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SUMMARY

We present a protocol to conduct functional magnetic resonance spectroscopy
(fMRS) in human participants before, during, and after training on a visual task.
We describe steps for participant setup, volume-of-interest placement, fMRS
measurement, and post-scan tests. We discuss the design, analysis, and interpre-
tation of fMRS experiments. This protocol can be adapted to investigate the
dynamics of chief excitatory and inhibitory neurotransmitters (glutamate and
g-aminobutyric acid, GABA, respectively) while participants perform or learn
perceptual, motor, or cognitive tasks.
For complete details on the use and execution of this protocol, please refer to
Frank et al. (2022).1

BEFORE YOU BEGIN

Background to the method described in the manuscript

Magnetic resonance spectroscopy (MRS) is a non-invasive neuroimaging technology by means of

which the concentrations of chief excitatory and inhibitory neurotransmitters (glutamate and

GABA) can be measured in a single or multiple volume(s)-of-interest (VOIs) at a given time-point

in human participants using an MRI scanner.2–6 MRS can be conducted while participants are not

engaged in any particular task, or while they are performing a task. The latter approach is referred

to as fMRS.7–11 Amajor advantage of fMRS over functional magnetic resonance imaging (fMRI) using

the blood-oxygenation-level-dependent (BOLD) response is that excitatory and inhibitory process-

ing involved in performing or learning of a given task can be measured separately.5,10–13 fMRS can

be used in healthy participants and in clinical populations.14,15

The implementation of fMRS in a given study depends, among other factors, on the task, the location

of the VOI, the duration of the fMRS scan, the imaging sequence for fMRS, and also on the analysis

approach. Additional considerations are necessary for the conduction of fMRS in different age

groups due to changes in brain structure and metabolite concentrations over the life span.16,17

Here, we describe a protocol to conduct fMRS in a time-resolved fashion in healthy elementary

school age children (8–11 years old) and healthy young adults (18–35 years old) before, during

and after training on a visual task leading to visual perceptual learning (VPL) (see Frank et al.1 for

the original study). Our protocol can be easily adapted to measure fMRS while participants from

different age groups or patients perform or learn perceptual, motor or cognitive tasks.

STAR Protocols 4, 102493, September 15, 2023 ª 2023 The Authors.
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Considerations before conducting an fMRS experiment

Timing: flexible (preliminary works)

This section describes important considerations when planning an fMRS experiment.

1. Task design.

The task design constraints of fMRS are similar to those of fMRI, because both neuroimaging

techniques are MRI-based and require that participants’ heads are inside an MRI head coil (or use

a surface coil). Visual stimulation during fMRS is easy to implement either by using MRI-safe goggles

or a head coil-mountedmirror by means of which participants can see a screen located either in front

or at the back of the scanner bore. Participant responses can be collected by using MRI-safe button

boxes or other MRI-safe response devices. Given these constraints other types of stimulation (e.g.,

somatosensory or pain stimulation) are also possible during fMRS.7,18

2. Experiment design.

fMRS can be conducted using event-related or block designs. In even-related fMRS designs stimuli

or task trials are presented as single events, each presented for only seconds or less, with a jittered

inter-stimulus or inter-trial interval without any stimuli or task lasting a few seconds each.19 In a block

design the same or similar stimuli or task trials are presented successively within a block that typically

lasts several minutes, and metabolite concentrations are compared between blocks with different

stimuli or tasks.20 Event-related fMRS designs are more likely to reflect changes of glutamate result-

ing from neurotransmission whereas block designs are more likely to reflect changes of metabolism

following an initial increase of neurotransmission.8 One should consider the possibility that,

compared with an event-related design, adaptation and repetition suppression effects resulting

from repeated presentation of the same stimulus or task in a block could result in a smaller or no

increase of glutamate.19 With an event-related design time-resolved fMRS data can be acquired.19

This makes it possible to investigate the temporal evolution of the glutamate response after stimulus

onset (the glutamate response function) using fMRS designs in which the time of scan acquisition

after stimulus onset is varied systematically.8 A glutamate response function for different brain

regions, tasks and participants could be used to optimize acquisition parameters and improve

post-hoc analyses of the fMRS data. For example, the response function could be convolved with

a task-regressor in a general linear model analysis of a glutamate time-series in an fMRS experiment,

similar to the analysis of BOLD time-series data in fMRI. Note that there may be two distinct

glutamate response functions, one that is short, rapid and large in amplitude reflecting neurotrans-

mission, and another one that is long, slow and smaller in amplitude reflecting increasedmetabolism

following an increase of neurotransmission.8 The aforementioned considerations similarly apply to

measurements of GABA. However, the usage of event-related designs using MEGA-PRESS scans

is more challenging compared with glutamate measurements using PRESS scans because a greater

number of spectral averages is necessary for a reliable GABA signal in a MEGA-PRESS scan.

3. Volume-of-interest.

VOI sizes between 2 3 2 3 2 cm and 4 3 4 3 4 cm are common for single-voxel fMRS. Larger VOIs

increase the signal-to-noise ratio (SNR) of fMRS, however, they also more likely contain different

brain regions. This may be negligible in cases where different brain regions within a VOI are similarly

associated with performing or learning of the task during fMRS. However, for cases in which brain

regions in close vicinity have different response profiles (for example, brain regions, which increase

activation with visual motion stimulation, vs. brain regions, which are deactivated during visual mo-

tion stimulation20–23), it might be better to use a smaller VOI to measure fMRS primarily in the brain

region of interest. Larger VOIs may also contain greater amounts of white matter and cerebrospinal
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fluid. Depending on the location of the VOI, the shape, size and rotation of the VOI may need to be

adjusted to keep the VOI away from the skull bone and to minimize the inclusion of other brain re-

gions within the VOI. The VOI most commonly consists of a single voxel but, dependent on the im-

aging sequence for fMRS, might also consist of multiple voxels. Although including multiple voxels

increases the number of brain regions in which fMRS is measured simultaneously, several factors

affecting data quality (e.g., shimming results and SNR within the VOI) and study design (e.g., longer

fMRS acquisition times) make this approach more challenging than single voxel fMRS.3,4

4. Imaging sequence.

A common way to measure the concentrations of glutamate and GABA in single-voxel proton (1H)

fMRS is with PRESS (‘‘Point RESolved Spectroscopy’’)24,25 and MEGA-PRESS (‘‘MEscher–GArwood

Point RESolved Spectroscopy’’)26,27 scans. See Figure 1 for example spectra collected with PRESS

and MEGA-PRESS scans. A PRESS scan can be used to quantify the concentration of glutamate

(or the sum of glutamate and its precursor glutamine, referred to together as Glx). The molecular

structures of glutamate and glutamine are very similar, which is why their resonances are also very

similar and difficult to separate in the spectrum.28 However, the Glx concentration in the spectrum

can be assumed to be dominated by the glutamate concentration, because the concentration of

glutamate in the brain is substantially higher than the concentration of glutamine.29 Note that it

might be possible to separate glutamate and glutamine signals at higher magnetic field strengths

(7 Tesla).28,30 The resonance of Glx/glutamate is centered between 2.1 – 2.5 ppm in a spectrum

collected with a PRESS scan (with an additional appearance at 3.75 ppm). Other important

metabolites in a PRESS scan for fMRS experiments are creatine (Cr; resonating at 3 ppm and 3.95

ppm) and N-acetyl-aspartate (NAA; resonating at 2 ppm), both of which can be used to normalize

the concentration of glutamate (seeQuantification and Statistical Analysis). Note that the resonance

of GABA in a PRESS scan overlaps with that of Cr (both resonating around 3 ppm). This renders it

difficult to separate the concentration of GABA from that of Cr, especially with lower magnetic field

strengths. A solution to measure the concentration of GABA is to employ a MEGA-PRESS scan with

GABA editing.31,32 For MEGA-PRESS ‘‘Edit On’’ (or ‘‘ON’’ for short) and ‘‘Edit Off‘‘ (or ‘‘OFF’’ for

short) spectra are acquired in an interleaved fashion and the concentration of GABA (centered

Figure 1. Example fMRS spectra

(A) Example spectrum collected with a PRESS scan from a volume-of-interest (2 3 2 3 2 cm) centered between the left

and right occipital lobes in a young adult (see Figure 4B) with annotated metabolite peaks [creatine (Cr) at 3.95 ppm

and at 3 ppm, glutamate+glutamine (Glx) at 3.75 ppm and between 2.1 and 2.5 ppm, glycine (Gly) at 3.55 ppm, myo-

inositol (mI) at 3.6 ppm (mI and Gly are overlapping around 3.54 ppm), choline (Cho) at 3.18 ppm, N-acetyl-aspartate

(NAA) at 2 ppm, lactate at 1.3 ppm; chemical shift reported in magnetic field independent units: ppm; ppm = parts per

million of the proton frequency].

(B) Example difference spectrum collected with a MEGA-PRESS scan from the same volume-of-interest as in (A) [Glx at

3.75 ppm, g-aminobutyric acid (GABA) at 3 ppm, NAA at 2 ppm].
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between 2.8 – 3.2 ppm) is extracted during postprocessing by subtracting the Edit Off from the Edit

On spectrum, resulting in a difference spectrum.5,32,33 See Mikkelsen et al.34 and Choi et al.,35 for

additional considerations and recommendations regarding data acquisition and processing for a

MEGA-PRESS scan with GABA editing). Note that some studies referred to the concentration of

GABA measured by MEGA-PRESS at 3 T as ‘‘GABA+’’ to reflect the (unwanted) contribution of

co-edited macromolecular signal(s) to GABA.32,35 It is also possible to use the spectrum collected

with a MEGA-PRESS scan to extract the concentration of Glx. The concentration of Glx can be ex-

tracted either from the difference spectrum or from the Edit Off spectrum (resonating at 3.75

ppm; note that due to the MEGA-PRESS Off difference Glx peaks are also present between 2.1 –

2.5 ppm). The concentration of Glx/glutamate from the Edit Off spectrum might correspond to

the concentration of Glx/glutamate measured with a PRESS scan (Maddock et al.36; however, see

Bell et al.37). For some study designs (for example, learning paradigms with time-dependent

changes of metabolite concentrations) it might be advantageous to measure the concentrations

of Glx and GABA simultaneously with a MEGA-PRESS scan rather than separate PRESS and

MEGA-PRESS scans. In this case, we recommend using the difference spectrum from the MEGA-

PRESS scan to analyze the concentrations of Glx and GABA and to normalize them to an internal

reference extracted from the same difference spectrum.38,39 Alternatively, if separate PRESS and

MEGA-PRESS scans are collected for Glx/glutamate and GABA, respectively, we recommend coun-

terbalancing the order of scan acquisition across participants to control for temporal order

effects.20,40,41 Due to the large amount of water within brain tissue, the water signal (resonating

at 4.65 ppm) would dominate the spectrum acquired with PRESS and MEGA-PRESS scans if

unsuppressed. Therefore, it is necessary to use techniques such as WET42 for water suppression

(for overview see Tká�c et al.43) prior to the collection of PRESS and MEGA-PRESS scans.

5. Temporal resolution.

The fMRS data quality for MEGA-PRESS with GABA editing improves with longer scan durations (>

256 spectral averages), larger VOIs and greater magnetic field strength (7 Tesla).11,31,35,44 However,

with multiple shorter scans, dynamic changes in metabolite concentrations over the course of

learning can be measured. Such dynamic changes, especially when they last only for a couple of

minutes (or less than that), could be difficult to detect using longer fMRS scans. The temporal reso-

lution of fMRS can be improved by using a PRESS scan, which requires fewer spectral averages for

reliable metabolite measurements, resulting in scan times well under 1 min (however, note that

reaching the maximum level of glutamate in an fMRS experiment employing a block design may

take up to 2 min relative to stimulus onset).9 In addition, as discussed in 4. Imaging sequence, it

is difficult to separate the concentration of GABA from that of Cr in a spectrum collected with a

PRESS scan.

6. Interpretation of the results.

A key question for the interpretation of fMRS results is whether an increase or decrease of the con-

centration of glutamate or GABA in an experimental condition or over time results from a change in

neurotransmission (i.e., increased or decreased release of glutamate or GABA into the synaptic cleft)

or from a change in metabolism (i.e., increased or decreased production of glutamate or GABA by

glutamate-glutamine or GABA-glutamine cycling, respectively; see Rothman et al.45 and Bak et al.46

for descriptions of these cycles; note that the concentrations of glutamate and GABA are also asso-

ciated through these cycles because glutamine is the precursor of glutamate and glutamate is the

precursor of GABA). Each of these processes or a combination of both could be associated with a

change in the concentration of glutamate or GABA in an fMRS experiment. An increase of neuro-

transmission is a fast process, whereas an increase of metabolism is a slow process. Therefore,

one might speculate that changes in the concentrations of glutamate and/or GABA over the course

of short time scales in an fMRS experiment might more likely reflect changes in neurotransmission

rather than metabolism. The interpretation of changes in neurotransmitter concentrations also

ll
OPEN ACCESS

4 STAR Protocols 4, 102493, September 15, 2023

Protocol



depends on factors such as echo time of the fMRS scan, choice between event-related and block

fMRS designs, and time to fMRS scan acquisition after stimulus onset (see Mullins8 for an in-depth

discussion). fMRS with longer echo times (30 ms or longer) may be more sensitive to glutamate sig-

nals resulting from neurotransmission (i.e., glutamate released into the synaptic cleft) while signals

from glutamate stored in presynaptic vesicles may make a larger contribution with shorter echo

times (15 ms or shorter).8,47 An additional problem for the interpretation of fMRS results is that

the resonance signal cannot distinguish between different compartments within a VOI (i.e., neurons,

glia, intracellular and extracellular space, cell body, synapse etc.) and inflow, synthesis, outflow and

degradation of the metabolites. It is also not possible with fMRS to determine which postsynaptic

receptor types are activated by glutamate (NMDA, AMPA and metabotropic) and GABA (GABAA

and GABAB).
12 Given these limitations, it is important to consider the interpretation of different

outcomes of an fMRS experiment a priori, make hypotheses if possible and appropriate based on

previous measurements of glutamate and GABA, for example, in animal-models and include a

conclusive (although ultimately speculative) explanation of the potential origin of changes in

fMRS-measured neurotransmitter concentrations in an experimental condition or over time in the

manuscript.

Institutional permissions

The original study was approved by the institutional review board at the University of Regensburg.

Each participant in the original study (55 children, 30 female and 25 male, 8–11 years old, mean G

SEM age: 9.64 G 0.14 years, and 56 adults, 36 female and 20 male, 18–35 years old, mean G SEM

age: 22.5 G 0.61 years; subsets of 13 children and 14 adults participated in the fMRS experiment)

provided informed written consent prior to participation. For the group of children, informed written

consent was also provided by their legal guardians (in most cases, the parents). Anyone wishing to

use this protocol in studies involving human participants must obtain approval from their relevant

institution.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Data generated in the original study Frank et al.1 https://doi.org/10.17632/xvyp2ph8jh.1

Experimental models: Organisms/strains

Human participants (55 children, 30 female and 25 male,
8–11 years old; a subset of 13 children participated in the
fMRS experiment; 56 adults, 36 female and 20 male,
18–35 years old; a subset of 14 adults participated
in the fMRS experiment).

Frank et al.1 N/A

Software and algorithms

Freesurfer 4.1.0 Dale et al.48; Fischl et al.49 https://surfer.nmr.mgh.harvard.edu

LC Model 6.3-1P Provencher50,51 http://s-provencher.com/lcmodel.shtml

MATLAB 2012a The MathWorks https://www.mathworks.com/

MEGA-PRESS sequence Mescher et al.26,27 N/A

Osprey v2.4.0 Oeltzschner et al.52 https://github.com/schorschinho/osprey

PRESS sequence Bottomley24,25 N/A

Psychtoolbox 3.0.10 Brainard53; Pelli54 http://psychtoolbox.org/

WET Water Suppression (or similar) Ogg et al.42 N/A

Other

Chinrest in psychophysics room N/A N/A

LCD screen in psychophysics room N/A N/A

LCD screen in scanner control room N/A N/A

(Continued on next page)
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STEP-BY-STEP METHOD DETAILS

fMRS experiment: Consent forms, instructions and preparations for fMRS measurement (Day 1)

Timing: 45 min

This section describes all necessary steps for the experimenter and the participant prior to scanning.

1. MRI safety screening and consent forms.

Note: The following description is for the procedure with children in elementary school age

and young adults in the original study. A similar procedure can be used for other age groups.

The specific guidelines for participants of different age groups as required by the relevant

institutional review board and the institutional MRI safety procedures should be followed.

a. Screen participants for MRI safety, read and sign consent forms. For the group of children,

consent forms are signed by the accompanying legal guardian.

i. Provide the child with a separate consent form written in child-friendly language.

ii. If the child agrees to participate, ask them to sign the consent form.

iii. Briefly explain the procedure of the experiment to participants and remind them that the

experiment also includes another session outside the scanner on a separate day.

Note: See Psychophysics experiment: Posttest outside the scanner (Day 2) below.

Note: Some studies report modulations of GABA levels over the course of the natural men-

strual cycle in adult female participants.56–59 Future studies might consider recording the

phase of the menstrual cycle and conducting fMRS only during selected phases of this cycle

or only run adult female participants using hormonal contraception.20,59

b. Check visual acuity using a Snellen chart.55

c. Provide MRI-safe correcting glasses mounted inside goggles if necessary.

2. Familiarization with MRI scanner and tasks.

a. Check that the child and the legal guardian are metal-free and safe to enter the scanner room.

Give them a brief scanner tour to familiarize them with the MRI environment.

b. Place a phantom inside the MRI head coil, plug the coil in and move the table into the scanner

to demonstrate the setup for the fMRS experiment.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MRI 3 Tesla Scanner Siemens, Prisma with a 64-
channel head/neck coil

N/A

MRI-safe armrest N/A N/A

MRI-safe blanket N/A N/A

MRI-safe button box N/A N/A

MRI-safe correcting glasses mounted inside MRI-safe goggles N/A N/A

MRI-safe head-coil mounted mirror N/A N/A

MRI-safe padding N/A N/A

MRI-safe projector N/A N/A

MRI-safe transparent screen N/A N/A

Snellen chart Snellen55 N/A

Stimulus computer in psychophysics room N/A N/A

Stimulus computer in scanner control room N/A N/A

ll
OPEN ACCESS

6 STAR Protocols 4, 102493, September 15, 2023

Protocol



c. Explain the function of themirror mounted above theMRI head coil and show how the position

of the mirror can be manually adjusted to optimize the view of the screen.

d. Explain the functions of the buttons on the MRI button box.

Note: In the original study an orientation detection task is used for visual training during fMRS

(Figure 2A). Before and after visual training participants perform a fixation task during fMRS

(Figure 2B). The fMRS measurements with the visual training task are referred to in the

following as training fMRS. fMRS measurements with the fixation task are referred to as pre-

training and posttraining fMRS. See Frank et al.60 for a detailed description of important

design considerations for visual training tasks.

Note: It could be argued that performing the fixation task modulates neurotransmitter con-

centrations and that it might be better not to have a task during pretraining and posttraining

fMRS (i.e., just asking participants to maintain central fixation or to keep their eyes closed).

However, we believe that an omission of the fixation task has the disadvantage that there is

no behavioral control of participants’ fixation quality and vigilance.39 Differences in fixation

quality and/or vigilance between pretraining and posttraining fMRS (for example, due to

effects of fatigue during posttraining fMRS after being in the scanner for some time) might

modulate neurotransmitter concentrations.9,12 In addition, GABA concentrations in the occip-

ital lobe differ between eyes open and closed.61 This could confound training-related changes

in neurotransmitter concentrations between pretraining and posttraining fMRS.

Alternatives: Future studies might avoid using a fixation task during pretraining and posttrain-

ing fMRS by employing MRI-safe eye-tracking. By means of eye-tracking fixation quality and

vigilance (as indicated by pupil diameter) can be measured while participants do not have

to perform a task requiring a behavioral response.

e. Outside the scanner, familiarize the participant with the fMRS tasks using practice trials.

Figure 2. Task design in the original study

(A) Example trial of the orientation detection task for visual training. Two images are presented successively at the

center of the screen separated by a blank interval. One image consists only of visual noise. The other image contains

an orientation pattern overlaid by visual noise. At trial end participants are asked to indicate by pressing one of two

buttons whether the first or the second image contains the orientation pattern.

(B) Example trial of the fixation task. A disk presented at screen center changes color from white to pink occasionally in

an unpredictable fashion. Participants are asked to press a button when they detect a color change.
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i. Fixation task: Instruct the participant to press the button under their right index finger on

the button box quickly when they detect a change of color of the fixation spot.

ii. Orientation detection task: Instruct the participant to press the button under their right

index finger when the first image contains the orientation and the button under their right

middle finger when the second image contains the orientation. Instruct them to quickly

press the button only after the second image is presented and release it after the response.

iii. For both tasks instruct participants that no feedback about response accuracy will be

provided after their response but that they will notice when they perform well because

the task will become more difficult. Explain to them that ‘‘difficult’’ means that the pink

color change of the fixation spot in the fixation task and the orientation pattern in the

orientation detection task will become weaker.

iv. Comfort children that they do not need to worry about their performance and that they will

not be criticized by the experimenter or the legal guardian with respect to their perfor-

mance.

v. Check carefully whether the participant understands the task by monitoring their perfor-

mance during the practice trials. If they perform well, task difficulty should increase as

shown by more subtle color changes in the fixation task and more noise overlaid on the

orientation pattern in the orientation detection task.

CRITICAL: A different orientation than the trained orientation should be used for practice

in the orientation detection task in order to minimize the possibility of learning prior to the

fMRS experiment. Visual training is often specific for the trained visual feature.60,62–66

Therefore, even if a little practice already leads to learning, that learning would be for a

different orientation than the trained orientation in the experiment. Moreover, the number

of practice trials should be limited to avoid training effects (for example, it should be

limited to ten practice trials for each task). Only offer additional practice trials if the

participant reports difficulty understanding the task(s).

3. Participant setup for scanning.

a. Set up the participant for the fMRS measurement. This setup includes participant registration

and preparation of MRI scans (three anatomical scans for VOI placement, thirteen successive

MEGA-PRESS scans and a water reference scan).

b. Offer the participant the opportunity to visit the bathroom before the setup commences and

notify them that drinking or eating (for example, chewing gum) is not allowed inside the scan-

ner.

c. Notify the participant that they will not be able to talk to the experimenter during scanning.

d. Show them the panic ball and inform them that they can and should squeeze the panic ball at

any time during the experiment in case they do not feel well or want to communicate with the

experimenter for whatever reason.

i. Squeezing the panic ball will set off an auditory alarm to alert the experimenter outside the

scanner.

ii. Upon hearing the alarm, the experimenter will immediately interrupt the scan and check

on the participant inside the scanner.

iii. Remind the participant to be careful not to accidentally squeeze the panic ball.

iv. Finally, invite them to squeeze the panic ball once to hear the alarm.

e. Offer to the child and the legal guardian that the legal guardian or another experimenter can

stay with the child in the scanner room.

i. Screen this person for MRI-safety.

ii. Provide this person (after checking for MRI-safety) with earplugs and headphones.

iii. Provide an MRI-safe plastic chair for this person to sit in the scanner room.

f. Provide ear plugs to the participant and ask them to plug them in as deep as possible into

their ear canals while remaining comfortable.

g. Position the participant on the MRI table. Ask them to lay down in supine position.
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h. Provide padding under the legs and to the left and right of the head inside the head coil. Give

them armrests. Offer a blanket if the participant feels cold.

i. Give the button box to the participant’s right hand and explain the functions of the buttons

one more time. Ask the participant to press each button once. Check that the button presses

are being recorded by the stimulus computer.

j. Plug the head coil in, move the MRI-table up and ask the participant to close their eyes while

the position of the head inside the coil is recorded by using a laser.

k. Ask the participant to open their eyes again and to indicate if they are fine. Also, ask them to

indicate immediately if anything is wrong or if they feel any discomfort while the MRI-table is

moved slowly into the scanner.

CRITICAL: You should check that the head of the participant is in the right position. If a

part of the coil is right in front of their eyes, they cannot fully see the mirror. If this is the

case, you or the participant must adjust the position of the mirror.

l. Once inside the scanner, ask the participant one more time if they are fine.

m. If they confirm, place paddings next to the participant’s left and right arms in order to avoid

any contact between the participant’s skin and the scanner bore that could lead to burns or

peripheral nerve stimulation.

n. Remind the participant not to cross their legs during the experiment to avoid large loops

creating induction circuits that could lead to burns.

o. Ask the participant and the legal guardian/experimenter in the MRI room (if they stay) if they

are ready for the experiment.

p. If they confirm, the scanning procedure can commence.

q. Turn the lights in the scanner room off.

CRITICAL: Once the MRI-table has reached its final position inside the scanner, you

should ask the participant again if they can see the whole screen. If they cannot see the

whole screen, you can ask the participant to reach for the mirror above the head coil

with their hand to adjust its position by moving it back or forth until they can see the

screen fine. Ask the participant if they have a firm grip on the panic ball and if they

have positioned their fingers over the response buttons on the button box. Ask the partic-

ipant to press the response buttons inside the scanner while you or another experimenter

checks on the stimulus computer that the correct buttons are pressed. Remind the partic-

ipant that it is possible (although unlikely) that the ear plugs inside the ear canal become

loose during the experiment and that if this occurs, they should immediately squeeze the

panic ball to alert the experimenter outside the scanner.

Alternatives: Future studies might consider including a familiarization session in a mock MRI

scanner (if available) prior to the experiment. This might be helpful especially for very young

and very old participants to adapt them to the scanner environment. During the session in the

mock scanner participants can also perform practice trials in the fMRS task(s).

fMRS experiment: fMRS measurement (Day 1)

Timing: 50 min

This section describes all necessary steps for scanning. See Figure 3 for an overview of tasks and

scans.

Note: In the original study fMRS is conducted in a time-resolved fashion using successive

MEGA-PRESS scans with a duration of 3:18 min each before, during and after visual
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training (for similar designs see Tamaki et al.39; Floyer-Lea et al.67; Frangou et al.68; Kolasinski

et al.69). Three successive fMRS scans are collected during pretraining fMRS (� 10min in total).

Four successive fMRS scans are collected during training fMRS (� 15 min in total). Six succes-

sive fMRS scans are collected during posttraining fMRS (� 20 min in total). After the final fMRS

scan a water reference scan is collected (� 1 min).

Alternatives: A single fMRS scan with a total duration of 45 min, or three fMRS scans for pre-

training, training and posttraining fMRS (10 min, 15 min and 20 min long, respectively) could

be acquired and analyzed over the appropriate time frames. Our approach of conducting

fMRS in multiple short scans has the advantage that scanning can be interrupted for a break

after the acquisition of each scan and that shimming can be performed prior to each scan.

4. Anatomical scans.

a. Successively collect three high-resolution anatomical scans for sagittal, coronal and transverse

planes with the following imaging parameters:

i. Sagittal plane: time-to-repeat (TR) = 0.19 s, time-to-echo (TE) = 2.46 ms, flip angle (FA) =

70�, in-plane acquisition matrix (AM) = 288 3 288, 25 slices, voxel size = 0.8 3 0.8 3

4.0 mm, inter-slice gap = 1.20 mm.

ii. Coronal plane: TR = 0.25 s, TE = 2.46 ms, FA = 70�, AM = 2883 288, 35 slices, voxel size =

0.8 3 0.8 3 4.0 mm, inter-slice gap = 1.20 mm.

iii. Transverse plane: TR = 0.19 s, TE = 2.46 ms, FA = 70�, AM = 288 3 288, 27 slices, voxel

size = 0.8 3 0.8 3 4.0 mm, inter-slice gap = 1.20 mm.

b. Participants can keep their eyes open or closed during the acquisition of the anatomical scans.

c. After collecting the last anatomical scan check on the participant and ask if they are willing to

proceed with the experiment.

d. If the participant confirms, ask them to keep their eyes open for the remainder of the

experiment.

5. VOI placement.

a. Use the high-resolution anatomical scans for VOI placement (see Figure 4 for examples).

b. Place the VOI (2 3 2 3 2 cm) for single-voxel proton (1H) fMRS in the occipital lobe.

Figure 3. Experiment design in the original study

The experiment consists of two sessions on separate days. The first session is conducted inside an MRI scanner while

high-resolution anatomical and fMRS scans are collected. fMRS is conducted in successive scans with a duration of

3:18 min each. Shimming is performed prior to each fMRS scan. Three successive fMRS scans are collected for

pretraining fMRS. Four successive fMRS scans are collected for training fMRS. Six successive fMRS scans are collected

for posttraining fMRS. After the final posttraining fMRS scan a water reference scan is collected. During training fMRS

participants perform the orientation detection task (Figure 2A). During pretraining fMRS, posttraining fMRS and

during the collection of the water reference scan participants perform the fixation task (Figure 2B). In the second

session on a separate day trained participants perform the orientation detection task in a posttest outside the

scanner.
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c. Use the calcarine sulcus as an anatomical landmark and place the VOI manually perpendicular

to the sulcus and centered between the hemispheres.

d. Avoid including the skull bone in the VOI to minimize contaminations by lipid and fat

signals.3,4,6

e. Avoid the superior sagittal sinus (shown as a bright white spot adjacent to the back of the

occipital lobes).

f. The VOI might need to be rotated (resembling a diamond, see Figure 4).

g. Take a photo or screenshot of the location of the VOI overlaid on the high-resolution anatom-

ical scans.

Note: In the original study the VOI is placed in the occipital lobe because it is known from

previous research that VPL involves plasticity in early visual cortical areas.62–64We recommend

using results from previous studies or meta-analyses to support the placement of the VOI.

However, this approach has limitations when there are differences in the location of the brain

region(s) of interest between participants, particularly when the size of the VOI is small. For

example, there are small visual motion-sensitive brain regions that tend to vary substantially

in location between participants.20–23

Alternatives: Conduct a functional localizer scan using fMRI in each participant and use the

individual location of BOLD-activation for VOI placement.20

Note: A VOI can be placed in one hemisphere if it is fair to assume that a brain region in this

hemisphere is critical to performing or learning of a given task.20 This approach has the advan-

tage that partial volume effects resulting from including midline structures in a VOI centered

between the hemispheres can be avoided. Alternatively, if homologous brain regions in the

left and right hemispheres can be assumed to be similarly critical to performing or learning

of a given task one might place the VOI in one hemisphere and counterbalance the hemi-

sphere across participants. Another possibility is to center the VOI between the hemispheres.

Figure 4. Example VOI locations

(A) Location of the VOI in the occipital lobe in a representative child participant. The VOI (size: 2 3 2 3 2 cm) is shown

as gray rectangle overlaid over the participant’s high-resolution anatomical scans (sagittal scan in the left column,

coronal scan in the middle column and transverse scan in the right column) using the software Osprey (Oeltzschner et

al., 2020).52 The bright spot under the VOI in the transverse scan corresponds to the superior sagittal sinus.

(B) Same as (A) but for a representative adult participant.
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Especially with the relatively small occipital lobe, it might be difficult to place the VOI exclu-

sively in one hemisphere.

Alternatives: Depending on the study design, one might consider conducting additional

fMRS measurements in a separate fMRS run in a control VOI located in a brain region where

no neurotransmitter modulations during the performance of the fMRS task are expected. In

this way, it can be measured whether modulations of neurotransmitter concentrations during

the task are specific to a particular brain region, which is desirable for tasks known to involve

specific brain regions. A downside of this approach is that the fMRS measurement time will

increase substantially, whichmight be undesirable for the investigation of sensitive participant

groups such as children or patients who can only spend a limited amount of time inside the

scanner.

CRITICAL: For multi-session fMRS experiments (i.e., experiments in which participants

leave the scanner after one session and return on the same day or on a different day for

another session in the scanner) it is important to place the VOI(s) at approximately similar

locations in each session. Major anatomical landmarks (e.g., the calcarine sulcus, the cen-

tral sulcus or the lateral sulcus) or the anterior commissure – posterior commissure line

may be used as a reference for VOI placement in different sessions. Post-hoc analyses

should be conducted to check the degree of overlap in the location of the VOI across

different sessions. Note that on Siemens systems it is also possible to save the position

of the VOI at the scanner and use it again during subsequent scanning sessions.

6. Pretraining fMRS.

a. Each MEGA-PRESS scan has the following parameters: TR = 1.5 s; TE = 68 ms; FA = 90�; num-

ber of spectral averages = 64; scan time = 3:18 min. WET water suppression is used.42

b. Initiate the first MEGA-PRESS scan for pretraining fMRS.

c. Automatic shimming is performed before the scan is acquired.

d. The system will show the shimming results. If the results are acceptable (for example, below

20 Hz for a VOI in the occipital lobe), proceed and start the fixation task simultaneously

with the acquisition of the first MEGA-PRESS scan. Otherwise, see solution suggested in

troubleshooting problem 3.

e. Collect three successive MEGA-PRESS scans for pretraining fMRS while the participant per-

forms the fixation task.

f. Closely monitor the participant’s performance in the fixation task and the collected MEGA-

PRESS difference spectra using the Siemens inline display.

g. The scanner will pause prior to each MEGA-PRESS scan and show shimming results. Write

down the shimming results for each scan for your records and proceed.

h. After collecting the final MEGA-PRESS scan, terminate the fixation task.

CRITICAL: If you notice that the performance in the fixation task looks suspicious (indi-

cated by a clearly visible color change of the fixation spot on each task trial), perform

the solution suggested in troubleshooting problem 1.

7. Training fMRS.

a. After pretraining fMRS check on the participant.

b. If they agree to continue, start the orientation detection task for visual training. Start the task

simultaneously with the collection of the first MEGA-PRESS scan for training fMRS.

CRITICAL: If time permits, repeat the high-resolution anatomical scans prior to training

fMRS to verify that the VOI location is still acceptable. If the location differs from the

original location, repeat the placement of the VOI.
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c. Closely monitor the performance in the orientation detection task. If you notice that the

performance looks suspicious (indicated by a clearly visible orientation pattern on each task

trial), perform the procedure described in troubleshooting problem 2.

d. The participant performs the orientation detection task successively (one block for pretest and

eight blocks for training).

e. Collect four successive MEGA-PRESS scans for training fMRS while the participant performs

the orientation detection task.

f. Otherwise, follow the procedure described in pretraining fMRS.

g. After collecting the final MEGA-PRESS scan, terminate the orientation detection task.

8. Posttraining fMRS.

a. After training fMRS check on the participant.

b. If they are ok to continue, start the fixation task for posttraining fMRS. Start the task simulta-

neously with the collection of the first MEGA-PRESS scan for posttraining fMRS.

CRITICAL: If time permits, repeat the high-resolution anatomical scans prior to posttrain-

ing fMRS to verify that the VOI location is still acceptable. If the location differs from the

original location, repeat the placement of the VOI.

c. Collect six successive MEGA-PRESS scans for posttraining fMRS while the participant

performs the fixation task.

d. Otherwise, follow the procedure described in pretraining fMRS.

e. After collecting the final MEGA-PRESS scan for posttraining fMRS, collect a water reference

scan for the same VOI without water suppression using a PRESS scan with the following pa-

rameters: TR = 3 s; TE = 30 ms; FA = 90�; number of spectral averages = 16; scan time =

1:03 min.

f. Participants continue to perform the fixation task while the water reference scan is acquired.

g. After collecting the water reference scan, terminate the fixation task.

CRITICAL: In addition to water suppression techniques, we recommend collecting a

separate water reference scan without water suppression for the same VOI used for

PRESS and MEGA-PRESS. This scan can be collected as a single scan prior to or after

the fMRS experiment, or it can be collected in an interleaved fashion with the PRESS

and MEGA-PRESS scans.19 The acquisition of this water reference scan takes in most

cases a minute or less (16 spectral averages are common) and it improves the quality of

post-hoc analyses, because the fMRS spectrum can be corrected for residual tissue water

signals. The unsuppressed water spectrum is also used for correcting B0 fluctuations due

to rapid gradient switching (eddy current effects). The tissue water signal can be used as

an internal reference to normalize the absolute metabolite concentrations of glutamate

and GABA (see Quantification and Statistical Analysis).

h. Thereafter, notify the participant that the experiment is finished and that they will be moved

out of the scanner.

i. Slowly move the MRI table out of the scanner.

j. Remove the head coil and instruct the participant to sit up slowly.

k. Recommend them to rest on the table for a moment, because they could feel dizzy after being

in supine position for a long time.

l. After this rest period, the participant and the accompanying person in the scanner room are

free to leave the room.

m. Save the following data files for each scan:

i. rda file (text file with measured fMRS spectrum; for MEGA-PRESS there are separate rda

files for ON, OFF and difference spectra, each of which should be saved)

ii. twix file (time-domain raw data in Siemens twix format; good to check for frequency drift).
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iii. Siemens dicom file(s) (good to save for backup; can be loaded into the Siemens scanner

computer at a later time-point for data inspection and for conversion from dicom to rda)

n. Double-check that shimming results are recorded for each fMRS scan and that there is a photo

or screenshot of the VOI location.

o. Save all other MRI files (anatomical scans, etc.) in the file format provided by the scanner (for

example, Siemens dicom).

Psychophysics experiment: Posttest outside the scanner (Day 2)

Timing: 15 min

This section describes all necessary steps for the psychophysical test on a separate day after

scanning.

9. Posttest outside the scanner.

a. On a separate day after scanning invite the participant for a posttest in a psychophysics room

equipped with a computer, screen, keyboard and chin rest.

b. Ask the participant to perform the same orientation detection task as during scanning for one

block.

c. Remind them that they should press one of two response keys with their right index and

middle fingers, respectively, on the keyboard at the end of each trial to indicate whether

the orientation is shown in the first or second image.

d. Remind them to press the response key after the second image and release it after the

response.

e. After this instruction ask the participant to place their fingers over the two response keys on

the keyboard because the room lights will be turned off shortly and it will be difficult to see

the keys without the room light.

f. Ask the participant if they are ready to start. If they confirm, turn the room lights off and give

them time to adapt. If the participant confirms that they are ready to start, commence the

experiment.

EXPECTED OUTCOMES

Participants should not experience difficulties in performing the orientation detection and fixation

tasks during fMRS. They are expected to improve their orientation detection thresholds for the

trained orientation from pretest to posttest, indicative of VPL. No baseline (i.e., pretest) threshold

differences should be found between children and adults. The quality of fMRS data [shimming re-

sults, Cramer-Rao Lower Bounds (CRLB)] should be similar between the two age groups. During de-

briefing, many participants report that they find fMRS more tolerable than fMRI because the noise

level inside the scanner is lower. Children should exhibit an increase of GABA in the occipital lobe

from pretraining fMRS to training and posttraining fMRS, indicative of an increase of inhibitory pro-

cessing in early visual cortical areas that outlasts the period of training and continues for several mi-

nutes thereafter. In contrast, GABA should remain stable between pretraining, training and post-

training fMRS in adults, indicating that no changes in inhibitory processing over the fMRS

measurement period occurred in this age group. No differences in fixation task performance be-

tween pretraining and posttraining fMRS and between children and adults are expected, suggesting

that fixation and vigilance levels during fMRS are similar before and after training and between the

age groups. See Figures 4–6 in the original study.

QUANTIFICATION AND STATISTICAL ANALYSIS

Timing: flexible
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There are several software packages for the analysis of fMRS data (see Mullins et al.32 for an over-

view). In the original study we analyze the fMRS data with the LC model.50,51 Using the reference

scan without water suppression the LC model performs eddy current correction and water scaling.

The LC model fits the metabolite intensities to a linear combination of spectra of individual metab-

olites derived from an imported metabolite basis set.50,51 Customized basis sets can be acquired

experimentally or they can be simulated.32 The LC model outputs the concentrations with respect

to water reference (whenever available; referred to as absolute concentrations in the following)

and ‘‘relative’’ to Cr or NAA as fractions (referred to as normalized concentrations in the following).

Cr (or Cr and Phosphocreatine, Cr+PCr) and NAA (or NAA and N-acetyl-aspartyl-glutamate,

NAA+NAAG) are commonly used as internal references for normalization.5,12,32,70,71 Cr is a marker

of cellular integrity. NAA is a marker of neuronal density andmitochondrial function. Cr and NAA can

be used to normalize metabolite concentrations acquired with a PRESS scan. Cr is canceled out in a

MEGA-PRESS difference spectrum and NAA from the difference spectrum (or, alternatively, Cr or

NAA from the Edit Off spectrum) can be used for normalization.

Prior to normalization the absolute concentrations can be corrected for partial volume effects within

the VOI for each participant.1,20,72–75 This correction can account for differences in tissue types (gray

matter, white matter, cerebrospinal fluid etc.) within the VOI between participants due to VOI loca-

tion, aging or sex.12,17 In addition, it can correct for differences in metabolite concentrations

between gray and white matter (for example, greater amounts of GABA in gray matter than white

matter).76,77 For partial volume correction a high-resolution anatomical scan of the brain must be

collected for each participant (for example, by acquiring an MPRAGE scan at the beginning of the

fMRS session; this scan can also be used for VOI placement). MRI analyses packages (e.g., Freesur-

fer48,49) are available to extract the brain from this scan and perform automated segmentation of the

brain into different tissue types. After coregistration of the VOI to the reconstructed and segmented

brain the percentage of different tissue types and regions within the gray matter of the VOI can be

calculated for each participant. Brain regions can be defined using either BOLD activation in an fMRI

localizer scan or a standard atlas of regions (e.g., Glasser et al.78) remapped to each participant’s

reconstructed brain. After partial volume correction, glutamate and GABA can be divided by the

chosen internal reference for normalization. Alternatively, fractions of gray matter to white matter

can be included as covariates in the statistical analysis.32

There are also other ways to normalize the concentrations of glutamate andGABA. For example, one

might consider normalizing the concentrations only to tissue water as an internal reference

measured by the water reference scan collected at the beginning or end of fMRS.79,80 However,

for fMRS in particular, we recommend using an internal reference extracted from the same fMRS

scan as glutamate and GABA, so that differences between fMRS scans (e.g., noise levels, participant

performance/vigilance) are reflected in the metabolite of interest and the internal reference. Alter-

natively, fMRS could be conducted with interleaved water suppressed and water unsuppressed

scans.19 Using this approach it would also be possible to relate changes in metabolite concentra-

tions measured with the suppressed water scan to simultaneously occurring hemodynamic changes

(related to those reflected by the BOLD response in fMRI) measured with the unsuppressed water

scan.19

In addition to normalized concentrations, the absolute metabolite concentrations should be exam-

ined. For fMRS, it is important to check that effects between conditions or over time result from

changes in glutamate and/or GABA but not from any changes in the concentrations of the internal

reference used for normalization. Asmentioned above, Cr andNAA are frequently chosen as internal

references, because they are assumed to remain stable between experimental conditions and over

time. However, caution is warranted with this assumption, especially for Cr. Cr is involved in bioen-

ergetics and Cr levels may be influenced by activity/vascularization.81 Cr levels can also be modu-

lated by drug administration and electroconvulsive therapy.82,83 Another factor to consider,

especially in developmental studies, is that the concentration of the internal reference (NAA, Cr)
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changes over the life span.12 Differences in the concentration of the internal reference between age

groupsmight lead to differences in glutamate andGABA after normalization to the reference. There-

fore, a post-hoc analysis of the absolute concentrations of all metabolites-of-interest including the

internal reference should be carried out.

Some studies, especially those in the domain of learning and brain plasticity, report the ratio of the

normalized concentration of glutamate relative to the normalized concentration of GABA, in other

words the ratio of excitation relative to inhibition (or ‘‘E/I ratio’’ for short).9,39–41,84,85 This approach

has the advantage that the balance between excitation and inhibition in an experimental condition

or at a given time-point within a VOI is represented by a single value, which facilitates data visuali-

zation and statistical analysis. Furthermore, the E/I ratio is considered an index of plasticity and

stability in animal models86 and humans,39–41 which simplifies the comparison of results across

studies. However, using the E/I ratio for fMRS experiments in which changes in this ratio due to

experimental conditions or over time are expected has the following disadvantage: if changes in

the E/I ratio occur, it is unclear whether such changes originate from changes in glutamate and/or

GABA. This makes it necessary to analyze changes in glutamate and GABA separately.

Therefore, data analyses focusing on the E/I ratio should also include separate analyses of glutamate

and GABA to better understand which neurotransmitter change(s) are driving changes in the E/I

ratio.

Several measures can be used to assess fMRS data quality, such as CRLB, SNR, water and NAA line-

widths at full-width-at-half-maximum (in Hz) (both have good SNR), and area under curve from recti-

fied residuals of the LC model fit. The cutoff criteria for acceptable results vary between different

studies and depend, among other factors, on the location, size and shape of the VOI, the strength

of the scanner magnetic field and the number of spectral averages. See Kolasinski et al.69 for an

example combination of multiple criteria. As with fMRI, the quality of the fMRS spectra depends

on how still the participants keep their heads. Head motions during an fMRS acquisition are indi-

cated by a huge unsuppressed water signal as well as sudden changes in frequency and phase shifts

and broadened lines.35 fMRS spectra can be collected with interleaved water scans to record head

motion.87 During post-hoc processing fMRS spectra contaminated with head motion can be

excluded prior to spectral averaging (however with the constraint that such exclusion might make

the interpretation of time-dependent changes of glutamate or GABA difficult if a large number of

spectra in the time-series is excluded). The range of frequency drift across fMRS scans can be exam-

ined to check for head motion. The lower the frequency drift, the less pronounced are head motions

during a given scan. Frequency drifts of around 1 Hz over the course of an fMRS time series indicate

little head motion.39,40

LIMITATIONS

The approach described in this protocol to conduct fMRS in different age groups before, during and

after visual training has several limitations: First, the size of the VOI is kept small to restrict the VOI to

early visual cortical areas (V1, V2) without including parts of the inferior parietal lobe. However, this

should not raise any major concerns because there is good SNR even for a small VOI in the occipital

lobe due to the proximity of the VOI to the coil elements and the high metabolism of the occipital

lobe.31

Second, the number of spectral averages of the MEGA-PRESS scans is kept to a minimum and could

be increased to improve fMRS data quality. There is a tradeoff between fMRS data quality on the one

hand and limited scan time and the need to collect a time-series consisting of several successive

fMRS scans over the course of learning on the other. The fMRS scans should be kept short to measure

neurochemical changes that occur in small time-windows (although onemight argue that a time-win-

dow of approximately 3 min for each fMRS scan is still very long). Short fMRS scans also make it easier

to interrupt scanning briefly if participants need a break.
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Future studies might consider using higher magnetic field strength (7 Tesla) and/or larger VOIs and

more spectral averages to improve fMRS data quality (for example, to reduce macromolecule

contamination to the edited GABA signal).88 Future studies might also want to collect one long

time-series of successive fMRS scans for pretraining, training and posttraining fMRS rather than

three/four/six separate fMRS scans in pretraining/training/posttraining fMRS as in our original study.

This approach has the advantage that noisy segments of the time-series can be removed before the

time-series is split into separate fMRS analysis windows across which the concentrations of gluta-

mate and GABA are calculated.

Third, the interpretation of the fMRS results is limited with this protocol because neurotransmitter

concentrations are only measured in one part of the brain. Future studies might want to include

several VOIs (for example, at least one more VOI in a control region of the brain where no changes

of glutamate or GABA over the course of visual learning are expected) either in the same participant

or in a control group of new participants to show that neurotransmitter changes are specific to one

brain region and do not occur in other regions or all over the brain.

Fourth, future studies might want to omit the fixation task and conduct MRI-safe eye-tracking

instead. In this way, fixation quality and vigilance levels can be measured without requiring the

participant to perform a task at the center of the screen. This might rule out the possibility that

performing the fixation task modulates neurotransmitter concentrations between pretraining and

posttraining fMRS.

Finally, future studies might consider running functional BOLD-localizer scans to determine the loca-

tion of brain region(s) of interest in each participant and use the BOLD activations in these localizer

scans to support the placement of the VOI for fMRS.

TROUBLESHOOTING

Problem 1

The fixation task performance looks suspicious, as indicated, for example, by no or late button

presses and accordingly no increase in task difficulty over time (i.e., always clearly detectable color

changes of the fixation spot) (Steps 6 and 8).

Potential solution

Interrupt the scan and check on the participant. The participant might have pressed the wrong

buttons on the button box or the button box might not work properly. It is also possible that the

participant became confused about the task or has difficulty seeing the color changes, because

the head-coil mounted mirror is not positioned correctly). In this case the problem can be fixed while

the participant remains inside the scanner by pointing the participant to the correct buttons on the

button box or by asking the participant to adjust the position of the head-coil mounted mirror. If the

problem cannot be resolved while the participant remains inside the scanner, move the MRI-table

slowly out of the scanner. The participant can leave the MRI-room while the problem is fixed. Explain

the task again to the participant outside the scanner and ask them to perform some practice trials.

After troubleshooting repeat the MRI setup procedure and restart scanning from the beginning (i.e.,

with the collection of the anatomical scans). Place the VOI as closely as possible to the original loca-

tion (by using the photo or screenshot of the original location saved at the beginning of the

experiment).

Problem 2

The orientation detection task performance looks suspicious, as indicated, for example, by no or late

button presses and accordingly no increase in task difficulty over time (i.e., an always clearly detect-

able orientation pattern in one of the images) (Step 7).
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Potential solution

Follow the same solution as for problem 1.

Problem 3

Shimming results for an fMRS scan are above accepted criterion (for example above 20 or 25 Hz)

(Steps 6, 7 and 8).

Potential solution

Either redo the VOI placement or have the participant move the head slightly before VOI replace-

ment, then redo shimming. Follow-up with manual shimming if necessary.

Problem 4

Although the fMRS spectrum shown in the inline display looks good and shimming results are

acceptable, there is uncertainty as to whether the fMRS data quality is good enough for follow-up

analyses (Steps 6, 7 and 8).

Potential solution

Consider collecting an additional MEGA-PRESS scan with the same scanning parameters and VOI

location for quality assurance prior to the experiment. After the scan is collected the data can be

analyzed quickly and checked for quality (including CRLB, SNR, water and NAA linewidths, area

under curve from rectified residuals of the LC model fit, frequency drift).

Problem 5

The post-hoc analysis shows that the quality of a MEGA-PRESS difference spectrum in a given par-

ticipant’s time-series is not good enough for a reliable GABA estimation (Steps 6, 7 and 8).

Potential solution

Consider interpolating the missing GABA result by using the mean GABA concentration between

that participant’s preceding and succeeding MEGA-PRESS scans. If these scans failed as well, you

could interpolate the missing data by using the group mean for the missing scans across the

remaining participants. Another option is to examine each average of the failed scan and remove

contaminated averages.
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