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Although cortical GABA levels play an essential role in the modulation of inhibitory processing, the under-
lying neurochemical mechanisms associated with SG and electricity-induced beta rebound oscillations are 
not well elucidated. �e non-invasively recorded electroencephalographic (EEG)/magnetoencephalographic 
(MEG) responses are primarily generated by post-synaptic potentials, which are dependent upon the balance 
between excitatory glutamatergic principal cells and inhibitory GABAergic interneurons. In humans, the endog-
enous GABA concentration can be measured in vivo by means of magnetic resonance spectroscopy (MRS), a 
non-invasive neuroimaging technique. Since the GABA signal is o�en slightly contaminated by contributions 
from other molecules19, the combined signal is referred to as GABA+. A previous study suggests a positive rela-
tionship exists between the post-movement beta rebound (PMBR) and GABA+ levels in the sensorimotor (SM) 
cortex16. Moreover, the beta peak frequency at rest has also been associated with GABA+ levels in the SM cor-
tex20. It remains, however, unknown whether a relationship exists between electricity-induced beta oscillations 
and GABA+ levels in the SM cortex and how these relate to the somatosensory SG ability.

The aim of the present study was to examine whether the automatic inhibitory function, measured by 
whole-head MEG, is modulated by the endogenous GABA levels. More speci�cally, we used MEG combined with 
electrical stimulation of the median nerve to obtain SI SG ratios and MI beta oscillatory activity. Furthermore, 
each subject�s resting GABA+ concentration in the SM cortex was acquired by MRS. We hypothesized that SI 
SG ratios were correlated with the MI beta rebound power due to intense reciprocal connections between these 
two regions. Based on previous studies, we also predicted that GABA+ levels would be positively correlated with 
the beta peak frequency and power. Finally, we expected a negative association between the SI SG ratios and SM 
cortical GABA+ concentration.

Results
Somatosensory SG ratio. �e somatosensory SG ratio could be determined in all subjects (0.55 ± 0.04). 
Figure�1 shows the grand-averaged cortical maps of the P35m component and the SI source waveforms as a func-
tion of time. Cortical responses to S2 were signi�cantly reduced compared to those of S2 in terms of the P35m 
component.

MI beta oscillations. No obvious beta activity was detected in three subjects (16, 17, and 18), resulting in 15 
data points in the �nal analysis (Table�1). Figure�2 displays the grand-averaged time-frequency map over the time 
interval of −100 to 1000 ms and the frequency band from 1 to 50 Hz in the right MI. �e strength of beta oscilla-
tions typically decreases immediately a�er median nerve stimulation, and then rebounds above the pre-stimulus 
baseline level at the time window of 400 to 900 ms. �e mean strength of the beta rebound was 4.83 (SEM 0.76), 
with the most reactive frequency at 18.37 Hz (SEM 0.52).

GABA� concentration. Figure�3 shows an example of VOI placement and the corresponding GABA+ 
spectra. �ree subjects�(8, 9, and 14) were excluded from the correlational analysis due to excessive head motion 
or failure to identify the GABA+ peak. �e mean SM cortical GABA+ concentration was 10.05 (SEM 0.44) 
(Table�1).

Correlation of MEG and MRS data. Figure�4 demonstrates the correlations of MEG parameters and 
MRS-measured GABA+ level. As anticipated, the SI SG ratio was negatively correlated with the MI beta rebound 
power (Pearson�s r = −0.74, p = 0.004, one-tailed and adjusted; Spearman�s rho = −0.68, p = 0.012, one-tailed 
and adjusted), indicating that a better SG ability (lower ratio) is related to an increased motor cortical inhibition. 
Furthermore, the SI SG ratio, calculated from the absolute values of S1 and S2, was still signi�cantly correlated 
with the MI beta rebound power (see supplementary information).

Figure 1. �e grand-averaged source waveforms of P35m and the corresponding MNE maps in response 
to paired-pulse electrical stimulation. Responses to the second stimulus (S2, red trace) were dramatically 
suppressed compared to those to the �rst stimulus (S1, green trace), indicating a robust e�ect of sensory gating. 
SI, primary somatosensory cortex; MNE, minimum norm estimate.
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A positive association was observed between SM cortical GABA+ concentration and MI beta rebound power 
(Pearson�s r = 0.62, p = 0.032, one-tailed and adjusted; Spearman�s rho = 0.52, p = 0.08, one-tailed and adjusted). 
To further, examine the impact of the �high� GABA+ value of Subject 3, the analysis was conducted without this 
subject resulting in a non-signi�cant �nding (N = 11, r = 0.30, p = 0.187, one-tailed and adjusted). However, 
using the univariate Grubb�s test (see online calculator at: https://graphpad.com/quickcalcs/Grubbs1.cfm), no 
outliers were identi�ed in our data.

Neither the SI SG ratio nor the MI beta peak frequency was correlated with GABA concentration (Pearson�s 
r = −0.40 and r = 0.07, respectively r; Spearman�s rho = 0.108 and rho = 0.091, respectively).

Discussion
�e primary goal of the present study was to investigate whether the automatic inhibitory function, as indexed 
by the SI SG ratio and the MI beta rebound activity, would be modulated by the endogenous GABA+ concentra-
tion in the same part of the cerebral cortex. Our results showed that the SI SG ratio was signi�cantly associated 
with the MI beta rebound power. In addition, the GABA+ concentration was positively correlated with the beta 
rebound power, but not with the beta peak frequency. No association was observed between the SI SG ratio and 
GABA+ concentration.

Subject
SG 
ratio

Beta 
frequency

Beta 
power GABA� level

1 0.83 14.5 3.78 9.09

2 0.82 17.5 0.50 8.10

3 0.49 18.5 10.63 13.50

4 0.65 18.5 4.10 10.62

5 0.36 20.5 6.71 8.72

6 0.69 17.5 4.56 11.90

7 0.60 18.5 5.53 10.20

8 0.62 22.5 1.62 �

9 0.31 15.5 8.67 �

10 0.55 20.5 3.0 9.47

11 0.44 18.5 8.81 9.75

12 0.65 19.5 3.60 8.94

13 0.55 18.5 6.39 8.79

14 0.63 18.5 2.0 �

15 0.66 16.5 2.5 8.05

16 0.31 � � 9.81

17 0.39 � � 10.40

18 0.28 � � 13.41

Mean 0.55 18.37 4.83 10.05

SEM 0.04 0.52 0.76 0.44

Table 1. SG ratio, GABA+ level, and beta peak frequency and power in each subject. SG = sensory gating, 
SEM = standard error of the mean.

Figure 2. �e grand-averaged time-frequency map of the contralateral right primary motor cortex (MI) for the 
frequency band of 1�50 Hz. A clear beta rebound (~20 Hz) was observed around 400�900 ms a�er the stimulus 
onset.

https://graphpad.com/quickcalcs/Grubbs1.cfm
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�e major �nding of this study was the linear relationship between the MI beta rebound power and the 
GABA+ concentration. Previous studies using pharmacological modulation have shown that increases of resting 
neural oscillations in the beta frequency range result from increased GABA activity21, 22. However, other studies 
have shown that an elevated endogenous GABA level was associated with reduced movement-related beta power, 
i.e., PMBR23. Gaetz and colleagues, by using MEG and MRS, found that increases in motor cortical PMBR power 
was related to an increased GABA+ concentration16. �e inconsistent results regarding the relationships between 
GABA level and beta power might be due to the di�erential e�ects of various subclasses of selective drugs (e.g., 
tiagabine, benzodiazepine, etc.) on the GABA concentration. In addition, it cannot be ruled out that the dif-
ferent tasks used to induce beta oscillations have an impact, i.e. where most of the previous studies examined 
movement-induced beta activity; we studied stimulus-induced beta activity. From a clinical perspective, it is 
noteworthy that, in contrast to movement-induced beta oscillations, electricity-induced beta activity bears less 
inter-individual variability and do not require overt behavioral responses. �is provides a better clinical potential 
in particular when studying patients with movement disorders.

�e relationship between the MRS-measured GABA+ concentration and MEG-recorded brain oscillations 
(i.e., gamma or beta) remains a matter of debate. Two pioneering studies revealed a robust relationship between 
GABA+ level and gamma oscillatory frequency in the primary visual cortex24, 25, whereas a recent study with a 
substantially larger number of participants did not �nd such a relationship26. In this context, several issues are 
worth considering. Firstly, Cousijn et al.26 applied short-echo-time MRS, while both Muthukumaraswamy et 
al.25 and we used the MEGA-PRESS technique. Gaetz et al.16, who investigated the motor cortical gamma and 
beta oscillations, also applied MEGA-PRESS and found an association between PMBR and GABA+ level in the 
sensorimotor cortex. Although we examined the electricity-induced beta rebound, our study parallels that of 
Gaetz et al. Secondly, we only observed an association of GABA+ level with beta rebound power, but not with 
beta frequency value. Compared to the value of peak frequency, the oscillation amplitude has been reported to be 
more closely associated with pharmacologically-induced GABAergic modulation21, 27, though some negative data 
have also been reported28. Taken together, the relationships between GABA and brain oscillations are under active 
investigation through di�erent methodologies and our current results warrant further in-depth investigation.

Functionally, evidence suggests that the increase in beta power induced by median nerve stimulation is asso-
ciated with decreased motor cortical excitability29. Using transcranial magnetic stimulation (TMS) at di�erent 
conditioning-test (C-T) intervals, Chen and Colleagues found the amplitude of motor evoked potentials (MEP) 
to be signi�cantly reduced at C-T intervals of 400, 600, and 1000 ms, with a maximum reduction at 600 ms29. 
�e interval with maximum reduction corresponds to the peak latency of the beta rebound activity29. �us, our 
data supports the notion that the electricity-induced beta power is associated with GABAergic inhibition and 
concomitant changes in cortical excitability.

Sensory gating paradigms have been widely used in the auditory modality to study early-stage perceptual 
processing related to higher-order, attentive inhibitory modulation4, 30. In addition, paired-pulse electrical stim-
ulation of the median nerve has been successfully applied in the investigation of somatosensory SG3, 7�9, 31, 32. In a 
previous study of ours, an association between somatosensory SG and behavioral performance of inhibition con-
trol was found3, suggesting that the pre-attentive SG ability could be a useful imaging marker of cortical inhibi-
tory function. �is association together with the �ndings of the present study further suggests a close relationship 
between SI and MI in context of automatic inhibitory function albeit with MI changes being more closely related 
to changes in GABA+ levels.

In contrast to our expectation, the SI SG was not correlated with the cortical endogenous, resting GABA+ 
concentration. Interestingly, a non-signi�cant result was also found in our previous work, in which the audi-
tory cortex was studied33. Although the reason for the lack of such a link remains unclear, we speculate that an 
intermediate factor, e.g., a certain band of oscillations, cross-frequency coupling, etc., may obscure the associ-
ation between SG and GABA+ levels. Another contributing factor could be that SI SG may rely on GABAergic 

Figure 3. �e voxel location covering the contralateral sensorimotor region and the edited spectra from a 
representative subject. �e insert shows the �tted peak of GABA+ (red line) using two Gaussian models with 
7 variables (2 height, width, splitting, baseline o�set, and baseline gradient) in the spectral range of 2.79�3.55 
ppm.
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mechanisms that are not visible to MRS GABA. It has been suggested that MRS is mainly sensitive to the 
GABAergic tone produced via extrasynaptic GABAA receptors34, 35. Alternatively, a di�erential sensitivity of dif-
ferent neurotransmitters to the neurophysiological measures may also be a possibility. For example, a signi�cant 
association was found between MRS-assessed glutamate levels and TMS measures of cortical excitability, while 
no relationship was found with TMS measures of inhibitory activity in MI34.

One might argue that the GABA+ value of Subject 3 served as a potential outlier driving the signi�cant 
correlational results. However, for the following reasons we deduce that this high value of GABA+ should not 
be considered extreme: (1) it fell within 2.5 standard deviations from the mean, (2) no signi�cant outliers were 
detected in our data using Grubb�s test, and (3) Subject 18, who was not included in the analysis due to missing 
data, exhibited similar GABA+ level. Despite this reasoning, we acknowledge that our data should be interpreted 
with caution and that the results would gain in signi�cance by being reproduced with a larger sample size.

Finally, it should be noted that although we used the state-of-the art procedures to acquire and process the 
spectral data, the estimation and quanti�cation of GABA+ at 3 Tesla is limited by the low signal-to-noise ratio 
and the relatively long acquisition time. �us, GABA+ was obtained from a relatively large region including both 
SI and MI. In addition to the large and cuboidal MRS voxel, the curvature of the central sulcus also limited the 
anatomical speci�city of the VOI, i.e. it was not possible to exclusively acquire data from either MI or SI. Although 
the GABA+ concentration was constrained to the sum of SI and MI signals, we still consider it reasonable to test 
its correlation with independent measures of motor and somatosensory function that were acquired by the elec-
trophysiological recordings. Future studies could apply MRS with an increased �eld strength, such as 7 Tesla, to 
obtain increased regional speci�city for the GABA measurement.

In summary, we have shown that SG in the SI region and beta rebound power in the MI region was signi�-
cantly correlated, suggesting that SI and MI work in concert to serve automatic inhibitory function. Furthermore, 
the in vivo resting cortical GABA+ concentration is associated with the power of the motor cortical beta rebound 
but not the somatosensory SG, suggesting that GABA+ levels, as measured with MRS, are more closely related to 
the automatic inhibitory function of MI than SI.

Methods
Participants. Eighteen healthy right-handed volunteers (age 20�33 years, 5 females) participated in this 
study a�er giving informed consent. All the subjects had normal or corrected to normal vision and reported no 
neurological or psychiatric diseases. All the experimental procedures were approved by the Institutional Review 
Board of Taipei Veterans General Hospital (Taipei, Taiwan), and were performed in accordance with approved 
guidelines and regulations. An informed consent was obtained from each participant.

MEG recordings and analyses. Two blocks of MEG recordings were acquired in a counterbalanced 
sequence. In one block, a paired-pulse paradigm was used to measure the SG ratio, and in the other block a 
single-pulse paradigm was used to estimate beta oscillatory activity.

Each subject sat comfortably in the MEG room with the head fully supported by the MEG helmet. In the 
paired-pulse paradigm, stimuli were delivered in pairs with an ISI of 500 ms and inter-pair interval of 6 s to the 
le� median nerve. In the single-pulse paradigm, stimuli were delivered repeatedly with an ISI of 1.6�2.0 s. �e 
stimulus intensity was set at 20% above the motor threshold to elicit a visible twitch of the thumb. During both 
blocks of MEG recordings, the subjects were instructed to focus on watching a silent movie and to ignore the 
stimuli.

Brain responses were continuously recorded by a 306-channel whole-head MEG (Vectorview, Elekta, 
Neuromag, Helsinki, Finland), with a sampling rate of 1000 Hz and an online bandpass of 0.1�200 Hz. Epochs 
with prominent electrooculogram (>300 μV) or MEG (>3000 fT/cm) artifacts were excluded from averaging. 
Only the MEG signals from the 204 gradiometers, which detect the largest signals above the activated areas36, 
were analyzed. At least 100 artifact-free trials in each paradigm were collected for further analyses.

All the MEG data were o�ine analyzed by using the Matlab-based open source toolbox Brainstorm37. For the 
data from paired-pulse electrical stimulation, the averaged epochs were further bandpass �ltered (0.1�120 Hz) 
and baseline corrected using the 100 ms preceding S1 and S2. Cortically constrained source imaging was per-
formed by using the depth-weighted minimum norm estimate (MNE)38, 39. A set of ~15,000 elementary current 

Figure 4. �e SI SG ratio was signi�cantly correlated with the MI beta rebound power. �e GABA+ levels 
in the sensorimotor cortex modulated the variability of the MI beta rebound power, but not the beta peak 
frequency. No association was found between GABA+ concentration and the SI SG ratio.
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dipoles distributed over the cortical envelope was geometrically registered to the Montreal Neurological Institute 
(MNI) brain template Colin27. �e MNE source maps were obtained from each subject and each stimulus con-
dition (i.e., S1 and S2). In the present study, the P35m-component was selected to study the somatosensory SG 
because previous studies have shown a robust gating e�ect for this component3, 7, 9. For each participant�s largest 
cortical activation of P35m, a cluster of 30 vertices corresponding to 4�5 cm2, was manually identi�ed in the SI. 
�e magnitude of each elementary dipole was normalized to its �uctuations over the baseline, yielding a z score 
at each cortical location. �e z values of the P35m cortical responses to S1 and S2 were then extracted to calculate 
the SG ratio (S2/S1).

For single-pulse stimulation, distributed MNE was also applied to reconstruct the source activation of 
electricity-induced beta oscillations. Since rolandic beta oscillations have been shown to originate from M113, 14,  
a region of interest (ROI) was identi�ed using a set of 30 vertices corresponding to 4�5 cm2 in MI, for each par-
ticipant. In order to characterize the power spectrum, single trial source waveforms (100 ms before and 1000 ms 
a�er stimulation) extracted from the ROI were transformed using Morlet wavelet-based time-frequency analysis, 
with a central frequency of 1 Hz and a time resolution of 3 s. �e time-frequency responses were computed and 
displayed between 1�50 Hz in 1 Hz steps. �e mean strength of the most reactive beta oscillations (2 Hz for con-
secutive bins) was identi�ed and calculated from the average of 200 ms centered around the peak latency (100 
ms before and 100 ms a�er the peak). Also, z-normalized values were computed to obtain absolute magnitude 
changes with respect to baseline levels in each participant.

MRS recordings and analyses. All experiments were performed with a 3 T MR system (TRIO, SIEMENS 
Medical Solutions, Erlangen, Germany) using a 32-channel phased-array head coil. A high-resolution 3D 
MPRAGE (Magnetization Prepared Rapid Acquisition Gradient Echo) anatomical scan (TR/TE/FA: 2530 
ms/3.03 ms/7 degrees; FOV: 256 × 256 × 176; voxel size: 1 × 1 × 1 mm3) was initially acquired for localization of 
the spectroscopic volume of interest (VOI). �e VOI was manually positioned at the right SM cortex, with the size 
of 25 × 25 × 25 mm. To ensure the quality of the spectra, a pre-scan was carried out using a point resolved spec-
troscopy (PRESS) sequence (TR/TE = 2000/68 ms, sample points = 2048, bandwidth = 2000 Hz, 16 averages). 
�ese spectra were analyzed and displayed online to evaluate the linewidth, water suppression and noise level. 
Once spectra in the pre-scan were considered to be of acceptable quality, GABA measurements were performed 
directly using the same adjustment parameters for shimming, resonance frequency and water suppression. A 
MEGA-PRESS sequence was used for GABA measurements40. A total of 300 spectra were acquired using the fol-
lowing parameters: TR/TE = 2000/68 ms, sample points = 2048, bandwidth = 2000 Hz, phase cycling steps = 4. 
�e 300 spectra were acquired as 75 repeats of a 4-step phase cycle with the editing pulse set to edit-on and 
edit-o� on alternate phase cycles. GABA-editing was achieved with a 15 ms Gaussian pulse applied at 1.9 ppm for 
edit-on spectra and at 7.5 ppm for edit-o� spectra. In addition, a non-water suppression MRS scan was acquired 
to obtain an unsuppressed water signal for normalization. �e total scan time for MRS acquisition was approxi-
mately 10 minutes.

For each subject, MRS data were saved separately and the �rst 4 spectra were discarded. �is resulted in 148 
edit-on spectra and 148 edit-o� spectra. Data processing was performed in Matlab (�e MathWorks, Natick, 
USA) using in-house made scripts41. Exponential line broaden �ltering and phase correction were applied on 
each time-domain spectrum. To extract information of resonance frequency shi�s during scans, the location of 
the creatine (Cr) peak at 3.01 ppm was identi�ed and �tted with a Lorentzien model on each edit-o� spectrum. 
Pairwise alignment was performed based on peak location of Cr for each edit-on and edit-o� spectrum. Further 
phase correction was applied on the averaged edit-on spectrum and the averaged edit-o� spectrum by aligning 
the shape of the residue water peak. �e �nal spectrum was generated by subtraction of the averaged edit-o� 
spectrum from the averaged edit-on spectrum. �e signal at 3.0 ppm was linear baseline corrected and then quan-
ti�ed using �tting with a two-Gaussian model with 7 variables (2 height, width, frequency, splitting, baseline o�-
set, baseline gradient) in the spectral range of 2.79�3.55 ppm41, 42. Since the quanti�ed GABA signal also contains 
contributions from homocarnosine and macromolecules19, the GABA signal is designated as GABA+ throughout 
the manuscript. On the edit-o� spectrum, the Cr signal at 3.03 ppm was �tted by a Lorentzian line shape function 
with 5 variables in the spectral range of 2.72�3.12 ppm. �e water signal was also �tted by a Lorentzian line shape 
function but on the NWS spectra in the spectral range of 3.8�5.6 ppm. �e GABA+ signal was then normalized 
to the water signal using the water scaling method. To perform a partial volume correction, the MPRAGE image 
was segmented into gray matter (GM), white matter (WM) and cerebral spinal �uid (CSF) using SPM8 (www.
�l.ion.ucl.ac.uk/spm). Separate images of the three tissue types were generated and percentages of GM, WM and 
CSF were determined for the VOI. GABA+ signals were then corrected for partial volume and relaxation e�ects 
based on tissue percentages and previously reported T1 and T2 values41�43.

Statistical analyses. All the data were presented as mean ± standard error of the mean (SEM) (IBM SPSS 
Statistics, version 19). Each parameter was evaluated with Kolmogorov-Smirnov one-sample test, and the results 
showed the data to be normally distributed (all p values > 0.05). We, therefore, applied parametric analyses 
for hypothesis testing. �e Pearson�s correlation coe�cient tests were primarily used to evaluate the following 
linear relationships: (1) SI SG ratio and MI beta rebound power, (2) SM cortical GABA+ levels and MI beta 
rebound power, (3) SM cortical GABA+ concentration and MI beta rebound peak frequency, and (4) SM cortical 
GABA+ concentration and SI SG ratio. Additional analyses of Spearman�s rank correlation coe�cient tests were 
also performed. Adjusted p-values of 0.05, corrected for multiple comparisons by the Benjamini and Hochberg 
approach44, were set as the signi�cance level and reported in the present study.

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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