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GABA Quantitation using MEGA-PRESS:
Regional and Hemispheric Differences
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Purpose: To measure in vivo brain gamma-aminobutyric acid (GABA) concentrations, and assess regional and hemi-
spheric differences, using MR spectroscopy (1H-MRS).
Materials and Methods: GABA concentrations were measured bilaterally in the frontal cortex (FC), parietal cortex (PC),
and occipital cortex (OC) of 21 healthy young subjects (age range 20–29 years) using 3 Tesla Philips scanner. A univari-
ate general linear model analysis was carried out to assess the effect of region and hemisphere as well as their interac-
tion on GABA concentrations while controlling for sex and gray matter differences.
Results: Results indicated a significant regional dependence of GABA levels [F(2,89) 5 11.725, P<0.001, g2

p 5 .209] with
lower concentrations in the FC compared with both PC (P< 0.001) and OC (P< 0.001) regions. There was no significant
hemispheric differences in GABA levels [F(1,89) 5 .172; P 5 0.679; g2

p 5 .002].
Conclusion: This study reports the concentrations of GABA in the FC, PC, and OC brain regions of healthy young
adults. GABA distribution exhibits hemispheric symmetry, but varies across regions; GABA levels in the FC are lower
than those in the PC and OC.
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Gamma-aminobutyric acid (GABA) is the primary

inhibitory neurotransmitter in the mammalian brain

(for extensive review, see Petroff ).1 GABAergic inhibition

counteracts glutamatergic excitation to regulate neuronal

activity in the healthy brain.2 Regional alterations in GABA

have been associated with a myriad of neurological and psy-

chiatric disorders.3 For instance, disrupted GABA levels

have been reported in the parietal region in patients with

Alzheimer’s disease,4 and in the occipital region in patients

with autism.5 Studies are ongoing to assess the potential of

brain GABA levels as a neurochemical biomarker for various

neurological and psychiatric disorders.6,7 Consequently, reli-

able and accurate estimation of GABA levels in key brain

regions of healthy individuals has clinical value.

Despite the evident need and relevance of characteriz-

ing the normal distribution of GABA in the brain, there is

a paucity of such studies in the literature. A few studies

have indicated inhomogeneous distribution of GABA in the

human brain.8,9 A recent study that assessed the ratio of

GABA to N-acetyl aspartate (NAA) signal in various brain

regions of eight subjects showed significant regional differ-

ences in GABA/NAA ratios between the frontal lobe and

basal ganglia, lateral temporal lobe, and right hippocampus,

providing preliminary indication of inhomogeneous distri-

bution of GABA in the brain.10

Furthermore, there is very little information on the

left–right hemispheric distribution of GABA in the brain.

Thus far, one study has looked into hemispheric asymmetry

of in vivo GABA levels; this study showed laterality of

GABA in the primary motor cortex to be dependent on

handedness11

Until recently, robust spectroscopic quantitation of

GABA with proton (1H) MR spectroscopy (1H-MRS) has

been challenging due to its low concentrations, which are

near the detection limit for in vivo MRS at �1 mM. Addi-

tionally, the GABA resonance is obscured by high signal-to-
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noise ratio signal from other metabolites, especially from the

creatine (Cr) resonance at 3 ppm.12 Consequently, robust

quantitation of GABA requires usage of spectral editing

methods such as Mescher-Garwood point resolved spectros-

copy (MEGA-PRESS)13 and double quantum filter,14 pulse

sequences, which are tailored specifically to isolate GABA

signals from in vivo spectra.

In this study, we aim to estimate GABA concentrations

bilaterally in three cerebral regions, i.e. frontal cortex (FC),

parietal cortex (PC), and occipital cortex (OC), of healthy

young adults and investigate regional and hemispheric dif-

ferences in GABA concentrations.

Materials and Methods

Subjects
Twenty-one healthy young adults (10 males and 11 females; age

23.8 6 2.5 years; age range 20–29 years; education 17 6 2.16

years) were recruited. All subjects were right-handed and reported

normal or corrected-to-normal vision. Exclusion criteria included

MR incompatibility, claustrophobia, and history or presence of any

neurological or psychiatric disorders. All subjects were explained

the purpose of the study and written informed consent was

obtained before participation in the study. The study protocol was

approved by the human ethics committee at National Brain

Research Centre.

MR Data Acquisition
All 1H-MRS data were acquired with a 3 Tesla MR scanner

(Achieva, Philips, The Netherlands) equipped with eight-channel

dual tuned transmit-receive volume coil. The spectroscopy data

were acquired from six single voxel volumes corresponding to the

bilateral FC, PC, and OC regions of each subject (Fig. 1a). Care

was taken to ensure the standard placement of voxels in all sub-

jects, and MRS data acquisition was performed by one of us

(P.K.M.) for consistency.

At each of the six brain regions, GABA measurements were

performed using MEGA-PRESS pulse sequence from individual

voxel volumes of 15.6 cc (voxel dimension 5 2.5 3 2.5 3

2.5 cm3) with the following experimental parameters: repetition

time (TR) 5 2000 ms; echo time (TE) 5 68 ms; spectral

width 5 2000 Hz; number of samples 5 2048; number of signal

averages 5 320. The GABA resonance at 3 ppm was detected by

application of refocusing pulse at 1.9 ppm during ON spectra and

at 7.5 ppm during OFF spectra (Fig. 1b). Suppression of water sig-

nal was achieved by chemical shift selective (CHESS) imaging tech-

nique.15 First- and second-order shimming was performed using

pencil beam-volume, resulting in water linewidths of < 16 Hz for

FC, < 12 Hz for PC, and < 13 Hz for OC. The total scan time

for all six brain regions was approximately one hour.

Following 1H-MRS acquisition, T1-weighted anatomical

image was acquired with following acquisitions parameters:

TR 5 8.4 ms; TE 5 3.48 ms; field of view 5 210 3 210 3

160 mm3; flip angle 5 88; total number of slices 5 145; voxel

size 5 1 3 1 3 1.1 mm3.

Postprocessing and Quantitation
The postprocessing and spectral fitting of 1H-MRS data were per-

formed using an in-house MATLAB-based toolbox, KALPANA.

All sub-spectra were initially phase corrected with respect to first

data point, apodized with 4 Hz Gaussian window function, and

zero-filled to 4096 time points, followed by Fourier

FIGURE 1: Detection of GABA resonance at 3 ppm through MEGA-PRESS editing technique. (a) MRS voxel placement for regions
of interest in the bilateral frontal, parietal, and occipital regions. (b) Representative stacked plot showing (i) the sub-spectrum
acquired with the J-editing pulses OFF; (ii) the sub-spectrum acquired with the J-editing pulses ON; (iii) the edited spectrum with
the GABA resonance at 3 ppm (blue line) together with the fitted spectrum (red line); (iv) the residual difference between the
experimental and fitted GABA spectrum (brown line).
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transformation. Each sub-spectrum was then corrected for phase

and frequency shift errors with respect to the Cr peak. Before sum-

mation, individual sub-spectra were rejected in pairs if any of the

parameter estimates for the Cr peak, i.e. amplitude, frequency,

phase, or linewidth, deviated more than 3 SD (as estimated from

all sub-spectra).16 Subsequently, the summed ON spectrum was

subtracted from the summed OFF spectrum to obtain the differ-

ence edited spectrum. The edited spectrum was inverse Fourier

transformed to time-domain and residual water was suppressed

using the Hankel singular value decomposition method.17

The GABA signal at 3 ppm was fitted as two Gaussian peaks

(Fig. 1b) using an iterative baseline estimation and peak fitting

approach.18 This approach has been previously shown to yield bet-

ter quantitation results as compared to single pass optimization

method that models baseline and metabolite signal together.19 We

used singular spectrum analysis20 for baseline estimation, and time-

domain nonlinear least square cost function optimization for spec-

tral fitting. The quality of spectral fitting was assessed using

Cramer-Rao lower bound (CRLB)21 values for the time-domain

GABA amplitude estimates and fitted spectra with CRLB> 20%

were rejected.

The anatomical images were segmented using the fuzzy c-

means method22 and tissue composition within each voxel volume

was calculated. The percentage GM in each voxel volume after

excluding cerebrospinal fluid was used to account for the difference

in GM fraction between different voxels.

Absolute Quantitation
GABA concentrations in mM (institutional units), i.e. [GABA], were

estimated using Cr as internal reference according to the equation:

½GABA�5 IGABA3½Cr�
ICr

3
3

2
3

MMcor

eff

where IGABA and ICr are the signal intensities of GABA and Cr,

respectively; [Cr] is the concentration of Cr (assumed to be

7.1 mM); 3/2 is the ratio of number of protons in Cr and GABA;

MMcor is the scaling factor to account for contribution of macro-

molecules (MM) to the GABA peak (.45)23; eff is the editing effi-

ciency (.5).23 Both IGABA and ICr were individually corrected for

T1 and T2 relaxation effects by using literature reported values of

T1 and T2 relaxation times.24–26

Statistical Analysis
Data were analyzed using the Statistical Package for Social Sciences

(SPSS, version 22.0, Chicago, IL). Normality and homoscedasticity

of GABA levels were assessed using Shapiro-Wilk test and Levene’s

test, respectively. As the criterion for normality was not met in

some of the cases, GABA concentrations were log-transformed.

The effect of REGION (FC, PC, OC) and HEMISPHERE (left

and right) factors on Log GABA was assessed with univariate gen-

eral linear model (GLM) analyses. To control for the possible con-

founding effects of sex and voxel GM content on GABA levels, sex

of subjects and percentage GM in voxels were included as covari-

ates. The main effects of REGION and HEMISPHERE along

with the interaction factor REGION 3 HEMISPHERE were

assessed. Post hoc analysis were carried out using the Bonferroni

method for multiple comparison correction. All results are reported

as mean 6 SD. Significance level was set at P< 0.05 for all

analysis.

Results

The mean and SD values of GABA for each region and

hemisphere are tabulated in Table 1. The GLM analysis

indicated a significant main effect of REGION on Log

GABA after controlling for sex and voxel GM fraction

[F(2,89) 5 11.725; P< 0.001; g2
p 5 .209] (Fig. 2a). Post

hoc analysis between different regions indicated that the FC

had significantly lower Log GABA compared with both PC

(P< 0.001) and OC (P< 0.001) (Fig. 2a). No significant

difference was found for Log GABA between the PC and

OC (P 5 0.523).

Assessment of hemispheric GABA distribution revealed

no significant hemispheric asymmetry in Log GABA

[F(1,89) 5 .172; P 5 0.679; g2
p 5 .002] (Fig. 2b). Moreover,

there was no significant effect of REGION 3 HEMI-

SPHERE interaction on Log GABA [F(2,89) 5 .313;

P 5 0.732; g2
p 5 .007].

Discussion

In this study, we investigated regional and hemispheric var-

iations of in vivo GABA levels using single voxel MEGA-

PRESS after controlling for both sex and GM fraction.

GABA concentrations found in our study are in line with

previously published concentrations of GABA.11,27 The key

finding of our study is that GABA levels are symmetrically

distributed between left and right hemispheres but vary

across regions.

Previous studies have indicated inhomogeneous distri-

bution of GABA in the human brain.8–10 Our finding of

lower GABA levels in the FC compared with the OC are in

line with a recent study that showed a similar, albeit

TABLE 1. GABA Concentrations in mM (institutional
units) for Different Regions and Hemispheres

Mean SD 95% Confidence
interval

Lower
bound

Upper
bound

Regions:

Frontal 2.09 .50 1.89 2.29

Parietal 2.78 .56 2.59 2.96

Occipital 2.74 .84 2.45 3.04

Hemispheres:

Right 2.54 .59 2.37 2.71

Left 2.62 .82 2.38 2.86
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insignificant, trend in GABA/NAA ratio between the FC

and OC.10 These regional variations in GABA concentra-

tions likely relate to variation in the number and synaptic

density of GABAergic neurons in these regions, although

MRS does not allow for distinction of intracellular versus

extracellular GABA.3 The observed regional GABA distribu-

tion in this study highlights the importance of considering

regional differences while investigating between-population

differences in GABA levels, particularly in context of neuro-

logical and psychiatric disorders.

There exists extensive evidence for brain lateralization

from anatomical, functional, and biochemical studies. How-

ever, there is very little in vivo evidence of neurochemical

laterality. Function-related regional asymmetry of GABA

distribution has previously been reported in one MRS study

that indicated higher in vivo GABA levels in the left pri-

mary motor cortex than in the right motor cortex of right-

handed subjects.11 A postmortem biochemical analysis study

has also shown asymmetrical distribution of GABA.28 Our

data, however, do not support the idea of GABA laterality

in the FC, OC, and PC regions of the brain.

It is important to discuss the findings of this study in

light of its limitations. Previous studies indicate significant

effect of menstrual cycle on GABA concentrations.9,29 How-

ever, we did not control for the phase of menstrual cycle

during GABA signal acquisitions, which may have con-

founded the obtained GABA concentrations. Furthermore,

the generalizability of the study findings is limited to

healthy young adults (20–29 years) and to selective brain

regions (frontal, parietal and occipital cortices). Future

large-scale studies that target other brain regions and differ-

ent age groups are required to gain further insights into

regional GABA distribution in the brain.

It should also be noted that, although the relative con-

tribution of MM to the GABA peak has been accounted for

in our study, we did not control for variability in GABA to

MM ratio. However, the relative contribution of MM to

the GABA peak has been shown to remain relatively stable

across anatomical regions of the brain,30 suggesting that the

observed regional variations reflect changes in absolute

GABA concentrations.

In conclusion, this study reports bilateral GABA con-

centrations in three key brain regions and demonstrates sig-

nificant regional variations in brain GABA levels. It

evidences hemispheric symmetry in GABA distribution. The

findings in this study underscore the importance of factor-

ing regional effects while assessing GABA levels in various

clinical studies are under active consideration.
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