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Abstract

The 1H resonances of GABA in the human brain in vivo are extensively overlapped with the
neighboring abundant resonances of other metabolites and remain indiscernible in short TE MRS
at 7T. Here we report the GABA resonance at 2.28 ppm can be fully resolved by means of echo
time optimization of a point-resolved spectroscopy (PRESS) scheme. Following numerical
simulations and phantom validation, the subecho times of PRESS was optimized at (TEz, TEp) =
(31, 61) ms for detection of GABA, glutamate (Glu), glutamine (GIn) and glutathione (GSH). The
in-vivo feasibility of the method was tested in several brain regions in 9 healthy subjects. Spectra
were acquired from the medial prefrontal, left frontal, medial occipital and left occipital brain and
analyzed with LCModel. Following the gray and white matter (GM and WM) segmentation of T1-
weighted images, linear regression of metabolite estimates was performed against the fractional
GM contents. The GABA concentration was estimated to be about 7 fold higher in GM than in
WM. GABA was overall higher in frontal than in occipital brain. Glu was ~2 fold higher in GM
than in WM in both frontal and occipital brain. GIn was significantly different between frontal
GM and WM while being similar between occipital GM and WM. GSH did not show significant
dependence on tissue content. The signals from N-acetylaspartylglutamate were clearly resolved,
giving the concentration higher by > 10 fold in WM than in GM. Our data indicate that the PRESS
TE = 92 ms method provides an effective means for measuring GABA and several challenging J-
coupled spin metabolites in human brain at 7T.
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INTRODUCTION

The in vivo measurement of y-aminobutyric acid (GABA), the primary inhibitory
neurotransmitter in the mammalian brain, has considerable potential for the investigation of
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a wide variety of neuropsychiatric disorders (1). The proton magnetic resonances of GABA
are all proximate to the resonances of other abundant metabolites (2) and thus precise
measurement of this low-concentration metabolite is challenging. At low or intermediate
field strengths, since direct measurement of GABA is very difficult, spectral editing
approaches are commonly used to detect GABA. For instance, the 3.01 ppm resonance of
GABA can be edited by means of difference editing (3—-6) and double-quantum filtering
(7,8), utilizing the J coupling of the 3.01 ppm resonance to the resonance at 1.89 ppm. At
high fields, spectral resolution of coupled resonances is notably improved (9) because the
coupling strength which governs the overall linewidth of the multiplets is independent of
field strength while the chemical shift differences (in Hz) increases with field strength. With
this enhancement in spectral resolution and signal gain at high fields, several studies
reported MRS measures of many brain metabolites, including GABA, using conventional
sequence schemes with short echo times at 7T (10-12). Despite the presence of substantial
macromolecule (MM) signals (13,14), many small signals were well resolved with good
shimming and GABA in medial occipital brain was measured with good precision in these
previous studies.

GABA has six non-exchangeable protons from 2CH,, 3CH,, and #CH groups, which
resonate at 2.284, 1.888, and 3.012 ppm respectively, with J coupling strengths of 6.4 — 8.1
Hz (5,15). While the C3- and C4-proton signals of GABA are extensively obscured by the
large signals of N-acetylaspartate (NAA) and total creatine (tCr), the C2-proton resonance at
2.28 ppm is relatively distant from the neighboring resonance of glutamate (Glu) at 2.35
ppm. The GABA C2 and Glu C4 proton signals, which are 18 Hz apart from each other at
7T, are both triplets with an overall width > 14 Hz, and thus the GABA multiplet appears
largely overlapped with the Glu signal in short TE spectra. Since the spectral pattern of J
coupled resonances varies with inter-RF (radio frequency) pulse timings, the selectivity of
the GABA signal against the Glu resonance can be improved with modification of the
sequence timings, with an additional advantage that the MM signals are suppressed at long
TE, as demonstrated with STEAM (stimulated echo acquisition mode) in a prior study at 3T
(16).

In this paper, we report an intermediate-TE PRESS approach for detection of GABA at 7T.
The subecho times are refined, with numerical and phantom analyses, to achieve good
selectivity of the GABA 2.28 ppm signal against Glu. Although extensive suppression of
Glu may be the most beneficial for GABA detection as in the prior 3T study with STEAM
(16), given the clinical significance of Glu, the Glu 2.35 ppm signal is moderately retained
for co-detection of GABA and Glu. With the improved GABA detectability, the method is
applied to measure GABA, using a volume RF coil, in various brain regions with high or
low GABA concentrations in frontal and occipital brain and to evaluate the GABA levels in
gray and white matter via linear regression analysis of the measures with respect to
fractional gray matter contents. Similar analysis is presented for Glu, GIn, GSH and NAAG
(N-acetyl-aspartyl-glutamate), together with analysis of NAA, tCr and tCho (total choline).
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MATERIALS and METHODS

Numerical density-matrix simulations were carried out to optimize the subecho times of a
PRESS sequence to improve the spectral resolution between the GABA 2.28 ppm and Glu
2.35 ppm resonances. 3D-volume localized spectra were calculated for various subecho
times, TE; and TE,, incorporating the experimental RF and gradient pulse waveforms,
according to a product-operator based transformation-matrix method described in a prior
study (17). The simulations were programmed with Matlab (The MathWorks, Inc.). The
GABA-optimized PRESS sequence was validated in a phantom solution with GABA (2
mM), Glu (20 mM) and creatine (Cr) (16 mM).

Nine healthy volunteers were enrolled in the study (5 female and 4 male; age 21 — 32,
median 24). MR experiments were carried out in a 7T whole-body scanner (Philips Medical
Systems), equipped with quadrature birdcage RF transmission and 16-channel signal
reception. The protocol was approved by the Institutional Review Board of the University of
Texas Southwestern Medical Center. Written informed consent was obtained prior to the
scans.

In vivo single-voxel localized 'H MR spectra were obtained, with a GABA-optimized
PRESS sequence (TE = 92 ms), from four brain regions in each of the 9 subjects; namely,
medial prefrontal, left frontal, medial occipital and left occipital brain. Slice-selective RF
pulses included an 8.8-ms 90° RF pulse (bandwidth = 4.7 kHz) and an 11.9-ms 180° RF
pulse (bandwidth = 1.4 kHz) at By = 15 uT. PRESS acquisition parameters included TR =
2.5 s, acquisition bandwidth = 5 kHz, and 2048 sampling points. The voxel size ranged from
10 to 15 mL. The number of signal averages (NSA) was 192 — 256, depending on the voxel
size and brain regions (256 averages for the scans in left frontal and occipital regions). The
carrier frequencies of the slice selective RF pulses were set to 2.5 ppm. An unsuppressed
water signal was acquired from each voxel using an RF carrier at the water resonance for
residual eddy current compensation. An unsuppressed short-TE (13 ms) water signal was
acquired using TR = 2.5 s from the same voxel. 3D sagittal T1-weighted image was acquired
with TR/TE/TI = 2500/3.7/1300 ms, flip angle = 8°, field of view = 240240 mm, and 150
slices (slice thickness = 1.0 mm). Metabolite T, measurement was conducted for the medial
occipital brain in a subject, with NSA = 32 at each of 11 TEs (75 — 275 ms; increments of 20
ms) and TR =25s.

The data from the 16 channels were combined off-line, using an in-house Matlab script
which was developed according to a published algorithm (18). The combined data were then
zero filled to 8192 points prior to Fourier transformation. Spectral fitting was performed
with LCModel software (Ver 6.2) (19), using numerically-calculated basis spectra of 16
metabolites; GABA, Glu, GIn, GSH, NAA, NAAG, tCr (creatine + phosphorouscreatine),
tCho (glycerophosphocholine + phosphocholine), myo-inositol, glycine, taurine, scyllo-
inositol, aspartate, phosphoethanolamine, ethanolamine, and lactate. Published chemical
shift and J coupling constants were used for calculating the basis function; Kaiser et al. (5)
for GABA, Choi et al. (20) for GSH, and Govindaraju et al. (2) for other metabolites. The
spectral fitting was performed between 0.5 and 4.2 ppm. Cramer-Rao lower bound (CRLB),
which is the measure of precision (21), computed from the Cramer-Rao Theorem that uses
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the diagonal elements of the least-squares variance-covariance matrix (19), was returned as a
percentage standard deviation (SD) by LCModel. The fractions of gray and white matter
(GM and WM) and cerebrospinal fluids (CSF) within the MRS voxels were obtained from
segmentation of the Tq1-weighted images using Statistical Parametric Mapping software
(SPMB5) (22). The tissue segmentation was undertaken incorporating the chemical shift
displacement effect. A major resonance was chosen for each metabolite based on the highest
signal selectivity and used to calculate the voxel displacement according to the spectral
difference of the resonance from the RF carrier (2.5 ppm). The major resonance used was
2.01, 2.045, 2.28, 2.35, 2.44, 2.54, 3.03 and 3.21 for NAA, NAAG, GABA, Glu, GIn, GSH,
tCr and tCho, respectively. The metabolite signal estimates from LCModel were normalized
with respect to the water signal from GM and WM. Metabolite concentrations were then
calculated by setting the mean value of the tCr estimates from the medial occipital brain at 8
mM (10,11). The T, relaxation effect on the metabolite signal was corrected using
experimental T, values obtained within the study. To obtain the metabolite concentrations in
pure GM and WM, the metabolite estimates from the brain regions were fitted with a linear
function of fractional GM matter content, fgp = GM/(GM+WM). Prism 5 (GraphPad
Software, Inc.) was used for the linear regression and relevant statistical analyses. Paired t-
test was performed for comparison of metabolite estimates and regression outputs between
brain regions. Statistical significance was declared at p value < 0.05. Data are presented in
meanzSD.

We performed numerical simulations and obtained a PRESS subecho time set (TE4, TE,) =
(31, 61) ms for detection of GABA and Glu at 7T, where TE; and TE, are the subecho times
of the first and second slice-selective 180° RF pulses respectively. At this PRESS TE = 92
ms, the GABA and Glu multiplets between 2.2 and 2.4 ppm were narrow and completely
separated up to singlet linewidth (FWHM) of 14 Hz, as indicated by simulation results in
Fig. 1a. The overall widths of the GABA 2.28 ppm and Glu 2.35 ppm multiplets were
smaller by ~2 fold compared to 90°-acquisition for potential in-vivo singlet FWHM of 8 —
12 Hz. Of note, the multiplet widths at TE = 92 ms were comparable to singlet linewidth; for
instance, for singlet FWHM of 10 Hz, the GABA and Glu multiplet widths were 10 -10.5
Hz at the level of (positive amplitude + negative amplitude)/2, whilst the GABA and Glu
multiplet widths of 90°-acquisition were 18.5 — 19 Hz. Ignoring T, relaxation effects, the
signal strengths of GABA and Glu were 72% and 58% with respect to the 90°-acquisition.
As a result, when the GABA and Glu multiplets were summed for a GABA-to-Glu
concentration ratio of 1:10, the GABA 2.28 ppm signal, which was not discernible in 90°-
acquisition for singlet FWHM > 8 Hz, became clearly differentiable from Glu at PRESS TE
= 92 ms. For the same concentration ratio, the calculated composite signal pattern of PRESS
TE =92 ms was closely reproduced in phantom experiment (Fig. 1b). The zero-TE
calculated composite signals of GABA and Glu were very similar to phantom spectra
obtained with STEAM (TE, TM) = (8, 14) ms, in which the J evolution effects may be
negligible.

T, relaxation times of Glu, NAA, tCr and tCho in the medial occipital brain were measured
for use to correct for the transverse relaxation effects. The singlets of NAA, tCr and tCho at
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TE = 275 ms were 26%, 15% and 23% relative to those at TE = 75 ms, respectively (Fig.
2a). With increasing TE, the intensity and pattern of the Glu multiplet at 2.35 ppm were both
altered due to the T, relaxation and J coupling effects. The Glu signal was relatively well
defined at TE =75 — 115 ms and 215 — 255 ms. From mono-exponential fitting of the
LCModel estimates of the signals as a function of TE, the T,’s of Glu, NAA, tCr and tCho
were estimated to be 121, 147, 106 and 141 ms, respectively. The T, estimates of NAA and
tCr agreed well with prior measures by PRESS at 7T (23). The T, values of Glu, NAA, tCr
and tCho were used for subsequent data analysis for metabolite quantification. The T,’s of
GABA, GIn and GSH were assumed to be identical to the Glu T».

Figure 3 presents in-vivo spectra from the medial frontal (MF) and left frontal (LF) brain of
a healthy volunteer, together with spectral analysis results. The fractional GM content was
78% and 18%, respectively. With the substantial attenuation of MM signals at TE = 92 ms,
the spectra had fairly flat baselines and were well reproduced by the fit with minimal
variations in residuals between 0.5 and 4.2 ppm (Fig. 3b). As predicted by the simulation
and phantom data, the GABA signal at 2.28 ppm was resolved from the large Glu 2.35 ppm
peak (Fig. 3c). The GABA signal was clearly discernible in the spectrum from the MF voxel
(GM dominant), whilst the spectrum from the WM-rich, LF region showed a small signal at
2.28 ppm. The GABA concentration estimate was higher by > 2 fold in GM- than in WM-
dominant regions. The GABA CRLB was 5% and 9% in spectra from GM and WM regions,
respectively. The Glu signal at 2.35 ppm was also greater in GM- than in WM-dominant
region. The Glu CRLB was 1 — 2% in both spectra. The spectrum from the LF showed a
small GIn signal at 2.44 ppm compared to the MF spectrum. The NAAG singlet at 2.045
ppm was unequivocally discernible in the spectrum from LF, indicating higher NAAG in
WM than in GM. The 2.18 ppm multiplet of the NAAG glutamate moiety was also larger in
LF than in MF.

For validation of GABA detection, LCModel fitting was undertaken with and without
GABA in the basis set. In the spectral fitting with GABA, the in vivo spectra were well
reproduced by the fits, leading to noise-level residuals at GABA resonances (Fig. 3c,
Residuals-1). When GABA was excluded from the basis set, large residuals at the GABA
2.28 and 1.89 ppm resonances resulted (Fig. 3c, Residuals-2), supporting that the signals at
2.28 and 1.89 ppm in the in-vivo spectra were primarily attributable to GABA. The residuals
from without-GABA fitting were larger in spectra from GM regions than in spectra from
WM regions.

The signal-to-noise ratio (SNR) and linewidth were quite similar between the 36 data sets
from 9 subjects (4 voxels in each). For spectra from the MF, LF, MO (medial occipital), and
LO (left occipital) regions, the mean SNR of NAA (2.01 ppm) was 304+37, 296+25,
313+36 and 302+37, and the mean linewidth of tCr (3.03 ppm) was 10.1+0.9, 9.2+0.7,
9.6+0.6 and 9.9+0.8, respectively. Here, the SNR was the ratio of the tNAA singlet
amplitude with respect to the SD of the residuals between 1.7 and 3.3 ppm. As shown in
Table 1, the fractional GM content was approximately 70% for the voxels in the MF and
MO regions and about 20% for the voxels in the LF and LO regions.
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GABA was measurable with CRLB < 16% in all 36 spectra. The concentration of GABA
was estimated to be 1.0+0.1, 0.440.1, 0.8+0.1, and 0.3+0.1 mM for the MF, LF, MO and LO
regions, respectively (Table 1). The estimate was significantly different between MF and LF
and between MO and LO (p < 2x1079). Also, the GABA estimate was significantly different
between MF and MO regions (p = 9x10™4) while the fgy was about the same between the
regions (p = 0.5). Linear regression of the GABA estimates with respect to fgy showed
slightly stronger correlation of the concentration with fgy, in frontal brain than in occipital
brain (slope = 1.1 vs. 0.9), but the difference in the slopes was not significant (p = 0.06)
(Fig. 4). The GABA level in pure GM (i.e., Y-axis intercept at fg = 1) was estimated to be
1.3 and 1.0 mM for frontal and occipital brain respectively, which were significantly
different from each other (p = 0.001). The GABA concentration in pure WM (i.e., Y-axis
intercept at fg\ = 0) was about the same between frontal and occipital brain (~0.15 mM).
The ratio of the Y-axis intercepts was 7.5+2.7 and 7.5+2.9 for frontal and occipital brain,
respectively. The GABA CRLB ranged from 4% to 7% in the data from the MF and MO
regions, while it was relatively large (8 — 16%) in the data from the LF and LO regions.

The Glu estimate was significantly different between the MF and LF regions and between
the MO and LO regions (p < 2x1075) (Table 1). Linear regression showed that the
correlation of Glu with fgy, was about the same between frontal and occipital brain (slope =
6.4). Glu showed significant difference between MF and MO regions and between LF and
LO regions (p < 0.02) (Fig. 5). The Glu CRLB was <2% in all data. For GIn, the GM and
WM dependence of the estimate was markedly different between frontal and occipital brain.
While the mean Gln level was similar between the MO and LO regions (~2.3 mM), the data
from the MF and LF regions showed drastically different Gin levels (1.5 and 0.4 mM
respectively; p = 3x107°), giving a correlation slope of 2.0, which was significantly different
from the (essentially) zero slope in the occipital-brain data (p = 1-9). The Gln difference
between MF and LF remained significant (p = 2.4x10~4) following a Bonferroni correction,
which was done by multiplying the uncorrected p value by the number of metabolites, 8.
The GIn CRLB of the LF region was distinctly larger than those of other regions (9 — 31%
vs. 2 — 6%). For GSH, the concentration was estimated to be more or less 1 mM in the four
regions. The estimates from the MF and MO were significantly different from each other
(1.1 and 0.8 mM respectively; p = 0.01). Linear regression analysis suggested that the GSH
concentration may be higher in frontal GM than in occipital GM (p = 0.02). In contrast to
many other metabolites, NAAG showed negative correlation with fgy,. The NAAG estimate
was very similar between frontal and occipital brain. The mean concentration of the LF and
LO regions was ~2.5 times higher than that of the MF and MO regions (1.9 vs. 0.8 mM). A
linear regression of the entire 36 estimates of NAAG gave the ratio of the Y-axis intercepts
at fop = 0 and 1 as 33+42. The concentration of NAA was estimated to be fairly constant
between the four regions (9 — 10 mM), without an indication of significant difference
between GM and WM or between frontal and occipital brain. For tCho, the concentration
from the MF region was distinctly larger than those from other regions (1.9 vs. ~1.3 mM)
(Table 1). The concentration was significantly different between GM- and WM-dominant
regions (p = 6x107° in frontal and 0.01 in occipital). The correlation with fgy was quite
different between frontal and occipital brain, the slope being positive (0.9) in frontal brain
and negative (—0.4) in occipital brain, which were both significantly different from zero (p =
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4x1078 and 0.01 respectively). The tCr estimates from the MF, LF, MO, and LO regions
were 8.6, 5.4, 8, and 6.4 mM, respectively. The tCr level was significantly different between
GM- and WM-rich regions (p < 4x1076). The GM tCr levels in frontal and occipital brain
(10.0 and 8.9 mM respectively) were significantly different from each other (p = 0.02).

DISCUSSION

Although, at 7T, short-TE MRS gives large signals with minimal T signal loss, the spectral
overlaps between the broad multiplets and interference of MM signals could make GABA
estimation from short-TE data difficult, as in our prior study (20). Given the spectral
complexities at short TEs, simplification of spectra via suppression of MM signals and
manipulation of the J evolution at an optimized intermediate TE can provide an alternative
tool for measuring small metabolite signals. The current paper reports regional variations of
GABA, Glu, GIn, GSH and NAAG, together with those of NAA, tCho and tCr, using
PRESS (TE;, TE») = (31, 61) ms, which was tailored for improving the spectral resolution
of the J coupled resonances between 2.1 and 2.6 ppm, particularly for GABA. This PRESS
TE = 92 ms method gave substantial narrowing of the GABA 2.28 ppm and Glu 2.35 ppm
multiplets and allowed improved differentiation of the small GABA signal from the adjacent
Glu peak compared to our previously-reported TE = 100 ms method (20). The Glu signal
amplitude was slightly suppressed to increase the GABA selectivity, but this is not
detrimental to Glu detection given the overall small CRLB of Glu in the present study (2%
or less). In particular, acquisition of in-vivo data that show a visually discernible GABA
peak at 2.28 ppm may be a major achievement of the present study. The GABA CRLB was
reduced compared to our prior study (i.e., ~5% vs. ~15% for medial frontal brain), indicating
improved precision. Additionally, spectral fitting without GABA resulted in noticeable
residuals at the GABA resonances, indicating good selectivity of GABA by the optimized
MRS. In addition, it is noteworthy that the GABA signal strength from the PRESS TE = 92
ms method is substantially larger than the GABA 3.01 ppm signal obtainable by J difference
editing. A computer simulation indicated that, for a GABA-to-Cr concentration ratio of 1:8,
a GABA 2.28 ppm to Cr 3.03 ppm signal amplitude ratio is 3.7% in PRESS TE = 92 ms
whereas J difference editing can give a GABA 3.01 ppm signal only up to 2% of the Cr
signal depending on the slice-selective RF pulse bandwidth.

Several prior 7T MRS studies reported GABA measures together with other brain
metabolites, obtained with conventional MRS sequence schemes at relatively short TEs (6
and 35 ms) (10-12). The tCr concentration estimates of the present study and the prior
studies are similar for medial occipital brain (8 mM vs. 8 — 8.7 umol/g). For this brain
region, our GABA estimate is somewhat smaller than the estimates in the prior studies (0.8
mM vs. 1 — 1.5 umol/g). The GABA CRLB was quite smaller in our study (5 — 6%)
compared to the prior studies (7 — 15%). For Glu, our estimate of 9.1 mM agrees well with
the prior studies (9 — 10 umol/g), with mean CRLBs <2% in all the studies. GIn was
measured at various levels (1.5 — 3 pmol/g) in the prior studies, among which our Gln
estimate of 2.3 mM is close to the measurements (2.2 — 3 umol/g) at TE = 6 ms (10,11).
Published concentrations of GSH are between 0.9 and 1.4 pmol/g while our estimation is 0.8
mM. The mean CRLBs of GlIn and GSH are slightly lower in the current study (3 and 6%
respectively) than in the prior studies (4 — 13%).
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At 7T, while GABA may be measurable by means of uniform excitation over the entire
resonances as demonstrated in the present and aforementioned prior studies (10-12), some
studies measured GABA using spectral editing such as difference editing or polarization
transfer methods (24-26), which edited the GABA 3.01 ppm C4-proton resonance utilizing
its J coupling to the 1.9 ppm C3-proton resonance. A notable difference between the
uniform excitation and spectral editing methods is homocarnosine contamination. Due to the
close proximity of the homocarnosine C4 and C3 proton resonances to the free GABA C4
and C3 proton resonances, the homocarnosine C4 proton resonance will be fully co-edited in
GABA editing and consequently the edited signal at ~3 ppm will be representative of the
concentrations of GABA plus homocarnosine (assuming no other contamination). In
contrast, the performance of a uniform excitation method may be largely dependent on the
selectivity of the GABA 2.28 ppm C2-proton resonance. Generating a well-defined GABA
2.28 ppm signal against the neighboring abundant Glu signal would therefore be essential
for reliable estimation of GABA. Since the homocarnosine 2.35 ppm C2-proton resonance
(16,27) is relatively distant from the GABA C2-proton resonance, GABA estimation by
uniform excitation may be quite immune to homocarnosine contamination. Interestingly, our
GABA estimates of 0.8 — 1.0 mM in medial frontal and occipital brain are in good
agreement with prior spectrally-edited free GABA estimates that were obtained with a
correction for homocarnosine contamination (24,27) assuming a homocarnosine-to-free
GABA concentration ratio of 1/3 (28). In biopsies from frontal, temporal and cerebellar
cortices of the human brain, the homocarnosine concentration was measured to be about
50% of the free GABA level (29).

GM and WM dependence of GABA was evaluated in several prior MRS studies, mostly 3T,
which all performed regression analyses to obtain the GABA levels in pure GM and WM
(7,8,30,31). In the current study, the GM-to-WM GABA concentration ratio was about the
same between frontal and occipital brain (~7.5). This value is in good agreement with a prior
measure (~8) by spectroscopy imaging, in which the GABA 3.01 ppm was measured with
double-quantum editing and a nonlinear regression was undertaken on point-spread-function
corrected estimates of GABA/tCr, mostly from posterior brain (7). Our estimate for
occipital-GM GABA is lower by ~30% compared to this prior study (1.0 vs. 1.3 mM) in
which homocarnosine was likely included in GABA estimates. A similar GM-to-WM
GABA concentration ratio (8.7) was obtained from a linear regression in a prior single-voxel
MRS study in sensorimotor cortex (31), in which the GM GABA estimate was quite large
(2.8 mM). However, the GM-to-WM GABA concentration ratio from the present study is
much larger than those (2 — 3) from other prior studies (8,30). For regional variations in
GABA, our observation of higher GABA in MF than in MO agrees with a recent 3T study
which reported GABA levels in four regions in anterior and posterior cingulate cortices (32).
In this prior study, GABA was measured to be significantly higher in anterior cingulate
cortex than in posterior cingulate cortex while the fractional GM content within the voxel in
the anterior region was lower than that in the posterior. In contrast, GABA was measured to
be higher in posterior brain than in anterior brain in other 3T study (33). The cerebellar
GABA level was measured to be lower than the anterior cingulate GABA level in another
prior 3T study (34). It may be that the GABA concentration and its dependence on tissue
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composition vary from one anatomical location to another and the GABA measures of the
current study could be specific to the locations investigated.

Several prior spectroscopic imaging and single-voxel MRS studies evaluated Glu in GM and
WM with regression analyses (35-38). The GM-to-WM ratio of Glu is in good agreement
between the present and prior studies (2 — 2.5) most likely because of the relatively high
concentration and consequently large signal. In contrast, there is paucity in literature for
regional variations in GIn and GSH, perhaps due to the presence of technical challenges in
measuring these relatively low concentration metabolites. While in our study GIn was
estimated to be substantially higher in GM than in WM in frontal brain and to be about the
same between GM and WM in occipital brain, a prior spectroscopic imaging study at 7T
(38) showed that Gln is about 2 fold higher in GM than in WM in the supplementary motor
area. Compared to a single-voxel MRS study at 7T (39), which reported metabolite ratios (/
tCr) from MRS voxels (~15 mL) in medial frontal and right frontal brain (without
regression), the (GIn/tCr)pe-to-(GIn/tCr) g ratio of the present study (calculated from Table
1) is quite large compared to the (GIn/tCr)pp-to-(GINACI)Right-Frontal atio of the prior study
(2.4 vs. 1.3). For GSH, the GM-to-WM concentration ratio of ~1.2 (frontal brain) in the
present study is slightly smaller than a value (1.5) from a prior spectroscopic imaging study
(difference editing of the GSH 2.95 ppm resonance) (40), in which the GSH level was
estimated to be 3.2 and 2.2 mM for GM and WM, respectively. Our observation of higher
GSH in frontal GM than in occipital GM agrees with the result from this prior study. For
NAAG, our measures of the concentrations in the GM- and WM-dominant voxels (~1 and
~2 mM respectively) agree well with the reported values in prior MRS studies (10,41,42).
The NAAG-to-NAA ratios in the GM and WM voxels of the present study, which were
respectively ~0.1 and ~0.2 for both frontal and occipital brain, show slight discrepancy
compared to some previous studies (41,43), but are in good agreement with recent 3T and
7T studies (44,45).

Several weaknesses and sources of errors may be present in the present study. First, while
spectral simplification by the use of a relatively long TE (92 ms) may be beneficial,
quantification of metabolite levels requires correction for T, relaxation effects. Since the T,
effects in GABA, GIn and GSH were corrected using the Glu T, value, uncertainties may be
present in the estimation of GABA, GIn and GSH, depending on the differences in their T,’s
from the Glu T,. Second, slice displacements due to the limited bandwidth of the 180° RF
pulse were quite large (~10% of the slice thickness per 0.5 ppm), preventing estimation of
metabolites in an identical volume. Third, although the NAA CH, multiplet at ~2.5 ppm was
substantially suppressed with PRESS TE = 92 ms, the residual signal was not negligible
compared to the C4-proton multiplets of GIn and GSH and thus could interfere with
estimation of these metabolites. It appears that the NAA multiplet at ~2.5 ppm can be further
suppressed by applying an additional RF pulse between the PRESS 180° pulses (39),
although this may require additional echo time optimization. In the present study, a short-TE
(13 ms) STEAM water signal was obtained from a single voxel and used for metabolite
estimation. As shown in Table 1, the fractional GM contents within the NAA 2.01 ppm and
tCho 3.21 ppm resonance voxels in left frontal brain differed by ~7% from that of the ~2.5
ppm resonance voxel. It is expected however that, with published water concentrations in
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GM and WM (81% and 71% relative to the bulk water concentration respectively (46)), the
GM+WM water signals from the shifted voxels may differ by ~1% from the acquired water
signal. This is within the experimental errors in vivo. Also, errors could be introduced due to
the difference in the slice profiles of the STEAM 90° and PRESS 180° RF pulses, whose
ratios of the transition width to the bandwidth at half amplitude were 10% and 12%
respectively. The discrepancy between the STEAM and PRESS voxel shapes was ignored in
this study. Lastly, presence of potential residual MM signals near 2.28 ppm could influence
estimation of GABA by the proposed method. Although the MM resonance at ~2.3 ppm
may undergo very rapid T, relaxation (i.e., ~10 fold faster compared to the Cr CH3
resonance (47)) and consequently the signals are extensively attenuated at TE =92 ms at 7T,
precise evaluation of the MM 2.3 ppm multiplet resonance (13) would be required for
ensuring GABA detection without MM interferences. However, it is likely that, given
similar MM concentrations between GM and WM regions (8), the notable difference in the
2.28 ppm signal strengths in our spectra from medial frontal and left frontal voxels (see Fig.
3) may be primarily due to the regional difference in GABA, implying that our GABA
estimates may not contain substantial MM contaminations.

In conclusion, we have measured GABA and other challenging metabolites in several
regions in healthy human brain, using a GABA-optimized PRESS method at 7T in vivo.
Linear regression of the GABA estimates with respect to the fractional GM content
indicated that GABA is 7 — 8 fold higher in GM than in WM. The concentrations of Glu and
tCr were about 2 fold higher in GM than in WM while NAAG was notably higher in WM
than in GM. The dependence of GIn and tCho on tissue composition was markedly different
between frontal and occipital brain. These results suggest that evaluation of potential
alterations in the metabolites in disease conditions may require comparison of the estimates
from matched brain regions and/or interpretation of the metabolite measures together with
the tissue contents.
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Abbreviations used

CRLB Cramer-Rao lower bounds
FWHM full width at half magnitude
GABA y-aminobutyric acid

GIn glutamine

Glu glutamate

Gly glycine

GM gray matter

GSH glutathione
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Lac lactate
LF left frontal
LO left occipital
MM macromolecule
MF medial frontal
MO medial occipital
NAA N-acetylaspartate
NAAG N-acetylaspartylglutamate
NSA number of signal averages
PRESS point resolved spectroscopy
RF radio frequency
SNR signal-to-noise ratio
STEAM stimulated echo acquisition mode
tCho total choline (glycerophosphocholine + phosphoryl choline)
tCr total creatine (creatine + phosphocreatine)
WM white matter
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FIG 1.
Numerically-calculated and phantom spectra at 7T. (a) Spectra of GABA, Glu and Cr,

calculated for PRESS (TE4, TE,) = (31, 61) ms and 90°-acquisition, are shown for singlet
FWHM of 4 — 14 Hz. The concentration ratio is GABA:GIu:Cr = 1:10:8. (b) Spectra from a
aqueous solution with GABA (2 mM), Glu (20 mM) and Cr (16 mM), obtained with PRESS
TE =92 ms and STEAM (TE, TM) = (8, 14) ms, are shown for singlet FWHM of 4 — 14 Hz.
Spectra are normalized with respect to the Cr peak amplitude.
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FIG 2.
T, measurements for Glu, NAA, tCr and tCho at 7T in vivo. (a) A stack of medial occipital

brain spectra at 11 TEs are shown together with LCModel fits (voxel size = 23x23x23 mm?;
NSA = 32). (b) LCModel estimates of the metabolite signals at the eleven TEs were fitted
with a mono-exponential function of TE. The estimated T, values and the coefficients of
determination (R2) are shown in a box.
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Spectral analyses of in-vivo PRESS TE = 92 ms spectra from two brain regions. (a) Voxel
positioning is shown in Tq-weighted images, together with the fractional GM contents (fgm)
within the voxels (size 20x23x23 and 35x20x15 mm3 for medial frontal and left frontal
brain respectively). (b) Spectra are shown with LCModel fits, residuals and baseline
between 1.8 and 4.2 ppm. Data were acquired with NSA = 128 for medial frontal and 256
for left frontal. Spectra are normalized to GM+WM water. (¢) In-vivo spectra and LCModel
fits are shown between 1.85 and 2.75 ppm together with metabolite signals and
concentration estimates. Residual-1 and -2 (both two-fold magnified) were obtained from
spectral fittings using basis sets with and without GABA, respectively. Dotted lines are
drawn at 2.28 and 1.89 ppm (GABA resonances), at which large residual signals were

discernible in Residuals-2 from medial frontal.
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Linear regression of metabolite estimates with respect to fractional GM contents (fgpm). The
regression was performed for 8 metabolites, separately for frontal brain data (18 circles in
blue) and occipital brain data (18 diamonds in brown). Shown in a bracket (within a box) for
frontal (F) or occipital (O) brain is, left to right, Y-axis intercepts at fgq = 0 and 1, slope,
and R? (coefficient of determination). Dashed lines indicate 95% confidence intervals of the

linear fits.
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