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Abstract

Purpose—The conventional spectral-editing experiment used to measure GABA in the human 

brain also contains a contribution from macromolecules (MM), and the combined GABA plus 

MM signal is often referred to as “GABA+”. More recently, methods have been developed to 

estimate GABA free from MM contamination. In this study, the relationship between GABA 

acquired with MM suppression and conventional GABA+ measurements was examined.

Methods—GABA-edited MEGA-PRESS experiments with and without MM suppression were 

performed in the sensorimotor and occipital cortex of 12 healthy subjects at 3 Tesla. The 

correlation between GABA+ and MM-suppressed GABA measures was then determined.

Results—Across all data, a significant correlation between GABA+ and MM-suppressed GABA 

was found (r = 0.48; P = 0.02). Regionally, the sensorimotor voxel showed a trend toward a 

correlation of r = 0.53, P = 0.07 and the occipital voxel did not show a correlation, r = 0.058, P = 

0.9.

Conclusion—GABA+ and MM-suppressed GABA are moderately correlated, but statistical 

power to reveal this relationship may vary regionally. The MM signal, while often assumed to be 

functionally irrelevant, appears to show inter-individual and inter-regional variance that impacts 

the correlation of GABA+ and MM-suppressed GABA.
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1 INTRODUCTION

The inhibitory neurotransmitter γ-aminobutyric acid (GABA) has an important role in 

shaping and regulating neuronal activity. In vivo GABA concentrations can be estimated 

using 1H magnetic resonance (MR) spectroscopy, which has been applied to study disease 

(1–5) and healthy brain function (6–10). GABA is typically measured using a J-difference 
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spectral-editing approach, because the GABA resonance signals (at 3 ppm, 2.3 ppm, and 1.9 

ppm) are overlapped by those of more abundant metabolites and, therefore, are difficult to 

quantify directly. J-difference editing involves acquiring two subspectra: in the first (ON) 

subspectrum an editing pulse is applied at 1.9 ppm to refocus the evolution of the coupled 

signal at 3.0 ppm; in the second (OFF) subspectrum the editing pulse is not applied (or, 

more often, is applied at a frequency that does not impact GABA signals) and thus, coupling 

evolves. The difference between the two subspectra resolves the 3.0 ppm GABA resonance 

from the overlying Creatine (Cr) signal.

One major limitation of this approach is that the edited GABA signal is contaminated by a 

macromolecular signal, due to finite selectivity of editing pulses. In a typical GABA-edited 

experiment (refer to the pulse sequence diagram and inversion profile in Figure 1), the 

editing pulses applied at 1.9 ppm partially invert the macromolecule (MM) resonance at 1.7 

ppm (3), which is coupled to an MM signal also at 3 ppm (11). As a result, there is MM 

contamination of the edited GABA signal, which makes up an estimated 45% of the total 

signal (12) and the edited signal is, therefore, often referred to as “GABA+” (= GABA

+MM).

One approach to separate the MM contribution from GABA+ is to measure the MM 

contribution directly by acquiring an MM-only, metabolite-nulled spectrum (i.e., removing 

the GABA contribution by preinversion and exploiting the difference in T1 relaxation times 

between GABA and MM). From this, GABA concentration can be calculated as the 

difference of the measured MM concentration from the GABA+ concentration (13,14). This 

approach requires the acquisition of two separate spectra from the same location, which not 

only substantially increases scan time but reduces signal-to-noise ratio (SNR) and is subject 

to error due to motion between acquisitions. A more efficient scheme is to eliminate (or at 

least minimize) the MM contribution within the acquisition. Henry et al (15) proposed an 

editing scheme in which the editing pulses are placed symmetrically about the 1.7 ppm MM 

resonance peak (i.e., at 1.9 ppm in ON scans and 1.5 ppm in OFF scans, shown in Figure 1). 

The MM signal is assumed to be inverted to the same degree in both OFF and ON scans and, 

therefore, no 3-ppm MM signal appears in the difference spectrum. If insufficiently selective 

editing pulses are applied, this editing scheme will also partially null the GABA signal. 

MEGA-SPECIAL (16) and a longer-echo time (TE) MEGA-PRESS, applied in this study, 

shown in Figure 1b, (17) have been proposed to allow longer, more selective editing pulses 

to be incorporated in the echo time for symmetric suppression of MM signals without loss of 

GABA signal.

This study examines the relationship between GABA+ and MM-suppressed GABA 

measurements. A significant correlation between GABA+ and MM-suppressed GABA 

measures across the brain is expected, both because the GABA signal contributes to the 

GABA+ signal, and because inter-individual variance in GABA+ has been related to 

inhibition-related functional outcomes (6,8,10,18). Indeed, such studies often implicitly 

assume that inter-individual variance in GABA+ measurements is largely GABA-related (1–

8,10). Both GABA+ and MM-suppressed GABA measurements were performed in two 

brain regions in 12 healthy young adults.
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METHODS

With local institutional review approval, informed written consent was obtained from 12 

healthy males (ages 29.1±5.2 years). GABA+ and MM-suppressed GABA measurements 

were performed in both the occipital cortex (OCC) and the right sensorimotor cortex (SM), 

as shown in Figure 2. The OCC voxel was placed on the midline and rotated to align with 

the cerebellar tentorium. The SM voxel was centered on the hand-knob of the motor cortex 

(19) and rotated in the coronal and sagittal planes to align with the edge of the brain. The 

order between OCC and SM acquisitions was counterbalanced and for each region GABA+ 

measurements were performed before MM-suppressed GABA measurements. Data were 

collected at 3 Tesla (T) (“Achieva”, Philips Healthcare, Best, The Netherlands) using a 32-

channel head coil. Participants were places in the head coil with lateral padding to limit 

movement. Acquisition parameters common to both MEGA-PRESS acquisitions were: 

repetition time (TR) = 2 s, 3 × 3 × 3 cm3 voxels for both locations, 40 blocks of an eight-

step phase cycle with OFF-ON editing alternating at each phase cycle, 2048 datapoints 

sampled at a spectral width of 2 kHz, and VAPOR water suppression (20). For GABA+ 

measurements, TE = 68 ms and 14 ms editing pulses were applied at 1.9 ppm and 7.46 ppm 

for the ON and OFF experiments, respectively. Unsuppressed water data were also acquired 

at TE = 68 ms. For MM-suppressed measurements, TE = 80 ms and 20 ms editing pulses 

were applied at 1.9 and 1.5 ppm and the unsuppressed water data were acquired at TE = 80 

ms. The increase in TE from 68 ms to 80 ms moves away from the original theoretical 

formalism for GABA-edited MEGA-PRESS methods (TE ~ 1/2J (3)), but is necessary to 

enable longer more selective editing pulses. The effect of extending TE to 80 ms does not 

cause substantial signal loss (21).

Data were analyzed using the “Gannet” program (22), applying spectral registration phase 

and frequency correction (23); 3 Hz line broadening; and zero-padding by a factor of 16. 

The GABA resonance was modeled as a Gaussian with a linear baseline and the water 

resonance was modeled as a Voigt lineshape with a linear baseline. GABA was then 

quantified with respect to water according to the equation:

where, SGABA is the integral of the modeled GABA+ or MM-suppressed GABA resonance 

and SH2O is the integral of the modeled water resonance. The remaining constants are: pure 

water concentration, [H2O] = 55,000 mmol/dm3, the term visH2O = 0.65 accounts for the 

concentration and density of MR-visible water (24,25), editing efficiency (κ) = 0.5 (12), T1 

and T2 of water were 1.1 s and 0.095 s, respectively (26), T1 and T2 of GABA were 0.80 s 

[intermediate between MM (11) and GABA (27)] and 0.088 s (21), respectively. Note that 

an MM correction factor of 0.45 that is typically applied to GABA+ measures (21) has been 

removed for both the GABA+ and the MM-suppressed GABA quantifications. By not 

including the MM correction factor, the GABA+ values measured in the current study are 

expected to be approximately double the value that is typically observed. The creatine 
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resonance was modeled in the OFF spectrum using a two-Lorentzian model for the creatine 

and choline resonances. The fitting characteristics of the single Lorentzian model for the 

creatine were then determined. The characteristics of the creatine resonance (full-width, half 

maximum and fitting error) are included to characterize the spectral quality before 

subtraction of the ON and OFF spectra.

Voxels were overlaid on each individual’s anatomical image using the SVMask tool 

(Michael Schär, Philips Healthcare). Tissue segmentation was performed using FAST (FSL, 

(28)) and all GABA measures were corrected for tissue fraction within the MRS voxel. The 

Pearson correlation coefficient between the paired GABA+ and MM-suppressed GABA 

measurements was initially examined across all datasets and subsequently the two locations 

(OCC and SM) were examined independently. A significance threshold of P = 0.05 was 

used to test the significance of the correlations. Paired t-tests to test for differences in 

absolute frequency drift. F-tests were used to test for differences in variance between 

regions (OCC and SM) for the GABA+ and the MM-suppressed GABA measurements. 

Follow-up Bayes factor analysis (29) was performed to test the evidence in support of the 

null hypothesis (i.e., no correlation between GABA+ and MM-suppressed GABA).

RESULTS

All spectra are shown in Figure 2b. By visual inspection, the GABA resonance peak is 

decreased in the MM-suppressed condition compared with the GABA+ measurement. The 

Glx resonance peak is also decreased in the MM-suppressed experiment because the more 

selective editing pulses do not co-edit the 2.1 ppm Glx resonance to the same degree as in 

the conventional GABA experiment, resulting in a decrease in the observed Glx signal in the 

difference spectrum. Measured GABA+ and MM-suppressed GABA for all data and OCC 

and SM voxel locations independently are summarized in Table 1. As expected, the MM-

suppressed GABA measurements are 0.49 ± 0.14 that of GABA+.

Across all data, a significant correlation between GABA+ and MM-suppressed GABA was 

observed (r = 0.48; P = 0.02), as shown in Figure 3a and Table 1. When examined in each 

voxel location independently, this correlation is marginally insignificant in the SM voxel 

and is lost in the OCC voxel. Bayes factors were 0.22, 1.0, and 2.6 for the OCC, SM, and 

pooled results, which correspond to substantial evidence for H0 for the OCC result and 

anecdotal evidence for H1 for the SM and pooled results (29). No differences in variance 

were detected between the SM and OCC for GABA+ (F-test; P = 0.5) or the MM-

suppressed GABA measurements (F-test; P = 0.2).

The tissue segmentation of the OCC voxel was 28% ± 2% white matter, 57% ± 4% gray 

matter, and 15% ± 4% CSF; the SM voxel was 53% ± 4% white matter, 32% ± 2% gray 

matter, and 15% ± 3% CSF. No correlation between measured GABA+ or MM-suppressed 

GABA and tissue fraction was observed.

The average fitting error (defined in Table 2) for the GABA+ measures in the OCC and SM 

were 4.7 ± 0.7% and 7.0 ± 1.2%, respectively, compared with 6.6 ± 2.3% and 10.3 ± 5.4% 

for the MM-suppressed data. The relative increase in error with the MM-suppressed data is a 
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result of the smaller MM-suppressed GABA signal compared with the GABA+ signal while 

the same relative amount of noise is present in both spectra. Frequency drifts were similar 

between regions, however, the frequency drift of the GABA+ acquisitions were greater than 

that of the MM-suppressed acquisitions (paired t-test, P < 0.05). Other metrics for data 

quality are summarized in Table 2.

DISCUSSION

Studies examining the role of inhibition often implicitly assume a relationship between 

GABA+ and the underlying true concentration of GABA. While the MM signal is 

considered to be functionally irrelevant, it may exhibit a relatively high level of variability 

across individuals (13). This variability will in turn influence GABA+ measurements and 

could potentially cause misinterpretations regarding the underlying GABA. The contribution 

of MM to the GABA+ signal is generally considered to be on the order of a half (12,16), 

consistent with the current results (Table 1). MM-suppression methods (15–17) have been 

developed to overcome this confound by enabling more specific GABA measurements. To 

our knowledge no study has examined the relationship between GABA+ measurements and 

a more specific measure of GABA using MM suppression. In this study, we examine the 

relationship between GABA+ and MM-suppressed GABA measures in two regions of the 

brain.

A significant, albeit moderate, correlation between GABA+ and MM-suppressed GABA 

was observed across all data (both regions pooled). When analyzed regionally, this 

relationship remained in the SM voxel to approximately the same degree (correlation 

coefficient across all data = 0.48 compared with SM = 0.53) but was not significant, as a 

result of insufficient power. However, in the OCC voxel, the correlation between GABA+ 

and MM-suppressed GABA was lost completely. Bayes Factor analysis is a method to 

investigate the evidence in favor of the null hypothesis (29). It showed substantial evidence 

in favor of the null hypothesis for the OCC data, BF = 0.22, providing evidence in support 

of no correlation, as opposed to a lack of evidence for a correlation. The Bayes factors for 

the SM and pooled data provided anecdotal evidence in support of the correlation. This is 

consistent with the Pearson’s correlation result, which for the pooled data was significant (P 

= 0.02) and for the SM data was marginally nonsignificant (P = 0.07).

The strength of the correlation between GABA+ and MM-suppressed GABA will be 

affected by inter-individual differences of MM and GABA, as well as the quality of the 

measurements. Previously, it has been shown that within-individual coefficients of variation 

(CVs) for GABA+ measurements in OCC and the SM voxel were on average 7% and 9% 

(30), while between-individual CVs have been shown to be 7% to 22% for GABA+ 

depending on the quantification and referencing method (30–32). Here, the between-

individual CVs were 13% and 19% for the GABA+ measurements in OCC and SM, 

respectively, which is within the range of previous studies. Thus, the range of values for 

GABA+ and MM-suppressed GABA in the OCC does appear to be more limited than in the 

SM, possibly limiting the power to detect a relationship. Conversely, there may be 

unrecognized noise/artifacts in the SM measurements that is correlated between the GABA+ 

and MM-suppressed GABA measures which is not present in the OCC data. However, a 
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source of noise that pushes the trend toward a correlation between GABA+ and MM-

suppressed GABA in the SM but not in OCC cannot readily be identified. Future research 

including multiple measurements to assess reproducibility and repeatability of both GABA+ 

and MM-suppressed GABA measurements will be valuable.

Measurement noise will impact the observed correlations. The MM-suppressed GABA 

measurement has less signal but will be susceptible to the same experimental and 

measurement noise as the GABA+ measurements, therefore, it is expected that the fitting 

error would be increased compared with GABA+ (as seen in Table 2). The fitting errors and 

linewidths summarized in Table 2 must be interpreted with caution. The MM-suppressed 

GABA measurements show greater error than the GABA+ as the signal is approximately 

halved while the errors remain the same. Characteristics of the creatine resonance have also 

been included to indicate overall spectral quality; however, the creatine resonance is not a 

well-isolated single resonance peak, thus it has a higher fitting error compared with that of 

GABA+/GABA. Additionally, the spectrum in the region of the creatine resonance is 

different between the GABA+ and the MM-suppressed GABA data, resulting in differing 

performance of the fitting routine and differing fitting residuals. The residual signal from 

fitting contains information not only about pure thermal noise but also about the baseline 

signals and is not well described by the simple model. It can, therefore, be used as a metric 

of fitting quality and consistency, but not measurement accuracy. This is true for both 

creatine and GABA+/MM-suppressed GABA. The linewidths and the fitting errors are 

similar between regions (refer to Table 2) indicating that the spectral data quality and fitting 

performance are similar in the two regions.

Frequency drift can have substantial effects on GABA+ measurements (33). The MM-

suppression method is more susceptible to errors due to frequency drift (13,15), both 

because the editing pulses used are more frequency-selective and because the inversion 

profiles for OFF and ON experiments overlap. Therefore, even relatively small drifts can 

have a substantial impact. At 7T, Terpstra et al (13) found that frequency drifts of greater 

than 5 Hz resulted in MM contamination when applying symmetric pulsing for MM-

suppression. While none of the data in this study showed frequency drift of greater than 25 

Hz and the absolute frequency drift was on average less than 7 Hz (as shown in Table 2), 

differing frequency drifts between datasets will contribute to overall variance. The 

frequency drifts were similar in the two regions and the relatively small frequency drifts 

indicate high data quality of this data set. The greater frequency drift of the GABA+ 

acquisitions compared with the MM-suppressed acquisition (P < 0.05, paired t-test, Table 2) 

is likely a result of the GABA+ measurements being performed before the MM-suppressed 

measures and thus being more susceptible to gradient-induced frequency drifts associated 

with prior imaging, even though experiments were generally performed at least 30 min after 

the previous scanning session in an effort to ensure a relatively “cold” and stable scanner. 

Improved quality of the MM-suppressed measurements may be required before widespread 

implementation of MM-suppressed methods over conventional GABA+ measurements. To 

achieve improved data quality, the use of prospective correction methods to limit frequency 

drift, and increased SNR by increasing the number of averages or voxel size, may be 

necessary. Unfortunately, increasing SNR either costs in terms of longer measurement times 
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and/or larger volumes for measurement, which may decrease participant compliance and/or 

the regional specificity of results. In this study we have chosen common, conservative 

experimental parameters (27 mm3 volume, 320 averages) (34).

A strong, highly significant correlation between GABA+ and MM-suppressed GABA would 

have supported the use of GABA+ as a surrogate for underlying GABA; however, this was 

not observed in the current experiments. The moderate correlation that was observed may be 

a result of great inter-individual variability of MM. This would support the use of MM-

suppressed GABA methods to measure GABA concentrations. However, a reduced 

correlation could be the result of variability in both GABA and MM, making the case for 

MM-suppressed measures less clear. Future GABA+, MM-suppressed GABA and 

metabolite-suppressed MM experiments could be used differentiate these possibilities.

The difference in correlation between the two regions was not expected. It may indicate the 

relationship between GABA+ and MM-suppressed GABA changes regionally and/or the 

power to discriminate this relationship varies regionally. In terms of tissue content, both the 

OCC and the SM voxel contained ~15% CSF; however, the OCC voxel was on average 28% 

white matter and 57% gray matter while the SM voxel was 53% white matter and 32% gray 

matter. GABA concentration differs between white and gray matter (35) and regionally (30) 

but the regional and tissues differences of MM and the variability across regions and tissue 

types is less clear. A greater MM content in gray matter compared with white has been 

shown previously (36); however, this finding is not consistently seen (37,38). Differences in 

MM between tissues may be specific to particular MM resonances (39) and may vary 

regionally (40). No correlation between gray or white matter proportion and measured 

GABA was seen in the current data. However, regional differences in tissue composition 

may impact the correlation observed. The MM concentration may be more variable between 

individuals in the OCC, leading to the lack of correlation between GABA+ and MM-

suppressed GABA, possibly as a result of the increased proportion of gray matter in the 

OCC compared with the SM.

In conclusion, a correlation of GABA+ and MM-suppressed GABA measurements using 

MEGA-PRESS methods was found for data pooled from 2 regions. This supports at least in 

part the use of GABA+ as a surrogate measure of GABA; however, the MM contribution 

appears to display heterogeneity as evidenced by the reduced/lost correlation in the regional 

data analysis. Interpreting the results of experiments measuring GABA+, therefore, requires 

caution. MM-suppressed GABA measurements are more specific measures of GABA and 

removes the MM confound for interpreting results. However, MM-suppression methods 

have lower SNR and are more susceptible to experimental errors such as scanner frequency 

drift, and may require additional technical development before they can be used on a routine 

basis to estimate brain GABA levels.
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FIG. 1. 
Comparison of the conventional GABA+ acquisition with the MM-suppressed GABA 

acquisition. a: Schematic to illustrate the differences in the ON and OFF editing pulses in 

the GABA+ and MM-suppressed GABA experiments. b: Pulse sequences of the 

conventional GABA+ and the MM-suppressed GABA acquisitions. In the conventional 

GABA+ acquisition, the TE = 68 ms and the frequency selective editing pulses (shaded) are 

limited to 14 ms. By increasing the TE to 80 ms, the editing pulses can be 20 ms in duration, 

thus increasing their selectivity for the MM-suppressed acquisition. Pulse sequence 
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diagrams in b are reproduced from Edden et al (17). c: Editing efficiency profiles for 

conventional GABA+ and MM-suppressed GABA. This illustrates the editing selectivity of 

the GABA at 1.9 ppm for both acquisitions. For the MM-suppressed GABA acquisition, 

inversion at 1.5 ppm results in the 1.7 ppm MM signal being nulled.
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FIG. 2. 
a: Voxel locations the sensorimotor (SM) and occipital (OCC) cortex, images are shown 

according to radiological convention. b: GABA+ and MMsuppressed GABA spectra from 

all 12 subjects overlapped for the SM and OCC voxels. The GABA and Glx resonances are 

labeled.
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FIG. 3. 
Correlation of MM-suppressed GABA measurement with GABA+ measurement for all data 

(a), the sensorimotor cortex (b), and the occipital cortex (c).
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Table 1

Average GABA+ and MM-Suppressed GABA Measurements

GABA+ (i.u.)
MM-suppressed

GABA (i.u.)
MM-suppressed
GABA/GABA+

Correlation between
GABA+ and MM-
suppressed GABA

Pooled data 6.5 ± 1.3 3.2 ± 1.0 0.49 ± 0.14 r = 0.48, p = 0.02

OCC 7.2 ± 0.9 3.5 ± 0.7 0.49 ± 0.11 r = 0.058, p = 0.9

SM 5.8 ± 1.1 2.9 ± 1.1 0.50 ± 0.17 r = 0.53, p = 0.07
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Table 2

Metrics of Data Quality for GABA+ and MM-Suppressed GABA Measurements in Both Voxel Locations

GABA+
MM-suppressed

GABA

OCC

  Cr resonance FWHM (Hz) 8.9 ± 0.6 9.2 ± 0.7

  GABA resonance FWHM (Hz) 18.5 ± 0.9 16.7 ± 1.7

  Cr fit error (%) 10.0 ± 1.4 8.2 ± 1.7

  GABA fit error (%) 4.7 ± 0.7 6.6 ± 2.3

  Absolute frequency drift (Hz) 6.4 ± 5.8 3.6 ± 3.7

SM

  Cr resonance FWHM (Hz) 9.2 ± 3.0 9.8 ± 3.0

  GABA resonance FWHM (Hz) 18.9 ± 5.4 15.8 ± 2.3

  Cr fit error (%) 15.4 ± 8.7 13.1 ± 5.1

  GABA fit error (%) 7.0 ± 1.2 10.3 ± 5.4

  Absolute frequency drift (Hz) 6.8 ± 5.3 4.2 ± 3.9

Fit error is the standard deviation of the residuals normalized by the height of the resonance.
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