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Introduction: Continuous theta-burst stimulation (cTBS) has been used as an

e�ective tool in inducing inhibitory aftere�ect within a short time periods in

the motor cortex; this has been demonstrated in the language network to a

limited degree with controversial e�ect. In this study, we aimed to delineate

the o	ine e�ect of cTBS-induced changes to the left posterior inferior frontal

gyrus (pIFG) in healthy subjects using functional magnetic resonance imaging

(fMRI).

Methods: Twenty healthy, normal subjects (mean age: 30.84 years) were

recruited. They all were right-handed and had no contra-indications for fMRI

or cTBS. They were randomly assigned into the treatment group or the sham

control group.

Results: ANOVA showed that cTBS had a significant main e�ect only

when the sham treatment was subtracted from the real stimulation in left

superior temporal, left inferior frontal gyrus, thalamus, and right insular

cortex (uncorrected p < 0.002). The subjects’ post-cTBS condition di�ered

significantly from their pre-cTBS condition in the left pIFG (uncorrected p

< 0.002). There were interactions in the pIFG, bilateral superior parietal

lobules, left superior temporal, left supramarginal, and left cuneus areas.

The application of cTBS induced increased BOLD signals in language-related

networks by stimulating the left pIFG (BA 44). This implies that inhibiting the

pIFG led to increased use of language network resources.

Conclusion: This study demonstrated cTBS-induced changes in the language

network caused by stimulation of the left pIFG. Based on these findings, future

studies on the therapeutic e�ects of cTBS on the right Broca’s homolog area

are warranted.

KEYWORDS

inhibition, Broca area, virtual lesion, naming, non-invasive brain stimulation, repetitive
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Introduction

Repetitive transcranial magnetic stimulation (rTMS) is a

non-invasive and relatively painless neuromodulation technique

used to temporarily disrupt cortical neuronal activity. It can

be used to study numerous cognitive functions and to clarify

the relationship between the brain and behavior (1, 2). A

novel variant form of rTMS, continuous theta burst stimulation

(cTBS) (3), has various advantages, including rapid application

and the ability to produce behavioral effects and induce robust

neurophysiological aftereffects that are thought to involve

neuronal mechanisms similar to those of long-term depression

(LTD) (2–6). cTBS has an inhibitory effect that can reducemotor

cortical excitability, denoted by the suppression of motor evoked

potentials (MEPs), in a way that imitates themechanisms of LTD

(3, 7–11).

Functional magnetic resonance imaging (fMRI) and

clinical and neurophysiological findings of non-invasive brain

stimulation has been shown that the posterior inferior frontal

gyrus (pIFG) plays a key role in different language functions

and networks. Multiple line of evidence has been shown that the

conventional rTMS on Broca’s homolog area were effective for

the purpose of improving aphasia after stroke (7, 12–18). Like

conventional rTMS, cTBS studies mostly reported improvement

of naming performance in healthy subjects (19, 20), as well as

in post-stroke aphasia patients (21) by right Broca’s homolog

area stimulation. It is essential to have understanding how

stimulation of Broca’s area cause suppression or facilitation

in the language network by cTBS protocol, however, it has

been seldomly reported. There was one study that applied

off-line cTBS over the left pIFG in healthy subjects, which

suppressed activity in the left pIFG and increased activity in

the right pIFG during repetition of auditory and visual words

and pseudowords (22). This finding is somewhat different to

note that facilitation of motor cortex using facilitatory protocol

namely the intermittent TBS, which resulted reduced activity

in fMRI (23), although one considers the difference of the

stimulated cortex.

Combining TMS-evoked neuronal responses with cerebral

hemodynamics is a valuable approach for exploring how TMS

impacts neuronal activity in the targeted and remote areas that

are required for specific tasks (22, 24). This approach can be

used to probe the immediate effect of TMS on regional neuronal

activity across the whole brain, which then makes it possible

to draw inferences about the contribution of the targeted area

to a specific task or function (22, 24, 25). In the current study,

concurrent cTBS-fMRI was employed to investigate the effect

of short bursts of high-frequency cTBS to the left pIFG on

the blood-oxygen-level-dependent (BOLD) response during a

picture-naming task. We aimed to assess whether real, cTBS

(in contrast to sham cTBS) applied to an intact left pIFG

could induce changes or modulate task-related activities in the

language network during a picture-naming task (PNT).

Methods and materials

Participants

Twenty healthy subjects (4 females; mean age 30.2 ± 4.5

years) were recruited for this study. The subjects were randomly

assigned to one of two groups: the real cTBS (treatment) group

or the sham cTBS (control) group. All subjects were native

Korean speakers. All were assessed as right-handed using the

Edingurgh Inventory for Handedness (EHI) (26). Participants

who were age between 20 and 35, didn’t had any sign or

history of neurological or psychiatric conditions and acute

medical illness were included in this study. The exclusion

criteria were use of psychotropic medication, an average use

of more than three alcoholic beverages, pregnancy, previous

history of head trauma or brain surgery, ferromagnetic metal

in the head, implanted cardiac pacemaker or neurostimulator.

All participants provided written informed consent before

participating but after the study procedure was fully explained

to them. The study was approved by the local research ethics

committee and conducted in accordance with the Declaration

of Helsinki.

Experimental setup and design

The stimulation set-up consisted of a magnetic stimulator

STM 9000 (ATES MEDICA Device, Italy) that administered

single-pulse TMS and cTBS. A figure-8 coil was placed

tangentially over the subject’s left primary motor cortex with

the handle pointing at a 45◦ angle posterolaterally. To measure

MEP, a surface electromyography (EMG) was performed using

pre-gelled, disposable Ag/AgCl electrodes. The active electrode

was placed on the contralateral first dorsal interosseous (FDI)

muscle, the reference electrode on the metacarpophalangeal

joint, and the ground electrode on the wrist. The EMG signal was

acquired at 3 kHz, filtered (10–500Hz), amplified, and stored for

offline analysis.

During the procedure, the participants sat in a comfortable

chair with a headrest; their hands rested on their laps. They were

monitored for drowsiness and asked to keep their eyes open

during TMS. All participants wore earplugs to protect them from

possible acoustic trauma due to the noise from the discharge of

the TMS coil.

All participants underwent baseline tests (MMSE, EHI) and

imaging study (structural MRI and fMRI) followed by baseline

TMS measurement [resting motor threshold (RMT) and active

motor threshold (AMT)] (Figure 1). Pre-cTBS fMRI was done

using PNT. Then participants moved to another room and

received cTBS on left pars opercularis for 40 s. Right after cTBS

procedure, the participants undergone post-cTBS fMRI using

same task with different set of pictures (Figure 1).
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FIGURE 1

Experimental design. MMSE, Mini Mental Status Examination; EHQ, Edinburgh Handedness Inventory; TMS, transcranial magnetic stimulation;

RMT, resting motor threshold; AMT, active motor threshold; BA, Brodmann area; rTMS, repetitive transcranial magnetic stimulation; cTBS,

continuous theta-burst stimulation; PNT, picture naming task.

Task and FMRI procedure

The participants completed a PNT that used pictures of

simple, white-on-black line drawings (27). Thirty pictures

were selected for the fMRI overt naming task; the pictures

were controlled for difficulty and frequency. We prepared five

different picture sets of 100 images with a moderate level of use

frequency and word complexity. Different pictures were used for

the pre- and post-fMRI tasks. The pictures were presented on

a screen that was reflected by a mirror placed in front of the

participant. Each participant performed three scanning fMRI

runs with a block design of ∼5min for each. Within each run,

there were five task blocks. Each block consisted of 30 s of rest

and 30 s for each task (PNT). Within each task block, each trial

began with 200ms fixation; the picture was then presented for

100ms. This was followed by a 200-ms response period during

which participants were asked to name the presented picture as

quickly and accurately as possible. We measured the correctness

of the responses by recording participants’ responses through

a speaker outside the scanner. For the behavioral task, two

investigators independently count the behavioral response. We

only counted both investigators’ positive answers.

FMRI acquisition

FMRI was acquired using a single-shot gradient echo planar

imaging (EPI) sequence. The vast majority of fMRI performed

at field strengths of 3T and below uses single-shot EPI, in which

the k-space representation of an excited slice is read out in

a single extended echo train. These extended readout periods

make EPI sequences very efficient in terms of SNR per unit

time, and thus highly sensitive to functional activation (28).

The scanning parameters were as follows: 190 EPI volumes

per block; repetition time (TR)/echo time (TE) = 2,000/35ms;

flip angle (FA) = 90◦; field of view (FoV) = 240mm; matrix

= 64 × 64; resolution = 3 × 3 × 3 mm3; and 35 slices.

A high-resolution structural T1-weighted image was obtained

using a magnetization-prepared rapid acquisition gradient echo

(MP-RAGE) sequence with the following scanning parameters:

TR/TE = 8.1/2.3ms; thickness = 1mm; FoV = 256mm; FA =

90◦; matrix size= 256× 256, and resolution= 1× 1× 1 mm3.

FMRI analysis

The data were analyzed using the Statistical Parametric

Mapping software (SPM8, Wellcome Department of Imaging

Neuroscience, London, UK) with Matlab version 2009a

(Mathworks, Natick, MA). Prior to analysis, all images were

preprocessed. The images were realigned to the mean functional

image in the time series using mean frame-wise displacement,

co-registered with each individual’s structural image, spatially

normalized to the MNI space, and spatially smoothed using

a Gaussian kernel (8mm, full width at half maximum). Poor-

quality scans due to excessive head movement (≥3mm) were

excluded from the analysis. One case in sham condition showed

excessive head movement, we excluded it.
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For the subject-level analysis of the fMRI data, a general

linear model (GLM) was used to calculate individual contrasts.

The design matrix consisted of the PNT and rest periods.

Motion parameters were included in the design as regressor

variables of no interest to exclude variance related to head

movement. Contrast maps for each condition were created for

all participants.

For the group-level analysis, a full-factorial ANOVA with

two independent variables (pre- and post-cTBS) and two

dependent variables (real and sham cTBS) was conducted. The

statistical contrast maps were thresholded. The height threshold

was p < 0.002 (uncorrected) at the voxel level, and the extent

threshold was 10 voxels with a false-discovery rate (FDR)

correction at the cluster level of p < 0.05.

ROIs and analysis

Since we targeted the left pars opercularis gyrus (BA 44) for

stimulation, changes to the network related to the left BA 44

were our main interest. To explore the effects of real and sham

cTBS pre- and post-stimulation, we determined functionally

defined regions of interest (ROIs) (left BA 45 [−48, 24, −10];

left BA 44 [−38, 16, 50]; right BA 45 [52, 22, −10]; right BA

44 [44, 8, 54]) using the Automated Anatomical Labeling (AAL-

90) atlas (29). We then extracted the contrast estimate for each

subject individually.

TMS stimulation

TMS was conducted in a separate, quiet room near the MRI

center. This study was designed to explore the offline effect of

cTBS, so we conducted an fMRI on each subject before and

immediately after cTBS was applied to Broca’s area.

The RMT was obtained over M1, where the lowest stimulus

intensity evoked TMS-induced motor evoked potentials (MEPs)

of at least 50µV in the target muscle in five out of 10 consecutive

trials. The TMS sessions were conducted in accordance with

the published safety guidelines (30, 31). The targeted area for

the stimulation (left pars opercularis gyrus) was identified using

MRIcro software after a 3D T1magnetic resonance image (MRI)

was obtained with a surface marker located near both pIFG

(BA 44). An offline-cTBS was administered with 40-s trains of

3 bursts at 50Hz pulses, interleaved by 200ms, for a total of

600 pulses. The mean stimulator output was delivered at 90%

of the individual AMT. For each session, AMT was calculated

for the left first dorsal interosseous and defined as the minimum

stimulator output intensity required to produce motor evoked

potentials (MEP) of at least 200 µV at 20% of maximum muscle

contraction (3).

Sham group received stimulation by tilting the stimulator

coil 45 degree so that subjects feel the pressure on the scalp along

with a same auditory input.

Statistical analysis

For the subject-level analysis of the fMRI data, a general

linear model (GLM) was used to calculate individual contrasts.

For the group-level analysis, a full-factorial ANOVA with two

independent variables (pre- and post-cTBS) and two dependent

variables (real and sham cTBS) was conducted. The height

threshold was p < 0.002 (uncorrected) at the voxel level, and the

extent threshold was 10 voxels with a false-discovery rate (FDR)

correction at the cluster level of p< 0.05. The accuracy of PNT in

fMRI session was compared between real and sham group using

independent t-test.

Results

fMRI whole-brain analysis

ANOVA showed increased activation in the right insula,

right pIFG, left superior temporal gyrus, left middle temporal

gyrus, and left middle frontal area in the real cTBS group

(uncorrected p < 0.002) (Figure 2A); there was no significant

increase in activation in the sham cTBS group. The post-

cTBS MRI showed significantly increased activation only in the

left pIFG (uncorrected p < 0.002) (Figure 2B). There was no

significant activation in the pre-cTBS compared to post-cTBS

condition. A significant interaction effect between condition and

time was observed in the left pIFG, the left superior temporal

gyrus, both superior parietal lobules, the left angular gyrus,

and the left cuneus; in all these areas, activation increased

significantly post-cTBS in the treatment group (uncorrected p

< 0.002) (Table 1) (Figure 2C).

fMRI ROI analysis

The ROI analysis focusing on the language areas showed

increased activation only in left BA 45 and 44 areas of the post

cTBS stimulation condition (uncorrected p < 0.005) (Figure 3).

Behavioral results

All subjects in both groups achieved 100% accuracy on the

picture-naming task; no behavioral differences between the two

groups were observed.

Discussion

The current work aimed to investigate the impact of cTBS

applied to the left pIFG on the hemodynamic response during

a PNT. We found that cTBS had a significant effect on the left

pIFG, left superior temporal gyrus, bilateral superior parietal

Frontiers inNeurology 04 frontiersin.org

https://doi.org/10.3389/fneur.2022.950718
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


An et al. 10.3389/fneur.2022.950718

FIGURE 2

E�ect of the cTBS: whole brain analysis. (A) Increased activation in the right insula, right pIFG, left superior temporal gyrus, left middle temporal

gyrus, and left middle frontal area in the real cTBS group compared to sham group. (B) The post-cTBS MRI showed significantly increased

activation only in the left pIFG compared to pre-cTBS. (C) A significant interaction e�ect between condition and time was observed in the left

pIFG, the left superior temporal gyrus, both superior parietal lobules, the left angular gyrus, and the left cuneus. cTBS, continuous theta-burst

stimulation; pIFG, posterior inferior frontal gyrus; MRI, magnetic resonance imaging.

TABLE 1 The area of increased activation by the interaction e�ect

between condition and time.

Region BA x y z P-value

Left posterior inferior frontal gyrus 44 −51 7 9 <0.001

superior temporal gyrus 22 −52 −34 15 <0.001

angular gyrus 39 −44 −46 33 <0.001

cuneus 19 −13 −74 28 <0.001

superior parietal lobule 7 −6 −35 66 <0.001

Right superior parietal lobule 7 13 −64 52 <0.001

BA, Brodmann area.

FIGURE 3

E�ect of the cTBS: ROI analysis. (A) Left BA 44. (B) Left BA 45.

cTBS, continuous theta-burst stimulation; BA, Brodmann area.

lobule, left angular gyrus, and left cuneus. These findings suggest

two possible interpretations. First, offline-cTBS may have

increased neuronal activity in the stimulated area (left pIFG)

and in other brain regions within the language network during

the PNT. This would indicate that the inhibitory effect of cTBS

led to the recruitment of additional resources to achieve similar

performance (12–16). Second, the inhibitory aftereffect of cTBS

may have modulated intrahemispheric cortical connectivity; this

explanation aligns with recent previous work done using TMS-

EEG (32).

Administering cTBS at 80% of AMT to the left pIFG has

been reported to lead to no change in behavioral outcomes on

a speech repetition task (33). Other studies have found that

cTBS induced a significant decrease in pIFG and M1 effective

connectivity during a listening task (34), suppressed activity in

the left pIFG and increased activity in the right pIFG during

repetition of words and pseudowords (22) and led to changes in

interhemispheric and intrahemispheric TMS-evoked synchrony

as measured by electroencephalogram (EEG) (32). In this study,

since we used a higher intensity (90% of AMT), it is not

surprising that we observed changes in the stimulated area and

in the related network. It is interesting, however, that activation

in the target area increased rather than decreased; this contrasts

with previous reports (22). The different tasks used in this

and previous studies (picture naming vs. contrasting words and

pseudowords repetition) and differences in stimulation intensity

(90% vs. 80% of AMT) cannot be excluded as explanations

for this contradiction. Moreover, since the basic principle of

activation in fMRI is that activation depends on the potential

effectiveness of the resource, this finding could be interpreted

to indicate decreased effectiveness in the stimulated hemisphere

since more resources were recruited to perform the task (we

observed no additional activation in the right inferior frontal

area). This explanation would align with previous studies of

iTBS stimulation to the motor cortex (23).

The language related other nodes were increased after cTBS

that includes left posterior part of superior temporal gyrus and
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left angular gyrus. Among left superior temporal gyrus, posterior

and ventral to Heschel’s gyrus portion has been reported to

have a phonological priming effect, which is lateralized speech

selective response (35). The angular gyrus is one of the node

of semantic retrieval network, which is widely distributed in a

left-lateralized network including in the inferior temporal gyrus,

anterior fusiform, hippocampus, pars orbitalis, superior and

middle temporal gyri, and the right cerebellum (36). Especially,

left angular gyrus is related to word comprehension in both

speaking and writing (37).

Together with both bilateral superior parietal lobule and

cuneus involved in visuospatial attention, above language

network would be used to increase activity to compensate

inhibition induced by cTBS by use of phonological and semantic

resources as well as by increasing signal to noise ration

with attention.

PNT is a sequential process of relation of visual recognition

of picture by semantic network into lexical network, which

represents concepts’ names leading to speech production

(38). In this semantic retrieval process, semantically related

words showed reduced activity in the left pars orbitalis than

phonologically related words (39). In this study, the significant

interaction effect was located at BA 44 [−51, 7, 9]. This region

has been reported to have relation to articulating planning (40,

41). As this area is also involved in working memory increased

activity in the real cTBS condition might have related to difficult

speech comprehension that reflects top-down predictions about

the possible articulatory codes associated with the words (42,

43).

One main strength of this work is that it combined rTMS

with fMRI to probe the impact of short bursts of high-frequency

stimulation (cTBS) to the left pIFG on the BOLD hemodynamic

response during a language task. However, this study has some

limitations. First, caution must be used when interpreting fMRI

in general, because of the small number of participants. Second,

this study obtained limited behavioral data, which is a major

drawback. Behavioral data (i.e., reaction time on a millisecond

scale) could not be recorded due to background noise, so only

the correctness of the responses was acquired. Third, the criteria

of head motion that we excluded from the analysis might be

too loose, which couldn’t exclude to have artifacts instead of

real activations, although we included the estimated motion

parameters in the design as regressor of no interest in the first

level GLM, which can reduce the sensitivity to detect noise as

well as activations. Finally, the fMRI data were associated only

with the onsets of correct trials in the PNT. Analyzing behavioral

data and correlating them with the fMRI data would expand

the current findings by relating them to behavioral measures.

Future work should employ online and offline TMS coupled with

fMRI data to explore the effects of TMS on electrophysiological

measures (i.e., MEP amplitude), behavioral measures with more

sensitive behavioral task to reduce the ceiling effect (i.e., reaction

time and error rate) and on regional brain hemodynamic

neuronal activity.

Conclusion

This study demonstrated cTBS-induced inhibition in

the language network caused by stimulation of the left

pIFG, which induced increased use of resources of language

and attention network to maintain same performance

in PNT.

Data availability statement

The original contributions presented in the study are

included in the article/supplementary material, further inquiries

can be directed to the corresponding author/s.

Ethics statement

The studies involving human participants were reviewed

and approved by Ethics Committee of Hallym University Sacred

Heart Hospital. The patients/participants provided their written

informed consent to participate in this study.

Author contributions

W-KY and HA: design study and analysis the data. W-KY,

HA, and EC: collect the data. W-KY, SB, EC, JL, SO, and

K-IJ wrote the main manuscript text. All authors reviewed

the manuscript.

Funding

This research was supported by the

National Research Foundation of Korea,

Basic Research Promotion Fund (NRF-

2013R1A1A2012562) and Hallym University

Research Fund.

Conflict of interest

The authors declare that the research was conducted in

the absence of any commercial or financial relationships

that could be construed as a potential conflict

of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Frontiers inNeurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2022.950718
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


An et al. 10.3389/fneur.2022.950718

References

1. Kobayashi M, Hutchinson S, Schlaug G, Pascual-Leone A. Ipsilateral motor
cortex activation on functional magnetic resonance imaging during unilateral
hand movements is related to interhemispheric interactions. Neuroimage. (2003)
20:2259–70. doi: 10.1016/S1053-8119(03)00220-9

2. Pascual-Leone A, Valls-Solé J,Wassermann EM,HallettM. Responses to rapid-
rate transcranial magnetic stimulation of the human motor cortex. Brain. (1994)
117:847–58. doi: 10.1093/brain/117.4.847

3. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta
burst stimulation of the human motor cortex. Neuron. (2005) 45:201–6.
doi: 10.1016/j.neuron.2004.12.033

4. Pascual-Leone A, Freitas C, Oberman L, Horvath JC, Halko M, Eldaief M,
et al. Characterizing brain cortical plasticity and network dynamics across the age-
span in health and disease with TMS-EEG and TMS-fMRI. Brain Topogr. (2011)
24:302–15. doi: 10.1007/s10548-011-0196-8

5. Hallett M. Transcranial magnetic stimulation: a primer. Neuron. (2007)
55:187–99. doi: 10.1016/j.neuron.2007.06.026

6. Suppa A, Huang YZ, Funke K, Ridding MC, Cheeran B, Lazzaro VD,
et al. Ten years of theta burst stimulation in humans: established knowledge,
unknowns and prospects. Brain Stimul. (2016) 9:323–35. doi: 10.1016/j.brs.2016.
01.006

7. Lazzaro VD, Pilato F, Saturno E, Oliviero A, Dileone M, Mazzone P,
et al. Theta-burst repetitive transcranial magnetic stimulation suppresses specific
excitatory circuits in the human motor cortex. J Physiol. (2005) 565:945–50.
doi: 10.1113/jphysiol.2005.087288

8. Di Lazzaro V, Dileone M, Pilato F, Capone F, Musumeci G, Ranieri F, et al.
Modulation of motor cortex neuronal networks by rTMS: comparison of local
and remote effects of six different protocols of stimulation. J Neurophysiol. (2011)
105:2150–6. doi: 10.1152/jn.00781.2010

9. Allen EA, Pasley BN, Duong T, Freeman RD. Transcranial magnetic
stimulation elicits coupled neural and hemodynamic consequences. Science. (2007)
317:1918–21. doi: 10.1126/science.1146426

10. Gentner R, Wankerl K, Reinsberger C, Zeller D, Classen J. Depression of
human corticospinal excitability induced by magnetic theta-burst stimulation:
evidence of rapid polarity-reversing metaplasticity. Cereb Cortex. (2008) 18:2046–
53. doi: 10.1093/cercor/bhm239

11. Huang, Y.-Z., Chen, R.-S., Rothwell JC, Wen, et al.-Y. The after-
effect of human theta burst stimulation is NMDA receptor dependent.
Clin Neurophysiol. (2007) 118:1028–32. doi: 10.1016/j.clinph.2007.
01.021

12. Naeser MA, Martin PI, Baker EH, Hodge SM, Sczerzenie SE, Nicholas
M, et al. Overt propositional speech in chronic nonfluent aphasia studied with
the dynamic susceptibility contrast fMRI method. Neuroimage. (2004) 22:29–41.
doi: 10.1016/j.neuroimage.2003.11.016

13. Naeser MA, Martin PI, Nicholas M, Baker EH, Seekins H, Kobayashi
M, et al. Improved picture naming in chronic aphasia after TMS to part
of right Broca’s area: an open-protocol study. Brain Lang. (2005) 93:95–105.
doi: 10.1016/j.bandl.2004.08.004

14. Naeser MA, Martin PI, Nicholas M, Baker EH, Seekins H, Helm-
Estabrooks N, et al. Improved naming after TMS treatments in a
chronic, global aphasia patient–case report. Neurocase. (2005) 11:182–93.
doi: 10.1080/13554790590944663

15. Martin PI, Naeser MA, Ho M, Doron KW, Kurland J, Kaplan J, et al.
Overt naming fMRI pre- and post-TMS: two nonfluent aphasia patients,
with and without improved naming post-TMS. Brain Lang. (2009) 111:20–35.
doi: 10.1016/j.bandl.2009.07.007

16. Turkeltaub PE, Coslett HB, Thomas AL, Faseyitan O, Benson
J, Norise C, et al. The right hemisphere is not unitary in its role in
aphasia recovery. Cortex. (2012) 48:1179–86. doi: 10.1016/j.cortex.2011.
06.010

17. Harvey DY, Podell J, Turkeltaub PE, Faseyitan O, Coslett HB, Hamilton RH.
Functional reorganization of right prefrontal cortex underlies sustained naming
improvements in chronic aphasia via repetitive transcranial magnetic stimulation.
Cogn Behav Neurol. (2017) 30:133–44. doi: 10.1097/WNN.00000000000
00141

18. Bucur M, Papagno C. Are transcranial brain stimulation
effects long-lasting in post-stroke aphasia? A comparative systematic
review and meta-analysis on naming performance. Neurosci
Biobehav Rev. (2019) 102:264–89. doi: 10.1016/j.neubiorev.2019.
04.019

19. Nicolo P, Fargier R, Laganaro M, Guggisberg AG. Neurobiological correlates
of inhibition of the right broca homolog during new-word learning. Front Hum
Neurosci. (2016) 10:371. doi: 10.3389/fnhum.2016.00371

20. Harvey DY, Mass JA, Shah-Basak PP, Wurzman R, Faseyitan O, Sacchetti
DL, et al. Continuous theta burst stimulation over right pars triangularis facilitates
naming abilities in chronic post-stroke aphasia by enhancing phonological access.
Brain Lang. (2019) 192:25–34. doi: 10.1016/j.bandl.2019.02.005

21. Miniussi C, Thut G. Combining TMS and EEG offers new prospects in
cognitive neuroscience. Brain Topogr. (2009) 22:249–56.

22. Hartwigsen G, Saur D, Price CJ, Ulmer S, Baumgaertner A, Siebner HR.
Perturbation of the left inferior frontal gyrus triggers adaptive plasticity in the right
homologous area during speech production. Proc Natl Acad Sci. (2013) 110:1–6.
doi: 10.1073/pnas.1310190110

23. Cardenas-Morales L, Nowak DA, Kammer T, Wolf RC, Schonfeldt-Lecuona
C. Mechanisms and applications of theta-burst rTMS on the human motor cortex.
Brain Topogr. (2010) 22:294–306. doi: 10.1007/s10548-009-0084-7

24. Bergmann TO, Karabanov A, Hartwigsen G, Thielscher A, Siebner HR.
Combining non-invasive transcranial brain stimulation with neuroimaging and
electrophysiology: current approaches and future perspectives.Neuroimage. (2016)
140:4–19. doi: 10.1016/j.neuroimage.2016.02.012

25. Andoh J, Paus T. Combining functional neuroimaging with off-line brain
stimulation: modulation of task-related activity in language areas. J Cogn Neurosci.
(2011) 23:349–61. doi: 10.1162/jocn.2010.21449

26. Oldfield RC. The assessment and analysis of handedness: the Edinburgh
inventory.Neuropsychologia. (1971) 9:97–113. doi: 10.1016/0028-3932(71)90067-4

27. Snodgrass JG, Vanderwart M. A standardized set of 260 pictures: norms for
name agreement, image agreement, familiarity, visual complexity. J Exp Psychol
Hum Learn. (1980) 6:174–215. doi: 10.1037/0278-7393.6.2.174

28. Swisher JD, Sexton JA, Gatenby JC, Gore JC, Tong F. Multishot versus single-
shot pulse sequences in very high field fMRI: a comparison using retinotopic
mapping. PLoS ONE. (2012) 7:e34626. doi: 10.1371/journal.pone.0034626

29. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O,
Delcroix N, et al. Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage. (2002) 15:273–89. doi: 10.1006/nimg.2001.0978

30. Rossi S, Hallett M, Rossini PM, Pascual-Leone A, Safety of TMS Consensus
Group. Safety, ethical considerations, and application guidelines for the use
of transcranial magnetic stimulation in clinical practice and research. Clin
Neurophysiol. (2009) 120:2008–39. doi: 10.1016/j.clinph.2009.08.016

31. Wassermann EM, Wang B, Zeffiro TA, Sadato N, Pascual-Leone A, Toro C,
et al. Locating the motor cortex on the MRI with transcranial magnetic stimulation
and PET. Neuroimage. (1996) 3:1–9. doi: 10.1006/nimg.1996.0001

32. Ahn HJ, Bashir S, Martin P, Naeser MA, Pascual-Leone A, Yoo WK. cTBS
effect on language reorganization verified by fMRI and chronometry TMS in an
aphasia patient. Neurol Clin Neurosci. (2020) 8:74–8. doi: 10.1111/ncn3.12353

33. Restle J, Murakami T, Ziemann U. Facilitation of speech
repetition accuracy by theta burst stimulation of the left posterior
inferior frontal gyrus. Neuropsychologia. (2012) 50:2026–31.
doi: 10.1016/j.neuropsychologia.2012.05.001

34. Murakami T, Restle J, Ziemann U. Effective connectivity hierarchically
links temporoparietal and frontal areas of the auditory dorsal stream with the
motor cortex lip area during speech perception. Brain Lang. (2012) 122:135–41.
doi: 10.1016/j.bandl.2011.09.005

35. Vaden KI Jr., Muftuler LT, Hickok G. Phonological repetition-
suppression in bilateral superior temporal sulci. Neuroimage. (2010) 49:1018–23.
doi: 10.1016/j.neuroimage.2009.07.063

36. Price CJ. The anatomy of language: a review of 100 fMRI studies published in
2009.Ann N Y Acad Sci. (2010) 1191:62–88. doi: 10.1111/j.1749-6632.2010.05444.x

37. Brownsett SL, Wise RJ. The contribution of the parietal lobes to speaking and
writing. Cereb Cortex. (2010) 20:517–23. doi: 10.1093/cercor/bhp120

38. Roelofs A. A spreading-activation theory of lemma retrieval in speaking.
Cognition. (1992) 42:107–42. doi: 10.1016/0010-0277(92)90041-F

39. De Zubicaray GI, Mcmahon KL. Auditory context effects in picture naming
investigated with event-related fMRI. Cogn Affect Behav Neurosci. (2009) 9:260–9.
doi: 10.3758/CABN.9.3.260

40. Heim S, Eickhoff SB, Amunts K. Different roles of cytoarchitectonic
BA 44 and BA 45 in phonological and semantic verbal fluency as

Frontiers inNeurology 07 frontiersin.org

https://doi.org/10.3389/fneur.2022.950718
https://doi.org/10.1016/S1053-8119(03)00220-9
https://doi.org/10.1093/brain/117.4.847
https://doi.org/10.1016/j.neuron.2004.12.033
https://doi.org/10.1007/s10548-011-0196-8
https://doi.org/10.1016/j.neuron.2007.06.026
https://doi.org/10.1016/j.brs.2016.01.006
https://doi.org/10.1113/jphysiol.2005.087288
https://doi.org/10.1152/jn.00781.2010
https://doi.org/10.1126/science.1146426
https://doi.org/10.1093/cercor/bhm239
https://doi.org/10.1016/j.clinph.2007.01.021
https://doi.org/10.1016/j.neuroimage.2003.11.016
https://doi.org/10.1016/j.bandl.2004.08.004
https://doi.org/10.1080/13554790590944663
https://doi.org/10.1016/j.bandl.2009.07.007
https://doi.org/10.1016/j.cortex.2011.06.010
https://doi.org/10.1097/WNN.0000000000000141
https://doi.org/10.1016/j.neubiorev.2019.04.019
https://doi.org/10.3389/fnhum.2016.00371
https://doi.org/10.1016/j.bandl.2019.02.005
https://doi.org/10.1073/pnas.1310190110
https://doi.org/10.1007/s10548-009-0084-7
https://doi.org/10.1016/j.neuroimage.2016.02.012
https://doi.org/10.1162/jocn.2010.21449
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1037/0278-7393.6.2.174
https://doi.org/10.1371/journal.pone.0034626
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1016/j.clinph.2009.08.016
https://doi.org/10.1006/nimg.1996.0001
https://doi.org/10.1111/ncn3.12353
https://doi.org/10.1016/j.neuropsychologia.2012.05.001
https://doi.org/10.1016/j.bandl.2011.09.005
https://doi.org/10.1016/j.neuroimage.2009.07.063
https://doi.org/10.1111/j.1749-6632.2010.05444.x
https://doi.org/10.1093/cercor/bhp120
https://doi.org/10.1016/0010-0277(92)90041-F
https://doi.org/10.3758/CABN.9.3.260
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


An et al. 10.3389/fneur.2022.950718

revealed by dynamic causal modelling. Neuroimage. (2009) 48:616–24.
doi: 10.1016/j.neuroimage.2009.06.044

41. Zheng ZZ, Munhall KG, Johnsrude IS. Functional overlap between regions
involved in speech perception and in monitoring one’s own voice during
speech production. J Cogn Neurosci. (2010) 22:1770–81. doi: 10.1162/jocn.2009.
21324

42. Obleser J, Kotz SA. Expectancy constraints in degraded speech modulate
the language comprehension network. Cereb Cortex. (2010) 20:633–40.
doi: 10.1093/cercor/bhp128

43. Friederici AD, Kotz SA, Scott SK, Obleser J. Disentangling syntax and
intelligibility in auditory language comprehension. Hum Brain Mapp. (2010)
31:448–57. doi: 10.1002/hbm.20878

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2022.950718
https://doi.org/10.1016/j.neuroimage.2009.06.044
https://doi.org/10.1162/jocn.2009.21324
https://doi.org/10.1093/cercor/bhp128
https://doi.org/10.1002/hbm.20878
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Continuous theta-burst stimulation over the left posterior inferior frontal gyrus induced compensatory plasticity in the language network
	Introduction
	Methods and materials
	Participants
	Experimental setup and design
	Task and FMRI procedure
	FMRI acquisition
	FMRI analysis
	ROIs and analysis

	TMS stimulation
	Statistical analysis

	Results
	fMRI whole-brain analysis
	fMRI ROI analysis
	Behavioral results

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


