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Abstract

1H magnetic resonance spectroscopy (MRS) provides a powerful tool to measure gamma-
aminobutyric acid (GABA), the principle inhibitory neurotransmitter in the human brain. We
asked whether individual differences in MRS estimates of GABA are uniform across the cortex or
vary between regions. In two sessions, resting GABA concentrations in the lateral prefrontal,
sensorimotor, dorsal premotor, and occipital cortices were measured in twenty-eight healthy
individuals. GABA estimates within each region were stable across weeks, with low coefficients of
variation. Despite this stability, the GABA estimates were not correlated between regions. In
contrast, the percentage of brain tissue per volume, a control measure, was correlated between the
three anterior regions. These results provide an interesting dissociation between an anatomical
measure of individual differences and a neurochemical measure. The different patterns of anatomy
and GABA concentrations have implications for understanding regional variation in the molecular
topography of the brain in health and disease.
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Introduction

Immunohistochemical, enzymatic, chromatographic and radioreceptor assays in humans and
non-human species have demonstrated that -y-aminobutyric acid (GABA) concentrations
vary across brain regions (Baxter, 1970). The initial work on this problem, performed
predominantly ex vivo, helped establish GABA'’s role as the primary inhibitory
neurotransmitter in the vertebrate brain. Recent studies have focused on the local distribution
of GABA receptor subtypes (Watanabe et al., 2002), including genetic contributions to the
molecular topography across the entire brain (Hawrylycz et al., 2012). While this work has
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characterized synaptic GABA mechanisms and suggests that gene transcription is relatively
homogenous throughout the neocortex, an open question concerns whether individual
differences in GABA levels are uniform throughout the cortex or are region-specific. The
answer to this question is important for understanding GABA'’s role in mediating
widespread versus local brain functions.

In vivo 'H magnetic resonance spectroscopy (MRS) measures metabolite concentrations,
including GABA, with sufficient sensitivity to detect individual differences. To date, three
studies have assayed different regions and reported that GABA levels were not correlated
between brain regions (Boy et al., 2010; Grachev and Apkarian, 2000; Grachev et al., 2001).
However, these studies did not assess measurement reliability, a prerequisite for
investigating individual differences. Consequently, the lack of relationships between brain
regions in these studies could arise from inter-regional differences in measurement
reliability.

To evaluate the spatial scale at which GABA levels are mediated in the brain, we obtained
Mescher-Garwood point-resolved spectroscopy (MEGA-PRESS) measurements of GABA
from the lateral prefrontal (LPF), sensorimotor (SM), dorsal premotor (PMd), and occipital
(OCC) cortices. Measurements were made during two separate sessions, approximately two
weeks apart, to assess reliability (Bogner et al., 2010; Evans et al., 2010; Geramita et al.,
2011; Near et al., 2014; O’Gorman et al., 2011; Stephenson et al., 2011). These
measurements were combined across the two sessions and used to compare GABA estimates
between regions. As a point of contrast, we compared brain tissue per volume between the
same four measurement regions. This measure and a coregistration procedure were used to
assess the reliability of voxel positioning across sessions.

Materials and methods

Participants

Twenty-eight males (21.8 + .4 years of age) were scanned in two sessions (16 + 3 days
apart). All participants provided informed consent following a protocol approved by the IRB
of the University of California, Berkeley, and were screened for magnetic resonance imaging
contraindications.

Magnetic Resonance Imaging and Spectroscopy Acquisition

MR data were acquired using a 3 Tesla Siemens TIM/trio scanner (Berlin/Munich,
Germany) with a 32-channel radiofrequency head coil. Each scanning session consisted of
two T1-weighted anatomical scans (sagittal MPRAGE, TR/TE = 1900/2.52ms, 900 ms TI,
flip angle = 9°, FoV 250 x 176, 1 mm3 voxel size, acceleration factor of two) and eight
MEGA-PRESS scans (320 transients per scan —160 Off and 160 On, TR/TE = 1500/68 ms,
1.9 ppm and 7.5 ppm On- and Off-resonance edit pulse frequencies, 45 Hz edit pulse
bandwidth, delta frequency of —1.7 ppm relative to water—optimized for signal detection at
3.00 ppm, 50 Hz water suppression bandwidth, TA = 8.4 min). MEGA-PRESS averages
were collected in pairs, alternating between On- and Off-resonance editing pulses.
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MRS data were acquired within each of four voxels, designed to target right lateral
prefrontal cortex (LPF; 25 x 40 x 25 mm), right sensorimotor cortex (SM; 30 x 30 x 30
mm), right dorsal premotor cortex (PMd; 25 x 40 x 25 mm), and bilateral occipital cortex
(OCC; 30 x 30 x 30 mm). Voxel orientations maximized the amount of grey matter relative
to white matter and CSF within each voxel, while also accommaodating each individual
participant’s anatomy. The LPF and SM voxels were prescribed in reference to the first T1-
weighted scan, and the PMd and OCC voxels were prescribed in reference to the second T1-
weighted scan. Thus, the imaging protocol consisted of one T1 weighted scan followed by
LPF (x 2) and SM (x 2) acquisitions. A separate T1 weighted scan was then acquired,
followed by PMd (x 2) and OCC (x 2, if time allowed) MRS acquisitions. Shimming for
each voxel involved a combined automated and manual routine that was performed
immediately after each voxel was positioned. Each voxel was sampled in two consecutive
8.4-minute scans and the order of scans was consistent across all participants and visits.
Maintaining a constant order for all participants controlled for temporal relationships that
could influence data acquisition during each scan session.

The T1-weighted image was resliced into axial and coronal views, and voxels were
positioned relative to anatomical landmarks using all three planar views (Fig. 1A). The outer
surfaces of all voxels remained several millimeters inside the brain to allow for imperfect RF
profiles for volume selection and editing, a limitation of the MEGA-PRESS sequence
(Kaiser et al., 2008) and ensured that measurements did not extend outside the cortical
surface. Gradient orders for each voxel were optimized to reduce artifacts as determined
during pilot testing (Ernst and Chang, 1996).

The LPF voxel was centered over the inferior frontal junction, with the longest axis
extending anterior to posterior. One surface of the LPF voxel followed the outer surface of
the cortex in both the coronal and axial views. The SM voxel was centered over the hand
knob, parallel to the anterior to posterior axis. One surface of the SM voxel was parallel to
the cortical surface in the coronal and axial views. The PMd voxel was positioned with its
posterior surface aligned to the precentral sulcus, the lateral surface parallel to the right
medial wall of the longitudinal fissure, and the dorsal surface parallel to the cortical surface
along the anterior to posterior axis. The OCC voxel was centered bilaterally over the
calcarine sulcus extending equally into the left and right hemispheres. The ventral surface of
the OCC voxel was parallel to the straight sinus.

Sagittal, axial, and coronal views of each voxel, registered to the T1-weighted image
acquired at the first session, were used to guide positioning of each voxel at the second
session. First, the center coordinates and orientation for each voxel from the first session
were used to initialize the position of each voxel at the second session. To adjust for
differences in head position, manual translations and rotations were made using the
anatomical landmarks identified during the first session.

Data Analysis

All data were analyzed using customized routines in Matlab (Natick, MA). The scans were
exported in Siemens .rda format, with sets of 10 consecutive transients averaged and stored
in a single .rda file. This yielded 32 .rda files for each scan (16 On and 16 Off).
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Preprocessing of the spectra included zero-filling spectra from 1024 to 4096 data points and
apodization with a 4 Hz Gaussian function. Off-resonance spectra were manually phase
corrected and aligned with reference to creatine (Cr). Correction values were applied to the
paired On-resonance spectra (Evans et al., 2013; Near et al., 2015). The mean and standard
deviation were calculated at each frequency of each On- and Off-resonance spectrum, and
the number of deviant values (> 2 standard deviations from the mean) was tallied. The
spectra were visually inspected to identify those which should be excluded from further
analysis based on the number of deviant values and overt corruption or distortion of the
spectra (Near et al., 2013; Simpson et al., 2015). The complete analysis code is available for
download at https://osf.io/3gsdt/. The mean number of spectra removed was .5 * .4% for the
LPF, .4 £+ .3% for the SM, .3 + .2% for the PMd, and 0% for the OCC voxel. There was no
evidence that the quality of data changed within a session or between sessions as assessed by
the number of deviant values.

Peak integration was performed using a previously published method (Yoon et al., 2010). In
brief, the signal was integrated beneath the GABA+ peak (range: 2.85 to 3.15 ppm, Fig. 1B)
in the difference spectra and the Cr peak (range: 2.93 to 3.10 ppm) in the summed On- and
Off-resonance spectra. The ratio of total GABA+ to total Cr signal (GABA+/Cr) was
calculated from the average preprocessed spectra acquired within each scan. This GABA
+/Cr ratio accounts for scanner-related factors that might impact signal-to-noise differently
within/between scans or days, and that could differentially impact reference peaks away
from 3 ppm (Mullins et al., 2014). Data included in the final analyses were comprised of
spectra from two scans (160 measures each) acquired within each session (4 total scans) and
screened for artifacts. Participants who provided three or fewer scans were excluded. This
conservative approach to data inclusion yielded LPF data from 20 participants, SM data
from 22 participants, PMd data from 24 participants, and OCC data from 15 participants.
Due to time constraints in the scanner, and because the OCC voxel was always acquired last,
the OCC data were only acquired in a subset of participants at both sessions. We note that
the OCC findings are considered exploratory because they were obtained from a smaller
sample.

Pearson correlations of GABA+/Cr ratios between sessions were performed to assess
reliability across days for each voxel, and coefficients of variation were calculated within
participants for each voxel, as an estimate of the signal-to-noise ratio. Using the data
averaged across the two sessions, Pearson correlations between pairs of voxels were
performed to test whether individual differences in GABA+/Cr ratios in one brain area
predicted differences in another brain area. The same comparisons were performed for
GABA+ estimates alone to rule out the possibility that Cr estimates might account for any
observed relationships. The GABA+ estimates taken on their own are more susceptible to
differences in the magnetic field across scans or other scanner related factors, but this
analysis helps to constrain interpretations.

The percent total volume of grey matter, white matter, and cerebrospinal fluid (CSF) were
calculated within each voxel using the FMRIB’s Automated Segmentation Tool (Zhang et
al., 2001; http://fsl.fmrib.ox.ac.uk/). The percent tissue relative to total voxel volume ([grey
matter + white matter]/total volume) was first used to compare the reliability of voxel
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placement between the two scans. Agreement between scans is unlikely to be accounted for
by artifacts that are specific to a single scan, such as head motion. These same measures
were used to compare percent tissue between voxels. We note that while head motion might
globally affect T1-weighted images, we used one T1-weighted image to calculate tissue
percentages for the PMd and OCC voxels and a separate T1-weighted image to calculate
tissue percentages for the LPF and SM voxels at each session. This approach controlled for
motion artifacts that could introduce artificial relationships in tissue estimates across regions
that would be expected for an image derived from a single scan.

To further assess the reliability of voxel placement between visits, we coregistered the T1-
weighted images from the second visit to those acquired at the first visit using the FMRIB
FLIRT registration toolbox (rigid-body coregistration with six degrees of freedom). The
resulting registration matrices were applied to three-dimensional reconstructed masks of the
MRS voxels acquired at the second visit, with reference to the appropriate T1-weighted
images. After coregistration, we calculated the percent overlap of each pair of voxels
between visits (e.g., the LPF voxel at visit 1 relative to the LPF voxel at visit 2) using the
fsimaths tools.

Total tissue percentage, percent GM, and percent WM for each voxel were correlated with
the metabolite estimates to test for relationships between GABA+/Cr and tissue subtypes.
Coefficients of variation (CVs) were used to assess the relative variability of measurements
across sessions, with lower values reflecting greater reliability.

Percent brain tissue is reliable but not correlated with GABA+/Cr ratios

Tissue percentages within each voxel were highly correlated across sessions (LPF: r=.82, p
<.001, SM: r=.89, p<.001, PMd: r =.82, p<.001, OCC: r =.82, p< .001; Fig. 2A) and
exhibited low CVs (Table S1). A similar pattern was observed for percent GM and percent
WM (Fig. S1, S2, & Table S1). Averaged across sessions, percent total tissue was 91 + .
03%, 90 + .04%, 91 + .03%, and 90 + .04% for the LPF, SM, PMd, and OCC voxels,
respectively. The coregistration procedure showed that there was 90.6 + 1.4% overlap
between sessions for the LPF voxels, 90.5 + 1.9% overlap for the SM voxel, 90.9 + 2.0%
overlap for the PMd voxel, and 89.8 + 2.5% overlap for the OCC voxel. We note that the
automated coregistration method may introduce some error.

GABA+/Cr ratios were not correlated with tissue percentages (Fig. 2B), percent GM (Fig.
S3), or percent WM (Fig. S4) within any voxel. For this reason, and because we did not
estimate absolute concentrations (Kreis et al., 1993a; 1993b), we did not “correct” our
GABA+/Cr estimates as a function of tissue volume estimates, e.g. (Harris et al., 2015).
Furthermore, we did not observe any relationships between tissue composition and GABA+
or Cr estimates alone for any of our voxels (GM and GABA+: all voxels p> .13, Fig. S5;
WM and GABA+: all voxels p> .14, Fig. S6; GM and Cr: all voxels p> .27, Fig. S7; WM
and Cr: all voxels p> .11, Fig. S8).
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GABA+/Cr ratios and GABA+ alone are reliable within sessions and across weeks

The GABA+/Cr ratios were reliable between the two scans within each session (LPF: R =.
75, p<.001,CV =4.6 +0.9%; SM: R= .64, p<.01,CV =3.9+1.0%; PMd: R = .63, p<.
005, CV =3.9+0.7%; OCC: R = .52, p< .05, CV =5.3 £ 1.1%). GABA+/Cr ratios were
also stable across weeks in all four voxels (Fig. 3A). The CVs were 5.9 +.93% (range .7—
16.1%) for LPF, 5.3 +.98% (range .2-16.9%) for SM, 3.8 + .60% (range .04-11.6%) for
PMd, and 5.3 £ .92% (range .73-16.0%) for OCC voxels. These values are in agreement
with previous studies (Evans et al., 2010; Near et al., 2014; Stephenson et al., 2011;
Wijtenburg et al., 2013). Estimates of GABA+ alone, expressed in arbitrary units, exhibited
a similar pattern of reliability, although the correlation in OCC only reached trend-level
significance (LPF: r =.46, p< .05, SM: r =.7, p<.001, PMd: r =.56, p< .005, OCC: r =.
49, p=.06; Fig. 3B).

GABA+/Cr and tissue comparisons across brain regions

The preceding analyses indicate that MR scanner performance and MRS voxel positioning
were consistent across the two sessions. Moreover, the observed reliability for the GABA
+/Cr ratios cannot be explained by Cr measurements alone. This allowed us to turn to our
main question: whether individual differences in intrinsic GABA are consistent between
cortical regions.

We averaged the GABA+/Cr ratios across the two sessions and tested for correlations
between each pair of voxels. Importantly, individual differences in GABA+/Cr within one
voxel did not predict individual differences at the other voxels (all g’s > .06, Fig. 4A). This
result suggests that intrinsic cortical GABA+ content is determined locally. The correlation
approached significance for the PMd and SM voxels (p = .06), although it is important to
keep in mind that, because of their proximity, these two voxels overlapped by approximately
5% of their total volume (11.2 + 5.3 mm3).

In contrast to GABA+/Cr, total tissue percentages were correlated between the LPF, SM, and
PMd voxels (all p’s < .05 uncorrected, Fig. 4B), with only the correlation between the SM
and PMd voxels surviving a more stringent multiple comparison correction (p < .0125).
Thus, individual differences in total tissue percentages were consistent between the anterior
voxels.

Discussion

The study of individual differences is essential for understanding behavioral and biological
variation. In the neurosciences, this approach lends insight into biomarkers of brain function
and gene-environment interactions. A recurring question concerns the regional specificity
versus uniformity of individual differences throughout the brain. For example, recent
evidence suggests that a relatively homogenous ‘transcriptional blueprint” exists throughout
the cortex (Hawrylycz et al., 2012; Richiardi et al., 2015). Epigenetic factors demonstrate
homogeneity across brain regions as well. Specifically, DNA methylation is more similar
across different brain regions within an individual than for a single brain region compared
across individuals (Illingworth et al., 2015). Moreover, individual differences in white matter
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integrity (Penke et al., 2010) and diffusivity (Johnson et al., 2015), as well as gray matter
density (Mechelli et al., 2005), are relatively uniform throughout the brain. All of these
general factors could influence neurotransmitter concentrations. Indeed, local tissue
percentages and tissue types have previously been linked to brain metabolite concentrations,
including GABA (Bergmann et al., 2015; Harris et al., 2015; Jensen et al., 2005; Kreis et al.,
1993a; 1993b).

Given these considerations it is surprising that individual differences in GABA+/Cr ratios
were not correlated between neighboring cortical regions. These results are consistent with
previous assessments of regional variation in GABA (Boy et al., 2010; Grachev and
Apkarian, 2000) and provide two important advances. First, we performed comparisons
between regions after establishing measurement reliability across two sessions, a
prerequisite for studying individual differences. Notably, intra-voxel reliability was assessed
between sessions, whereas comparisons between regions included data acquired within
sessions. Our conclusions are thus conservative in that inter-session variability should
impact reliability estimates to a greater degree than between-region comparisons. Second,
the local variation in intrinsic GABA stands in contrast to a structural measure: The
percentage of brain tissue, within the same voxels, was correlated between anterior cortical
regions. Taken together, these measures suggest that anatomical and neurochemical
individual differences occur at different spatial scales in the cortex.

Previous MRS studies reported correlations between behavioral or neurophysiological
measures and GABA estimates within targeted brain regions (Bachtiar et al., 2015; Balz et
al., 2016; Boy et al., 2010; Heba et al., 2016; Jocham et al., 2012; Stagg et al., 2011a;
2011b; Sumner et al., 2010; van Loon et al., 2013). For example, resting GABA content in
primary motor cortex was positively correlated with individual differences in motor
sequence reaction time (Stagg et al., 2011a). Our results are consistent with the hypothesis
that locally determined neurotransmitter content relates to the functional specialization of
brain regions. Moreover, the finding that resting GABA measurements within multiple
cortical regions remained relatively stable across weeks suggests that task-dependent
changes in GABA (Floyer-Lea et al., 2006; Michels et al., 2012) likely occur on top of stable
basal levels.

Our results have important clinical implications. Abnormalities in GABA concentrations
have been associated with neurological diseases and trauma (Blicher et al., 2015;
Dharmadhikari et al., 2015; Draper et al., 2014; Hattingen et al., 2014; van der Hel et al.,
2013). Given the reliability observed here in healthy individuals, it may be possible to relate
local changes in GABA to patterns of recovery. Similarly, one could assess the anatomical
specificity of medications that impact GABA-dependent processes, e.g. benzodiazepines or
selective serotonin reuptake inhibitors (Bhagwagar et al., 2004).

The MRS method applied here measures metabolite concentrations throughout the entire
voxel, including perivesicular and cytoplasmic environments. While we did not observe
inter-regional correlations in GABA measurements, it is possible that specific compartments,
e.g. vesicular or synaptic GABA, are similar across brain regions. Furthermore, we only
studied young adult males. Our results may not translate to females or to older populations,
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as GABA content has been found to differ between the sexes (Epperson et al., 2002;
O’Gorman et al., 2011) and to decrease with age (Gao et al., 2013). In addition, the GABA+
signal at 3.00 ppm includes contributions from coedited macromolecules as well as
homocarnosine, a GABA derivative; indeed, this is a principle limitation of the method. We
did not control for macromolecules in our data, and the effects we observed could include a
macromolecular contribution. It is also possible that differences in creatine content between
regions influenced our results.

In summary, measurements of GABA+/Cr obtained across weeks exhibited marked
reliability, but had little shared variance across brain regions. Thus, while individual
differences in cortical GABA concentrations are stable, variation in these concentrations is
locally determined. These results support the use of MRS for assessing local
neurotransmitter concentrations, with potential clinical utility for assessing sensitivity to
treatment interventions or monitoring disease progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. MRS measurements of GABA were made in four cortical regions at two time
points.

. Individual differences in GABA concentrations were stable but varied
between regions.

. Percent tissue per volume was correlated between three of the same
measurement regions.

. Anatomical and neurochemical individual differences occur at different scales

in the cortex.
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Fig. 1.
Voxel Positioning and GABA Estimation. (A) MRS measurements were made during two

scanning sessions from voxels prescribed in the lateral prefrontal (LPF), sensorimotor (SM),
dorsal premotor (PMd), and occipital (OCC) cortices. (B) GABA+ signal was quantified by
integrating the difference spectra under the peak centered at 3.00 ppm.
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Reliability of Voxel Positioning and Percent Tissue Correlation with GABA+/Cr. (A) Tissue
density within the lateral prefrontal (LPF), sensorimotor (SM), dorsal premotor (PMd), and
occipital (OCC) voxels were highly reliable across sessions in all four voxels. (B) Using
average measures across sessions, percent tissue per volume did not predict GABA+/Cr
ratios.
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Fig. 3.

GABA+/Cr Ratios and Raw GABA+ Estimates were Reliable. (A) GABA+/Cr ratios were
reliable across sessions within the lateral prefrontal (LPF), sensorimotor (SM), dorsal
premotor (PMd), and occipital (OCC) voxels. (B) GABA+ estimates were also reliable
across sessions, indicating that scanning related factors were consistent between days and
that Cr alone is unlikely to account for the reliable GABA+/Cr ratios.
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Fig. 4.

Tissue Density but not GABA+/Cr is Correlated Between Voxels. (A) GABA+/Cr ratios
were not significantly correlated in any pairwise comparison of the four voxels. (B) Tissue
density was correlated between the lateral prefrontal (LPF), sensorimotor (SM), and dorsal
premotor (PMd) voxels, but these frontal regions were not correlated with the occipital

(OCC) voxel.
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