¢ Human Brain Mapping 32:828-833 (2011) ¢

Measurement of Variation in the Human Cerebral

GABA Level by In Vivo MEGA-Editing Proton MR

Spectroscopy using a Clinical 3 T Instrument and

its Dependence on Brain Region and the Female
Menstrual Cycle

Masafumi Harada,'* Hitoshi Kubo,' Ayumi Nose,?> Hiromu Nishitani,>
and Tsuyoshi Matsuda’

'Department of Medical Tmaging, Institute of Health Biosciences, The University of Tokushima
Graduate School, Tokushima, Japan
*Department of Radiology, Institute of Health Biosciences, The University of Tokushima Graduate
School, Tokushima, Japan
*GE Healthcare Japan, Tokyo, Japan

* *

Abstract: The objectives of this study were to examine the reproducibility of the MEGA-editing J-dif-
ference technique and to determine the normal variation in the y-aminobutyric acid (GABA) level
depending on the cerebral region and its fluctuation according to the menstrual cycle as baseline data
for clinical application. The participants consisted of 15 normal adult volunteers (eight men and seven
women), and all measurements were repeated twice in all participants. The MEGA-editing pulses were
incorporated into point-resolved spectroscopy on a 3 T instrument to obtain the J-difference editing
spectra from a voxel located in the lentiform nuclei (LN), left frontal lobe (FL), and anterior cingulate
cortex (AC). The GABA levels in the gray matter (GM) were compensated by the fraction ratios of the
gray and white matters and cerebrospinal fluid in the measurement volume. The extent of the varia-
tion in GABA was almost the same as that observed in the major metabolites, and its reproducibility
was also maintained (intraclass correlation coefficient > 0.7). GABA level was highest in LN and low-
est in AC. A difference in the GABA level between the follicular and luteal phases of the menstrual
cycle was found in both LN and FL, but not in AC. This technique showed the differences in the
GABA levels in the GM and the region-specific decrease in the GABA levels during the women'’s luteal
phase. Hum Brain Mapp 32:828-833, 2011.  © 2010 Wiley-Liss, Inc.
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INTRODUCTION

Gamma-aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the human brain and is related to various
neurotransmission disorders. Proton MR spectroscopy
(MRS) can detect GABA resonance, and a MEGA-editing
technique incorporated on point-resolved spectroscopy
(PRESS) has been introduced as MEGA-PRESS by Mescher
et al. [1998] to detect small GABA signals. In this study,
MEGA-PRESS was installed into a clinical 3 T MRI instru-
ment for daily practical application during patient evalua-
tion, and the LCModel [Provencher, 1993] was used for the
postprocessing analysis to diminish the contamination by
macromolecules (MM) and increase the reliability of the
curve fitting with quality control of the obtained spectrum by
the Cramer-Rao lower bounds, which are estimates of % SD.

A large difference in GABA concentration between the
gray matter (GM) and the white matter (WM) has been
demonstrated [Petrof et al. 1988]. Therefore, segmentation
of the cerebrospinal fluid (CSF), GM, and WM in the mea-
surement volume was conducted in this study to calibrate
the differences in the GM fraction for the GABA
measurements.

This study was conducted first to examine the reprodu-
cibility of the MEGA-editing J-difference technique and,
next, to determine the normal variation or difference in
the GABA level depending on cerebral region as well as
its fluctuation in relation to the female menstrual cycle in
the different cerebral regions after compensation for the
GM fraction. These data may provide important reference
values when this technique is applied to patients in the
clinical setting.

MATERIALS AND METHODS

Fifteen normal young adult volunteers (eight men and
seven women; average, 22 years of age) participated in
this study, and measurements were conducted twice on all
participants to evaluate the measurement reproducibility
in the men and the influence of the menstrual cycle in the
women. An informed consent for this study was given by
each participant according to procedures approved by the
Institutional Review Board (No. 207). The two measure-
ments in the men were conducted within 1 week under
the same measurement conditions, and those in the
women were conducted during the follicular and luteal
phases, as determined by their menstrual periods, which
were determined by the onset of menstruation and change
of basal oral temperature, which is elevated at ovulation
and remains elevated throughout the luteal phase. The fol-
licular and luteal phases occurred within 5 days after the
completion of menstrual bleeding and within 7 days
before the next menstruation, respectively. A urine sample
was taken early in the morning on the day of the MRS
measurement to confirm the change in ovarian hormones
(pregnanediol-3-glucuronide).

(a) () (c)

Figure I.
Three locations for measurement of GABA. Voxel placed on the
(a) lentiform nuclei (LN), (b) frontal lobe (FL), and (c) anterior
cingulate cortex (AC).

All experiments were performed with a clinical 3 T MRI
instrument (Signa 3T HD, GE, Milwaukee, WI) and a
standard volume birdcage type headcoil for the RF trans-
mission and receiver. This MRI instrument is usually used
for routine clinical examinations and is not used for
research purposes except in the case of this study, as
approved by the Institutional Review Board. MEGA was
incorporated into a spin echo sequence (PRESS) as
described in previous reports by Mescher et al. [1996,
1998]. With the MEGA scheme, a spectral editing of
GABA was achieved wusing Gaussian 180° refocused
pulses; as the counterpart, a nonrefocused ] evolution
spectrum for the GABA resonances at 3.02 ppm was
obtained. Therefore, the difference in the acquired spectra
provided an edited spectrum of GABA (3.02 ppm).
MEGA-PRESS with repetition time (TR) = 1.5 s, echo time
(TE) = 68 ms, and sum of signals = 256 were acquired
from a voxel (size = 3 x 3 x 3 cm®) located in the lenti-
form nuclei (LN), left frontal lobe (FL), or anterior cingu-
late cortex (AC), as shown in Figure 1. The reasons for the
selection of these brain areas were both because of their
vulnerability to neurological or psychological diseases,
such as, schizophrenia or autism, and the possibility of
obtaining stable MRS measurements with high quality.
Furthermore, LN was chosen because of the related area
with the main GABAergic projections. These locations
were measured not only in men but, also in women, and
the changes in the GABA level influenced by the men-
strual cycle were compared in the different brain areas in
order to investigate the regional differences in ovarian hor-
monal influence. Segmentation of the GM, WM, and CSF
within the voxel was carried out on 3D-Spoiled Gradient
Recalled echo (SPGR) images with TR = 10 ms, TE = 4.2
ms, slice thickness = 0.8 mm, matrix = 256 x 256, field of
view = 24 x 24 cm, and flip angle = 15° on the basis of
the intensity of each voxel. The FMRIB’s Automated Seg-
mentation Tool (FAST, Image Analysis Group at Oxford
University) and the MEDx imaging software package (ver-
sion 3.4.3, Medical Numerics, Germantown, MD) were
used for segmentation.
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Figure 2.
Three spectra obtained by the J-difference editing method. The
upper spectrum (a) is a 1.9 ppm MEGA-editing refocused spec-
trum, the middle one (b) is the nonrefocused spectrum, and the
lower one (c) is a subtracted J-difference editing spectrum. The
signal from GABA is found at 3.0 ppm.

In a single measurement of each cerebral location, two
spectra (a ] evolution refocused spectrum and a nonrefo-
cused conventional spectrum) and a subtracted spectrum
were obtained, as shown in Figure 2. The postprocessing of
each spectrum was conducted using the LCModel (version
6.2) [Provencher, 1993], as shown in Figure 3. To prepare a
basis set for the LCModel, the in vitro spectrum of the fol-
lowing chemicals were obtained under the same conditions

as those in the human study: GABA, glutamine (Gln), glu-
tamate (Glu), N-acetyl aspartate (NAA), N-acetylaspartyl-
glutamate, creatinine (Cr), phosphocreatine, myo-inositol,
glycerophosphocholine, phosphorylcholine, glycine, tau-
rine, glucose, and lactate. A basis-set for nonrefocused
spectra was made from the in vitro spectra of all chemicals.
The in vitro spectra of GABA, GIn, Glu, and NAA were
incorporated into a basis-set for J-difference editing spectra
measured by MEGA-PRESS. The model spectrum of MM
supplied with the LCModel package was also incorporated
into our original basis-set. The GABA signal was quantified
relative to the Cr signal at 3.03 ppm in the nonrefocused
spectrum by the Cr concentration of 8 mM according to the
literature value [Harada et al., 1999]. To evaluate the repro-
ducibility of the quantitations of the major metabolites, the
NAA and choline signals observed by nonrefocused spectra
were calibrated on the basis of the Cr signal using LCModel
analysis. Because the relaxation effects of Cr and GABA
were typically comparable and assumed to be identical on
the basis of previous studies (Terpstra et al., 2002, 2003),
the relaxation effect was considered to have a negligible
influence on quantitation in this study. The criteria for
selecting reliable metabolite concentrations were based on
the % SD of the fit for each metabolite. Only results with %
SD < 20% were included in the analysis.

GABA level in the GM fraction was calculated on the
basis of the concentration ratio according to the following
equation: r = (GABA in WM)/(GABA in GM) between
GM and WM, which was previously reported in biopsy
specimens:

The corrected GABA level in GM(cgGABA)
= (measured GABA level mGABA])

x 10*/([vGM + r x vWM] x [100 — vCSF)),

where vGM, vWM, and vCSF represent the segmented
volume ratios (%) of GM, WM, and CSF in a voxel, respec-
tively. The value for r was set at 0.57 according to Petrof
et al. [1988].

The statistical difference between two measurements in
the same participant was evaluated by the paired ¢ test,
and the comparison between different individuals was
conducted using the Mann-Whitney U test. Intraclass cor-
relation coefficient (ICC) and coefficient of variance were
calculated to evaluate the reproducibility and variation
according to previous findings [Harada et al., 1999; Kubo
et al., 2003].

RESULTS

The segmented fractions in the voxels are shown in Table
I, and the CSF ratios were not significantly different at the
three locations. However, the GM ratio of the voxel in FL
was smaller than those in LN and AC; this was due to the
increase in the WM ratio in FL. GM and WM volume ratios
were not significantly different between LN and AC.
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Figure 3.
Postprocessing using the LCModel of the nonrefocused spectrum (a) and J-difference editing spectrum (b).

The reproducibility and variation in the two measure-
ments in the eight men are shown in Table II, and the dif-
ference between the first and second measurements was
not significant. The extent of variation in GABA was
almost the same as that in the other major metabolites,
and the ICC of GABA remained at the level of more than
0.7, although it was slightly lower than that of the others.

The various GABA levels in relation to the measurement
locations in the men are shown in Figure 4. The quantified
GABA level in LN (1.37 £ 0.34 mM) was the highest of
the three locations, and that of AC (0.79 + 0.21 mM) was
the lowest, with significant differences.

The results of the two measurements in the women are
summarized in Table III. The values of pregnanediol-3-glu-
curonide in the follicular phase were from 0.39 to 0.61
(mean £ SD: 0.5 £+ 0.07; unit: pg/mL), and those in the
luteal phase were from 1.6 to 2.9 (mean + SD: 2.0 £+ 0.25;
unit: ug/mL). All of the values in the luteal phase were
above the cut-off value (1.3 pg/mL) at which a participant
was considered to be in the luteal phase. Significant differ-
ences in the GABA level between the follicular and luteal
phases of the menstrual cycle were found in LN and FL;
however, in AC, the difference was small, and a significant
difference could not be found between the two phases.

TABLE I. Tissue segmentation and segmented volume
ratios (%) in a voxel (mean * SD)

Cerebrospinal Gray White

fluid matter matter
Lentiform nucleus 32+1.8 66.6 + 5.3 30.2 + 4.8
Frontal lobe 28 +1.7 594 + 1.1 378 + 14
Cingulate 22+ 1.3 68.7 £ 4.1 29.1 £39

The GABA levels in LN and FL were decreased in the
luteal phase compared with the follicular phase. The de-
pendency of the GABA level on location in the women
showed almost the same relationships in the follicular
phase as in the men; that is, they were highest in LN and
lowest in AC. However, such a difference became ambigu-
ous in the luteal phase because of the decrease in the
GABA level in LN and FL.

DISCUSSION

The reproducibility of the measurement method is con-
sidered to be important, and our results showed that the
reproducibility of the GABA measurement method was ac-
ceptable compared with that for the measurement of the
other major metabolites.

It has been reported that glutamine released by astro-
cytes is the major source of GABA carbon [Patel et al.,
2001], and the glutamate/GABA-glutamine cycle is associ-
ated with the transfer of carbon and nitrogen units [Bak
et al, 2006]. Glutamate decarboxylase (GAD) is the

TABLE Il. Quantified result of repeated measurements
of male subjects to evaluate reproducibility of this
technique

First measurement Second measurement

Mean (mM) CV (%) Mean (mM) CV (%) ICC
GABA 0.93 4.6 0.92 6.8 0.72
NAA 12.8 45 12.6 49 0.82
Cho 2.1 34 2.1 3.3 0.89

CV, coefficient of variance; ICC, intraclass correlation coefficient.
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principal enzyme involved in the synthesis of GABA, and
it is regulated through its interaction with the cofactor pyr-
idoxal-P [Martin, 1987; Martin and Rimvall, 1993]. Sutoo
et al. [2000] examined the distribution of GAD as a neuro-
chemical and immunohistochemical marker for GABAer-
gic neurons. They reported that the highest levels of GAD
were observed in the globus pallidus and hypothalamus,
and relatively high levels were localized in the caudate nu-
cleus and putamen. In our study, the GABA level was
highest in LN, including the putamen and globus pallidus,
which is consistent with the results of Sutoo and others.

In an autographic study with benzodiazepine receptor
ligands that interacted with the GABA receptors, Dennis
et al. [1988] showed that there were high densities in the
lamina IV of the neocortex and that the relative density in
the gyrus frontalis was higher than that in the gyrus cin-
guli. This result is almost consistent with our data, in
which the GM GABA level in was higher than that in AC.
The variations in GABA level obtained for the men in our
study were about 25-27%, which were higher than those
of the women in the same menstrual phase. It is thought
that the GABA level may be influenced by factors that
include the use of nicotine, alcohol, caffeine, or childhood
trauma [Enoch et al., 2010; Philibert et al., 2009]. Although
we confirmed that the participants did not have a recent
smoking habit, we speculated that the large variation
among the men may have resulted from the differences in
past life history including alcohol consumption and favor-
ite foods.
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Figure 4.
Quantified GABA level measured by the J-difference editing spec-
trum using LCModel curve fitting. GABA levels vary depending
on the measurement location with statistical significance (**P <
0.01, *P < 0.05). Error bars represent standard error.

TABLE Ill. Change in the cortical GABA level
depending on female menstrual cycle
(unit: mM, mean = SD)

Follicular phase  Luteal phase P value
Lentiform nucleus 1.46 + 0.16 1.12 + 0.13 0.0006
Frontal lobe 1.30 + 0.22 1.07 + 0.12 0.0031
Cingulate 1.10 + 0.15 0.99 + 0.22 0.360

GABA level at the lentiform nucleus and frontal lobe was higher
in the follicular phase than in the luteal phase, but that at the cin-
gulate gyrus showed no significant difference during the men-
strual cycle by the paired t-test.

We observed a difference in the GABA level in FL and
LN from the study of the GABA level relative to the men-
strual cycle, which is consistent with the result reported
by Epperson et al. [2002, 2005]. This difference is thought
to be the result of a menstrual cycle-related fluctuation of
the GABA level in the brain and variation in the proges-
terone and estrogen levels [Lovick, 2008; Maguire and
Mody, 2007]. Our study might indicate that this fluctua-
tion of GABA in the frontal cortex is more prominent than
that in the cingulate gyrus. These results suggest that the
influence of the menstrual cycle is different depending on
the cerebral region. The variation in the GABA level in the
AC during the luteal phase was increased (22%), and this
may be due to the large hormonal variation during the
luteal phase.

However, there still remain several limitations concern-
ing the methodology. One is inherent in the editing tech-
nique; specifically, the coediting of the MM coherences
and their contamination at the 3.0 ppm peak of GABA.
The current analysis using the LCModel minimized the
contamination by the MM signal in the GABA quantita-
tion, but the effect of MM contamination might not have
been completely eliminated. Another problem is the diffi-
culty of measuring GABA within each separated tissue,
that is, the GM and WM. Several studies have been con-
ducted so far concerning the effect of GM and WM on
GABA concentration [Choi et al., 2006, 2007; Jensen et al.,
2005; Petrof et al., 1988]; however, GM to WM GABA
ratios were highly variable from 1.8 to 8.1. Because this
variation may depend on differences in either the methods
or the threshold for tissue segmentation, the reliability of
tissue separation in the measurement of GABA remains to
be resolved.

Although several limitations may exist in this study, the
MEGA-editing J-difference technique at 3 T showed ac-
ceptable reproducibility and utility for noninvasive mea-
surement of the GABA level.
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