ORIGINAL RESEARCH

Investigating GABA Concentrations
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Background: A combination of magnetic resonance spectroscopy (MRS) and functional (f)MRI is a promising method for
studying brain activity. Negative results have, however, produced uncertainty as to the validity of the approach. Using a
MEGA-PRESS sequence adapted to suppress the macromolecule signal (GABA-) has been suggested as a key methodo-
logical improvement, but there is some doubt as to the relationship between such estimates and those from the standard
sequence (GABA+), making interpretation difficult.

Purpose: To investigate the relationship between GABA+ and GABA- estimates from the posterior cingulate and occipital
cortices. The second aim was to test for a correlation between occipital GABA and blood oxygenation level-dependent
(BOLD) responses in the visual cortex to establish which of the two MEGA-PRESS sequences was more related to the func-
tional responses.

Study Type: Prospective.

Subjects: Thirty-one healthy participants.

Field Strength/Sequence: 3T/single-voxel "H-MRS and gradient-echo echo planar imaging (EPI).

Assessment: GABA estimates were made using the Gannet toolbox. fMRI data were analyzed with FSL and Python scripts.
Statistical Test: Relationships between different variables were tested with Pearson's correlation.

Results: GABA+ and GABA- concentrations were found to be correlated in both regions (r = 0.52, 95% confidence inter-
val [CI] = 0.35 0.66, prpr = 0.002). No relationship was found between either the GABA+ or the GABA- concentrations
and the amplitude of the BOLD response in the occipital cortex (GABA+, r = -0.14, prpr > 0.1; GABA—, r = -0.29, prpr >0.1).
However, adding these results to those of prior studies in a meta-analysis of correlation coefficients did provide overall sup-
port for a negative correlation between GABA and BOLD response amplitudes (r = —0.39, 95% CI = -0.15-0.64).

Data Conclusion: The current findings highlight potential methodological issues that continue to interfere with relating
MRS GABA estimates with fMRI responses but, taken in sum, provide support for this general approach.

Level of Evidence: 1

Technical Efficacy: Stage 1
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ETAILING THE PHYSIOLOGICAL PROCESSES
Dunderlying the neural activity observed with different
neuroimaging techniques is an important step towards under-
standing brain function in health and disease." Since much of
the activity in the human brain reflects the interaction of
gamma-aminobutyric acid (GABA)-ergic inhibitory interneu-
rons and glutatmatergic excitatory neurons,” these two trans-
mitters are key targets. An apparently important step towards
studying the relationship between inhibitory activity and
neuroimaging measures was made with the observation that
GABA concentrations in the occipital cortex (OC), as mea-
sured with magnetic resonance spectroscopy (MRS), corre-
lated with functional magnetic resonance imaging (fMRI)
and MEG responses to visual stimuli.” The correlation between
MRS measures of GABA in this region and fMRI blood oxygen
level-dependent (BOLD) responses was subsequently reported
in several other studies.”®

The robustness of the association, however, was called
into question by a more recent study that found no correla-
tion between GABA concentration estimates and BOLD
responses.” This was the case not just in the OC with a visual
task but also in four other brain regions with tasks specific to
each. In addition, that study included a meta-analysis of the
correlations between GABA and BOLD previously reported
and found no evidence for a relationship.

Fach of the prior studies discussed used the MEGA-
PRESS method to obtain GABA concentration estimates. This
approach attempts to overcome the overlap between the GABA
resonances and those of other metabolites by obtaining two
subspectra, one of which is tuned to affect only those other
metabolites, theoretically leaving the GABA signal in the differ-
ence between the two.® There is not a complete isolation of the
GABA signal, however, as it remains contaminated by the signal
from various macromolecules,’ contributing an estimated 45%
of the total GABA plus macromolecule (GABA+) signal.lo

Although this macromolecule contribution is generally
assumed to be irrelevant with regard to functional responses,”
there does appear to be a reasonable degree of individual variabil-
ity in macromolecule concentrations." This variation may thus
contribute to the reported overall lack of correlation between
GABA+ and BOLD responses by introducing additional error
into already noisy measurements. This supposition is given some
support by the finding that GABA+ concentrations do not corre-
late well with GABA concentrations obtained using approaches
that suppress the macromolecule signal more effectively
(GABA-), and so potentially give more accurate estimates.'>'?
In particular, Harris et al'* report no correlation between GABA
+ and GABA- values within the OC (although a correlation was
seen when OC values are pooled with those from other brain
regions). Given this, it is possible that using a macromolecule-
suppressed MEGA-PRESS approach will improve the accuracy
of the correlation between GABA estimates and fMRI responses
by better representing the true GABA concentration.

1286

The aim of this study was therefore to determine if there
is an improvement in the correlation between MRS estimates
of GABA and fMRI responses when using a macromolecule-
suppressed MEGA-PRESS sequence. It was hypothesized, first,
that a correlation between GABA+ and GABA-— values would
be seen in the OC, in line with previous reports for other brain
regions.'” Tt was further hypothesized that GABA- values in
the OC would correlate with BOLD responses from an fMRI
visual task and that this correlation would be stronger than that
found using GABA+ estimates.

Materials and Methods

Participants

Thirty-one healthy young adults took part in the study (mean age =
23.0 £ 3.1 SD years; age range = 19-31 years; five female). Note
that different numbers of participants were excluded from different
aspects of the analysis for data quality reasons (see below for details),
and so the numbers included for each statistical test are marked in the
relevant places. Participants were screened for current psychiatric or
neurological disorders, recent prescription or recreational drug use,
and for standard MRI exclusion factors such as claustrophobia or
metal implants. All participants had normal or corrected-to-normal
vision. Written informed consent was obtained from all participants
and the study was approved by the local Ethics Review Board.

Visual Task

The visual task used a grating presented in the lower left visual field,
subtending 4° horizontally and vertically.5 The grating was vertical,
stationary, at maximum contrast, with three cycles per degree, and
was presented against a mean luminance background. The upper
right corner of the grating was located 0.5° horizontally and verti-
cally from a small fixation cross. Each stimulus was presented for
1.5-2 seconds, followed by an 18-20 seconds intertrial interval dur-
ing which the fixation cross was displayed. Participants were instructed
to fixate on the cross and to press a button as quickly as possible after
the offset of the grating. A total of 46 trials were presented, split into
two runs of approximately equal length.

MRI Data Acquisition

All scanning was done with a 3 T GE MR750 scanner using a body
coil for transmission and an 8-channel receive head-coil. Padding
was placed around participants heads to limit motion. A high-
resolution Ti-weighted anatomical was acquired (FSPGR; resolu-
tion=1X1X1 mm3), followed by the four MRS acquisitions and
then the two visual task runs. During the visual task, BOLD-
sensitive images were acquired using a T,*-weighted echo planar
imaging (EPI) sequence (repetition time [TR] = 1000 msec; echo
time [TE] = 30 msec; flip angle = 62°% field of view [FoV] = 220
mm; matrix = 64 X 64; slice thickness = 4 mm; slice gap = 0 mm;
21 slices). In all, 541 volumes were acquired in the first run and
545 in the second (~9 min per run).

MRS voxels (30 X 30 X 30 mm®) were located in the PCC
and the OC (Fig. 1a). The OC voxel was located on the midline and
rotated to follow the ventral edge of the occipital lobe. The Posterior
cingulate cortex (PCC) voxel was also located on the midline, with
the rear edge aligned with the splenium and the bottom with the body
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FIGURE 1: (a) Location of the MRS voxels in standard space (OC on left and PCC on right). Darker shading represents greater overlap
between participants. (b) Individual spectra from the OC (left) and PCC (right) for GABA+ (upper) and GABA- (lower). (c) Individual
estimates for GABA+ and GABA- in the OC (left) and PCC (right). Red lines denote the mean. All brain images were created using the

nilearn Python toolbox.*°

of the corpus callosum. The order in which the regions were scanned
was counterbalanced across participants, as was the GABA+ and
GABA- order for each region.

The following settings were used for both the GABA+ and
GABA- MEGA-PRESS acquisitions: TR = 1800 msec; datapoints =
4096; spectral width = 5000 kHz; alternating ON/OFF editing;
192 averages; 8 water unsuppressed acquisitions. GABA+ acquisi-
tions used a TE of 68 msec, with 14 msec editing pulses applied at
1.9 ppm (ON) and 7.46 ppm (OFF). Macromolecule-suppressed
GABA- acquisitions used a TE of 80 msec, with 20 msec editing
pulses applied at 1.9 ppm (ON) and 1.5 ppm (OFF)."?

MRS Analysis

MRS data were analyzed using Gannet 3.0."° This applies 3 Hz line
broadening, phase and frequency correction, outlier rejection, and zero
padding as preprocessing steps. The GABA signal at 3 ppm is then mod-
eled as a Gaussian and the concentration estimated relative to water
(in institutional units). Following this concentration estimation, the tissue
within the MRS voxel is segmented to establish the proportions of gray
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matter, white matter, and cerebrospinal fluid (CSF). These proportions
are then used to correct the GABA concentrations.® A macromolecule
correction factor of 0.45 is usually applied to the GABA+ estimates'” but
was excluded here. As frequency drift can influence MEGA-PRESS esti-
mates of GABA, this was calculated and an upper threshold of
0.125 ppm applied.'” One OC GABA- dataset failed to meet this cutoff,
leaving 23 with usable OC and 28 with usable PCC data.

fMRI Analysis

Preprocessing of the functional and anatomical data was done using
a combination of tools from the FSL (https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki) and ANTSs (http://stnava.github.io/ANTSs) software packages,
along with the nipype python toolbox (http://nipype.readthedocs.io/en/
latest/index.html). Anatomical images were aligned to the ICBM152
MNI template in a multistep process in ANTs (rigid, affine, and
SyN registration). For the functional data the preprocessing steps
were as follows: brain extraction (BET); slice-time correction (slice-
timer); volume registration (MCFLIRT); high-pass filtering with a
100-second cutoff (fslmaths); and smoothing with a 5-mm FWHM
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Gaussian kernel (SUSAN). A linear alignment to the participant’s
anatomical image was calculated (FLIRT), which was then com-
bined with the previously calculated anatomical-to-MNI transform
(ANTs) for normalization of the functional images.

Visual stimulus onsets were modeled as a 1.5-2/18-20-second
boxcar convolved with a double gamma Haemodynamic response
function (HRF), along with head-motion parameters (plus their tem-
poral derivatives and squares), in a first-level general linear model
(GLM) analysis. Parameter estimates from each run were then nor-
malized and combined in a second-level fixed-effects analysis for each
participant. Finally, group responses were calculated in a mixed effects
analysis across all participants (FLAME-12). Images were thresholded
at P < 0.05, familywise error (FWE) cluster corrected with a voxel
threshold of Z > 2.58 (P < 0.005).

Stimulus-induced BOLD response parameters were calculated
by first identifying the peak voxel within the MRS box for each par-
ticipant and extracting the timecourse for each run. The peak voxel
location was taken from the second-level contrast images and then
converted to the original functional image space for each run. In a sec-
ond step, mean timecourses from all active voxels within the MRS box
were extracted. An activation threshold of pgpr = 0.005 was used.

These timecourses were converted to percent signal change
and a double gamma function fitted to the datapoints resulting from
averaging across all trials (stimulus onset +16 sec). The values from
the SPM8 canonical HRF were used as the starting values for the fit-
ting (latency 1 = 6 sec, latency 2 = 16 sec, dispersion 1 = 1 sec, dis-
persion 2 = 1 sec, height ratio = 1:6). Estimates of the BOLD
response amplitude were made from these fitted functions. Fitting
was done using the scipy Python package (https://www.scipy.org).
The same procedure was applied to the timecourses from both the
peak voxel and all active voxels. Pearson’s correlation was used to
relate active voxel numbers with the difference in response ampli-
tudes for the peak voxel and active region as the number of voxels
that were active within the MRS region varied across participants
and so could influence the final value.

Statistical Analysis: GABA+ and GABA- Estimates
Having processed the MRS data and excluded unusable values, data
quality measures including frequency drift, the GABA and creatine
peak fit error, and the full-width at half-maximum (FWHM) of the
GABA and creatine peaks were compared between the GABA+ and
GABA- acquisitions using paired-sample #tests. The coefficient of
variation was then compared between GABA+ and GABA— measures
in each region using a modified signed-likelihood ratio test, '8
implemented in the cvequalizy R package (https://cran.r-project.org/
web/packages/cvequality/index.html). Finally, the correlation between
GABA+ and GABA- measures was tested with the pooled data and in
each region separately using Pearson’s correlation. Statistical signifi-
cance for these and all other tests was set at a P < 0.05 threshold.
FDR correction, implemented in the stazsmodels Python package
(https://www.statsmodels.org), was used to account for the multi-
ple correlations being performed."”

Statistical Analysis: BOLD Responses and GABA

For the correlation between GABA and BOLD response properties
within the MRS region, participants were excluded if they did not
have activations overlapping the MRS voxel or if there were
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problems with the HRF fitting procedure. Pearson’s correlation was
used to relate GABA concentrations to the BOLD response proper-
ties amplitude. Correlation strength with BOLD amplitude for
GABA+ and GABA- was compared using the psych R package
(http://personality-project.org/r/html/00Index.heml).

In a final step, a meta-analysis of correlation coefficients was
performed using the Hunter-Schmidt method,”® implemented in
the metafor R package (http://www.metafor-project.org/doku.php/
metafor). Included in this were the results from the present study
plus the correlation between MEGA-PRESS GABA estimates and
OC BOLD responses reported in five previous studies.”” The meta-
analysis was conducted with the GABA+ and GABA- correlation

results separately.

Data Availability
The data used in this study are available from the authors upon

request.

Results

MEGA-PRESS GABA Estimates

The location of the OC and PCC MRS voxels is shown in
Fig. 1a, along with the degree of regional overlap across par-
ticipants. Tissue segmentation showed that the OC voxel
contained 65 £ 3% (SD) gray matter, 25 = 3% white mat-
ter, and 10 4+ 2% CSF; the PCC voxel contained 58 + 4%
gray matter, 28 & 4% white matter, and 14 £+ 4% CSF.

After visual inspection of the spectra from each region
(Fig. 1b), OC data from seven participants and PCC data
from three participants were excluded (where data was unusa-
ble from one of the GABA+ or GABA- scans, the data from
the other for that region was also discarded). As can be seen
in Table 1, there was no difference in frequency drift between
the GABA+ and GABA- acquisitions in either region. The fit
error of the GABA peak was different in each region; how-
ever, being higher for the GABA- scans.

Estimated GABA values are given in Table 2, while the
values for individual participants are plotted in Fig. lc.
GABA+ values are higher in both regions. The ratio of GABA-
to GABA+ was 0.5 & 0.1 in the OC and 0.6 & 0.1 in the
PCC, which is significandy higher (t9) = 3.71, punc = 0.002,
d = 0.7 [0.3 1.0]). The coefhicients of variation for the GABA
estimates were significantly higher for GABA- than GABA+ in
the PCC (pyne = 0.02) and OC (pync = 0.03). There was no
correlation between voxel gray matter content and either GABA+
(PCC: r=-0.01 [-0.31 0.3], prpr > 0.1; OC: r=-0.06
[-0.34 0.2], prpr > 0.1) or GABA- (PCC: r = -0.19 [-0.13
0.46], pror > 0.1; OC: 7 = 0.05 [-0.32 0.38], prog > 0.1)

estimates in either region.

Correlation Between GABA+ and GABA-

As shown in Fig. 2, combining the data from both regions a
positive correlation between GABA+ and GABA- estimates
was found (r = 0.52 [0.35 0.66], prpr = 0.002). Taking the
regions separately, a positive correlation was found in each
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GABA+
OCC (n = 23)
Cr FWHM (Hz) 10.59 £+ 1.91
GABA FWHM (Hz) 17.75 £ 1.31
Cr fit error (%) 5.76 + 1.41
GABA fit error (%) 5.49 + 1.34
Frequency drift (Hz) 4.35 + 2.26
PCC (n = 28)
Cr FWHM (Hz) 8.67 £ 0.85
GABA FWHM (Hz) 17.17 £ 0.7
Cr fit error (%) 8.72 + 1.23
GABA fit error (%) 5.69 £+ 1.36 SD
Frequency drift (Hz) 3.98 £ 2.12
*Significant difference at Py < 0.05.

TABLE 1. Data Quality Metrics for GABA Measurements From the OC and PCC Regions (Mean + SD)

Values were compared between acquisitions; t-statistics are given along with Cohen’s d (with bootstrapped 95% CI in brackets).

GABA- t d

10.89 + 2.53 -0.91 —-0.12 [-0.34 0.11]
15.71 + 1.67 5.27% 1.32 [0.78 1.93]
4.68 + 1.1 5.35% 0.8 [0.38 1.43]
6.94 + 1.63 -3.32% -0.79 [-1.21 -0.24]
415+ 1.3 0.49 0.1 [-0.24 0.6]
8.88 £ 1.16 -0.83 -0.2 [-0.69 0.19]
15.68 £ 0.95 6.23* 1.77 [1.01 2.5]
7.33 £ 0.98 6.6* 1.2 [0.68 1.83]
6.53 £ 1.11 -2.41% —-0.67 [-1.21 -0.14]
3.75 £ 1.56 0.79 0.12 [-0.17 0.37]

(OC r= 047 [011 072], PFDR = 002, n = 23, PCC:
r=0.49 [0.2 0.69], prpr = 0.01, # = 28).

Correlation of GABA and BOLD Responses

The visual task produced responses in the contralateral pri-
mary visual cortex. A sample activation map is given in Fig. 3a
(individual BOLD response fits for the peak voxel and active
region can be seen in Supplementary Figs. 1 and 2, respec-
tively). The difference in amplitude estimates from the peak
voxel and the active region was correlated with the proportion
of the MRS box that was active (r = —0.56 [-0.8 0.02],
Punc = 0.01, 7 = 19), with an average of 46.6% of the box
activated (£29.4 SD).

No significant correlation was found between the
BOLD response amplitude at the peak voxel within the MRS
region and either the GABA+ (r=-0.14 [-0.54 0.31],
pepr > 0.1, 7 =19) or GABA- (r=-0.29 [-0.67 0.39],
prpR > 0.1, 7 = 19) estimates (Fig. 3b). These correlations
were not significantly different (¢ = 0.57, pyne = 0.58). The
BOLD response amplitude within the active region was also

not correlated with either the GABA+ (r = -0.25 [-0.63
0.28], prpr > 0.1, 7 = 21) or GABA- (r = 0.15 [-0.38 0.6],
pror > 0.1, 7 = 21) estimates (Fig. 3c). There was no signifi-
cant difference in correlation strength (¢ = 1.57, pync = 0.14).

The shape of the brain and the size of the MRS region
means that it is not possible to place the MRS voxel directly
over the maximal task response region (mean distance between
MRS region center of mass and peak response voxel = 63.5
+ 22 mm). To ensure that there was a match in the response
properties from these two locations, the relationship between
the BOLD properties at the peak voxel within the MRS region
and the peak response in the occipital cortex as a whole was
tested (BOLD responses from each region are shown in Sup-
plementary Fig. 3). A significant correlation was found
between the response amplitudes (r= 0.55 [0.16 0.85],
pror = 0.02, 7 = 23), suggesting that the BOLD response in
the MRS region reflects the response in V1.

The result of the correlation between GABA estimates
and BOLD amplitude was added to a meta-analysis with
those of five previous studies investigating GABA+ and

TABLE 2. Mean GABA+ and GABA- Values (i.u.) + SD for the OC and PCC, Along With the Ratio Between These
GABA+ GABA- GABA-/GABA+
OC (n = 23) 5.5 £ 0.4 [7%] 2.9 £ 0.6 [20%)] 0.5 £ 0.1
PCC (n = 28) 5.7 £ 0.5 [9%)] 3.3 £ 0.4 [12%] 0.6 + 0.1
Coefficients of variation are given in brackets. Values are corrected for voxel tissue composition.
October 2019 1289
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FIGURE 2: Correlation between GABA+ and GABA- for all data
pooled together, the OC alone, and the PCC alone. Red lines

denote the best straight-line fit with a 95% CI. *Significant
correlation at pgpr < 0.05.

6.5

BOLD responses in the OC. This analysis showed overall evi-
dence in favor of there being a negative correlation when
using the peak voxel BOLD response and GABA+ (r = —0.37
[-0.12 —0.62]) and GABA- estimates (r = —0.39 [-0.15 —
0.64]). This was also the case when the active region response
and GABA+ (r = —0.39 [-0.14 —0.63]) or GABA- (r = —-0.31
[-0.01 —0.61]) estimates were used.
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Discussion

With GABAergic inhibition playing a central role in brain
function, being able to study it in relation to functional
responses in vivo in humans will be important for neuroscience
research in health and disease. A number of studies pointed to
MRS being a useful tool for such investigations® but the
robustness of these results were called into question by more
recent findings.”'* Based on this prior work, this study set out
to provide additional evidence for the efficacy—or otherwise—
of the combination of MEGA-PRESS estimates of GABA with
functional imaging to understand brain function, focusing on
the occipital cortex.

The first question arising is the contribution of macro-
molecule signals to GABA estimates using the standard
MEGA-PRESS sequence. Individual variability in macromole-
cule concentrations has been reported,'" which may contribute
to the lack of correlation between GABA+ and GABA- esti-
mates in the OC described by Harris et al.” Such variability
and apparent dissociation in some brain regions between GABA
estimates including or suppressing macromolecule signals
potentially undermines the interpretation of GABA+ values that
see only the GABA component as experimentally relevant, as it
could point to individual differences in macromolecules form-
ing an indeterminate part of overall GABA+ differences. In the
current work, a correlation between OC GABA+ and GABA-
was, however, observed. This was in addition to a positive cor-
relation in the PCC and when combining the data from both
regions. The correlation observed is only moderate, similar to
that reported by Harris et al,” but higher than that reported in
a considerably larger multisite study that also compared PCC
GABA estimates using the two sequences.'> There would thus
appear to be a consistent reladonship between GABA+ and
GABA- measures across different brain regions (OC, PCC, and
sensorimotor) and across studies. The relatively low correlation
strength, however, does point to measurement error having a
marked influence. This may stem from reduced measurement
accuracy with the GABA- sequence, as indicated by the higher
CV seen for these estimates, arising from sources such as eddy
currents”' and the susceptibility of this sequence to changes in
the By field.** Coefficients of variation are also influenced by
the lower signal to be fitted given the reduction in amplitude
from that which originated from macromolecules.'?

No correlation was seen in the current data between
BOLD responses in the OC voxel and either GABA+ or
GABA- estimates. This was the case for BOLD responses cal-
culated from both the peak active voxel and for those from the
total active area within the MRS region. When added to a
meta-analysis of previous studies investigating this relationship,
evidence for a negative relationship, however, was found. This
was the case regardless of which sequence (GABA+ or GABA-)
and source region (peak voxel or active region) was used,
although there was a difference in the strength of the evidence.
A negative correlation within the OC is consistent with
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FIGURE 3: (a) Responses to the visual task for one participant (z-scores), shown on their anatomical image. A threshold of P = 0.005
(FDR corrected) was applied. The location of the MRS voxel for that participant is shown in white. Scatterplots showing the
relationship between BOLD response amplitudes at (b) the peak voxel and (c) the total active area within the MRS region and
GABA+ (right) and GABA- (left) estimates. No significant correlations were observed. Red lines denote the best straight-line fit.

findings in other brain regions, such as the cingulate cortex
and insula.”>?* It is also consistent with evidence that chal-
lenge with positive GABA modulators, such as vigabatrin
and zolpidem, in humans and nonhuman animals induces a
reduction in BOLD responses to different stimuli.”>~>’
Based on this converging evidence there appears to be good
reason to suppose that MRS measures of GABA do provide
a useful tool for relating BOLD responses to regional con-
centrations of that neurotransmitter.

The fact that no correlation was found in this study
alone raises the question as to why the relationship that
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appears to exist at the population level was not seen in this
sample. If we note that the correlation coefficients obtained
were negative (other than the GABA- with active region
BOLD response amplitude correlation) and in most cases
within the confidence interval of the meta-analysis, then the
primary explanation to consider is that there was too much
measurement noise. The MRS data quality metrics, however,
do not point to this being an issue with these measurements
per se. Instead, a potential source may be the area covered by
the OC MRS voxel often being rather far from the early
visual regions where the main response to the Gabor patch
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stimulus would be expected. This distance was a result of the

relatively small heads of many of the participants,”®>’

making
it impossible to locate the voxel any closer to the primary
visual regions without including the boundary between the
cortex and skull. A good correlation between the BOLD
response in the MRS region and in the primary visual cortex
was found but a lack of anatomical specificity within the
MRS region would still impact the relation of these to bio-
chemical estimates. The issue of MRS region placement is
underlined by the observed relationship between the propor-
tion of the MRS region that was active and the mean BOLD
response amplitude. Individual variability in the MRS voxel
location relative to the active region is thus a potential addi-
tional source of measurement noise. Circumventing issues
arising from anatomical differences between different partici-
pant groups is challenging, but reducing the size of the MRS
region would be an important step, something that is becom-
ing possible with higher field strengths and improved
sequences. The current results also suggest that future studies
should report details about MRS voxel placement relative to
active regions and the proportion of the voxel that contains
significant activations.

These results also highlight the problems inherent in
studying associations between variables derived from low-
sensitivity methods, such as fMRI and MRS, in terms of the
sample sizes required. For fMRI research, recent work has
helped demonstrate the limits of making inferences from
small samples, suggesting that larger groups (>100) than have
normally been used are necessary for robust and replicable
analyses.’>?! Equivalent studies for MRS are not yet avail-
able, but the meta-analysis reported here helps illustrate the
problem in this context. Adding the current results to five
previous studies produced overall evidence for a negative associ-
ation between GABA estimates and BOLD amplitudes (total
sample size = 100). This can be compared with the previously
reported meta-analysis of those five studies, which did not find
a statistically significant correlation (95% confidence interval
[CI] = [0.09 —0.97]).” The average sample size included in the
meta-analyses was 17 people (range = 12-26), and so the insta-
bility of the outcome between five or six included studies may
reflect the lack of power and high measurement variability in
these small samples. The need for properly powered studies is
thus a fundamental consideration for future research that seeks
to relate neural or behavioral features to MRS GABA estimates.
One practical approach to achieve this will be collaborative
multisite studies that help overcome the inherent financial and
logistical barriers involved.'® Tt follows also that existing small-
sample studies correlating MRS estimates with neural or behav-
ioral measures should be treated with caution.

The indirect nature of the MRS and fMRI measurements
introduce further issues that may influence the observed relation-
ship between them. In testing for a linear correlation between
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GABA estimates and stimulus-induced BOLD responses, it is
assumed that the association between these variables is
approximately the same in all participants. Intersubject vari-
ability may arise within the connection between induced
neural activations and the hemodynamic effects of those
responses that are then detected in BOLD fMRI. For exam-
ple, there may be differences in relative stimulus-induced
cerebral blood flow versus oxygen metabolism changes®® and
different contributions of nonneural regulation of hemody-
namic changes.”® Importantly, MRS measurements reflect

3 and so

bulk rather than synaptic GABA concentrations,
likely also reflect transmitter that influences vascular and
metabolic responses through routes other than its influence

3536 and for which there may be non-

of neuronal signaling
linearities present.”’
for a linear relationship between MRS measures of GABA
and nonhemodynamic signatures of neural activity, includ-
ing EEG and MEG,?® but these results do not provide clear

evidence that the MRS measures are related to stimulus-

Previous work has provided evidence

induced responses rather than reflecting structural properties
of the local neural networks.>?” There is thus a continuing
need for detailed studies of what MRS GABA measurements
reflect physiologically to allow relations between them and
neural measures or behavior to be meaningfully interpreted.

No statistically significant advantage of using the current
macromolecule suppressed sequence was seen. This does not
rule out there being advantages of using such an approach in
the future, however. Future work with larger samples would be
warranted to explore this potential. It should also be noted that
macromolecule suppressed MEGA-PRESS sequences are, at
present, susceptible to sources of noise, such as subject move-
ment and field drift. This can strongly influence the accuracy
of the resulting GABA estimates. More sophisticated approaches
to macromolecule suppressed GABA measures, such as the use
of prospective motion correction,”> may lead to a significant
increase in accuracy and, in turn, improvements in the udlity of
such estimates in neuroscience research.

In conclusion, the current findings highlight potential
methodological issues that continue to interfere with relating
MRS GABA estimates with fMRI responses. GABA+ and
GABA- measurements were found to be correlated in both
the PCC and OC, but the strength of this correlation sug-
gests that improvements in GABA- acquisitions may be
required before they can be considered fully reliable. At the
same time, an accumulation of evidence points to there being
a consistent negative correlation between GABA estimates
and BOLD response amplitudes in the OC. The lack of a sig-
nificant correlation in this individual study does, however,
raise questions of robustness. Continuing to improve on these
points will be an important step towards effectively combin-
ing biochemical and functional imaging approaches to better
understand the brain.
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