
RESEARCH ARTICLE

Continuous theta-burst stimulation to the

sensorimotor cortex affects contralateral

gamma-aminobutyric acid level and resting-

state networks

Hiroyuki MatsutaID
1*, Tsuyoshi Shimomura2, Takanori Kouchiyama3, Minoru Fujiki1

1 Department of Neurosurgery, School of Medicine, Oita University, Oita, Japan, 2 Faculty of Medicine,

Hospital Informatic Center, Oita University, Oita, Japan, 3 Brain Activity Imaging Center, ATR-Promotions,

Kyoto, Japan

* matsuta@oita-u.ac.jp

Abstract

Continuous theta-burst stimulation (cTBS) is a noninvasive repetitive brain stimulation pro-

tocol that suppresses the excitability of the primary motor cortex. It induces cerebral cortical

inhibition by increasing inhibitory interneuronal excitability that is associated with increases

in gamma-aminobutyric acid (GABA) concentration in the stimulated cortices. cTBS has

been applied in the rehabilitation of stroke patients to modulate interhemispheric imbalance.

However, the precise mechanisms of cTBS in remote brain areas remain uncertain. We

evaluated cTBS-induced GABA level changes in bilateral sensorimotor cortices using

GABA-edited magnetic resonance spectroscopy, alternations of motor evoked potentials

(MEPs), and resting-state networks (RSNs) using resting-state functional magnetic reso-

nance imaging in 24 healthy right-handed adults (mean age: 34.4 ± 5.0 years). GABA levels

in the stimulated left hemisphere significantly increased from baseline (p = 0.013), which

was comparable with those of previous reports. GABA levels in the unstimulated right hemi-

sphere showed a trend decrease. cTBS induced a significant decrease in right hand-MEP

amplitudes (22.06% ± 43.50%) from baseline (p = 0.026) in accordance with GABA concen-

trations. However, multiple RSNs, including the default mode and primary motor networks,

did not show any obvious differences between pre- and post-stimulus comparisons in the

sensorimotor network using the dual regression approach. These results suggest that cTBS

simultaneously increases ipsilateral GABA in the stimulated left hemisphere and decreases

contralateral GABA in the unstimulated right hemisphere. Neuromodulation following cTBS

may be associated with the interhemispheric inhibition because of alterations in GABA lev-

els between the stimulated and unstimulated cortices.

Introduction

Noninvasive brain stimulation can be used to rehabilitate neuronal deficits caused by various

kinds of neurological disorders [1–5]. The effect of stimulation depends on stimulus

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0272268 August 15, 2022 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Matsuta H, Shimomura T, Kouchiyama T,

Fujiki M (2022) Continuous theta-burst stimulation

to the sensorimotor cortex affects contralateral

gamma-aminobutyric acid level and resting-state

networks. PLoS ONE 17(8): e0272268. https://doi.

org/10.1371/journal.pone.0272268

Editor: Bernadette Ann Murphy, University of

Ontario Institute of Technology, CANADA

Received: October 14, 2021

Accepted: July 15, 2022

Published: August 15, 2022

Copyright: © 2022 Matsuta et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: MEP and GABA-MRS

quantified data tables are available from Dryad

repository (https://doi.org/10.5061/dryad.

xd2547djz). Raw MRI and MRS data will not be

made public because the headers and anatomical

images contain personally identifiable information.

Data are available from Oita University School of

Medicine Department of Neurosurgery (contact via

nogeka@oita-u.ac.jp.) for researchers who meet

the criteria for access to confidential data.

https://orcid.org/0000-0003-3659-1343
https://doi.org/10.1371/journal.pone.0272268
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0272268&domain=pdf&date_stamp=2022-08-15
https://doi.org/10.1371/journal.pone.0272268
https://doi.org/10.1371/journal.pone.0272268
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5061/dryad.xd2547djz
https://doi.org/10.5061/dryad.xd2547djz
mailto:nogeka@oita-u.ac.jp


parameters, such as location, intensity, polarity, and frequency mode of the stimulation [6–

10]. Transcranial magnetic stimulation (TMS) is a noninvasive, indirect method of stimulating

a targeted area of the brain. A local dynamic magnetic field, generated by a time-varying elec-

tric current applied to a coil placed near the targeted brain region outside the scalp, generates

small induction currents in the brain tissue. Various applications of TMS differ in the temporal

variation of the induction field, including single-pulse TMS, repetitive TMS (rTMS) using a

fixed cycle of periodic stimulation, and patterned TMS using a specific temporal pattern.

Long-term depression (LTD) or long-term potentiation (LTP) in the neocortex can be caused

by rTMS and patterned TMS. One specific mode of patterned TMS, adapted from animal stud-

ies to humans, provides theta frequency (~5 Hz) burst stimulation (TBS). In humans, TBS is

normally applied with high-frequency bursts (3 pulses at 50 Hz) repeated at the theta fre-

quency (5 Hz). The LTD effect is produced by continuous TBS (cTBS), which involves admin-

istering 600 pulses in an uninterrupted train of bursts (for a total of 40 s). The LTP effect is

produced by intermittent TBS (iTBS), in which 600 pulses are administered in a train of On (2

s) intervals alternating with Off (8 s) intervals (for a total of 192 s) [11,12]. Thus, it has been

frequently used for neurorehabilitation through neuromodulation induction.

For example, in patients with chronic stroke, the contralesional motor cortex increases

inhibition in the ipsilateral motor cortex via interhemispheric inhibition. It has been suggested

that cTBS applied over the contralesional motor cortex improves recovery from neuronal dys-

function by modulating interhemispheric imbalances in the ipsilateral motor cortex when it is

combined with regular rehabilitation treatment [13,14].

Despite its increased use, the mechanisms through which TBS exerts after-effects have not

been fully elucidated. LTP and LTD hypotheses of the motor cortex are currently the most

convincing mechanisms, as shown in findings of long-lasting inhibitory and facilitatory MEPs

[12,15].

Direct demonstration of gamma-aminobutyric acid (GABA) increments following cTBS of

the sensorimotor cortex using magnetic resonance spectroscopy (MRS) has revealed correla-

tions between inhibitory interneuronal activation and inhibitory interneuronal effects on cor-

ticospinal excitability [16]. Furthermore, we employed resting-state functional magnetic

resonance imaging as a subjective tool to study spontaneous brain functions using the blood

oxygen level-dependent contrast without a task. This approach evaluates spatially distributed

networks of temporal synchronization that are characterized as resting-state networks (RSNs)

[17].

We focused on the direct link between cTBS and TMS-induced MEPs, GABA-MRS, and

RSNs. Previous work has predominantly applied TMS-MEP and TMS-MRI [12,15–17] to the

human motor cortex on the basis of the original human paradigm; however, few reports have

employed integrated combinations of different modalities [18]. This study aimed to explore

the underlying mechanism of the factors that influence MEP amplitudes and, in turn, cortical

excitability using conventional cTBS.

Material and methods

Subjects

Twenty-five healthy volunteers (mean age, 34.4 years; range, 27–43 years) participated in the

study. All volunteers were right-handed as assessed by the Edinburgh Handedness Inventory

[19]. None of the subjects had a history of neurological or psychiatric illness, and none were

taking psychotropic medications. The study protocol was approved by the ethics committee of

Oita University, Faculty of Medicine (protocol number 374). Subjects were fully informed

about the experimental procedure, and all subjects participated in the experiment after
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providing written informed consent. The study was carried in accordance with the principles

laid down in the Declaration of Helsinki.

TMS

The optimal site of stimulation in the left primary motor cortex (M1) was identified as the site

at which TMS evoked a maximal motor response in the right abductor pollicis brevis (APB)

muscle (“motor hotspot”). The site was identified for each subject while they sat comfortably

in a chair outside the scanner. Stimulation was applied using a figure-eight coil with a 70 mm

outer wing diameter (MR coil, Magstim, Whitland, Wales, UK). Pulses were generated using a

Rapid2Plus stimulator (Magstim, Whitland, Wales, UK), with four booster modules producing

biphasic electrical pulses.

MEPs were recorded from the right APB but not from the left (unstimulated) APB. Silver/

silver chloride surface electrodes with shielded plates and cables were placed over the right the-

nar eminence with a 3 cm interelectrode distance. A ground electrode was placed on the dorsal

surface of the right wrist. Electromyography signals were recorded using the Neuropack sys-

tem (Nihon Kohden Corporation, Tokyo Japan). Resting motor threshold (RMT) was deter-

mined as the percentage of stimulator output that elicited an MEP with>50 μV peak-to-peak

amplitude in the APB at rest in at least five of 10 successive trials. Active motor threshold

(AMT) was defined in each subject as the lowest intensity required to evoke an MEP of 200 μV

during a 10% maximum voluntary contraction of the APB muscle.

TBS

Patterns of cTBS consisted of bursts containing three pulses at 50 Hz at an intensity of 80%

AMT, which was repeated in 200 ms intervals [11]. For cTBS, a 40 s train of uninterrupted

TBS was administered (600 pulses) using biphasic pulses.

The overlying point on the scalp was marked with a pen after the motor hotspot was identi-

fied. The subject was seated in a chair with a headrest to minimize head movements, and an

arm system was used to center the TMS coil on the marker. Then, the subject underwent a

3-step series of stimulations, consisting of pre-cTBS TMS, cTBS, and post-cTBS TMS.

MRI data acquisition

MRI data was acquired using an MRI scanner, Magnetom Verio (Siemens, Erlangen, Ger-

many) superconducting magnet at a field strength of 3T.

Resting-state network. Subjects were instructed to remain motionless and fixate on a

block cross placed in front of the subject’s face during scanning. A time-course series of 125

scans were acquired using a T2�-weighted, single-shot gradient echo-planar imaging (EPI)

sequence. Each volume consisted of 38 slices with a slice thickness of 3 mm with a 0.75 mm

gap, which covered most of the cerebral and cerebellar cortices. Images were acquired in the

axial plane. EPI scans were acquired using the following parameters: repetition time (TR) of

2500 ms, echo time (TE) of 25 ms, and flip angle of 90˚. The field of view (FOV) was 230 mm,

voxel size was 3.3 × 3.3 × 3 mm, slice gap was 0.75 mm, and matrix size was 70 × 70. Total

acquisition time was 5 min 19 s, which included time for signal equilibration.

Structural MRI. T1-weighted structural images were acquired using a three-dimensional

magnetization-prepared rapid gradient echo sequence in the sagittal plane with the following

parameters: TR of 1800 ms, TE of 21.98 ms, inversion time of 800 ms, and flip angle of 9˚.

FOV was 250 mm, slice thickness was 1 mm, slice gap was 0.5 mm, number of slices collected

was 176, and matrix size was 256 × 256 × 256.
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GABA-MRS. The 1H MRS signal from GABA was measured before and after the delivery

of cTBS over the M1. Three-axis T1-weighted scout images were acquired and used to place a

2.5 × 2.5 × 2.5 cm voxel of interest on the hand knob. To assess creatine and N-acetylasparate

(NAA) line widths, a standard MEGA-PRESS sequence was used to acquire an unedited spec-

trum with TR = 1500 ms, TE = 68 ms, acquisition time = 9 min 42 s, and 192 averages. To mea-

sure GABA signal at 3 ppm, single-voxel spectra were obtained using a spin-echo MRS

sequence that was capable of J-difference spectral editing, as described by Mescher et al.

[20,21], except that the dual-band inversion pulse was replaced by separate editing and water-

suppression pulses. CHESS was used for water suppression, whereas spectral editing was

accomplished by applying frequency-selective 180˚ Gaussian pulses that alternated between

1.9 and 7.5 ppm for odd and even acquisitions, respectively. An edited spectrum was obtained

by subtracting the average spectra obtained from odd and even acquisitions. Parameters were

TE = 68 ms, bandwidth of editing pulses = 46 Hz, bandwidth of water-suppression pulse = 50

Hz, bandwidth of acquisition = 1200 Hz, number of data points = 1024, and “delta frequency”

= −1.7 ppm (suitable for localizing a resonance at 3 ppm in vivo).

Experimental protocol

For each subject, we acquired baseline data for RSNs, bilateral GABA-edited MRS, and struc-

tural MRI. Subsequently, subjects underwent cTBS outside the scanner in a separate room.

Following post-cTBS–MEP data acquisition, subjects were scanned again for the post-cTBS

data acquisition, which was the same as the baseline data acquisition except for the random-

ized order of the GABA-edited MRS (Fig 1).

Data analysis

MEP analysis. MEP was measured using the peak-to-peak amplitude in response to

120% RMT stimulation under pre-cTBS and post-cTBS TMS. To compare subjects on an

equal footing, the relative magnitude of the pre–post change, expressed as a percentage

Fig 1. Experimental protocol. After baseline data acquisition, subjects were removed from the MRI gantry and taken into a separate room for continuous

theta-burst stimulation (cTBS), which was administered at 80% AMT for 600 pulses. MEPs were measured at 120% RMT before and after cTBS. The subjects

were then transferred to the MRI room. Data for post-cTBS GABA-MRS were obtained approximately 15 min after the TMS protocol, with right and left data

collected in a randomized order.

https://doi.org/10.1371/journal.pone.0272268.g001
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change, was used to compare post-cTBS amplitudes to pre-cTBS amplitudes. A paired

two-sample t-test was used to determine the statistical significance of the pre–post change

in MEP amplitudes and the correlation of MEP changes with pre–post changes in GABA

levels.

MRS analysis. Postprocessing on the even-acquisition (unedited) and difference

(edited) data was conducted using the MRS “task card” of the MR scanner software. The

water signal was subtracted, and data were filtered (Hanning, 400 ms width) and zero-

filled to 2048 data points in the time domain. Following Fourier transformation, baseline

correction and phase correction (zero order) were conducted on the basis of the creatine

signal at 3 ppm. Because the creatine signal was not detected in the edited spectrum, the

correction value for the unedited spectrum was used to phase-correct the edited spectrum.

The MRS package was developed by Edward J. Auerbach and Małgorzata Marjańska and

provided by the University of Minnesota under a C2P agreement [22,23]. All GABA level

results are expressed as a ratio to NAA, the simultaneously acquired reference peak. MRS

voxels were coregistered to the structural MRI image and segmented to determine the

fractions of gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF). Because

differences in GABA concentrations are negligible in CSF but twice as high in GM com-

pared with those in WM, GABA levels were corrected by the tissue fractions for each voxel

[24]. GABA levels were corrected for tissue fractions. Paired two-sample t-tests were per-

formed to compare GABA levels pre-cTBS versus post-cTBS, and right- versus left-hemi-

sphere, respectively.

RSN data analysis. Preprocessing and data analysis were conducted using the FMRIB

Software Library (FSL) package (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Preprocessing was per-

formed using MCFLIRT, BET, SUSAN, and FLIRT software for motion correction, brain

extraction, spatial smoothing, and coregistration to MNI152 standard space, respectively.

Independent component analysis was conducted using the Multivariate Exploratory Linear

Decomposition into Independent Components (MELODIC) tool to perform spatial group

independent component analysis with multisession temporal concatenation, which produced

60 independent component maps that represented the average RSNs. To compare the baseline

RSNs with post-cTBS RSNs at the group level, paired t-tests were conducted using dual regres-

sion and nonparametric permutation tests with multiple comparison correction across the

whole brain (p< 0.05, family wise error corrected).

Results

All subjects underwent the experimental protocol without adverse events, and GABA-edited

MRS data of bilateral sensorimotor regions were obtained (Fig 2). One subject was excluded

because of data corruption during post-cTBS data acquisition.

cTBS-GABA MRS

GABA levels measured by MRS were corrected based on tissue fractions. GABA levels

increased in the stimulated left side and decreased in the unstimulated right side (7.35% ±
14.26% and 3.38% ± 13.9%, respectively; Fig 3A). Pre- and post-stimulation comparisons

showed a significant increase in GABA level in the stimulated side (left) (p = 0.013) and a

trend decrease in the contralateral side (right; p = 0.066; Fig 3B). Baseline GABA levels before

stimulation revealed significantly higher levels in the right side (left [dominant] side:

0.312 ± 0.032; right [nondominant] side: 0.425 ± 0.049; p< 0.001). GABA levels after stimula-

tion showed that this asymmetry was maintained (left [dominant] side: 0.334 ± 0.052; right

[nondominant] side; p< 0.001; Fig 3B).
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cTBS–MEP

Seven subjects were excluded because we were not able to reliably measure MEPs due to their

very high RMT (92.9 ± 4.7, n = 7 vs. 79.1 ± 7.3, n = 17 t (22) = 5.13, P< 0.001). The high-RMT

subjects also had significantly higher 80%AMT (62.3 ± 3.1 vs. 51.9 ± 5.9; t (22) = 5.65,

P< 0.001). The difference in GABA levels were not significant (t (7) = 0.87, P = 0.41). We con-

sidered this as evidence indicating that the subject pool was not homogeneous enough for this

study. Therefore, we decided to exclude the 7 high-RMT subjects, leaving 17 subjects for fur-

ther analysis following the TMS sessions. In 17 subjects, MEP amplitudes following cTBS

decreased significantly from baseline (22.06% ± 43.50%, p = 0.026). There was a trend negative

correlation between %change in GABA level in the left motor cortex and MEPs (R = −0.43002,

R2 = 0.1849, t = 1.844717, p = 0.082575; Fig 4).

cTBS-RSN

At both pre- and post-cTBS, we successfully detected multiple RSNs, including the default

mode and primary motor networks for pre- and post-cTBS, respectively. An example of the

primary motor network at pre- and post-cTBS is shown in Fig 5. No obvious differences were

found in RSNs between pre- and post-stimulation for the dual regression approach using the

paired t-tests with multiple comparison correction.

Discussion

We verified a pattern of GABA concentration increase associated with MEP inhibition, follow-

ing conventional cTBS applied to the motor cortex in healthy control subjects.

Using the same pattern of cTBS for MEP inhibition in the human motor cortex, we found

decreases in GABA concentration in the unstimulated contralateral side, right APB-MEP

Fig 2. A typical GABA-MRS spectrum, where peaks of GABA, NAA, and combined glutamate and glutamine

(Glx) are measured. A voxel measuring 25 × 25 × 25 mm placed in bilateral M1 of a typical subject.

https://doi.org/10.1371/journal.pone.0272268.g002
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Fig 3. A) The %change in GABA level in the left and right M1. GABA level increased by 7.35% ± 14.26% in the left

M1 and decreased by 3.38% ± 13.9% in the right M1 following cTBS. B) GABA levels before and after cTBS. GABA

levels were significantly lower in the left hemisphere (dominant side) than on the right hemisphere (nondominant side)

before and after stimulation but were significantly increased in the left hemisphere after stimulation.

https://doi.org/10.1371/journal.pone.0272268.g003
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decrements in accordance with left motor cortical-GABA concentrations (p = 0.066 and

p = 0.0825, respectively, statistical trend), and no correlations with RSNs.

Inhibitory rTMS of the unaffected hemisphere for stroke rehabilitation has been shown to

improve various degrees of neuronal symptoms [13,14]. One possible mechanism is that inhi-

bition of the unaffected hemisphere following inhibitory rTMS weakens interhemispheric

inhibition (IHI) via the corpus callosum, which results in disinhibition of the affected hemi-

sphere [25,26]. However, the precise mechanism underlying the improvements following stim-

ulation is yet to be fully elucidated [25,26].

IHI between human M1s using TMS has been widely accepted since it was first demon-

strated by Ferbert et al. in 1992 [27]. The facilitation of excitatory neurons connected with sur-

rounding local inhibitory GABAergic interneurons defines the IHI between bilateral motor

cortices. Subsequent pharmacological studies have shown that IHI is affected primarily by

GABA-B neuronal activity [28,29]. However, the direct demonstration of lower MRS-GABA

levels correlated with decreased short latency intracortical inhibition (SICI) in older subjects

suggests that the neural mechanism underlying TMS-derived task-related behavioral modula-

tions is GABA-A receptor mediated inhibition [30]. Moreover, we can only speculate that the

inhibitory effects of callosal projecting neurons are enhanced through GABA-A receptor acti-

vation by surrounding interneurons on the side of the conditioning stimulus. In contrast, the

presynaptic and postsynaptic inhibitory effects on pyramidal cells may be mediated via

GABA-B receptor activity on the contralateral side.

Stagg et al. first reported that cTBS increases the concentration of GABA at the stimulation

site using MRS [15]. In transcranial direct current stimulation (tDCS), it has also been

reported that excitatory tDCS decreases GABA concentration measured by MRS [27]. Thus, in

Fig 4. The %change in GABA level had a trend correlation with MEP amplitude in the left sensorimotor area (R = −0.43002,

R2 = 0.1849, t = 1.844717, p = 0.082575). Data points reflect individual subjects.

https://doi.org/10.1371/journal.pone.0272268.g004
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our experiments, it is not surprising that increases in GABA concentrations were associated

with MEP inhibition following conventional cTBS applied to the motor cortex. Furthermore,

decreases in GABA concentrations in the unstimulated right motor cortex may provide a

rationale for current rehabilitation use on the basis of the finding that neurological improve-

ments following cTBS are associated with changes in the unaffected hemisphere through IHI.

In fact, cTBS has been shown to induce LTD in the stimulated motor cortex, which results in

increased MEPs and reduced SICI, whereas iTBS has shown to reduce MEPs and increase

SICI in the unstimulated hemisphere [31–33]. Furthermore, regarding cTBS’s long-term

effects [12,15], the fact that cTBS alters neurotransmitter concentrations, as seen in this experi-

ment, may help to explain the long-term nature of post-cTBS inhibition. However, cTBS may

initiate multiple processes that develop over potentially different time courses. Our study

could not identify such dynamics because we only measured MRS-GABA at a single time

point approximately 15 minutes after cTBS. To resolve multiple processes, it will be necessary

to use the present experimental method to follow up post-cTBS changes over time.

Our results expand on the current consensus on the effect of human motor cortex cTBS on

GABAergic interneuronal excitability. Furthermore, we demonstrated that the cTBS paradigm

increased ipsilateral GABA concentrations, which resulted in a trend negative correlation

between %change in GABA-MEP and contralateral GABA decrements. However, RSN did not

correlate with these parameters. While there are reports that cTBS targeting the motor cortex

did not affect specific network connectivity [34], there are also reports that TBS stimulation to

specific sites other than the motor cortex altered network connectivity [34,35]. This difference

in studies of RSNs using TMS with TBS has been reviewed and the method of analysis has

Fig 5. Visualization of the primary motor network analyzed using FSL MELODIC. A) Pre-cTBS primary motor

network. B) Post-cTBS primary motor network.

https://doi.org/10.1371/journal.pone.0272268.g005
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been identified to have a decisive impact on the results [36]. Further verification of these

results, including our experiment, is necessary for patients with various pathophysiological

conditions and clinical symptoms.

Limitations and future work

First, considering that changes in GABA concentration (at the site of measurement) are not

direct measures of GABAergic neurons, these findings do not reflect the degree of GABAergic

activation and/or plasticity in the motor cortex following cTBS. In addition, due to the experi-

mental protocol, pre-and post-TMS could only be performed on the stimulus side of the TBS.

Furthermore, post-TMS measurements will need to be made at multiple time points to resolve

multiple cTBS-induced processes with potentially different time courses. Additionally, subjects

in the present study were healthy participants, and note that RMT, MEP parameters, and MEP

inhibitions following LTD-inducing cTBS may differ in rehabilitation patients with clinical

symptoms. Additionally, it should be noted that extremely high RMT prevented stable MEP

recording in 7 of the 25 healthy young subjects. This indicates the need to explore the effect of

preset stimulus parameters, especially in patients with clinical symptoms. Second, there is no

consensus on whether baseline GABA levels differ in the dominant and nondominant hemi-

spheres [30,37]. Furthermore, alterations of the default mode network or other RSNs following

TBS are also uncertain [38–41]. Third, the relationship between pathophysiological cascades of

neurological deficits, such as those observed in stroke patients, and GABAergic interneuronal

dysfunction remains unclear. Fourth, considering that two of the main results of this experi-

ment were trending rather than statistically significant, it is possible that the statistical power

was insufficient. Therefore, further detailed studies are required to elucidate the link between

neurobiological effects and induction of LTD following the application of cTBS to the human

brain. This is consistent with the current consensus that noninvasive TMS in both humans

and animals induces LTP/LTD and alters synaptic plasticity at the cellular and/or molecular

level [1,2]. Therefore, TBS-based therapies may be beneficial for treating neurobehavioral

deficits.

Conclusion

cTBS for MEP inhibition in the human motor cortex increased GABA concentration in the

stimulated hemisphere, which was accompanied by a declining trend of GABA concentrations

in the unstimulated contralateral hemisphere, and a declining trend of MEP in accordance

with GABA concentrations. Decreases in GABA concentration in the unstimulated right

motor cortex may provide a rationale for current rehabilitation use on the basis of the finding

that neurological improvements following cTBS are associated with changes in the unaffected

hemisphere through IHI.

Author Contributions

Conceptualization: Hiroyuki Matsuta.

Data curation: Hiroyuki Matsuta, Tsuyoshi Shimomura, Takanori Kouchiyama.

Formal analysis: Hiroyuki Matsuta, Tsuyoshi Shimomura.

Methodology: Hiroyuki Matsuta.

Project administration: Hiroyuki Matsuta, Tsuyoshi Shimomura, Minoru Fujiki.

Resources: Hiroyuki Matsuta, Tsuyoshi Shimomura.

PLOS ONE Effects of continuous theta-burst stimulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0272268 August 15, 2022 10 / 13

https://doi.org/10.1371/journal.pone.0272268


Supervision: Tsuyoshi Shimomura, Takanori Kouchiyama, Minoru Fujiki.

Visualization: Hiroyuki Matsuta.

Writing – original draft: Hiroyuki Matsuta, Tsuyoshi Shimomura.

Writing – review & editing: Tsuyoshi Shimomura, Takanori Kouchiyama, Minoru Fujiki.

References
1. Müller-Dahlhaus F, Vlachos A. Unraveling the cellular and molecular mechanisms of repetitive mag-

netic stimulation. Front Mol Neurosci. 2013; 17(6):50. https://doi.org/10.3389/fnmol.2013.00050 PMID:

24381540

2. Rodger J, Sherrard RM. Optimising repetitive transcranial magnetic stimulation for neural circuit repair

following traumatic brain injury. Neural Regen Res. 2015; 10(3):357–359. https://doi.org/10.4103/1673-

5374.153676 PMID: 25878575

3. Takeuchi N, Chuma T, Matsuo Y, Watanabe I, Ikoma K. Repetitive transcranial magnetic stimulation of

contralesional primary motor cortex improves hand function after stroke. Stroke. 2005; 36(12):2681–

2686. https://doi.org/10.1161/01.STR.0000189658.51972.34 PMID: 16254224

4. Takeuchi N, Tada T, Toshima M, Chuma T, Matsuo Y, Ikoma K. Inhibition of the unaffected motor cortex

by 1 Hz repetitive transcranical magnetic stimulation enhances motor performance and training effect of

the paretic hand in patients with chronic stroke. J Rehabil Med. 2008; 40(4):298–303. https://doi.org/10.

2340/16501977-0181 PMID: 18382826

5. Fregni F, Simon D, Wu A, Pascual-Leone A. Non-invasive brain stimulation for Parkinson’s disease: a

systematic review and meta-analysis of the literature. J Neurol Neurosurg Psychiatry. 2005; 76

(12):1614–1623. https://doi.org/10.1136/jnnp.2005.069849 PMID: 16291882

6. Gamboa OL, Antal A, Laczo B, Moliadze V, Nitsche MA, Paulus W. Impact of repetitive theta burst stim-

ulation on motor cortex excitability. Brain Stimul. 2011; 4(3):145–151. https://doi.org/10.1016/j.brs.

2010.09.008 PMID: 21777874

7. Hamada M, Murase N, Hasan A, Balaratnam M, Rothwell JC. The role of interneuron networks in driving

human motor cortical plasticity. Cereb Cortex. 2013; 23(7):1593–1605. https://doi.org/10.1093/cercor/

bhs147 PMID: 22661405

8. Nakamura K, Groiss SJ, Hamada M, Enomoto H, Kadowaki S, Abe M, et al. Variability in response to

quadripulse stimulation of the motor cortex. Brain Stimul. 2016; 9(6):859–866. https://doi.org/10.1016/j.

brs.2016.01.008 PMID: 27692928

9. Sasaki T, Kodama S, Togashi N, Shirota Y, Sugiyama Y, Tokushige S, et al. The intensity of continuous

theta burst stimulation, but not the waveform used to elicit motor evoked potentials, influences its out-

come in the human motor cortex. Brain Stimul. 2018; 11(2):400–410. https://doi.org/10.1016/j.brs.2017.

12.003 PMID: 29258807

10. Shirota Y, Sommer M, Paulus W. Strength-duration relationship in paired-pulse transcranial magnetic

stimulation (TMS) and its implications for repetitive TMS. Brain Stimul. 2106; 9(5):755–761. https://doi.

org/10.1016/j.brs.2016.04.019 PMID: 27234142

11. Hess G, Donoghue JP. Long-term potentiation and long-term depression of horizontal connections in

rat motor cortex. Acta Neurobiol. Exp. 1996; 56(1):397–405.

12. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the human motor

cortex. Neuron. 2005; 45(2):201–206. https://doi.org/10.1016/j.neuron.2004.12.033 PMID: 15664172

13. Murase N, Duque J, Mazzocchio R, Cohen LG. Influence of interhemispheric interactions on motor

function in chronic stroke. Ann Neurol. 2004; 55:400–409. https://doi.org/10.1002/ana.10848 PMID:

14991818

14. Talelli P, Greenwood R, Rothwell JC. Exploring theta burst stimulation as an intervention to improve

motor recovery in chronic stroke. Clin Neurophysiol. 2007; 118(2):333–342. https://doi.org/10.1016/j.

clinph.2006.10.014 PMID: 17166765

15. Huang YZ, Chen RS, Rothwell JC, Wen HY. The after-effect of human theta burst stimulation is NMDA

receptor dependent. Clin Neurophysiol. 2007; 118:1028–1032. https://doi.org/10.1016/j.clinph.2007.01.

021 PMID: 17368094

16. Stagg CJ, Wylezinska M, Matthews PM, Johansen-Berg H, Jezzard P, Rothwell JC, et al. Neurochemi-

cal effects of theta burst stimulation as assessed by magnetic resonance spectroscopy. J Neurophysiol.

2009; 101(6):2872–2877. https://doi.org/10.1152/jn.91060.2008 PMID: 19339458

PLOS ONE Effects of continuous theta-burst stimulation

PLOS ONE | https://doi.org/10.1371/journal.pone.0272268 August 15, 2022 11 / 13

https://doi.org/10.3389/fnmol.2013.00050
http://www.ncbi.nlm.nih.gov/pubmed/24381540
https://doi.org/10.4103/1673-5374.153676
https://doi.org/10.4103/1673-5374.153676
http://www.ncbi.nlm.nih.gov/pubmed/25878575
https://doi.org/10.1161/01.STR.0000189658.51972.34
http://www.ncbi.nlm.nih.gov/pubmed/16254224
https://doi.org/10.2340/16501977-0181
https://doi.org/10.2340/16501977-0181
http://www.ncbi.nlm.nih.gov/pubmed/18382826
https://doi.org/10.1136/jnnp.2005.069849
http://www.ncbi.nlm.nih.gov/pubmed/16291882
https://doi.org/10.1016/j.brs.2010.09.008
https://doi.org/10.1016/j.brs.2010.09.008
http://www.ncbi.nlm.nih.gov/pubmed/21777874
https://doi.org/10.1093/cercor/bhs147
https://doi.org/10.1093/cercor/bhs147
http://www.ncbi.nlm.nih.gov/pubmed/22661405
https://doi.org/10.1016/j.brs.2016.01.008
https://doi.org/10.1016/j.brs.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/27692928
https://doi.org/10.1016/j.brs.2017.12.003
https://doi.org/10.1016/j.brs.2017.12.003
http://www.ncbi.nlm.nih.gov/pubmed/29258807
https://doi.org/10.1016/j.brs.2016.04.019
https://doi.org/10.1016/j.brs.2016.04.019
http://www.ncbi.nlm.nih.gov/pubmed/27234142
https://doi.org/10.1016/j.neuron.2004.12.033
http://www.ncbi.nlm.nih.gov/pubmed/15664172
https://doi.org/10.1002/ana.10848
http://www.ncbi.nlm.nih.gov/pubmed/14991818
https://doi.org/10.1016/j.clinph.2006.10.014
https://doi.org/10.1016/j.clinph.2006.10.014
http://www.ncbi.nlm.nih.gov/pubmed/17166765
https://doi.org/10.1016/j.clinph.2007.01.021
https://doi.org/10.1016/j.clinph.2007.01.021
http://www.ncbi.nlm.nih.gov/pubmed/17368094
https://doi.org/10.1152/jn.91060.2008
http://www.ncbi.nlm.nih.gov/pubmed/19339458
https://doi.org/10.1371/journal.pone.0272268


17. Gratton C, Lee TG, Nomura EM, D’Esposito M. The effect of theta-burst TMS on cognitive control net-

works measured with resting state fMRI. Front Syst Neurosci. 2013; 30(7):124. https://doi.org/10.3389/

fnsys.2013.00124 PMID: 24416003

18. Barry MD, Boddington LJ, Igelström KM, Gray JP, Shemmell J, Tseng KY, et al. Utility of intracerebral

theta burst electrical stimulation to attenuate interhemispheric inhibition and to promote motor recovery

after cortical injury in an animal model. Exp Neurol. 2014; 261:258–266. https://doi.org/10.1016/j.

expneurol.2014.05.023 PMID: 24905955

19. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.

1971; 9:97–113. https://doi.org/10.1016/0028-3932(71)90067-4 PMID: 5146491

20. Mescher M, Tannus A, Johnson MO, Garwood M. Solvent suppression using selective echo dephasing.

J Magn Reson A. 1996; 123(2):226–229.

21. Mescher M, Merkle H, Kirsch J, Garwood M, Gruetter R. Simultaneous in vivo spectral editing and

water suppression. NMR Biomed. 1998; 11(6):266–272. https://doi.org/10.1002/(sici)1099-1492

(199810)11:6<266::aid-nbm530>3.0.co;2-j PMID: 9802468
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