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Abstract

Functional magnetic resonance spectroscopy (fMRS) of GABA at 3 T poses additional challenges compared
with fMRS of other metabolites because of the difficulties of measuring GABA levels; GABA is present in the
brain at relatively low concentrations, and its signal is overlapped by higher concentration metabolites. Using
7 T fMRS, GABA levels have been shown to decrease specifically during motor learning (and not during a con-
trol task). Though the use of 7 T is appealing, access is limited. For GABA fMRS to be widely accessible, it is
essential to develop this method at 3 T. Nine healthy right-handed participants completed a motor learning
and a control button-pressing task. fMRS data were acquired from the left sensorimotor cortex during the task
using a continuous GABA-edited MEGA-PRESS acquisition at 3 T. We found no significant changes in
GABA+/tCr, GIx/tCr, or Glu/tCr levels in either task; however, we show a positive relationship between motor
learning and glutamate levels both at rest and at the start of the task. Though further refinement and validation
of this method is needed, this study represents a further step in using fMRS at 3 T to probe GABA levels in
both healthy cognition and clinical disorders.

Key words: functional magnetic resonance spectroscopy (fMRS); GABA; GABA editing; glutamate; MEGA-
PRESS; motor learning
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Significance Statement

GABA is the major inhibitory neurotransmitter in the brain and plays a key role in motor learning. Functional,
noninvasive measures of GABA in humans in vivo is desirable; however, there has been little development
of GABA functional magnetic resonance spectroscopy (fFMRS) because of the challenges of measuring
GABA. This study investigates the use of GABA-editing (Mescher-Garwood point resolved spectroscopy,
MEGA-PRESS) at 3 T to acquire functional measures of GABA and glutamate levels during a behavior task.
Our study highlights some of the issues facing the fMRS literature and can be used to guide future studies

\investigating GABA and glutamate levels simultaneously during motor learning. /
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Introduction

Proton magnetic resonance spectroscopy (MRS) is a
noninvasive technique using a magnetic resonance imag-
ing (MRI) scanner which measures in vivo metabolite lev-
els, including the inhibitory neurotransmitter GABA and
the excitatory neurotransmitter glutamate. Typically, data
are acquired over a static period of several minutes during
an “at-rest” state; however, this provides limited informa-
tion regarding cerebral function.

Functional MRS (fMRS) involves taking multiple spectra
during a task to provide a dynamic measure of neuro-
chemistry changes in response to stimuli (Jelen et al.,
2018). Of the relatively few fMRS studies conducted,
most focus on glutamate because of its prominent role in
neural signaling and ease of measurement; glutamate can
be measured relatively easy at 3 T using a standard point
resolved spectroscopy (PRESS) sequence with sufficient
signal-to-noise ratio (SNR) obtained from 30 s of meas-
urements (Woodcock et al., 2018; for review of fMRS of
glutamate, see Mullins, 2018, Stanley and Raz, 2018).

GABA also has a prominent role in neural signaling,
but fMRS of GABA is less common because of the chal-
lenges associated with even resting measurements. GABA
is present in the brain at relatively low concentrations,
and its signal is overlapped by higher-concentration me-
tabolites. One solution is to use a high magnetic field
strength, which increases the SNR and spectral reso-
lution, facilitating metabolite separation and quantifi-
cation of lower-concentration metabolites (Pradhan et
al., 2015). At 7 T, Kolasinski et al. (2019) used an analy-
sis consisting of six, 6 min blocks to show an ~20% de-
crease in GABA during a motor learning task. Though the
use of 7 T is appealing, access is limited. For fMRS of
GABA to be accessible in both research and clinical set-
tings, it is essential to develop this method at 3 T, the
more commonly used field strength.

One approach to resolve GABA at 3 T is to use
Mescher-Garwood PRESS (MEGA-PRESS; Mescher et
al., 1998). Briefly, J-coupling within the GABA molecule is
exploited to modulate the GABA signal without affecting
the other metabolites in half of the acquisition. A differ-
ence spectrum is generated in which the overlapping
resonances have been removed to facilitate quantification
of GABA. For a complete review of this approach see
Mullins et al. (2014) and Harris et al. (2017).

Floyer-Lea et al. (2006) used MEGA-PRESS at 3 T to
also show an ~20% GABA decrease in the sensorimotor
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cortex during motor learning; however, this finding has
yet to be replicated at 3 T. Additionally, both the study by
Floyer-Lea et al. (2006; three 8 min blocks) and the study
by Kolasinski et al. (2019; six 6 min blocks) had very low
temporal resolution, severely limiting the study of metabo-
lite dynamics. Furthermore, glutamate changes often
occur on a much faster timescale, and thus may not be
detected using long blocks. Chen et al. (2017) used a sliding-
window analysis to show an almost immediate increase in
glutamate at 7 T in response to hand clenching, whereas
GABA changes occurred on a much slower timescale (3-5
min). Therefore, a block-averaged analysis may obscure me-
tabolite changes on different timescales and will be biased
toward changes on a similar timescale as the block duration.
Indeed, Kolasinski et al. (2019) found no changes in gluta-
mate levels using a block-average analysis; however, the
findings by Chen et al. (2017) suggest glutamate may have
increased in response to hand movement during the task.

The aim of this study was to develop and validate fMRS
of GABA and glutamate using a MEGA-PRESS acquisition
at 3 T and a sliding-window analysis. Participants per-
formed a serial reaction time task twice in a repeated-
measures design, once with a learning condition and once
with no learning (movement condition). MEGA-PRESS
data were continuously acquired throughout the task to
allow for analysis in both a block-averaged and an event-
related design. Glutamate was quantified from the OFF
sub-spectra of the MEGA-PRESS data, which were re-
cently shown to be in reasonable agreement with those for
glutamate quantified from PRESS data when acquiring
data from the sensorimotor cortex (Bell et al., 2020).

Aim 1

Aim 1 was to quantify GABA and glutamate changes in
response to a motor learning task at 3 T using a MEGA-
PRESS acquisition and a block-averaged analysis. GABA
was expected to decrease in response to a motor learning
task, but not in response to movement on its own.
Glutamate changes were not expected.

Aim 2

Aim 2 was to implement a sliding-window analysis of
GABA and glutamate changes during a motor learning
task. GABA was expected to decrease over the course of
minutes and remain decreased during the motor learning
task. By contrast, more rapid, short-term glutamate in-
creases were expected in both the motor learning and the
control-movement task.

Materials and Methods

Sample characteristics

Nine right-handed participants of either sex who were
18-40 years of age were recruited. Participants were eligi-
ble for inclusion if they met the standard MRI safety crite-
ria, were right handed (self-reported), had no current
medical conditions, and no neurologic or psychiatric con-
ditions either currently or previously. As participants
needed to see the screen, they were required to have nor-
mal or normal-corrected vision.
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Sample size calculation

Kolasinski et al. (2019) report partial 2 = 0.334. While
only four participants would be required to detect an ef-
fect of this magnitude (90% power, «=0.05), as a more
conservative effect size we assume a partial 2 = 0.2 to
determine seven participants are required. The recruit-
ment of nine participants allows 20% data loss because
of poor data quality over the two sessions. As a refer-
ence, 14 participants would be required to detect an
effect size of partial n2 = 0.1. We report this calculation
in the case that this study produces negative results,
so that these will be informative.

Experimental procedures
Design

Participants were scanned twice, at the same time of
day, 1 week apart in a crossover design, performing both
the learning and movement conditions. The order of the
conditions was counterbalanced across participants.

Serial reaction time task

A serial reaction time task was used for both the
learning and the movement conditions, as described in
the study by Kolasinski et al. (2019). Participants re-
sponded with their right hand using a four-button re-
sponse box. Briefly, on the screen each finger was
represented by one of four horizontal lines. In each
trial, one of the horizonal lines was replaced with an
asterisk for 150 ms. Participants were to press the cor-
responding button as quickly as possible in response
to this cue. Forty-eight trials were presented with an
interstimulus interval of 850 ms between cues. This
was repeated six times within each epoch, with a rest
period of 15 s at the end of each epoch. There were six
epochs in total, each lasting ~5 min.

In the learning condition, a 16-item sequence was re-
peated three times per epoch, and participants were ex-
plicitly informed to expect a repeating sequence. Learning
was assessed by response time, and a decrease in re-
sponse time indicated that a participant had learned the
sequence. Task accuracy was assessed based on the
number of correct presses per epoch. In the movement
condition, cues were pseudorandomized to produce a dif-
ferent sequence of 48 cues in each epoch, and the num-
ber of button presses for each finger was matched to the
learning task. Participants were explicitly told not to ex-
pect a sequence.

MRS data acquisition

Data were collected on a 3 T scanner (model MR750w,
GE Healthcare) with a 32-channel head coil. A T1-weighted
image (BRAVO) was acquired for voxel placement and tis-
sue segmentation [repetition time (TR)=7.3 ms; echo time
(TE)=2.7 ms; 1 mm? isotropic voxels; flip angle = 10°; inver-
sion time=600ms] and tissue segmentation. The MRS
voxel (2.5 x 2.5 x 2.5cm®) was placed in the left sensori-
motor cortex, centered at the hand-knob of the motor cor-
tex, and rotated such that the coronal and sagittal planes
aligned with the cortical surface (Yousry et al., 1997). For
each participant, the voxel mask generated from session 1
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was used to guide placement of the voxel in session 2.
All MRS data were acquired using MEGA-PRESS
(14 ms editing pulses; ON=1.9 ppm; OFF =7.46 ppm;
TR =1800 ms; TE =68 ms; 4096 data points sampled at
5kHz; eight-step phase cycle). MRS data were ac-
quired before the task to provide an “at-rest” measure
(192 averages; Mikkelsen et al., 2018a), and then con-
tinuously acquired throughout the task (~30min; Fig.
1). When using this sequence, the GABA signal is conta-
minated by ~50% macromolecules; henceforth, GABA
will be referred to as GABA+, to represent GABA + mac-
romolecules. Though sequence modifications are avail-
able to suppress the macromolecule signal, this results in a
reduction in the signal-to-noise ratio and typically requires
an increased number of spectral averages for quantification
of GABA (Harris et al., 2015b). Additionally, macromolecule
suppressed acquisitions are also more sensitive to fre-
quency drift and motion artifacts, which may introduce er-
rors during the relatively long acquisition (Edden et al.,
2016; Mikkelsen et al., 2017). Therefore, a GABA+ se-
quence was chosen for this study.

Analysis pipeline
Task data analysis

Task accuracy was calculated as the percentage of cor-
rect button presses per block. The median reaction time
for each of the six epochs was calculated (using correct
responses only) per subject, per condition. The median
reaction time was chosen for analysis over the mean to re-
duce the influence of outliers, such as slow responses be-
cause of attention effects.

MRS data analysis

Task MRS data were averaged using Gannet 3.2
(Edden et al., 2014) in the following two ways. First, spec-
tra were averaged per subject into blocks corresponding
to the length of each task epoch, creating six averages of
~150 spectra (Fig. 1B). Second, task data were averaged
into windows of 64 spectra using a sliding-window ap-
proach with a step size of 32, providing ~40 timepoints
(Fig. 1C). Though GABA-edited MRS data typically con-
sist of an average of 200-300 spectra, data acquired from
an average of 64 spectra in the sensorimotor cortex has
been shown to be of sufficient quality for metabolite quan-
tification (Mikkelsen et al., 2018a).

All data were preprocessed in Gannet 3.2 including
coil combination, frequency and phase correction, and
removal of motion-corrupted spectra. GABA+ was
quantified using Gannet 3.2 (Edden et al., 2014), and the
a-correction was applied, which assumes twice as much
GABA in gray matter as in white matter (Harris et al.,
2015a). Glutamate was quantified from the OFF sub-
spectra using LCModel (Provencher, 2001). Because of
the challenges of separating the glutamate signal from
the signal of glutamine, its precursor, glutamate is re-
ported as both glutamate and GlIx (the sum of glutamate
and glutamine). GABA+ and glutamate are referenced to
creatine (tCr) from the edit-off subspectra, consistent
with quantification described in the study by Kolasinski
et al. (2019). Additionally, to confirm that any changes
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Figure 1. A, Task design. The task consists of 6 epochs, each lasting ~5 min, with a 15 s rest period in between. Each epoch con-
sists of 48 trials in which participants are asked to press a button as quickly as possible in response to a cue. MRS data were con-
tinuously acquired during the task using a MEGA-PRESS sequence. B, Analysis 1. Spectra was averaged into blocks corresponding
to the length of each task epoch, creating 6 averages of ~150 spectra. ANOVAs were used to compare metabolite levels across
blocks. C, Analysis 2. Spectra were analyzed using a sliding-window approach with a window size of 64 and a step size of 32, pro-

viding ~40 timepoints.

seen are specific to GABA+ and glutamate, we also ref-
erenced to N-acetyl aspartate (NAA) from the edit-off
subspectra. The data quality of each averaged block and
window was visually assessed. Data from each block or
window was excluded if the Cramér—Rao lower bounds
(CRLBs) of glutamate exceeded 50%, the SNR (NAA
peak amplitude divided by the SD of the noise) was <20,
or the NAA linewidth exceeded 13Hz (Dhamala et al.,
2019; Maudsley et al., 2021).

Consideration of T2 effects

A potential confound of fMRS is the effect of the blood ox-
ygenation level-dependent (BOLD) signal, which has been
shown to narrow task-related spectral linewidths in the
motor cortex by 0.25Hz at 7 T, though has yet to be re-
ported at 3 T (Stanley and Raz, 2018). To determine whether
the BOLD signal has an effect on fMRS in the motor cortex
at 3 T across time, the resting data averaged across all par-
ticipants were used as a reference. Each functional block,
also averaged across all participants, was compared with
the baseline by subtracting the baseline from the functional
block. Residuals in the NAA and Cr regions of the group dif-
ference spectra would indicate BOLD effects. If BOLD ef-
fects are present, the optimal line-broadening value was
determined by minimizing the residual NAA and Cr signals in
the group difference spectra and was applied before quanti-
fication (Zhu and Chen, 2001; Mangia et al., 2007; Schaller
et al., 2013; Boillat et al., 2020).

Statistical analysis
Statistical analysis was conducted in R (R Core Team,
2019). As described in the study by Kolasinski et al.

February 2023, 10(2) ENEURO.0356-20.2023

(2019), behavioral data were analyzed using a two-way
repeated-measures ANOVA to compare changes in re-
action time across the tasks, with condition (learning or
movement) and time (epochs 1-6) as within-participant
factors. Significant interactions were followed-up by
simple main-effects analyses within each experimental
group. Post hoc paired-samples t tests were used to
compare the median reaction time of each epoch with
that of epoch 1. An interaction effect was expected be-
tween condition and time, with a significant change in
reaction time seen in the learning condition, but not the
movement condition.

Aim 1: block-averaged analysis

Following the analysis described in the study by
Kolasinski et al. (2019), a two-way mixed ANOVA was
used to compare changes in GABA+ levels (quantified
from the block-averaged spectra) across tasks (as with
the behavioral data). Significant interactions were fol-
lowed up by simple main-effects analyses within each
experimental group. Post hoc paired-samples t tests were
used to compare GABA+ levels within each epoch with
epoch 1. Correlation analyses were used to assess the re-
lationship between GABA+ levels and learning (quantified
as the percentage change in reaction time). The same anal-
ysis was applied to glutamate levels.

Aim 2: sliding-window analysis

A mixed-effects model was used to compare changes
in GABA+ levels across tasks, with condition treated as a
fixed effect. Significant interactions were followed up by
simple main-effects analyses within each experimental

eNeuro.org
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Figure 2. A, Example of GABA+ data from the block analysis [number of signal averages (NSA) = 184]. B, Example of glutamate
data obtained from the OFF sub-spectra from the block analysis (NSA=184). C, Example of GABA+ data from the sliding-window
analysis (NSA =64). D, Example of glutamate data obtained from the OFF sub-spectra from the sliding-window analysis (NSA =64).
E, Heatmap of voxel placement, yellow shows areas of high overlap.

group. Dunnett’s test was used to determine the critical
distance between GABA+ levels at baseline with each
subsequent window. Differences above this level were
considered significant. The same analysis was applied to
glutamate levels.

Additionally, linear and nonlinear fitting was used to ex-
amine the time course of GABA+ and glutamate changes.
R? and mean squared error were used to quantify the fit of
the different mathematical models. The relationship be-
tween the percentage change in and the rate of change of
neurochemical levels and learning (quantified as the per-
centage change in reaction time) was assessed using cor-
relation analyses.

Table 1: Quality metrics for block analysis

Change to registered report

We would like to report a minor change to the analyses.
To determine the effects of the BOLD signal on linewidth,
we originally stated that we would subtract the group-aver-
aged resting data from the group-averaged functional data
for each block. Instead, we used the tool op_matchLW from
the FID-A toolbox (Simpson et al., 2017) to measure the dif-
ference in linewidth between the group-averaged resting
data from the group-averaged functional data for each
block, removing any subjectivity from the procedure. Data
were aligned before averaging using the op_alignAverages
function. Scripts for this procedure can be found at https://
osf.io/qja95/.

NAA FWHM (Hz)
Motor learning

Control task

NAA SNR

Motor learning Control task

Block 1 8.49 (0.46) 8.92 (1.00 115.11 (17.64) 117.90 (21.92)
Block 2 8.45 (0.51) 9.03 (1.11 108.42 (14.05) 117.29 (18.80)
Block 3 8.52 (0.54) 9.08 (1.17 110.47 (17.37) 112.44 (15.44)
Block 4 8.53 (0.48) 9.09 (1.02 112.48 (17.03) 113.39 (22.91)
Block 5 8.52 (0.45) 9.05 (0.98 113.39 (12.41) 107.16 (21.97)
Block 6 8.55 (0.47) 9.05 (0.95 106.73 (15.37) 109.03 (23.36)
Values are mean (SD).
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Figure 3. Quality metrics for sliding-window analysis. A, Mean NAA FWHM in hertz. B, Mean NAA SNR. Error bars represent the
SD. C, Mean GABA+ fit error (%) calculated in Gannet. D, Mean glutamate CRLB calculated in LCModel.

Results

This study was conducted as a registered report. The
approved Stage 1 protocol can be found at the Open
Science Framework at https://osf.io/zepbu/. Following in-
principle acceptance, data were collected from nine partic-
ipants (four males, five females; mean age, 27 years).
Anonymized subject data, analysis scripts, and line-broad-
ening values applied in each analysis can be found at
https://osf.io/qja95/.

Data quality

Figure 2 shows example data from a single subject for
both the block and sliding-widow analyses. Table 1 and
Figure 3 summarize quality metrics averaged over the en-
tire group for the block and sliding-window analyses, re-
spectively. Linewidth and SNR were calculated using
tools from the FID-A toolbox. Linewidth was calculated as
the full-width at half-maximum (FWHM) of the NAA peak
using the tool op_getLW. SNR was calculated as the

Table 2: Fit metrics for block analysis

GABA fit error Glutamate CRLB
Motor Control Motor Control
learning task learning task
Block 1 8.94 (2.61) 8.71(1.29) 6.44(1.01) 6.50(0.53)
Block2 8.79(1.76) 7.66(2.23) 6.22(0.83) 6.00(0.76)
Block3 9.06(2.21) 9.03(1.41) 6.78(0.44) 6.63(0.74)
Block4 7.66(1.39) 7.60(0.90) 6.67(0.71) 6.63(0.74)
Block5 9.38(2.64) 8.62(1.48) 6.44(0.53) 6.75(0.46)
Block6 8.26(1.80) 8.29(3.46) 6.44(0.88) 7.00 (0.53)

Values are mean (SD).

February 2023, 10(2) ENEURO.0356-20.2023

amplitude of the NAA peak (1.8-2.2 ppm) divided by the
SD of the noise (—2 to 0 ppm) using the tool op_getSNR.
Table 2 and Figure 3 show fit metrics averaged over the
entire group for the block and sliding-window analyses,
respectively. Figure 4 shows examples of frequency drift
across the full data acquisition of each task in a single
participant.

The MRS data from the control task for one subject
was removed because of technical issues during ac-
quisition. In the sliding-window analysis, MRS data
from all subjects for windows 24 (spectra 737-800; ap-
proximately minute 22) and 25 (spectra 769-832; ap-
proximately minute 23) and MRS data from three
subjects from window 21 (spectra 641-704, approxi-
mately 19 min) were removed from the control task be-
cause of a NAA linewidth of >13 Hz.

To confirm that any changes seen are specific to
GABA+ and glutamate, we performed a secondary
analysis with metabolites referenced to NAA from the
edit-off sub-spectra. These results were in line with
tCr-referenced-referenced values and therefore are
not reported further.

Reaction time

Figure 5 shows individual timecourses for each partici-
pant’s reaction time. One subject was removed from re-
action time analyses as their button presses often
preceded the cue. Removal of this subject from GABA
and glutamate analyses had no effect on the overall re-
sults; therefore, this subject was left in for the metabolite
analyses.
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Figure 4. Example of frequency drift across the full data acquisition of each task from a single subject. A, Frequency drift during the

motor learning task. B, Frequency drift during the control task.

The two-way repeated-measures ANOVA examining
reaction time showed a significant effect of condition
(F(1.0,7.0) = 6.4, p=0.04, n° = 0.48), a significant effect of
time (F(5.0,35.0) = 13.5, p < 0.001, 5 = 0.66) and a signifi-
cant time by condition interaction effect on reaction time
(F(2.1,14.8) = 6.8, p=0.007, 5 = 0.49). Simple main-effects
analyses showed a significant effect of time in the learning
condition only (learning: F(2.3,16.4) = 19.8, p <0.001, 5® =

0.74, Bonferroni-adjusted p-value; movement: F(5,35) = 1.5,
p=0.42, »2 = 0.18, Bonferroni adjusted p-value). Compared
with block 1 (ending at 6 min), post hoc paired-samples
t tests showed a significant reduction in reaction time for
blocks 2, 3, 4, 5, and 6 (i.e., ending at 12, 18, 24, 30, and
36 min into the protocol; p <0.01, Bonferroni adjusted p-
value) in the learning condition only, with no significant
change in reaction time in the movement group (Fig. 6).
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€ 5004 <§ Condition
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Q il M "
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Figure 5. Reaction time for each task block for each individual participant. Note: subject (Sub) 05 was removed because their but-

ton presses often preceded the queue.
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Figure 6. Mean reaction time for each block throughout the task. Error bars represent the SD. Comparisons made to block 1:
*p < 0.05, **p <0.01, **p < 0.001. All p-values are Bonferroni adjusted.

GABA

Figure 7 shows individual timecourses of GABA+ levels
from each participant for each analysis. One subject was
removed from GABA analyses because of poor data
quality.

Block analysis of GABA levels
The two-way repeated-measures ANOVA examining
GABA+/tCr over time showed no significant effect of

A Block Analysis
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0.3
0.24
0.1_/v°4 = | |
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ﬂ(] O_1->°d\< e w
© ool I
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0.34
0.24
0_1_:% Sng g
0.0 —————
123456 123456
Block
— Learning

condition (F(1,6) = 1.6, p=0.26, 5 = 0.21), no signifi-
cant effect of time (F(5,30) = 1.8, p=0.14, »? = 0.24),
and no significant condition by time interaction effect
on GABA+/tCr levels (F(5,30) = 0.7, p=0.63, 7 = 0.10;
Fig. 8). Though block 4 of the learning condition ap-
pears not to follow the trend, data quality metrics were
consistent across all blocks and at acceptable levels
(Fig. 7A, individual GABA levels across the tasks, Table
1, mean quality metrics).

B Sliding-Window Analysis
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My )
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Figure 7. GABA+/tCr levels for each individual participant throughout the task. A, GABA+/tCr levels analyzed using the block anal-
ysis. B, GABA+/tCr levels analyzed using the sliding-window analysis. Note: subject (Sub) 08 was removed because of poor data
quality. Data from the control task of subject (Sub) 09 was removed because of errors during data acquisition.
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Figure 8. Mean GABA+/tCr levels for each block throughout the task. Error bars represent the SD.

For the learning condition, learning was quantified as
the percentage change of the median reaction time of
block 6 (ending at 36 min) from block 1 (ending at 6 min),
denoted as learning block 6. Learning was also quantified
in two additional ways according to the methods de-
scribed in the study by Kolasinski et al. (2019), as follows.
(1) The median reaction time from blocks 4-6 (24-36 min)
was calculated for each subject, and this was then used
to calculate the percentage change from the median reac-
tion time in block 1 (6 min), which is denoted as learning-
median; and (2) the percentage change of the block with
the lowest median reaction time from block 1, denoted as
learning-best block. There were no significant correlations
between GABA+/tCr levels in block 1 and learning-block
6, learning-median, or learning-best block. There were
also no significant correlations between GABA+/tCr lev-
els in block 6 and learning-block 6.

GABA+/tCr

Sliding-window analysis of GABA levels

In the sliding-window analysis, neither condition nor
time was a significant predictor of GABA+/tCr levels. The
condition by time interaction was also not a significant
predictor of GABA levels. Including condition as a random
effect significantly improved the model (p <0.001), but
time as a random effect did not; thus, it was kept as a
fixed effect (Fig. 9, Table 3). Adding in time as a quadratic
term did not significantly improve the model. As there
were no significant interactions, no follow-up analyses
were conducted.

Glutamate

Figure 10 shows individual timecourses of GIx/tCr levels
from each participant, and Figure 11 shows individual
timecourses of Glu/tCr levels from each participant for
each analysis.

+  Learning
(mean values)

Learning
(linear regression)

+  Movement
(mean values)

Movement
(linear regression)

18
Time (mins)

24

Figure 9. Mean GABA+/tCr levels for each window throughout the task. Dot and thin lines represent the mean of all participants,
thick lines represent an estimated linear regression line. Shaded areas represent SE of the estimated regression. MRS data from all
subjects for windows 24 (spectra 737-800; ~22 min) and 25 (spectra 769-832; ~23 min), and MRS data from three subjects from
window 21 (spectra, 641-704; ~19 min) were removed from the control task because of a NAA linewidth of >13 Hz.
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B Sliding-Window Analysis
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Figure 10. GIx/tCr levels for each individual participant throughout the task. A, GIx/tCr levels analyzed using the block analysis. B,
GIx/tCr levels analyzed using the sliding-window analysis. Note: data from the control task of subject (Sub) 09 was removed be-

cause of errors during data acquisition.

Block analysis of Glx levels

The two-way repeated-measures ANOVA examining
GIx/tCr over time showed no significant effect of condition
(F(1,7) = 4.00, p=0.09, 5 = 0.36) and no significant effect
of time (F(5,35) = 0.53, p=0.75, 5 = 0.07) on GIX/tCr lev-
els. However, there was a significant time by condition in-
teraction effect on GIx/tCr levels (F(5,35) = 2.54, p =0.05,
n? = 0.27). Simple main-effects analyses showed no sig-
nificant effect of time in the learning (F(5,40) = 2.11,
p=0.17, n? = 0.21, Bonferroni-adjusted p-value) or
movement condition (F(5,35) = 0.67, p=1.0, »? = 0.09,
Bonferroni-adjusted p-value). In the learning condition, com-
pared with block 1 (ending at 6 min), post hoc paired-sam-
ples t tests showed a significant reduction in GIx/tCr levels
at block 4 (ending at 24 min); however, this did not withstand
Bonferroni adjustment. There was no significant change in
GIx/tCr levels in the movement condition (Fig. 12).

There was a significant correlation between GIx/tCr
levels in block 1 and learning-block 6 (r(6) = —0.85, p=
0.02, Bonferroni adjusted p-value), learning-median (r(6) =
—0.90, p =0.007, Bonferroni adjusted p-value), and learn-
ing-best block (r(6) = —0.88, p=0.01, Bonferroni adjusted
p-value). Higher GIx/tCr levels in block 1 are associated
with better motor learning (Fig. 13). GIx/tCr levels in block
6 did not correlate with learning-block 6. GIx/tCr levels
at rest also significantly correlated with learning-median
(r6) = —0.87, p=0.02, Bonferroni-adjusted p-value) and
learning-best block (1(6) = —0.79, p=0.05, Bonferroni-ad-
justed p-value). There was a significant correlation between

February 2023, 10(2) ENEURO.0356-20.2023

GIx/tCr levels at rest and learning-block 6; however, this did
not withstand correction for multiple comparisons (r(6) =
—0.79, p =0.06, Bonferroni-adjusted p-value). Higher resting
levels of GIx/tCr are associated with better motor learning
(Fig. 14).

Block analysis of Glu levels

The two-way repeated-measures ANOVA examining
Glu/tCr over time showed no significant effect of condi-
tion (F(1,7) = 3.27, p=0.11, 2 = 0.32) and no significant
effect of time (F(5,35) = 0.36, p=0.87, »° = 0.05) on Glu/
tCr levels. However, there was a significant time by condi-
tion interaction effect on Glu/tCr levels (F(5,35) = 2.84,
p=0.03, 52 = 0.29). Simple main-effects analyses
showed no significant effect of time in the learning condi-
tion (F(5,40) = 2.23, p=0.14, »*> = 0.22, Bonferroni-
adjusted p-value) or movement condition (F(5,35) = 0.58,
p=1.0, »2 = 0.08, Bonferroni-adjusted p-value). Compared
with block 1 (ending at 6 min), post hoc paired-samples
t tests showed a significant reduction in Glu/tCr levels at
block 4 (ending at 24 min); however, this did not withstand
Bonferroni adjustment. There was no significant change in
Glu/tCr levels in the movement condition (Fig. 15).

Consistent with the Glx results, there was a signifi-
cant correlation between Glu/tCr levels in block 1 and
learning-block 6 (r(6) = —0.85, p =0.02, Bonferroni-ad-
justed p-value), learning-median (r(6) = —0.90,
p =0.006, Bonferroni-adjusted p-value), and learning-
best block (r(6) = —0.90, p =0.006, Bonferroni-adjusted
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B Sliding-Window Analysis
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Figure 11. Glu/tCr levels for each individual participant throughout the task. A, Glu/tCr levels analyzed using the block analysis. B,
Glu/tCr levels analyzed using the sliding-window analysis. Note: Data from the control task of subject (Sub) 09 was removed be-

cause of errors during data acquisition.

p-value). Higher Glu/tCr levels in block 1 are associated
with better motor learning (Fig. 16). Glu/tCr levels in
block 6 did not correlate with learning-block 6. A similar
trend was seen for resting levels of Glu/tCr. Glu/tCr levels at
rest significantly correlated with learning-median (1(6) =
—0.86, p =0.02, Bonferroni-adjusted p-value). Glu/tCr levels
at rest also correlated with learning-best block and learning-
block 6; however, these did not withstand correction for
multiple comparisons (learning-best block: r(6) = —0.79,
p =0.06, Bonferroni-adjusted p-value; learning-block 6:
r6) = —0.79, p =0.06, Bonferroni-adjusted p-value; Fig. 17).

0.14

0.12

Mean Glx/tCr

0.10

Sliding-window analysis of Glx levels

Neither condition nor time were significant predic-
tors of GIx/tCr levels. The condition by time interac-
tion was also not a significant predictor of Gix levels.
Including condition as a random effect significantly
improved the model (p <0.001), but time as a random
effect did not; thus, it was kept as a fixed effect (Fig.
18, Table 4). Adding in time as a quadratic term did
not significantly improve the model. As there were no
significant interactions, no follow-up analyses were
conducted.

[ Learning
B Movement

Block 1 Block 2 Block 3 Block4  Block5 Block 6
(0-6 mins)  (6-12mins) (12-18 mins) (18-24 mins) (24-30 mins) (30-36 mins)

Figure 12. Mean GIx/tCr levels for each block throughout the task. Error bars represent the SD.
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Figure 13. Relationship between levels of GIx/tCr in block 1 and motor learning. A, Significant correlation between block 1 GIx/tCr
levels and learning-block 6. B, Significant correlation between block 1 GIx/tCr levels and learning-median. C, Significant correlation
between block 1 GIx/tCr levels and learning-best block. All p-values are Bonferroni adjusted. Shaded areas represent 95% confi-

dence intervals.

Sliding-window analysis of Glu levels

Neither condition nor time was a significant predictor of
Glu/tCr levels. The condition by time interaction was also
not a significant predictor of Glu levels. Including condi-
tion as a random effect significantly improved the model

(p <0.001), but time as a random effect did not; thus, it
was kept as a fixed effect (Fig. 19, Table 5). Adding in time
as a quadratic term did not significantly improve the
model. As there were no significant interactions, no fol-
low-up analyses were conducted.
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Figure 14. Relationship between levels of GIx/tCr at rest and motor learning. A, Correlation between resting GIx/tCr levels and learn-
ing-block 6. B, Significant correlation between resting GIx/tCr levels and learning-median. C, Significant correlation between resting
GIx/tCr levels and learning-best block. All p-values are Bonferroni adjusted. Shaded areas represent 95% confidence intervals.
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Figure 15. Mean Glu/tCr levels for each block throughout the task. Error bars represent the SD.
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dence intervals.

Discussion

Here we use MEGA-PRESS at 3 T to measure changes
in GABA and glutamate levels during a motor learning
task compared with a control task with no learning (move-
ment condition). Using both block and sliding-window
analyses over time, no significant changes in GABA+/tCr,
GIx/tCr, or Glu/tCr levels were found in either task.
However, GIx/tCr and Glu/tCr levels at rest and at the
start of the task were related to learning later in the task.

Our findings of no change in GABA+/tCr levels are in
contrast to those of Kolasinski et al. (2019) and Floyer-
Lea et al. (2006), who found a significant decrease in
GABA levels specifically during motor learning. This may
be because of several reasons. First, the voxel size used
in the present study (2.5 x 2.5 x 2.5cm?®) was larger than
that used in the previous studies (2.0 x 2.0 x 2.0 cm?®). The
SNR in the MRS spectra is proportional to the main mag-
netic field strength, the volume of the voxel, and the num-
ber of signal averages (Mikkelsen et al., 2018a). The
increase in voxel size was used to offset the lower SNR
because of the lower magnetic field strength (3 T vs the 7
T strength used by Kolasinski et al., 2019) and reduced
number of signal averages included in the sliding-window
analysis. However, the larger voxel size results in partial
volume effects (i.e., the inclusion of tissue outside of the
motor cortex), which may have impacted our ability to
detect metabolite changes. Second, the magnitude of

motor learning may be related to the magnitude of
GABA changes. Though we showed a statistically sig-
nificant drop in reaction time in the learning group
only, the mean change in reaction time was ~50ms in the
present study, whereas participants in the study by
Kolasinski et al. (2019) reduced their reaction time by
~100ms on average. The reason for this discrepancy is
unclear as both studies included samples with similar dem-
ographics, though compliance and motivation are possible
contributors. Though Kolasinski et al. (2019) found no sig-
nificant relationship between the magnitude of the
change in GABA/tCr and the magnitude of learning, they
hypothesize that the reduction in GABA/tCr may not
scale linearly with learning. Third, the present study used
“Gannet” (Edden et al., 2014) to analyze the 3 T GABA
MRS data, whereas the previous studies used “LCModel”
(Provencher, 1993). Analysis software has substantial im-
pact on the resulting metabolite values (Craven et al., 2022),
and it is possible that Gannet may be less sensitive to small
changes than LCModel. Further, a recent conference ab-
stract shows no correlation between GABA values meas-
ured at 7 T and analyzed using LCModel and GABA values
measured at 3 T and analyzed using Gannet (Bell et al,,
2022). A contributing factor to these differences between
the software is how each handles macromolecules.
LCModel can be configured to attempt to mitigate the influ-
ence of macromolecules, whereas Gannet does not
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Figure 17. Relationship between levels of Glu/tCr at rest and motor learning. A, Correlation between resting Glu/tCr levels and
learning-block 6. B, Significant correlation between resting Glu/tCr levels and learning-median. C, Correlation between resting Glu/
tCr levels and learning-best block. All p-values are Bonferroni adjusted. Shaded areas represent 95% confidence intervals.
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Figure 18. Mean GIx/tCr levels for each window throughout the task. Dot and thin lines represent the mean of all participants, thick
lines represent an estimated linear regression line. Shaded areas represent the SE of the estimated regression. MRS data from all
subjects for windows 24 (spectra 737-800; ~22 min) and 25 (spectra 769-832; ~23 min), and MRS data from three subjects from
window 21 (spectra 641-704; ~19 min) were removed from the control task because of a NAA linewidth of >13 Hz.

estimate macromolecular contribution, it simply as-
sumes a 50% contribution across all data. Though the
macromolecular signal is assumed to be functionally irrel-
evant, its contribution to the GABA+ signal varies (Harris et
al., 2015b), and there is evidence that its contribution can
confound behavioral relationships. Mikkelsen et al. (2018b)
showed stronger correlations between vibrotactile behav-
ior and GABA levels with the macromolecule signal sup-
pressed compared with the same relationship with GABA+
data. This likely has less of an impact on the current data be-
cause of its functional nature; however, functional changes
in the macromolecule signal have yet to be explored.

We found no significant changes in Gix or Glu levels in
either analysis. This is in agreement with Kolasinski et al.
(2019) and Floyer-Lea et al. (2006), who found no changes
in glutamate levels during either motor learning or a con-
trol movement task using a block analysis. However, this
is in contrast to the findings of Chen et al. (2017), who
found changes in glutamate (and GABA) levels during a
hand-clenching task using sliding-window fMRS at 7 T,
though hand-clenching is different in nature than button
pressing. Chen et al. (2017) also used a smaller voxel
compared with the present study, and GABA was measured
using an editing sequence that suppresses the macromole-
cule signal. A macromolecular-suppressed technique was
not used in the present study because of the lower SNR.
Finally, in contrast to the present study where glutamate

was quantified using the OFF sub-spectra, Chen et al.
(2017) quantified glutamate from the difference spectra,
which produces a substantially different glutamate result
(Bell et al., 2020).

We found a positive relationship between motor learn-
ing and glutamate levels both at rest and at the start of the
task. Higher glutamate levels in block 1 were associated
with a larger reduction in reaction time later in the task.
We found no relationship between GABA levels and
motor learning. In contrast, Kolasinski et al. (2019) found
no relationship between glutamate levels and motor learn-
ing, but did see a relationship between GABA levels and
motor learning. Lower levels of GABA in block 1 were re-
lated to a greater reduction in reaction time later in the
task. This was hypothesized to represent disinhibition of
the motor cortex, a theory that aligns with our findings.
Disinhibition of the motor cortex allows for an increase in
excitation, represented here as the higher glutamate lev-
els. Indeed, there is evidence that MRS measured gluta-
mate levels correlate with cortical excitability (Stagg et al.,
2011), therefore participants with higher resting/block 1
glutamate levels may begin the task with higher cortical
excitability. Studies in humans have shown that increas-
ing cortical excitability using noninvasive brain stimulation
enhances motor learning (Reis and Fritsch, 2011).

The difference in findings may be because of the choice
of acquisition echo time. Kolasinski et al. (2019) used a

Table 3: Summary of linear mixed effects model parameters from the sliding-window analysis of GABA +/tCr

Random

Fixed effects effects
Parameter Estimate SE 95% ClI t p Variance SD
Intercept 0.12 0.004 0.11,0.13 27.73 p <0.001 0.00003 0.006
Condition —0.003 0.008 —0.02, 0.01 —0.46 0.656 0.0003 0.02
Time —0.0002 0.0002 —0.0006, 0.0001 -1.19 0.235
Condition by time 0.0003 0.0003 —0.0003, 0.0009 1.07 0.287
95% Cls were approximated using the Wald method.
February 2023, 10(2) ENEURO.0356-20.2023 eNeuro.org
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Figure 19. Mean Glu/tCr levels for each window throughout the task. Dot and thin lines represent the mean of all participants, thick
lines represent an estimated linear regression line. Shaded areas represent SE of the estimated regression. MRS data from all sub-
jects for windows 24 (spectra 737-800; ~22 min) and 25 (spectra 769-832; ~23 min), and MRS data from three subjects from win-
dow 21 (spectra 641-704; ~19 min) were removed from the control task because of a NAA linewidth of >13 Hz.

short echo time (TE=36 ms), whereas the present study
used a longer echo time to allow for the editing pulses
(TE=68ms). At TE=36ms, the intensity of the overlap-
ping glutamine peaks is high, making it harder to distin-
guish between glutamate and glutamine. As glutamine is
both a precursor and a breakdown product of gluta-
mate, functional changes in glutamate may be masked
by functional changes in glutamine. Using simulations,
Mullins et al. (2008) showed that the intensity of the
2.35ppm glutamine C-4 peak is substantially attenu-
ated around TE=70ms in relation to glutamate in the
same area,. Therefore, it is possible that there is less
glutamine contaminant in the signal acquired at TE=68
ms than in the TE=36ms study. However, at 7 T the
peaks are more easily resolved because of increased
spectral resolution, which will also reduce glutamine
contaminant. The differences in findings may also be

because of partial volume effects. Because of the larger
voxel size in this study, it is likely that our voxel contains
more signal from the supplementary motor area, which
may be the source of the relationship between gluta-
mate and motor learning. In contrast, this extra signal
from outside areas may mask the more subtle, motor
cortex-specific GABA relationship.

At time point 20, there is a spike in the linewidth of the
control (movement) task, and the control task overall has
higher linewidth than the learning task. The spike could be
a fatigue effect, in that participants are becoming bored
and beginning to move around that time; however, if this
was the case it would be expected that the FWHM would
remain high. Similarly, the difference in FWHM between
tasks may be because of more movement in the control
task. As participants are told to respond as fast as possi-
ble and there will be no “learning” in the control task, this

Table 4: Summary of linear mixed effects model parameters from the sliding window analysis of Gix/tCr

Random
Fixed effects effects
Parameter Estimate SE 95% Cl t p Variance SD
Intercept 1.15 0.04 1.05,1.24 25.90 p <0.01 0.01 0.11
Condition 0.09 0.06 -0.03,0.22 1.63 0.13 0.02 0.13
Time —0.0002 0.001 —0.003, 0.002 —-0.13 0.90
Condition by time 0.003 0.002 —0.0004, 0.0067 1.74 0.08
95% Cls were approximated using the Wald method.
Table 5: Summary of linear mixed effects model parameters from the sliding window analysis of Glu/tCr
Random
Fixed effects effects
Parameter Estimate SE 95% Cl t p Variance SD
Intercept 1.12 0.04 1.05,1.24 26.10 p <0.01 0.01 0.11
Condition 0.07 0.06 -0.08,0.22 1.35 0.20 0.02 0.13
Time —0.0006 0.001 —0.003, 0.002 —0.53 0.60
Condition by time 0.003 0.002 —0.0004, 0.0067 1.75 0.08
95% Cls were approximated using the Wald method.
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may cause more movement as they attempt to react
quickly. As the cause of this spike is not obvious, we have
been as transparent as possible with our quality parame-
ters to show that this is not caused by bad quality data.

A limitation of this study is the small sample size. Power
analyses were calculated based on data obtained at 7 T.
7 T data has improved signal-to-noise ratio, and it is
therefore possible that a change of a similar magnitude
would be harder to detect at 3 T. However, GABA-edited
MRS was used in the current study. While 7 T has a much
greater signal, GABA remains overlapped by the more
abundant creatine signal; thus, the differences in GABA
signal between GABA-edited MRS at 3 T and nonedited
MRS at 7 T study are not completely clear. In addition, the
effect size reported by Kolasinski et al. (2019) is much
higher than typically reported in fMRS studies. For exam-
ple, a review by Mullins (2018) found the average change
in glutamate levels to be 7%. Though we assumed a more
conservative effect size for power analysis, it is likely that
further replication of this study may identify the true effect
size to be smaller. Mikkelsen et al. (2018a) showed a mini-
mum sample size of six is needed to detect a 20% change
in sensorimotor GABA levels when averaging 64 transi-
ents and Nezhad et al. (2020) showed a minimum sample
size of eight is needed to detect a 15% change in sensori-
motor GABA levels using a within-session design, though
both were based on a larger voxel than used in the pres-
ent study. Power analyses determined a sample size of 14
participants would be needed to detect a smaller effect
size of 0.1.

Another limitation of our study was the large voxel size
used, resulting in signal from the sensorimotor cortex as
well as from the motor cortex. A larger voxel size is
needed to offset the low SNR of GABA-edited spectra;
however, this will reduce the specificity of our results. Our
findings show that this may be a particular issue with
functional studies, where it is important to acquire signal
from a specific region. Functional studies may need to
consider the tradeoff of a slower temporal resolution com-
pared with a larger voxel size. Future fMRS studies may
find it beneficial to use a short echoplanar imaging (EPI)
sequence to map the functional region, to determine
whether to prioritize a smaller voxel over a shorter acquisi-
tion period (Carlson et al., 2017).

In conclusion, using MEGA-PRESS at 3 T, we found no
significant changes in GABA+/tCr, GIx/tCr, or Glu/tCr lev-
els in either a motor learning or control task. We demon-
strate a positive relationship between motor learning and
glutamate levels both at rest and at the start of the task,
and hypothesize this to represent higher cortical excitabil-
ity, in line with findings from the literature. Our study high-
lights some of the issues facing the fMRS literature and
can be used as a foundation for future studies investigat-
ing metabolite levels in motor learning.
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