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Preface

These guidelines aim to
enable those new to the use
of MEGA-PRESS to acquire
high-quality data for the
reliable quantification of
GABA

Gamma-aminobutyric acid (GABA) is the main inhibitory
neurotransmitter of the central nervous system (CNS) and plays an
important role in regulating healthy brain function1. Altered GABAergic
function has been identified in a number of pathological conditions that

affect the central nervous system such as pain2, psychological3,4 and
neurodevelopmental disorders5.

Magnetic Resonance Spectroscopy (MRS) is currently the only
non-invasive brain imaging technique which enables the in-vivo
measurement of GABA. The measurement of GABA using conventional
MRS is challenging given its relatively low concentration in the human
brain, the spectral overlap by more abundant neurometabolites and its
complicated peak pattern6. Therefore, an edited sequence such as
MEGA-PRESS (MEscher–GArwood Point RESolved Spectroscopy7) is
required.

MEGA-PRESS is the most widely used technique for measuring GABA
levels at 3T. The sequence uses J-difference editing which consists of
two sub-experiments, usually acquired in an interleaved fashion. One
sub-experiment applies editing pulses at a frequency of 1.9 ppm to
selectively refocus the coupling evolution of the GABA signal at 3 ppm
(‘Edit-ON’), while the other allows the free evolution of the spin system
throughout the echo time (‘Edit-OFF’). Subtracting the Edit-OFF from the
Edit-ON spectrum reveals a difference-edited GABA signal while
removing the stronger overlapping signals from creatine-containing
compounds7. The composite edited signal at 3ppm contains up to 50%
co-edited macromolecules and is therefore commonly referred to as
GABA+ (GABA+ macromolecules). Macromolecule signals can be
suppressed by adding a second editing pulse at 1.5 ppm, however this
experiment is significantly less stable8.

MEGA-PRESS significantly improves the accurate detection of GABA,
however, it is a technically challenging process that relies on the
observation of a number of caveats and avoiding numerous pitfalls. At
present the large heterogeneity of sequences and parameters used to
study GABA  demonstrates the lack of standardisation within the field,
resulting in variable reliability of the data2. The study of GABA has been
met with growing interest from those with clinical backgrounds but
without a background in magnetic resonance physics. This has motivated
an easily translatable guideline to assist the avoidance of pitfalls and
ensure the accurate detection of GABA in clinical and research
populations.
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Purpose
These guidelines are intended to assist those new to the use of
MEGA-PRESS to plan and implement a study to reliably measure
brain GABA levels in clinical and research populations.

Specifically these
guidelines will assist
those new to the
field to:

→ Select appropriate ‘acquisition parameters’ depending on the brain
region of interest and specific study population

→ Be aware of the impact the choice of ‘acquisition parameters’ is likely to
have on the spectral output

→ Be aware of specific ‘practicalities’ to be considered when running a
MEGA-PRESS experiment.

→ Be aware of identified and potential ‘confounders’ of GABA and
methods to handle these confounders.

→ Be aware of the implications associated with the methods for handling
‘confounders’.

→ Have knowledge of key aspects during ‘data acquisition’

→ Conduct appropriate ‘quality assessment and reporting’ of the
experiment

→ Understand the importance of frequency-and-phase correction for
‘post-processing’

Scope These guidelines largely focus on study design and data acquisition to ensure
steps are followed to collect high-quality data. It was not within the scope of the
guideline to discuss further details of post-processing (beyond
frequency-and-phase correction and the requirements for file export at the time of
acquisition), modelling, or quantification of MEGA-PRESS data. Resources to assist
the next stages of post-processing and quantification have been outlined in the
accompanying manuscript9. Further it is advised that the beginner liaise with MRS
experts and representatives from their scanner vendor to provide further
information on vendor-specific variances highlighted in the Comprehensive Guide.
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Development The guideline was developed using a translation framework widely used for the
development of clinical guidelines, the NHMRC framework Guidelines for
Guidelines10 and the ADAPTE toolkit11. Full details of the development process
including search strategy of the scoping review are outlined in the accompanying
manuscript9. In brief, this framework divides the evidence synthesis and
recommendation formation into three stages: set up, adaptation and finalisation11.
The stages are summarized in Figure 1. The key strengths of this approach include
the involvement of multiple stakeholders with diverse experience and expertise,
conducting a systematically delivered scoping review, the blinded quality
assessment of each recommendation, and the modified-Delphi approach12,13 used to
integrate external expert peer review.

→ Establish working group, committee and stakeholders
→ Develop work plan

→ Plan scope and purpose of guideline
→ Devise comprehensive search and screening strategy
→ Conduct scoping review
→ Synthesise evidence from scoping review
→ Identify where existing evidence can be Adapted, Adopted or requires

development
→ Quality assessment-Level of evidence and GRADE
→ Decision and Selection

→ External review
→ Recommendation development
→ Final guideline output
→ Plan for Dissemination, Implementation & Review

Figure 1: A summary of the process followed to develop the guideline based on the ADAPTE

framework11
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SET UP A working party consisting of MRS experts, translation/implementation experts and
key end-users including higher-degree research students, research radiographers
and MRS mentors was established.

ADAPTATION

Evidence Synthesis

Quality Assessment

Evidence to inform the guideline was identified through a systematically conducted
scoping review (see manuscript for full search strategy9). Evidence was summarized,
and the ADAPTE framework for guideline adaptation11 was used in an iterative
process to establish where evidence currently exists for each recommendation. The
process considers if recommendations are suitable for Adoption- when it can be
lifted directly from an existing guideline or for Adaptation- when the
recommendation needs to be adjusted to suit the audience or context. Where no
evidence exists, the recommendations require development DeNovo (‘from
scratch’)10.

The quality of evidence was established in a two-stage process. First, the NHMRC
Level of Evidence was established using the traditional and a modified NHMRC
hierarchy of evidence framework (Supplement 1). The Level of Evidence describes
the suitability of a study design to address a research question (ranging from Level 1
indicating the most robust design to Level 4 indicating the least robust design)14.In
this guideline, studies best answered through a systematic review of randomised
controlled trials (e.g. ‘Medications’) were assessed using a traditional hierarchy of
evidence, denoted as Level *T, whilst those examining MRS principles and
acquisition parameters, best answered through expert consensus, were assessed
using a modified hierarchy (Supplement 1). Second, the modified Grading of

recommendations, Assessment, Development and Evaluation (GRADE)14 determined
the degree of certainty in the body of evidence used to inform each of the
recommendations (Table 1).

Guideline v1.1 21/08/22 7



The Comprehensive Guide to MEGA-PRESS for GABA Measurement / Preface

Table 1: GRADE matrix

GRADE Criteria Description

→ Good evidence (One or more Level 1
study or studies with consistent
findings)

Body of evidence can be trusted to guide
recommendation

→ Fair evidence (One or more Level 2 or 3
study or studies with consistent
findings)

Body of evidence can be trusted to guide
recommendation in most situations

→ Conflicting evidence (One or more
Level 1 to 3 study or studies with
inconsistent findings) OR

→ Low level evidence (More than one
Level 4 study)

Body of evidence provides some support for
recommendation, but care should be taken in its
application

→ Insufficient evidence (no studies) OR
→ Poor evidence (Level 4-5 studies with

inconsistent findings)

Body of evidence is weak, and recommendation
must be applied with caution

FINALISATION

Expert Panel
Agreement

The expert panel consisted of 21 expert MRS researchers from 15 universities in

eight countries. A modified-Delphi process12,13 was used to determine expert
agreement on the content and suitability of the recommendation for the
Comprehensive Guide (See manuscript9 for further detail). In brief, recommendations
were classified as having ‘expert panel endorsement’ and accepted into the final
guideline if at least 80% of the expert panel had agreed to the recommendation. In
cases where recommendations did not reach the 80% threshold in Round 1 or new
evidence had become available, recommendations were revised and sent out for
re-assessment in Round 2. Recommendations that did not reach the 80%-threshold
in Round 2 were not given an ‘expert panel endorsement’ label.
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Final Guideline
Outputs

The three outputs from this work include this full guideline, a peer-reviewed
publication and a one-page infographic summary.

A Comprehensive Guide to MEGA-PRESS for GABA measurement  (This
extended guideline)

This guideline briefly provides an overview of the background and the development
process of the guideline, and then provides a detailed document which gives context
for each recommendation, an evidence synthesis, and considerations from the expert
panel. The full-length guideline is recommended for consultation when starting to
use MEGA-PRESS, particularly during the study protocol design phase.

The peer-reviewed publication

The peer-reviewed publication9 is an accompanying manuscript that first outlines the
rigor of the methodological process of recommendation development and then
provides a summary of the recommendations. The manuscript provides the GRADE
of evidence, percentage of expert panel agreement and a shortened summary of the
evidence synthesis and expert panel feedback that informed the recommendation.
The manuscript can be used instead of the full-length guideline when a brief
overview of parameters that determine data quality is sufficient.

One-page infographic summary

The infographic provides a quick visual reference guide, summarises the key
messages of the Comprehensive Guide and provides a memory aid to users who
have previously read the full guideline. Its purpose is to improve the translation of
the guideline into standard practice.
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Table 2: Summary of Recommendations

Evidence
GRADE

Experts: R1
(%) Agreement

Experts: R2
(%) Agreement

Acquisition SNR -Number of Transients
-Voxel Size

A 76.2
81 90

TR A 95.2 -
TE A 81 -
Water reference A 85.7 55
Slice selection for water reference A 100 -
Gradient I 76.2 75
Editing pulse A 76.2 90

Practicalities Voxel position A 85.7 -
Shimming A 71.5 80
Order of scans A 85.7 -

Confounders Scanner site B 95.2 -
Macromolecules A 90.5 100
Region C 81 -
Tissue composition A 85.7 90
Age A 95.2 -
Sex C 85.7 -
Medications B 95.2 -
Other -Caffeine

-Nicotine
-Menstrual phase

I 71.4
76.2
71.4 85

Data Acquisition Quality assessment A 90.5 -

Export I 90.5 -

Quality and Reporting Quality metrics A 90.5 -

Reporting A 95.2
Post-Processing Frequency and phase correction A 95.2
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1. Parameters

1.1 Signal-to-noise ratio

1.1.1 Number of transients

1.1.2 Voxel Volume

1.2 Repetition Time (TR)

1.3 Echo Time (TE)

1.4 Water Reference

1.5 Slice-selection frequency for water reference

1.6 Slice-selective gradients

1.7 Editing pulse specifications
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1.1. Signal-to-Noise Ratio Considerations
(Number of transients and Voxel volume)

Recommendation ADAPT: Start with at least 192 transients (i.e. 96 Edit-ON +
96 Edit-OFF) and a voxel volume of 27ml (e.g. 3 x 3 x 3cm3)
to quantify GABA when scanning a favourable brain region.
Consider increasing the total number of transients when
scanning smaller or more challenging brain regions (See
Region)

GRADE

Agreement

1.1.1. Number of transients

Background MRS measurements suffer from low signal-to-noise ratio (SNR) and require the
acquisition of multiple repetitions of the experiment, which are averaged at the end
of the scan. The terms transients, averages, excitations or acquisitions have all been
used in the literature. Notably, the SNR of the averaged spectrum increases with the
square root of the number of transients15, but linearly with the voxel volume. In order
to achieve sufficient SNR, the number of transients and the voxel volume must
therefore be considered as a whole. Our recommendation serves to provide a
starting point from which further optimisation can be performed, but does not take
into account specific adjustments for particular brain regions, conditions or
populations.

Evidence summary Eight studies provided recommendations for the number of transients required to
acquire data for a MEGA-PRESS experiment (one consensus document; Level 16,
two large multi-site trials; Level 216,17 and five methodological publications; Level
38,18-21). The number of transients recommended for MEGA-PRESS acquisitions
ranged from the lowest recommending 126 20 to the highest recommending 320
16,17, equating to 4-13 minutes of scan time (at typical repetition time (TR) = 2s). The
consensus document suggested 10 minutes scan-time will typically suffice (Level 1).
Three of the five methodological publications (Level 3) directly investigated the
number of averages required for a MEGA-PRESS dataset and found little
improvement in variation when increasing the number of transients from 128 to
29620, or 200 to 30018, respectively, with only modest gains demonstrated beyond
218 transients19. One methodological publication (Level 3) noted a decrease in
stability in the ACC beyond 262 transients3. Reasons for reduced stability over
longer scans could either be due to increased frequency drift8,21 or motion artefact18.
Although a single Level 3 study has demonstrated 126 transients are sufficient, the
overall recommendation is to use at least 196 transients (96 Edit-ON and 96
Edit-OFF) to ensure adequate SNR.
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A consensus document (Level 1)22 and a quality assessment tool within a systematic
review (Level 2)2 highlight the importance of reporting the number of transients
used in the study. Reporting should specify whether the number of acquisitions are
separate (as Edit-ON and Edit-OFF) or total number of transients.

Considerations The expert panel commented that the number of transients and voxel volume must
be considered together (n=11/21, 52.4%). Choice of brain region and study
population will also impact the number of transients required (6/21, 28.6%). Firstly,
less favourable brain regions such as the thalamus or dorsolateral prefrontal cortex
(DLPFC) may require a greater number of transients to maintain adequate SNR, or
alternatively, a larger sample size18,23, whereas regions such as the occipital and
parietal lobe are more favourable to MRS. Secondly, certain study populations, such
as paediatric or clinical cohorts, may be more likely to move in longer acquisitions
compared to healthy control participants. Therefore, a balance between gaining
sufficient SNR and length of scan time needs to be achieved. In addition,  it is
recommended to choose multiples of 16 to allow for full phase cycles to be
included.

Furthermore, it should be noted that the reference to number of transients (total vs.
number of ON/OFF) has not been standardized across implementations of
MEGA-PRESS and therefore must be checked at time of setup.
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1.1.2. Voxel volume

Background Voxel volume refers to the volume of the area the spectroscopic signal originates
from, i.e. the product of the voxel dimensions. There is variation in how voxel volume
is reported in the literature, and may be reported as mm3, cm3 or ml, although
consensus documents recommend all three dimensions are reported in the format
30 × 30 × 30 mm3 22.

Evidence Summary Seven studies provided recommendations for voxel volume (one consensus
document; Level 16, one seminal text; Level 124, two large multi-site trials; Level
216,17 and three methodological publications; Level 325-27). All seven studies
recommended the use of a ~27ml voxel (e.g. 3 × 3 × 3 cm3, although the voxel does
not have to have equal dimensions) for MEGA-PRESS acquisitions (Level 1 to 4). The
rationale for this large voxel volume is to compensate for the low SNR of MRS
methods, particularly for low-concentration compounds like GABA. One consensus
document6 supports a reduction in voxel volume if the number of averages is
increased to adequately compensate for the loss in SNR. It should also be noted that
studies using smaller voxel volumes may result in lower GABA estimates (Level 3)27.

Considerations The relationship between the number of transients and SNR provides ‘diminishing
returns’. SNR increases only with the square root of the number of transients, while
the relationship between voxel volume and the number of transients is linear (Level
1)24. For example, an 8-ml volume (e.g. a 2 × 2 × 2 cm3 voxel) only has
approximately 30% of the SNR of a 27-ml volume when the number of transients is
the same15. In this scenario (using an 8-ml vs. 27-ml voxel), the scan time would
need to be increased nine-fold to obtain comparable SNR, which is not feasible in
most studies. A larger voxel volume will increase SNR; however, it also reduces
regional specificity, and further increases partial volume effects (See section 3.4
Tissue composition). To improve regional specificity, the dimensions can be adjusted
to make the voxel more rectangular-cuboid-shaped. Quantification is not discussed
in detail here, however, using a larger voxel volume increases the importance of
including partial volume correction during data analysis. The expert panel
commented that high quality data could be obtained with a slightly smaller voxel
volume, e.g. 25 ml, (n=6, 28.6%) but it was agreed that 27 ml is an appropriate
volume for the beginner to start with when using 192 transients (96 Edit-ON + 96
Edit-OFF).
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1.2. Repetition Time

Recommendation Use a TR of around 2000 ms at 3T. GRADE

Agreement

Background Repetition time (TR) refers to the amount of time from the application of an
excitation pulse to the application of the next pulse.  TR determines the degree of
recovery of the longitudinal magnetization between each repetition of the
experiment. This section reports the most commonly used TR across 3T
MEGA-PRESS in milliseconds (ms)

Evidence Summary Five studies provided recommendations on TR (one consensus document; Level 128,
two large multi-site trials; Level 216,17, and two methodological publications; Level
329,30). All five papers recommended a TR of 2000 ms for edited MRS of GABA. One
methodological publication (Level 3)29 investigated the T1 of GABA and determined
it as 1310 ms. This T1 is the same order of magnitude as other commonly measured
metabolites, and therefore does not require the TR to be adjusted beyond 2000 ms
for GABA acquisitions.

Considerations This recommendation reached 95.2 % consensus in the first round. However, 3/21
14.3 % of the expert panel commented that TR was unlikely to have a large effect
on SNR. Therefore, an appropriate TR could be considered as anywhere between
1500 and 3000 ms. The effect of changing the TR has not been specifically
investigated in the literature, however, 2000 ms is most commonly used for
single-voxel MRS.
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1.3. Echo Time (TE)

Recommendation ADOPT: TE should be 68 ms (GABA+); 80 ms
(macromolecule-suppressed GABA).

GRADE

Agreement

Background Echo time (TE) is defined as the time between the application of the excitation pulse
and the time where optimal refocusing of the signal occurs13. For in-vivo proton MRS,
TE is usually between 30 and 200 ms. Longer TE results in decreased SNR due to T2

relaxation losses. However, multiplet signals from coupled resonances change with
increasing TE, and facilitate the detection of certain compounds with higher
sensitivity at longer echo times using experiments such as MEGA-PRESS.

Evidence Summary Ten studies provided recommendations on TE (three consensus documents; Level
16,28,31, a systematic review; Level 232 two large multi-site trials; Level 216,17, three
methodological publications; Level 330,33,34 and a seminal paper; Level 17). A TE of 68
ms for measuring GABA was first adopted in 1998 when the first seminal
MEGA-PRESS study was published. The rationale for using 68 ms is to allow for
complete evolution of the GABA multiplet in the edit-OFF acquisition, thus allowing
for maximum editing efficiency 7. The ten studies (Level 1 to 4) 6,7,16,17,28,30-34 have
discussed the length of TE. As a result, the consensus remains to keep the TE as
close to 68 ms as possible when estimating GABA+. When using a method to
suppress macromolecule (MM) contamination, four studies (Level 1 to 4) 17,31-33 agree
that the TE should be lengthened to 80 ms to allow for longer, more selective
editing pulses, without substantial signal loss due to T2 relaxation (Level 1-4)7,16,30,31

.

Considerations The longer TE used to measure MM-suppressed GABA may not be required for
some Siemens scanners as they can apply MM-suppression at 68 ms due to their
higher maximum B1 (Level 3)17.

Guideline v1.1 21/08/22 16
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1.4. Water reference scan required for eddy-current correction
and water-scaled quantification:

Recommendation ADAPT: Acquire two water reference scans for each volume
of interest: One using the same parameters as
MEGA-PRESS but deactivated water suppression for
eddy-current correction and one short-TE PRESS
acquisition (~30 ms) for quantification.

GRADE

Agreement

Background A water reference scan is an additional acquisition from the same volume, but
without water suppression. A water reference scan using the same timing as the
water-suppressed MEGA-PRESS experiment is required to perform eddy-current
correction. To clarify, the water reference scan should have identical localization, TR,
TE and water suppression gradients, but water suppression radiofrequency pulses
deactivated. While this acquisition can also be used to perform metabolite
quantification relative to tissue water, it will be heavily T2-weighted due to the
longer TE. For quantification purposes, an additional water reference scan with the
shortest possible TE using a PRESS sequence is therefore suggested. A PRESS
sequence is required for this purpose over a MEGA-PRESS sequence due to editing
pulses preventing the use of short TEs in MEGA-PRESS sequences. Due to the high
concentration of water in the brain, water reference scans require only a few
transients, so the time penalty of acquiring two separate water reference scans is
negligible24.

Evidence Summary Seven studies provided recommendations for water reference scans without water
suppression for eddy-current correction and water-scaled quantification (five
consensus documents; Level 16,28,35-37, one seminal text; Level 124 and two
methodological publications; Level 338,39). One study recommends acquiring a
separate short-TE scan to account for the difference in T2 weighting (one consensus
document37; Level 1). There is consensus across the studies recommending that the
water reference scan is acquired from the same volume of interest, using the same
gradients in order to facilitate eddy-current correction, water-scaled quantification,
and receiver-coil combination.
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Considerations Some sequences automatically acquire a water reference during the MEGA-PRESS
acquisition, whereas others require a separate scan. While not explicitly stated in the
literature, it is necessary to ensure the water suppression gradients are active, while
the water suppression pulses are deactivated. The strong signal requires only a few
transients for sufficient SNR; the expert panel recommends that typically between
4-8 transients will suffice (4/21, 19%). Round 2 saw a separate short-TE scan for
quantification added to the recommendation following expert panel feedback, and a
recent consensus document37. This significantly reduced expert panel agreement
from 85.7 to 55%, suggesting this has yet to be widely accepted in the field.

1.5. Slice-selection center frequency of water reference scan

Recommendation ADOPT:  Set the water reference to be acquired from the
same volume as the GABA signal

GRADE

Agreement

Background The slice-selection frequency is the carrier frequency of the slice-selective RF pulses
for the water reference scan. Due to the chemical shift displacement effect, the
slice-selection frequency needs to be adjusted appropriately to ensure that the
metabolite signals and the water signals originate from the same volume.

Evidence Summary Three studies provided recommendations on the slice-selection centre frequency for
the localization of the water reference (two large multi-site trials; Level 216,17 and a
methodological publication; Level 330). All three studies agree that it should be set
to 0 ppm offset, i.e. localizing the 4.7-ppm water signal16,17,30. The water-suppressed
MEGA-PRESS data is commonly collected with –1.7 ppm offset relative to water, i.e.
localizing the 3-ppm GABA signal. This ensures that the water reference scan is
co-localized with the same volume as the GABA signal from the MEGA-PRESS scan.

Considerations Implementing the slice-selection centre frequency (also referred to as the delta
frequency) may vary between different vendors. Some need to be set explicitly,
some can be selected via a drop-down menu and others are fully automated.
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1.6. Order of slice-selective gradients

Recommendation ADAPT: When artefacts appear in pilot data, consider
changing the order of the slice-selective gradients for each
volume of interest.

GRADE

Agreement

Background For PRESS localization, the MRS signal is generated from a cuboid volume by
applying three consecutive slice-selective radiofrequency pulses and slice-selective
gradients in three orthogonal planes, anterior to posterior, head to foot, and left to
right24. MRS experiments are sensitive to the appearance of spectral artefacts. These
artefacts are often caused by incomplete dephasing of unwanted signal from outside
the volume of interest, resulting in out-of-voxel echos (Figure 2). Artefacts are
common in regions subjected to abrupt changes of magnetic susceptibility, for
example the sinuses or the mouth24,40. The order in which the three slice-selective
gradients are applied can usually be modified to minimize the appearance of these
artefacts.

Evidence Summary One study provided recommendations on the order of slice-selective gradient
application (methodological publication; Level 340). The study recommended that the
axial gradient should be applied last for frontal voxels, in order to minimize
out-of-voxel water (“ghost”) artefacts in the data40. No other studies have discussed
the order of slice-selective gradients, however this was discussed at an international
expert workshop in 201841. The consensus from this workshop was to conduct
2-minute pilot scans with varied gradient order prior to commencing data collection.
Beginners should then observe the impact of gradient order on spectra with respect
to reducing artefacts (e.g. lipid contamination or out-of-voxel echoes) and improving
spectral quality. This recommendation is supported by experiments conducted yet
unpublished (Level 5)15, where substantially less lipid in a motor region was
demonstrated when gradient order was optimized.
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Considerations Not all vendors allow for the easy adjustment of gradient order. In instances where
MEGA-PRESS has not been run on a scanner before, a series of pilot acquisitions (as
detailed above) should be completed to select the optimal gradient order. The
expert panel suggest if artefacts exist and gradient order cannot be adjusted, the
VOI can be rotated slightly (2/21, 9.5%). Note that rotations beyond 45 degrees may
automatically flip the direction of the gradients, which can make the directions of the
chemical shift displacement difficult to predict, particularly when rotating the voxel
in more than one plane. Experts also suggested using slice-selective pulses with
large bandwidth (e.g. adiabatic localization) to reduce effects of static magnetic field
(B0) inhomogeneity, although these may not be available in every implementation
(2/21, 9.5%). Some possible artefacts are demonstrated in Figure 2, but for further
information it is recommended to refer to Kreis et al. (2004)42 for visual examples of
other common spectral artefacts (2/21, 9.5%).

Figure 2: Sample MEGA-PRESS data, and common quality issues that can occur, green demonstrating higher
quality data, orange medium and red low. a) High-quality data with sufficient SNR, narrow linewidths, a
well-defined edited signal at 3 ppm, and no substantial artefacts; b) very high noise levels due to low number of
transients or small voxel volume; c) poor shim resulting in poor spectral resolution and lower SNR; d) severe
subtraction artefacts due to scanner frequency drift; d) lipid contamination due to participant motion or voxel
positioning too close to the skull; e) out-of-voxel echo (“ghost signal”); g) sensorimotor data and voxel location,
usually a region that is easy to shim, but risks lipid contamination as demonstrated here; h) thalamus data and
voxel location usually lower SNR, linewidths often greater due to iron deposition in deep regions; i) hippocampus/
medial-temporal lobe data and voxel location, a region that is difficult to shim and prone to artefacts.
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1.7. Editing pulse specifications

Recommendation ADOPT: Editing pulses can be applied as follows: GRADE

AgreementGABA+ Macromolecule
-suppressed

Frequency (ppm)
Edit-ON
Edit-OFF

1.9 ppm
7.46 ppm

1.9 ppm
1.5 ppm

Bandwidth 60 Hz Usually 80Hz (60 Hz on
some implementations)

Spacing 0.5 TE apart (this parameter is usually
not accessible to the user)

Background Editing pulse frequency is defined as the frequency at which the frequency-selective
editing pulses are applied. The frequencies of the editing pulses are different
dependent on whether GABA+ or MM-suppressed GABA is being acquired. In
GABA+ data, the edited signal at 3 ppm is contaminated by co-edited MM signal
(estimated to account for about 50% of the edited signal area43,44). To reduce the MM
contamination, a second editing pulse can be applied at 1.5 ppm. However, the
increase in specificity comes at the expense of a much greater sensitivity to
experimental instability, particularly thermal drift of the magnetic field. Editing pulse
bandwidth refers to the full-width half-maximum (FWHM) bandwidth of these
pulses, which is a measure for their selectivity, and inversely related to their
duration. Editing pulse spacing refers to the time between the two editing pulses.
Not all these settings can be adjusted by the user, depending on the sequence.

Evidence Summary Nine studies provided recommendations on the frequency, bandwidth, and spacing
of the editing pulses. Five discussed the frequency of the editing pulse for GABA+
(one consensus document; Level 16, two large multi-site trials; Level 216,17 and four
methodological publications; Level 37,30,45,46) and four discussed the position of the
editing pulse for MM-suppressed GABA (Level 3) 17,34,46,47. The consensus for
GABA+ was that editing pulses should be placed at 1.9 ppm and 7.46 ppm (Level 3
to 4) 7,16,30,45,46. For MM-suppressed GABA, the editing pulses need to be positioned
symmetrically around the MM resonance at 1.7 ppm (i.e. 1.9 ppm / 1.5 ppm)17,34,47.
Five of the nine studies specifically recommend that the editing pulses are spaced
TE/2 apart (Level 1 to 3)6,16,17,30,46 . However, certain implementations on Siemens
and Canon platforms do not comply with the TE/2 requirement, therefore reducing
editing efficiency if deviating from TE = 68 ms (Level 3)30,46. The editing pulse
bandwidth should be kept as narrow as possible (FWHM = 60–80 Hz). The
minimum achievable bandwidth may depend on vendor, sequence implementation,
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and available hardware (Level 1 and 3). Given the duration of the editing pulse is
inversely proportional to the bandwidth, the duration should therefore be as long as
the TE permits- usually around 15 ms for GABA+ and 20 ms for MM-suppressed
GABA (Level 2 to 3)16,17,30.

Considerations The definition and specification of the editing pulse bandwidth differs between
sequence implementations. Some implementations require the editing pulse
duration as the input, while others require the FWHM of the bandwidth. Notably, the
FWHM entered on the exam card may differ from the actual FWHM of the editing
pulse. For example, Siemen’s implementations that apply a smoothing filter to the
pulse, result in an actual FWHM considerably larger than the nominal one.
Therefore, specifications for bandwidth duration were not added to this
recommendation. The expert panel had numerous suggestions for variations on
these parameters (n=8, 38.1%), which highlight that there is variation on what can
be applied at an expert level.
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2. Practicalities

2.1 Voxel position

2.2 Shimming

2.3 Order of scans and field drift
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2.1. Voxel position

Recommendation ADAPT: Use automated voxel positioning tools where
available. If manually positioning the voxel use a screenshot
and clear instructions regarding positioning relative to
anatomical landmarks and degree of rotation.

GRADE

Agreement

Background Voxels are generally positioned according to the research interest of the investigator.
However, several factors limit the freedom to position voxels. In this section,
practical approaches to voxel placement are discussed.

Evidence Summary Five studies provided recommendations on the practicalities of voxel positioning
(one consensus document; Level 135, three methodological publications; Level
327,48,49 and one narrative review; Level 442). One of the 5 studies (Level 4)42

demonstrates the implications of positioning the voxel. The positioning of voxels has
the potential to cause significant variation in data: Two of the five studies (Level 3)
examined reproducibility of manual voxel placement and found that the overlap in
repositioning the voxel within a scan ranged between 75% and 85%, 75%,
corresponding to a 2-3 mm displacement along three axes48,38. Therefore, to aid
manual voxel placement it is recommended that a screen-shot is used with detailed
written instructions including reference to anatomical landmarks. A consensus
document (Level 1) and a methodological publication (Level 3) recommend the use
of an automated voxel positioning tool . This has been found to improve reliability of
voxel repositioning both within and between scans35,49.

Considerations When manually positioning a voxel, care needs to be taken to not position the voxel
too closely to the skull, since dural fat signals may contribute strong lipid signals
that significantly distort the spectrum and hamper subsequent quantification (Figure
2). Significant lipid signals may still occur even if the voxel shown on the inline
display did not contact the dura, this is due to the chemical shift displacement effect.
Some vendors allow the display of a second voxel box to visualize the origin of a
shifted metabolite signal (e.g. the lipid resonance), which can help guide voxel
placement.

Brain regions such as the occipital lobe or parietal lobe are considered favourable for
scanning. It is therefore recommended that when first utilizing MEGA-PRESS
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sequences, the beginner pilots their methodology in these regions prior to scanning
more challenging regions. More challenging regions involve positioning voxels
deeper in the brain (i.e. further away from receiver coils), close to ventricles or iron
deposits (e.g. subcortical regions). These may suffer from decreased signal-to-noise
ratio (SNR) or spectral quality compared to cortical voxels (Figure 2).

Fully automated voxel positioning software is not currently integrated into standard
scanner operating software (6/21, 28.6%). The expert panel note that freely
available AutoAlign (Siemens), ReadyBrain (GE), SmartExam (Philips) or NeuroLine
(Canon) software all can improve alignment reproducibility by referencing the
anatomical images on which a volume of interest (VOI) is planned. The accuracy of
these tools relies on the quality of the anatomical images and consistency of voxel
placement should be carefully reviewed during acquisition (2/21, 9.5%).
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2.2. Shimming

Recommendation A beginner should use a readily available automated
field-map-based shim and minimize the use of manual
adjustments.

GRADE

Agreement

Background Shimming is the process of maximizing the homogeneity of the static magnetic field
(B0) over the measurement volume of interest. Since high homogeneity results in
narrow linewidths and increased SNR, the quality of the shim is considered one of
the most important parameters for determining spectral quality24. Shim is typically
reported in terms of the full-width at half-maximum (FWHM) of the water linewidth
and is reported in Hz, although this may vary between vendors. Linewidth values
largely depend on brain region and the surrounding interfaces between air/tissue
and tissue/bone. These will influence the magnetic field causing field distortions28.
Most vendors offer automated field map-based shim routines and/or
projection-based shim routines and may also offer manual adjustment of the shim
currents. Dynamic shim updates are the subject of ongoing research, and not readily
available across all systems (refer to Juchem et al. 202050 for visual representation
of the impact of shim quality on the spectra.)

Evidence Summary Eight studies provided recommendations on the practicalities of shimming (three
consensus documents; Level 128,35,50, one systematic review; Level 251 and four
methodological publications; Level 320,52-54). The consensus across the eight studies
was that FASTMAP, FASTESTMAP (projection-based shim optimization) or
second-order pencil beam methods could provide narrower linewidths than the
default 3D-field-map-based methods. However, these systems are not openly
available and are technically more challenging to operate. It is further recommended
that manual shimming should only be implemented to optimize suboptimal
automated shims to minimise user intervention (Level 1) 35. Three consensus
documents (Level 1)28,35,50 and one methodological publication (Level 3) 52

recommend that the attainable values of B0 shim quality are expressed as linewidths
of the water peak. The three consensus papers (Level 1)28,35,50 report that; at 3T a
FWHM of 5-7 Hz is considered excellent, 8-10 Hz is considered good and 11-13 Hz
acceptable for the brain. However, these values are significantly lower than those
reported in the methodological publication (Level 3)52. These values are likely to
increase in brain regions that are more difficult to shim, such as frontal, temporal or
subcortical regions. An example is the frontal region where a shim of <16 Hz is
considered acceptable52.
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Considerations Evidence suggests that projection-based shim optimization (e.g. FASTMAP,
FASTESTMAP) methods or pencil-beam methods can potentially achieve a better
shim than default 3D-field-map-based methods. However, experts highlight these
are not readily available and can be more challenging for a beginner to use (3/21,
14.3%). Therefore, the expert panel recommend that readily available automated
field-map-based methods are used by the beginner and that manual adjustments
are avoided wherever possible (9/21, 43%).

The expert panel commented that different vendors calculate spectral linewidths
differently (8/21, 38.1%). Therefore, the inline display values of linewidth may not
correspond to the above mentioned quality criteria. It is therefore useful to measure
the actual FWHM from processed spectra to determine how it relates to the
inline-displayed value for that system.
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2.3. Order of scans and field drift

Recommendation ADOPT: Where possible MRS should be conducted prior to
gradient-heavy acquisitions or in small blocks of 2-5
minutes with frequency adjustments between adjustment
blocks. Consider using real-time frequency correction if
available.

GRADE

Agreement

Background The order of scans refers to the position of the MRS acquisitions within the study
protocol. Several critical effects relating to the order of scans need to be considered
during protocol design. This section focuses on issues associated with field drift
resulting from imaging sequences widely used in neuroscientific and clinical studies.

Evidence Summary Eight studies provided recommendations with regard to field drift. Five specifically
with regard to the order of scanning (three consensus documents; Level 131,35,36 and
two methodological publications; Level 38,34). Three discussed the use of real-time
frequency correction (three consensus documents; Level 131,36,55) and two
investigated the impact of field drift on reported GABA level (large multi-site trials;
Level 2)16,17. Five of the eight studies (Level 1-4)8,31,34,36,55 highlighted the negative
impact gradient-heavy scanning such as diffusion-tensor imaging (DTI) has on
frequency drift during subsequent MRS scans. Frequency drift was observed for as
long as 30 minutes following a fMRI scan8,36. The degree of frequency drift can vary
between scanners. The range of frequency drift reported in the two methodological
publications following fMRI/DTI (Level 3) were; –2 Hz/min8 and 4.6 Hz/min
respectively on a MM-suppressed acquisition34. While all MRS studies are
susceptible to drift, MM-suppressed MEGA-PRESS is an order of magnitude more
susceptible34. The impact of frequency drift is that it reduces editing efficiency,
changes signal and increases subtraction artefacts (Figure 2) 8,34. For conventional
MEGA-PRESS, drifts of 10 Hz will result in a moderate signal change of 4-6%, while
the MM-suppressed GABA signal may change by approximately 30%8,34. Given the
potential impact of frequency drift on editing efficiency, it is recommended that MRS
be conducted before any fMRI or DTI with application of real-time (prospective)
frequency correction if available8,34,35. A recent consensus document (Level 1)
proposes that data be acquired in small blocks of 2-5 minutes to monitor frequency
drift or subject motion with interleaved scanner frequency adjustments between
acquisition blocks 36.

An additional recommendation regarding the order of scanning is that the water
reference scan is acquired first (Level 1)26. This will ensure that the water reference
is acquired from the same VOI in case the metabolite acquisition needs to be
stopped and/or repeated due to participant motion.
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Considerations It is acknowledged that conducting MRS prior to high-gradient imaging is not always
possible. The expert panel recommended establishing the drift behaviour of an
individual scanner by piloting MRS before and after a functional MRI (fMRI) or
diffusion tensor imaging (DTI) sequence in order to gauge the potential effects on
subsequent MRS (2/21, 9.5%). Alternatively, experts endorse the new
recommendation to acquire MRS data in small blocks with frequency adjustment
after each block, whilst monitoring the water residual during the scan acquisition in
order to detect drift (3/21, 14.3%).

Although one consensus document (Level 1) 35 recommends acquiring the water
reference scan prior to the metabolite spectrum, this might not be possible for all
vendors e.g. GE. An alternative might be to consider interleaving the water
reference.
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3. Confounders
This section covers known and potential confounders to MRS studies of
GABA. This list is not exhaustive due to the specific nature of our search
strategy and the wide range of known and unknown potential confounders.
This section focuses on major confounders including:

3.1 Scanner site and vendor

3.2 Macromolecules

3.3 Region

3.4 Tissue composition

3.5 Age

3.6 Sex

3.7 Medication

3.8 Other potential confounders which include caffeine,
nicotine and phase of menstrual cycle.

(Note levels of evidence documented with ‘Level XT’ are assessed using a traditional hierarchy of
evidence14 rather than the modified-hierarchy of evidence (Supplement 1).
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3.1. Scanner site and vendor

Recommendation In multi-site studies standardized protocols should be used,
and the degree of systematic differences between
site/scanner should be reported.

GRADE

Agreement

Evidence Synthesis Three studies discussed site and vendor as confounders for GABA estimates (three
multi-site trials; Level 2 16,17,46). Two of these studies (Level 2)16,17 analysed a dataset
from 272 participants across 24 sites, using vendor-specific MEGA-PRESS
implementations.  The studies reported a coefficient of variation across all data sets
of around 12% for GABA+/Cr and 17% for water-scaled GABA+. MM-suppressed
MEGA-PRESS had larger CVs of 28%-29% for both GABA/Cr and water-scaled
GABA 16,17.

Linear-mixed effects analysis of variance showed that only 20% of the overall
variance of GABA+/Cr measures was accounted for by site-level differences, while
8% was accounted for by differences between scanner vendors. In contrast,
water-scaled GABA+ data variance was mainly accounted for by between-vendor
difference (53% of total variance) with just 11% being accounted for by site-level
differences. The third study (Level 2)46 showed that using a ‘universal’ MEGA-PRESS
sequence that was implemented for all major vendors (with identical timing, RF
pulses, and gradients) improved the within-subject agreement of GABA+/Cr
estimates acquired on different systems compared to the vendor-specific
implementations. However, this study only included eight participants.

Considerations There is considerable difference between individual scanners, especially with
different vendors. To establish the difference between sites scanning the same
phantoms or control participants on all the scanners might help to quantify the
between scanner differences. When designing a multi-site study always use a
balanced design where the same number of controls and participants are scanned
on each of the scanners (2/21, 9.5%).
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3.2. Macromolecules

Recommendation ADAPT: A beginner should use conventional MEGA-PRESS
reporting GABA+. Macromolecule contamination should be
acknowledged as a limitation, and consideration paid to
whether macromolecules could be responsible for
between-group differences.

GRADE

Agreement

Evidence Synthesis Eleven studies discussed MM-contamination as a confounder of GABA (three

consensus documents; Level 1 6,31,36 and eight methodological publications;

Level 3 33,34,43,44,47,56-58). A limitation of conventional MEGA-PRESS is the co-editing
of MM that underlie the 3-ppm GABA signal. The degree of this contamination has
been reported to be within 41%43 and 60% of the total GABA+ signal area (Level
3)44. Three main approaches to account for MM contamination have been proposed,
however all three approaches have significant limitations as agreed in two

consensus documents6,31. The most widely used approach is symmetric
MM-suppressed editing. This technique, however, is highly susceptible to frequency
drift, thus reducing the reliability of MM-suppressed GABA measurements
compared to conventional editing for GABA+2. Only one of seven methodological

publications (Level 3)44 found comparable repeatability of symmetric
MM-suppressed editing compared to conventional GABA+ MEGA-PRESS. Recent
consensus documents (Level 1) on MM in MRS31 and edited MRS36 recommend using
MM-suppressed editing where possible. However, they also acknowledge the
limitations of this approach and that it might not be practical in a clinical
environment.

When interpreting data it should be noted that, while there was a moderate
correlation between GABA and GABA+ levels pooled across brain regions in two
methodological publications (Level 3)33,56, there was only a weak correlation in a
region-specific analysis33. Therefore, care needs to be taken when comparing or
pooling results from conventional GABA+ and MM-suppressed GABA studies.

Considerations The expert panel recommended that beginners should use conventional
MEGA-PRESS at present despite consensus documents recommending the use of
MM- suppressed sequences (19/21, 90.5%). A MM-suppressed sequence is more
challenging for beginners to acquire because it is more susceptible to experimental
instabilities such as frequency drift. Therefore, the expert panel recommends that in
line with a previous consensus document (Level 1)6 beginners adopt the most widely
utilized approach of conventional GABA+ acquisition. They should report this as
GABA+, acknowledging MM-contamination of the edited signal as a limitation. The
MM baseline could be measured in a group of control participants, if differences in
MM might explain between group-differences in the study population or between
the time points31.
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3.3. Region

Recommendation ADAPT: Select brain regions relevant to research question,
however, acknowledge that brain regions have differing
reliability with respect to data acquisition.

GRADE

Agreement

Evidence Synthesis Fourteen studies discussed brain region as a confounder of GABA (1 review;
Level 1T 59, 13 methodological publications; Level 4T 19,27,52,60-69). Historically, it was
hypothesised that brain GABA Levels may be universal across all brain regions,
reflecting a “global GABAergic tone”59. However, there is growing evidence that this
is not the case (Level 4T) 27,52,60-62,65,68,69. Several methodological publications have
demonstrated that GABA levels are different between anterior and posterior brain
regions (Level 4T)52,61,68-70, but less so between hemispheres (Level 4T)52,66.

Considerations It is important to consider that certain brain regions may be less suitable for stable
and reliable data acquisition than others depending on size, depth, tissue
composition of the voxel and whether signals are obtained from cortical or
subcortical regions. The occipital lobe, and posterior cingulate gyrus, for example, are
associated with high quality spectra whereas regions such as the amygdala are more
challenging. (See sections 1.1 SNR and 2.1 voxel position).
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3.4. Tissue composition

Recommendation ADAPT: Water-scaled quantification methods should
consider the impact of partial volume effects on GABA
estimation. Segmented structural images should be used
along with a tissue correction method to account for grey
matter, white matter and cerebrospinal fluid. Grey-matter only
correction should be avoided.

GRADE

Agreement

Evidence Synthesis Nine studies discussed the relative volumes of grey and white matter within the
MRS volume, as a confounder for GABA estimates (one consensus document; Level
1 6, eight methodological publications; Level 3 66,71-77). There was agreement across
all nine studies that GABA levels are higher in grey matter than white. This is
substantiated by data using brain tissue extracted during surgery78 and chemical
shift imaging studies79 (not included in this review). The studies that used
MEGA-PRESS and optimised parameters found that GABA levels are approximately
twice as high in grey compared to white matter74-77. The three other studies reported
a range of ratios from 2:172 to 8:171,73. All of these studies investigated a healthy
population or simulation, the ratio may be altered in the presence of pathology.

The recommended approach for handling grey and white matter differences within
the MRS volume is debated. One methodological publication (Level 3)76

demonstrated that choice of tissue correction method significantly impacts the
water-scaled quantification of GABA+ and therefore needs to be considered with
care. All studies agree that correction for grey matter alone is insufficient and leads
to over estimation of GABA, especially in voxels containing less than 50% grey
matter. All methodological publications recommend a degree of tissue correction
which allow for the different voxel composition of grey matter, white matter and CSF
when using water-scaled quantification. However, this approach alone does not take
into account tissue specific relaxation times. One methodological publication (Level
3)74 investigated tissue relaxation times and recommends the use of pulse sequence
parameters that minimize the effect of signal relaxation, owing to not knowing the
composition of the voxel a priori. The consensus document (Level 1)6 recommends
that the most appropriate approach is to use grey matter to white matter ratios as a
covariate in any statistical analysis rather than to attempt to correct measures based
on the reported differences in concentration between tissue types.

Considerations There are a number of tissue correction algorithms available, however there are
limitations to each approach. Beginners should be aware of the limitations of their
chosen approach (e.g. unaccounted difference in relaxation times). Using tissue
composition as a covariate helps to clarify that between-group differences in GABA
are driven by differences in GABA levels rather than by differences in tissue
composition (3/21, 14.3%). However, including tissue composition as an additional
covariate may reduce power in study with a small sample size (1/21, 4.8%).
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3.5. Age

Recommendation ADOPT: Age is likely to affect GABA levels, therefore age
should be accounted for in study design or statistical
analysis.

GRADE

Agreement

Evidence Synthesis Seven studies investigated age as a confounder for GABA (one systematic literature
review and meta-analysis80; Level 1T and six methodological publications; Level 3T

68,69,81-84). All seven papers report that GABA+ decreases with age, however, one
found no relationship between MM-suppressed GABA and age. One methodological
publication (Level 3T)68 proposed that the observed decrease in GABA levels is a
result of grey matter atrophy, and further supports the recommendation to correct
for tissue composition. One of the six methodological publications (Level 3T)69

reported a 5% decrease in GABA/Cr and 4% decrease for GABA/NAA per decade,
however, this was not calculated for GABA to water ratios or investigated in any
other study. The meta-analysis80 (Level 1) that extracted single-subject data found
an increase in GABA in early development, plateauing in adolescence and early
adulthood, followed by a steady decline with age.

Considerations Age should be considered as a covariate due to a substantial age trajectory,
however, including age as an additional covariate will reduce the power of a study
with a small sample size. Use of an age-matched design, i.e. matching the age of
participants across all groups may avoid the need to include age as an additional
covariate.
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3.6. Sex

Recommendation ADOPT: Sex is likely to affect GABA levels, therefore sex
should be accounted for in study design or statistical
analysis.

GRADE

Agreement

Evidence Synthesis Four studies investigated sex as a confounder for GABA (four methodological
publications; three Level 3T 69,81,85 and one Level 4T86. The sample size ranged from
1486 to 10069 participants. The study with the largest number of participants found
no difference in GABA+ levels between males and females in the anterior cingulate
cortex (ACC). These results were reproduced by two other studies investigating the
ACC81,85. Conversely, two studies of the parietal and dorsolateral prefrontal cortex
(DLPFC) found statistically significantly higher levels of GABA in males compared to
females85,86. Taken together, these results suggest that sex differences in GABA may
be region-specific.

Considerations When designing a study, consider recruiting equal numbers of female and male
participants unless the study has an important sex component, or the condition
being studied is more prevalent in a particular sex. A study design with
sex-matching between groups can also be used to account for sex differences.
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3.7. Medication

Recommendation ADAPT: Medications may affect GABA levels, as minimum
best practice all medications should be recorded.

GRADE

Agreement

Evidence Synthesis Eight studies discussed medications that may confound GABA (one systematic
review; Level 1T 59one RCT; Level 2T 87, six methodological publications; two Level 3T

88,89 and four Level 4 T 90-93). In the seven clinical studies returned by our search, five
drugs were investigated: vigabatrin, citalopram, zolpidem, gabapentin, tiagabine.
Level 4 evidence suggests vigabatrin, citalopram, zolpidem, gabapentin may
confound GABA measurements, while the data were inconclusive regarding
tiagabine. The systematic review (Level 1T) 59 further concluded GABA levels might
increase following administration of levetiracetam or topiramate but not valproate,
carbamazepine and phenytoin, and lamotrigine. Taken together, brain GABA levels
may be influenced by a variety of medications regardless of whether their primary
mechanism of action is on the concentration of GABA itself for GABA receptor
agonists or antagonists and therefore medication should be recorded and considered
as a potential confounder of GABA (Level 1 T)59.

Considerations The aim of this section was to highlight that medications may confound measures of
GABA. Given the broad aim of our scoping review, our evidence synthesis is not a
full systematic review of this question. As a result, studies investigating the
confounding effects of specific medications on GABA levels may have been missed.
It is recommended that a medical specialist is consulted to discuss the mechanism of
action of any pertinent drugs in the planned studies population. It is important that a
considered decision is made with regard to handling patients who are medicated. It
is likely that exclusion of these participants will considerably bias the study
population.
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3.8. Other potential confounders:
Nicotine, Caffeine, Phase of menstrual cycle

Recommendation ADAPT: Potential confounders such as caffeine and nicotine
intake and phase of menstrual cycle may affect GABA
levels, as minimum best practice potential confounders
should be recorded.

GRADE

Agreement

3.8.1. Nicotine

Evidence Synthesis Two studies investigated nicotine as a confounder for GABA levels (two
methodological publications; Level 3T 94,95). One study found no difference in GABA
Levels between 48 heavy smokers (n=48) and healthy controls94. Another study
found no difference in GABA Levels in 36 smokers between baseline measures and
following 48 hours abstinence95.

3.8.2. Caffeine

Evidence Synthesis One study discussed caffeine as a confounder of GABA Levels (methodological
publication; Level 4T 96). A study of 15 healthy participants found no significant
difference in GABA levels before and after acute administration of 200 mg of
caffeine.

3.8.3. Menstrual Cycle

Evidence Synthesis Four studies discussed the menstrual cycle as a confounder of GABA (four
methodological publications; two Level 3T 97,98 two Level 4 T 60,95). One95 of the four
studies investigated phase of menstrual cycle as a secondary aim looking at a
subgroup of six participants and therefore did not provide sufficient data to
determine the effect of phase of menstrual cycle. The three remaining studies had
sample sizes ranging from seven60 to 7598 participants. The study with the largest
sample size found higher GABA levels during ovulation compared to the rest of the
cycle in women with a natural cycle98. There was no difference between the
follicular and luteal phases. In contrast, the two remaining studies found higher
levels of GABA in the follicular phase compared to the luteal phase, but did not
investigate GABA during ovulation60,97. Furthermore, one paper investigated women
taking the hormonal contraceptive pill and found no difference between the active or
inactive pill98. Current evidence suggests menstrual cycle may affect GABA levels,
although there are some methodological limitations to the included studies.
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Considerations The effect of caffeine, nicotine and phase of menstrual cycle on GABA cannot be
fully established from current evidence. Therefore, it is suggested that the impact of
these potential confounders are considered in the design of the study, especially
when conducting longitudinal or repeat measure studies.
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4. Data Acquisition

4.1 Quality assessment during the scan

4.2 Data export
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4.1. Quality assessment during the scan

Recommendation ADOPT: It is recommended to monitor the quality of the
acquisition using the inline data display at time of scanning.
Scans should be cancelled, and voxel position adjusted if
evidence of weak water suppression, strong lipid
contamination or other artefacts.

GRADE

Agreement

Preface Most modern MRI scanners offer inline displays showing the last acquired spectral
transient. This display can be used to determine spectral quality during the
acquisition (water suppression, potential lipid contaminations and other artefacts),
and make time-saving decisions whether a scan should be cancelled (and potentially
repeated), or the voxel should be repositioned.

Evidence summary Two studies provided recommendations to monitor quality of data acquisition during
the scan (two consensus documents; Level 135,36). Both consensus recommended
that the MR operator should evaluate and monitor water suppression efficiency,
spectral linewidth and signal-to-noise ratio at the beginning and during the MRS
acquisition. A change in linewidth, frequency or spectral pattern, or worsening water
suppression, suggests the participant has moved. It is recommended that the
participant is visually checked, and the acquisition repeated if necessary (potentially
including the localizer/scout image to account for the new participant position).

Considerations Experts highlight that not all vendors provide the option to monitor the scan using
an inline display at time of scanning e.g. GE. One expert noted that running an inline
display can affect the TR on certain systems (prolonging TR up to 200 ms), this has
important implications for relaxation correction or functional MRS experiments.
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4.2. Data export

Recommendation DEVELOP: Export data in a format that saves individual
transients to allow adequate post-processing.

GRADE

Agreement

Preface Spectroscopic data is often saved in vendor-specific file formats with varying
degrees of processing. To ensure that all necessary post-processing steps can be
performed, export MEGA-PRESS data in a file format that stores all individual
transients separately.

Evidence summary There is currently no discussion concerning which files to export specifically for
MEGA-PRESS acquisitions, however, one study generally discusses the file format to
export for MRS studies which could also be applied to MEGA-PRESS studies
(consensus document; Level 137). This consensus document (Level 1)37 recommends
that data be saved as single transients to allow for post-acquisition
frequency-and-phase aligment37. Based on MEGA-PRESS-applicable
recommendations extracted from the consensus document, we have developed the
following recommendation:

Scanner Format Description Comment

Philips SDAT/SPAR

DATA/LIST

Two files for each acquisition, SDAT
contains acquired signal data, SPAR
contains header info.

As above, DATA, LIST respectively.

Use SDAT/SPAR only when individual
transients are exported. If this is not the
case, also export DATA/LIST (which
does not contain voxel location
information, so both formats are then
required).

GE GE-P (.7) Default combines RF coil channels
and groups in a phase encoded step.
Fully customizable to preserve or
combine any/all dimensions.
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Scanner Format Description Comment

Siemens TWIX (.dat),

single-average
RDA

All dimensions (RF channels,
transients) preserved without
modification.

All dimensions (except time/spectral
dimensions) are pre-combined.
Can be customized to preserve or
combine any/all dimensions.

Older sequence implementations may
not allow the export of single-average
RDA files.

All
Vendors

Single-average
DICOM

Default setting: dimensions are
collapsed. Depending on settings,
individual transients can be exported
in separate DICOM files.

Considerations Experts noted that specific customized options have to be set on the exam cards to
enable the export of individual transients (2/21, 9.5%), however these options may
not be available on all scanners or implementations.
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5. Quality & Reporting

5.1 Quality Metrics

5.2 Reporting
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5.1. Quality Metrics

Recommendation ADOPT: Report spectral quality in terms of the
signal-to-noise ratio, linewidth, water suppression
efficiency, fit quality and the presence of unwanted spectral
features

GRADE

Agreement

Preface Due to the inherently low SNR, MRS acquisitions require a high degree of stability
from the participant and the equipment. Spectra of low quality will result in less
reliable (or wrong) quantification of the metabolite of interest. Judging the quality of
an MRS spectrum by visual inspection requires experience. Several quantitative
metrics of data quality allow more objective judgement whether the acquisition has
been successful in terms of shim quality, water suppression, presence of artefacts,
and quality of the data modelling. Another commonly used expression of uncertainty
is the Cramér‐Rao lower bounds (CRLB). CRLB can be considered as the “maximum
trust that can be associated with an area (and thus concentration) estimated in
model fitting”99. While they can be a useful indicator of quality for quantitative MRS,
if used as a percentage of the estimated value (relative CRLB) results can be
significantly biased due to the exclusion of potentially clinically meaningful data.28,99.
An alternative is to use absolute CRLBs 99. However, no single quality measure
alone is sufficient to demonstrate the overall quality of data.

Evidence summary Seven studies provide recommendations on quality metrics (three consensus
documents; Level 16,28,35 and four methodological publications; Level 327,54,99,100). One
consensus document (Level 1)35 made 7 recommendations on the variables to
assess in order to determine spectroscopy quality: (1) SNR, (2) metabolite and
unsuppressed water resonance linewidths, (3), residual water signal, (4) line shape,
(5) CRLBs of the data fit, (6) fit quality (relative size of residuals versus the standard
deviation of noise), and (7) presence of artefacts (spurious signals, baseline
distortions, contamination from subcutaneous lipids). Of the four methodological
publications (Level 3), 2 discussed CRLBs99,100, 1 discussed bootstrapping27, and 1
reported expected values for water linewidth cutoffs54. Two studies recommend the
use of absolute CRLBs but not relative CRLBs based on the risk of introducing
selection bias35,99 (Level 1 and Level 5). Relative-CRLB cut-off recommendations of
between 20-50% have been shown to bias exclusion and potentially obscure
clinically meaningful differences in clinical populations28,99.

Considerations In cases where MRS analysis software packages do not report CRLBs, an alternative
metric of fit error is the standard deviation of the fit residual6.
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5.2. Reporting

Recommendation ADOPT: When reporting results use one of these two
checklists (MRS in MRS- Lin et al. 202022) or the MRS-Q
(Peek et al. 20202) using the appropriate terminology (Kreis
et al. 2020). Include detailed reporting of hardware,
MEGA-PRESS specific acquisition parameters including
quantification details, quality and analysis methods.

GRADE

Agreement

Preface Reporting of methods needs to contain sufficient information for readers to replicate
the study and the data analysis. The quantitative results of MRS measurements
depend strongly on the acquisition parameters, data quality, and the choice of
analysis methodology. It is therefore required to report every step of data acquisition,
processing, and analysis in as much detail as possible.

Evidence summary Three studies provide recommendations on what should be reported in a
MEGA-PRESS GABA study (one consensus document; Level 122, one systematic
review; Level 22 and one methodological publication; Level 330). The consensus
document and systematic review were in agreement. The consensus document
(Level 1) 22 reported five areas that require reporting; 1) hardware, 2) acquisition, 3)
data analysis, 4) methods and 5) outputs and data quality. The systematic review
(Level 2)2 produced an 11-point checklist (MRS-Q) under the broader domains; 1)
scanner, sequence parameters, 2) quality measures, 3) sample size calculation, 4)
partial volume correction, and 5) analysis. The methodological publication (Level 3)54

highlighted five aspects of optimization often not reported in edited MRS studies: 1)
procedure to calculate and set the frequency of editing pulse; 2) time when editing
pulse frequency is set and whether it is updated during acquisition; 3) length and
bandwidth of localization pulses; 4) GABA relaxation times used for quantification;
5) homocarnosine co-editing often not mentioned (while MM is). All three studies
studies agree that representative example spectra should be visualised for each

region of interest to allow the reader to assess the quality of the data.

Considerations When reporting MRS studies, refer to the consensus document on terminology and
concepts for characterization101.  Representative data should be plotted for each
region of interest for quality assessment. While comparisons between individuals
with a health condition and a single healthy participant can be plotted, it is noted
that spectral differences of the GABA peak are typically not visible. The vast
majority of studies use case control group designs to assess whether there is a
clinical group difference in GABA levels, or dimensional designs to assess
associations between GABA levels and outcome. Thus, while edited MRS is useful
to determine mechanistic differences between populations, only in extreme
circumstances may a spectral difference be visible in a spectrum of an individual
participant.
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6. Post-Processing

6.1 Frequency-and-Phase Correction (Post-processing)
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6.1. Frequency-and-Phase Correction (Post-processing)

Recommendation ADOPT: Frequency-and-phase alignment of individual
transients should be performed during post-processing.

GRADE

Agreement

Preface Frequency-and-phase correction (FPC) is the post-processing step of aligning
individual transients of a MEGA-PRESS acquisition and aligning the averaged
edit-ON and edit-OFF spectra to each other. FPC techniques have been developed to
address the strong susceptibility of MEGA-PRESS to subtraction artefacts, i.e.
unwanted artefacts arising from spectral misalignment during the calculation of the
GABA-edited difference spectrum. These artefacts can commonly occur in clinical
populations due to head position, and significantly reduce the precision of data
modelling and quantification.

Evidence summary Ten studies provide recommendations on frequency and phase correction (two
consensus documents; Level 136,37 and eight methodological publications; Level 3
8,102-108). The two consensus documents 36,37 recommended that spectral alignment
routines be used during post-processing to improve the quality of the final spectrum
for both unedited and edited MRS data. Two of the methodological publications
(Level 3)104,105 found that using the spectral registration algorithm for FPC of
individual averages improves the linewidth and SNR of MRS data, and reduces
subtraction artefacts in MEGA-PRESS data. One methodological publication (Level
3)8 concurs that subtraction artefact can be improved in scans showing significant
drift, however, editing efficiency and the GABA-to-MM signal ratio cannot be
improved with this step alone. Three papers106-108 demonstrated that appropriate
alignment of edit-ON and edit-OFF spectra reduces subtraction artefacts in
MEGA-PRESS data, and improved quantification. One methodological publication
(Level 3)103 found that determining the individual frequency history of an acquisition
and calculating individual basis sets for linear-combination modelling based on this
history, improves modelling accuracy. However, this method is not implemented in
any currently available analysis software package.

Considerations Experts highlighted that post-processing cannot compensate retrospectively for the
impact of acquiring data with incorrect editing pulse frequency, e.g. as a result of
frequency drift (2/21, 9.52%). Therefore, frequency drift needs to be monitored at
time of acquisition (see Quality assessment during the scan).
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Supplement 1: Level of evidence modified from NHMRC (1999, 2009)

MODIFIED EVIDENCE HIERARCHY ORIGINAL EVIDENCE HIERARCHY

Level Design Justification Design Justification

1 Consensus
Document

Traditionally a systematic review of the most
appropriate study design is considered Level 1
evidence. In this case we consider expert
consensus documents as Level 1 because akin to
systematic reviews in other fields, these
consensus documents draw on the most
appropriate study designs to inform the
parameters required to run a MEGA-PRESS
study. All consensus documents included within
this review had a panel of authors from multiple
institutions across multiple countries. They also
benefit from recency, with 7/9 included
consensus being published in 2020/2021.

Systematic
review

In line with the NHMRC
recommendations (NHMRC,
2009) a systematic review of
Level 2 studies will be considered
Level 1. In this case
meta-analysis of the studies will
likely improve precision of the
results. In cases where systematic
reviews are of lower levels of
evidence, they will be considered
the same level as the studies they
include, as they may increase the
chance of bias (NHMRC, 2009).

Seminal texts Where core principles of physics are required to
inform the guideline, seminal text of these
fundamental physical properties are also
considered the highest level of text.

2 Systematic
Review

Systematic reviews are considered Level 2
evidence as they pool together results from
methodological publications which have been
specifically designed to test parameters required
to run a MEGA-PRESS study. However, the
methodological publications typically have small
sample sizes, and limitations and suffer from
publication bias.

Randomised
Control Trial

In order to investigate the impact
of a confounder a randomized
control trial would be considered
the best design to address the
research question.

Large
multi-site
studies

Large multi-site studies provide the most
information on applying parameters in a clinical
context; however, the purpose of such trials is
rarely to investigate a single parameter required
to run a MEGA-PRESS study.

3 Methodological
publications

For the purpose of this study, methodological
publications were considered as any study that
had a specific aim to investigate a parameter
required to run a MEGA-PRESS study. These
might include studies on humans, phantoms, or
simulations. These did not include animal
studies. These methodological publications will
often test a specific parameter required to run a
MEGA-PRESS study and directly inform this
guideline. However, these studies are typically
performed using small samples, and are often
tested on healthy subjects in non-clinical
environments.

i) Comparative
study with
concurrent
controls

ii)
Comparative
study without
concurrent
controls

Studies designs that investigate a
condition compared to a control
group, or situation are considered
Level 3 evidence, as they have
the potential for bias.

Consensus
document

Consensus documents are
considered Level 3 when
investigating confounders, as
these research questions are
better answered using a
scientifically rigorous design, and
therefore a consensus document
is potentially biased.

4 Narrative
Reviews

Narrative reviews are commonly published in the
field of 1H-MRS spectroscopy but must be
interpreted with caution due to the high risk of
bias and personal opinion.

Case series Case series are considered Level
4 due to being underpowered to
answer these research questions,
with no control for comparison.
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