitfalls of each as discussed previously.

The measurement of GABA concentration using edited MRS at 3 T is
an extremely powerful approach for investigating the role of GABAergic
inhibition in healthy brain function and the pathophysiology of neuro-
logical and psychiatric disease. Development of common acquisition
and analysis strategies across sites and vendors will enhance the inter-
pretability of the literature and widen uptake of the methodology to
sites without pre-existing MRS expertise. It is our hope that this report
can form the foundation of such a common acquisition, processing and
analysis framework.
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Appendix 1. Processing pipelines

A number of MRS research groups were represented at the Cardiff
meeting, all at differing stages of development of a processing pipeline.
Illustrative examples of the processing steps for two of the three main
clinical MRI system manufacturers are presented below to outline cur-
rent procedures. Areas of similarity in each will then be discussed and
considered in terms of appropriateness and utility. It should be pointed
out that theMEGA-PRESS sequences are not currently standard “product”
sequences for these manufacturers and are distributed as research
patches or sequences specific to platform.1

The example pipeline includes steps which can be thought of as
reflecting best-practice beliefs amongst the participants and formed
the basis for round table discussion on day two of the meeting. We have
set out below discussion of those aspects of these processing steps that
are most important to consider, highlighting both areas of consensus
and those where further refinement and consideration of the technical
issues is recommended. Note that for the AMARES, LCModel, and
TARQUIN pipelines, automated drift correction is not applied but can be
implemented as an additional pre-processing step using custom software.

A1.1. AMARES/jMRUI

GE pre-processing
In SAGE, data are coil combined and phase corrected, using the first

point of the FID of the unsuppressed water signal for each coil. The
coil-combined unsuppressed water lines are then averaged and saved
to a sage data file for subsequent processing, and the coil-combinedme-
tabolite lines are subtracted and saved to a separate sage data file. (If Cr
or other metabolite information is desired then the coil-combined un-
edited lines are saved to a different data file.) Automated drift correc-
tion is not applied. The binary sage data files are converted to text
files for subsequent processing in jMRUI.

Philips pre-processing
Data are exported from the scanner as *.SDAT and *.SPAR files and

opened in jMRUI as a time series of editing pairs (ON and OFF spectra).
The ON and OFF spectra are 180° out of phase, so to produce the edited
spectrum a simple addition across all the spectra is required. Phase

mailto:raee2@jhu.edu
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correctionmay be required. If individual editing pairs are summed first,
then the inverted NAA peak can be used to check for frequency drifts
before summation to produce the final edited spectrum. HSVD re-
moval of any residual water can then be performed and 4 Hz Gausian
apodization applied.

Processing
The residual water signal is removed by Hankel SVD. GABA levels are

evaluatedwith theAMARES algorithm, aftermanually defining the center
frequency and width of the GABA peak. GABA is modeled as a Gaussian
singlet (phase 0°) and NAA is modeled as a single inverted Lorentzian
peak (phase 180°). GABA levels are quantified either relative to NAA,
unsuppressed water or creatine (modeled as a single Lorentzian in the
unedited lines). Alternatively, GABA/Cr can be calculated by multiplying
the GABA/NAA ratio from the edited spectrum by the NAA/Cr concentra-
tion calculated by LCModel from the unedited lines (Donahue et al.,
2010).

Quantification
Water-scaled GABA concentrations must be calculated manually,

but can be estimated in institutional units using Eq. (1).

A1.2. Gannet

Pre-processing
None required.

Processing
Coil-combination, phasing, apodization, and frequency correction

are performed automatically (see Table 1 for details). GABA is
modeled as a single Gaussian superimposed on a linear baseline,
and both the water-scaled GABA concentration and the GABA/Cr
ratio are calculated.

Quantification
Water-scaledGABA concentrations are calculated according to Eq. (1),

taking into account the editing efficiency and approximate macromolec-
ular contributions to the GABA+ peak.

A1.3. LCModel

GE pre-processing
Data are coil combined and phase corrected in SAGE, as described

above for AMARES/jMRUI. The coil-combined unsuppressed water
lines are then averaged and saved to a sage data file for subsequent
processing, and the coil-combined metabolite lines are subtracted
and saved to a separate sage data file. No apodization is performed.
Automated drift correction is not applied. The binary sage data files
are converted to LCModel .RAW format.

Philips pre-processing
SDAT files are converted to LCModel .RAW format and averaged.

(Since ON and OFF spectra are acquired 180° out of phase, the
MEGA-PRESS difference spectrumcan bederived froma sumof all spec-
tra, so prior subtraction is not necessary). If frequency correction is to be
applied it should be done before the averaging step. No apodization is
performed.

Processing
The (subtracted) metabolite and water files are processed in

LCModel using either an experimental or simulated basis set includ-
ing basis spectra for GABA, glutamate, glutamine, Glx, NAA and gluta-
thione, either with the control parameters VITRO=T, NOBASE=T, or
with the coedited macromolecular signal included in the basis set
(Murdoch and Dydak, 2011).
Quantification
Water-scaled GABA concentrations are calculated according to a

modified version of Eq. (1). The editing efficiency and macromolecu-
lar correction factors are not applied automatically.

A1.4. Tarquin

Pre-processing
None required.

Processing
Coil-combination and phasing are performed automatically (see

Table 1 for details). Frequency correction can be applied, with the op-
tion to use both the Cr and Cho peaks, or the Cr peak alone. GABA is
modeled as two Gaussian singlets, and both the water-scaled GABA
concentration and the GABA/Cr ratio are calculated. A simple single
Gausian model is also included for the MM peak.

Quantification
Water-scaled GABA concentrations are calculated according to a

modified version of Eq. (1), excluding the relaxation correction since
Tarquin partially accounts for relaxation effects by using a scaling factor
in its estimate. Readers are advised that this scaling factor is set by de-
fault, and may not take into account the true relaxation effects for
MEGA-PRESS sequences and so should either explicitly set this scaling
factor to one, or correct for its effect post hoc. The editing efficiency
and macromolecular correction factors are not applied automatically.
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