
Assessing rTMS Effects on Resting-State EEG 
Power and Correlation of These Effects With 
Cognitive Task Performance

Citation
Sikah, Kevin. 2020. Assessing rTMS Effects on Resting-State EEG Power and Correlation of 
These Effects With Cognitive Task Performance. Doctoral dissertation, Harvard Medical School.

Permanent link
https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37364943

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

https://nrs.harvard.edu/URN-3:HUL.INSTREPOS:37364943
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Assessing%20rTMS%20Effects%20on%20Resting-State%20EEG%20Power%20and%20Correlation%20of%20These%20Effects%20With%20Cognitive%20Task%20Performance&community=1/4454685&collection=1/11407446&owningCollection1/11407446&harvardAuthors=c088f99e4f34f8ad5bb05ee13a9eedf5&departmentScholarly%20Project
https://dash.harvard.edu/pages/accessibility


1 
 

Scholarly Report submitted in partial fulfillment of the MD Degree at Harvard 

Medical School 

13 April 2020 

Kevin Sikah, BA 

Assessing rTMS Effects on Resting-State EEG Power and Correlation of these 

Effects with Cognitive Task Performance  

Mouhsin Shafi, MD, PhD, Dept of Neurology, Center for Noninvasive Brain Stimulation, Beth Israel 

Deaconess Medical Center 

Recep Ozdemir, PhD, Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center 

Jessica Ross, PhD, Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center  

Timothy Smith, PhD, Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center  

Pierre Boucher, BS, Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical Center  

Lisa Nickerson, PhD, Applied Neuroimaging Statistics Lab, McLean Hospital 

Emiliano Santarnecchi, PhD, Center for Noninvasive Brain Stimulation, Beth Israel Deaconess Medical 

Center  

  



2 
 

Abstract 

Title: Assessing rTMS Effects on Resting-State EEG Power and Correlation of these Effects with Cognitive 

Task Performance  

Purpose: To assess the nature and reliability of the effects of intermittent theta burst stimulation (iTBS) 

vs continuous TBS (cTBS) vs sham stimulation on resting-state EEG oscillatory power in various 

frequency bands, determine the relationship between rTMS effects on resting-state EEG power and TMS 

EMG motor-evoked potentials (MEPs), and determine whether baseline neuropsychological task 

performance on motor and memory tasks is related to TBS plasticity at primary motor cortex (M1). 

Methods: We worked with 24 healthy subjects who underwent cognitive testing at a baseline visit. 

These subjects would each return for three visits of TBS (where they were randomized to receive cTBS, 

iTBS, and Sham TBS in different orders). During each visit, corticospinal excitability was also measured 

through the elicitation of MEPs. Resting-state EEG was recorded before TBS administration and 15 

minutes afterward. After the first three visits, subjects returned for an additional three visits in the same 

order as the first visits, for a total of six TBS visits. Data collected were analyzed for power in the left and 

bilateral frontocentral regions in the alpha and beta bands. Data were evaluated for relationships 

between pre/post-TBS resting-state EEG power change and cognitive testing, pre/post-TBS MEP 

amplitude change, and stimulation type. Pre/post EEG power changes of matched visits (e.g. cTBS visit 1 

and cTBS visit 2) over the left and bilateral frontocentral regions in the alpha and beta frequencies were 

evaluated for test-retest reliability using Cronbach’s alpha.  

Results: ANCOVAs run on the acquired data did not reveal any significant relationships between 

stimulation type and EEG power difference scores. Internal energy (reaction time controlled for error) of 

the Face Memory test was modestly correlated (~0.4) with EEG power difference scores in the cTBS 

condition in the beta band, and MEP amplitude change had a similar correlation to EEG power 

difference scores in the iTBS condition in the alpha band. Sham stimulation exhibited some test-retest 

reliability relative to EEG power difference scores, but iTBS and cTBS did not. 

Conclusion: Cognitive and motor testing may help to predict effects of TBS on brain activity, but highly 

predictive factors remain elusive. It is possible that other factors may exhibit a stronger link, and this 

analysis may benefit from linking with evaluation of TMS-EEG, rather than resting-state EEG alone.  
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Glossary of Abbreviations 

BL: Baseline 

cTBS: Continuous Theta Burst Stimulation 

EEG: Electroencephalogram 

EMG: Electromyogram 

IE: Internal Energy 

iTBS: Intermittent Theta Burst Stimulation 

MEP: Motor-Evoked Potential 

rTMS: Repetitive Transcranial Magnetic Stimulation 

spTMS: Single-Pulse Transcranial Magnetic Stimulation 

SRTT: Simple Reaction Time Test 

TBS: Theta Burst Stimulation 

TMS: Transcranial Magnetic Stimulation 

T15: 15 minutes post-TBS 

T20: 20 minutes post-TBS  
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Section 1: Introduction 

Transcranial Magnetic Stimulation (TMS) is a technique used to induce electrical signaling in cortical 

brain areas and modulate their excitability (21). It has been used both in research and clinical contexts. 

It is thought that certain frequencies of repetitive TMS (rTMS) generally have inhibitory effects (1 Hz) 

while others have excitatory effects (10 Hz) (22). In recent years, TMS devices have been approved by 

the US Food and Drug Administration for treatment of certain psychiatric and neurologic disorders such 

as depression, OCD, and migraine (31). It continues to be investigated for potential application in other 

neuropsychiatric disorders (3, 5, 12, 20). TMS is often used therapeutically in patients who have failed to 

improve with multiple pharmacologic interventions, and it may also be used when other modalities such 

as electroconvulsive therapy (ECT) are helpful but have a side effect profile that a patient is unable to 

tolerate. 

One modality of rTMS, called theta burst stimulation (TBS), has been the subject of increasing interest in 

recent years, as it may have the potential to produce effects similar to traditional forms of rTMS (e.g. 1 

Hz and 10 Hz) but in less time per session (13). The THREE-D trial (1) is a promising start, as it 

demonstrated non-inferiority of iTBS to 10 Hz rTMS for the treatment of depression. TBS is a newer 

modality than 1 Hz and 10 Hz rTMS and is not as well-understood as these classic protocols, so more 

data are required. TBS involves administering a burst of 3 pulses at 50 Hz repeated at intervals of 200 

ms, and it may be administered in an intermittent (iTBS) or continuous (cTBS) fashion (Figure 1a and 

1b). iTBS has been generally observed to have excitatory effects similar to 10 Hz rTMS, and cTBS has 

been observed to have inhibitory effects similar to 1 Hz rTMS (13). However, despite this general 

pattern, substantial within-group variability has also been observed (15), and further characterization of 

the reliability of rTMS effects is needed.  

rTMS is thought to modulate cortical oscillations (7, 9); in motor cortex, the alpha and beta frequency 

bands are particularly susceptible to modulation (27). It is also proposed to exert its effects at least 

partly through mechanisms akin to long-term potentiation (LTP) and long-term depression (LTD) (6, 11, 

19, 35). LTP and LTD are thought to be involved in memory (16), so it is possible that responses to TMS 

may be correlated with baseline learning prior to TMS, as greater plasticity is generally supportive of 

enhanced learning (8). Cognitive testing may provide an avenue through which to evaluate this. 

While much research focuses on brain activity during the administration of TMS, information can be 

gleaned from evaluation of EEG activity at rest after TMS delivery; there have been reports of some 
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effects of TBS on resting-state EEG activity (30). Resting-state data may prove to be an additional source 

of information that could help to untangle the complicated effects of TBS. 

The current study had several aims. We wanted to assess the nature and reliability of the effects of iTBS 

vs cTBS vs sham stimulation on resting-state EEG oscillatory power in various frequency bands, 

determine the relationship between rTMS effects on resting-state EEG power and TMS EMG motor-

evoked potentials (MEPs), and determine whether baseline neuropsychological task performance on 

motor and memory tasks is related to TBS plasticity at primary motor cortex (M1). Our hypotheses are 

that the modulatory effects of TMS on EEG measures will show high reliability across experimental 

sessions, different TMS modalities will have different effects on alpha and beta frequency oscillatory 

power, response to TMS on EEG will correlate with TMS-EMG motor evoked potentials (MEPs), and 

response to TMS on EEG will correlate with neuropsychological task performance. 
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Section 2: Student Role 

My role in the project was largely based on data analysis. The data themselves had been 

collected prior to my joining the lab, and the aims had been written in a way to allow for an exploratory 

approach to the data analysis. Some of the general ideas for the analysis were drawn out prior to my 

joining the lab, but I discussed the specific ways in which the data would be analyzed with my PI and 

other lab members. I participated in writing and editing the MATLAB scripts that were needed for the 

data preprocessing and analyses that I had in mind, and I also ran the analyses. The preprocessing 

involved removing bad channels, deleting epochs that had excessive amounts of noise or artifact, 

organizing the data into independent components, and selecting the components with the least amount 

of non-neural noise for analysis. Additionally, I wrote this report and generated the figures associated 

with it.  
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Section 3: Methods 

Subject Selection 

Data were collected from 24 healthy participants between the ages of 18 and 49 (mean 29.6 +/- 2.16 

years old; 16 male and 8 female) who participated in research at the Berenson-Allen Center for 

Noninvasive Brain Stimulation at Beth Israel Deaconess Medical Center between 2017 and 2018. The 

study was approved by the local Institutional Review Board, and all participants provided written 

informed consent. All participants were right-handed per the Edinburgh Handedness Questionnaire. 

Exclusion criteria included history of seizures (beyond single benign seizure), history of head injury 

resulting in loss of consciousness, implanted medical devices or metal (unless approved by responsible 

MD), current history of psychiatric illness, neurological disorders, intracranial lesions, history of poorly 

controlled migraines (including chronic medication use for prevention), unstable medical conditions, 

pregnancy (by urine pregnancy test), substance abuse/dependence within the past six months, diseased 

or damaged skin on the face/scalp, and hair style/headdress preventing contact between electrodes and 

the scalp. Past medical history and medications were reviewed by the responsible MD to reach a 

decision about inclusion. 

Cognitive Testing 

In an initial session, each participant underwent cognitive testing. The Simple Reaction Time Test (SRTT) 

and Face Memory Test were completed at this time. No cortical activity was measured during this 

session. In the SRTT, participants were presented with visual cues at one of four positions on a computer 

screen corresponding to four keyboard buttons that they could press. Participants were asked to press a 

button corresponding to the visual cue presented. In the Face Memory Test, subjects were shown 

photos of young men in black and white with cropped hair and neutral expressions. Six faces were 

deemed targets while the rest were deemed distractors. During each trial, one target and two 

distractors were shown, with the potential for targets and distractors to appear in multiple trials. 

Participants were asked to indicate which of the three faces in a given trial was a target. In both tests, 

reaction time and accuracy were recorded. Internal Energy Scores (reaction time/(1-error), (29)) were 

generated for each both tests as well.  

EEG and EMG 

Participants underwent EEG and EMG recording on a total of six occasions after the cognitive testing 

session. Each session was separated from the prior session by two days to two weeks.  The modality of 
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TBS administered during the first three visits differed such that the subject received iTBS in one visit, 

cTBS in another, and sham TBS in a third visit; the order of these visits was randomized for each subject 

(Figure 1c). Visits 4-6 followed the same order as visits 1-3. Identical sessions were spaced four weeks 

apart. 

During a given session, subjects were set up with an EEG cap and EMG electrodes on the right hand for 

recording of MEPs. EEG was acquired using an extended version of the International 10-20 System 

(Figure 2). Ground and reference electrodes were placed on the forehead, and two electrooculography 

electrodes were placed near each eye to identify eye movements in a subset of participants. Most of the 

participants had the reference electrode placed near the left eye (Figure 2b); spherical interpolation was 

used after initial processing to unify electrode maps of the two subsets. During recording, subjects were 

seated in a semi-reclined armchair. Stimulation was administered with the Magpro device (MagVenture 

A/S, Farum, Denmark) using a figure-of-eight coil. 

Assessment of Motor Threshold and TMS-MEPs 

Resting motor threshold (RMT) was determined by applying single TMS pulses over M1. RMT was 

defined as the minimum stimulus intensity that produced a MEP of at least 50 uV in at least 50% of 

trials. TMS-MEPs were elicited using single pulses of 120% RMT while the hand was completely relaxed. 

MEPs were elicited prior to acquisition of pre-TMS resting-state EEG (see below) as well as at a number 

of time points after TMS administration, including 5, 10, and 20 minutes post-TMS (Figure 1c). Post-TMS 

resting state EEG acquisition was done 15 minutes after TMS administration. For this study, baseline and 

20-min post-TBS MEPs (T20 MEPs) were of interest, as MEPs by definition could not be recorded during 

resting-state EEG recordings. MEPs were quantified using the peak-to-peak amplitude. Difference scores 

were made by subtracting baseline MEPs from T20 MEPs, then dividing by baseline MEP amplitude for 

normalization. Active motor threshold (AMT) was also determined by applying single TMS pulses over 

M1. AMT was defined as the minimum stimulus intensity that produced a MEP of at least 200 uV 

followed by an absence of background EMG activity in at least 50% of 10 trials. During determination of 

AMT, the tested muscles were isometrically contracted at approximately 20% of maximum voluntary 

contraction. 

Resting State EEG 

Prior to the administration of TBS, 2.5 minutes of EEG recordings were obtained. Subjects were 

instructed to sit in a relaxed manner with their eyes open and face muscles relaxed during this time. The 
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subject and EEG were monitored for signs of drowsiness. Another 2.5 minutes of EEG recordings were 

obtained 15 minutes after the administration of TBS.  

TMS-EEG 

After the first 2.5 minutes of resting-state EEG were recorded, the subject received 600 pulses of TBS 

over M1 of the left hemisphere. Subjects received iTBS, cTBS, or sham TBS with stimulation intensity set 

to 80% AMT. For subjects in whom AMT was difficult to determine, intensity was set to 70% RMT (which 

is within 5% of 80% AMT). iTBS was applied to M1 in 2-second trains, each with bursts of 3 TMS pulses of 

50 Hz repeated at 200 ms intervals (Figure 1a). There was an 8 second pause between trains, such that 

600 pulses were given in total. cTBS was applied to the same site in 3 pulses of stimulation at 50 Hz 

repeated at 200 ms intervals for 40 seconds (Figure 1b). 600 pulses were given in total. Subjects were 

randomized to receive Sham TBS in the same pattern as iTBS or cTBS due to the differences in acoustic 

patterns of these protocols. The Sham TBS stimulation was administered using a stimulation coil with 

extra shielding that reduced the magnetic field intensity to 5% of that of real TBS; a spacer was also 

added to the coil.  

EEG Preprocessing 

EEG data preprocessing was done after acquisition had been completed. A combination of the EEGLAB 

toolbox (4) and custom scripts in MATLAB R2019a (Mathworks, USA) were used. EEG data were 

downsampled to 1000 Hz. Low-pass (49 Hz) and high-pass (1 Hz) filters were applied through a fourth-

order Butterworth filter. Faulty or noisy channels were removed using a script that compared subject 

data to known artifact-free data (10); the resulting data was spherically interpolated. A minority of visits 

used a different electrode map, and additional spherical spline interpolation was used on these visits’ 

data to interpolate data from channels from the majority map (overall average +/- SD channels 

removed= 4.7 +/- 2.8; range = 1-13) and channels were re-referenced to the average of all channels. 

Data were split into 3-second epochs for visualization. Pre- and post-TBS data were concatenated, and 

independent components were generated using fastICA (24). Components that were highly likely to be 

non-neural in origin (blink, oculomotor, muscle, cardiac, or transient electrode artifacts) were rejected 

through an automated algorithm (33, 34) and remaining components were visualized in TESA (23) for 

manual rejection. Pre-TBS and post-TBS data were separated, and epochs that were contaminated by 

artifact that was refractory to removal via ICA were rejected prior to further analysis (average +/- SD 

pre-TBS epochs removed= 0.2 +/- 0.7, range= 0-5; average +/- SD post-TBS epochs removed= 0.1 +/- 0.4, 
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range= 0-2). This resulted in 23-72 usable pre-TBS epochs per participant with an average (+/- SD) of 

50.7 (+/- 5.1) and 21-73 usable post-TBS epochs per participant with an average (+/- SD) of 49.8 (+/- 4.9). 

Data Analysis/ Statistical Testing 

Electroencephalography 

Power spectra were generated for all electrodes (1-50 Hz, 0.5 Hz resolution) using the spectopo EEGLAB 

function (window-size= 1000 samples, window-overlap= 500 samples) (4). Power was measured in the 

alpha (8-13 Hz) and beta (13-30 Hz) frequency bands in the pre-TBS phase and the post-TBS phase. Two 

regions of interest were defined; the first was the frontocentral region of the left hemisphere (ipsilateral 

to stimulation), and the second combined this with the frontocentral region of the right hemisphere 

(bilateral). The left frontocentral region was defined as electrodes F3, F1, Fz, FC3, FC1, FCz, C3, C1, Cz on 

the final electrode map (Figure 2b), and the bilateral frontocentral region was defined as electrodes F3, 

F1, Fz, F2, F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, C4. Power spectral density (PSD) in a given 

frequency band (e.g. alpha, beta) at each electrode was calculated by summing the power of each 

frequency bin (e.g. 8 Hz, 9 Hz, etc) within that band at that electrode, then dividing by the number of 

bins. Regional PSD in this band was calculated by averaging the band PSD of all electrodes of that region. 

Difference scores for each region-band were generated by subtracting the pre-TBS PSD from the post-

TBS PSD, then dividing the result by the pre-TBS PSD for normalization.  

Model-Building and Test-Retest Reliability 

Reaction time and accuracy were recorded during the SRTT and Face Memory Test and Inverse 

Efficiency Scores were generated for each (29). TMS-EEG power pre- and post-TBS across protocols 

(iTBS, cTBS, sham) were analyzed using analysis of covariance (ANCOVA, one for each combination of 

alpha/beta frequencies over ipsilateral/bilateral frontocentral regions), where time between visits, age, 

and gender were covariates. As each model was tested with four ANCOVAs, Bonferroni correction was 

used. EEG PSD difference scores from the first visit of each type (i.e. visits 1-3) were used for the 

ANCOVA. Correlation coefficients for the relationships between EEG PSD difference scores (from the 

four conditions used in the ANCOVA) with SRTT IE, Face Memory IE, and TMS-MEP difference scores 

(peak-to-peak amplitude of MEPs elicited at 20 post-TBS minus baseline MEP amplitude, normalized to 

baseline MEP amplitude). Consistency of TMS-EEG power changes across sessions of the same 

stimulation (e.g. iTBS in sessions 1 and 4 for a given patient) was characterized using Cronbach’s alpha 

index (25) for test-retest reliability.  
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This study using resting-state EEG was intended to complement a TMS-EEG study with the same 

participants. As the estimated change in magnitude of the TMS-evoked EEG potential in response to 

rTMS based on prior studies is about 30% (28), assumption of a standard deviation of the differences of 

40% with an alpha of 0.05 and a power of 80% resulted in a target sample size of 24. 
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Section 4: Results 

Four ANCOVAs (Tables 1-4) were run to analyze the possible relationship between stimulation type and 

changes in EEG power in the alpha and beta bands over a predefined frontocentral region ipsilateral to 

stimulation as well as a region consisting of this and its contralateral counterpart (Figure 2b). Since four 

ANCOVAs were run for this model, the Bonferroni-corrected alpha was 0.0125. None of the ANCOVAs 

for this model contained factors with p<0.0125, and further pairwise analysis was not undertaken. 

Correlation analysis was undertaken using EEG PSD difference scores (from the four ANCOVA conditions- 

alpha PSD in the ipsilateral ROI, alpha PSD in the bilateral ROI, beta PSD in the ipsilateral ROI, and beta 

PSD in the bilateral ROI) (Tables 5-7). Specifically, the variables correlated with the EEG PSD difference 

scores were the SRTT IE, Face Memory IE, and MEP difference scores (between 20 min post-TBS and 

baseline). All of the coefficients for the SRTT IE were less than 0.2 in magnitude (Table 5). The Face 

Memory IE had coefficients close to 0.4 in magnitude for the beta band (ipsilateral and bilateral) in the 

cTBS condition, but all other coefficients were small (Table 6). The MEP difference scores had 

coefficients close to 0.4 in magnitude for the alpha band (ipsilateral and bilateral) in the iTBS condition, 

but all other coefficients were small (Table 7). 

We investigated the test-retest reliability of the change in resting-state EEG power after delivery of TBS 

by calculating Cronbach’s alpha (standardized, Cas; unstandardized, Cau) (Tables 8 and 9).  

In the alpha band in the normalized model (Table 8), cTBS was not reliable ipsilaterally (Cas= 0.2018, 

Cau= 0.201) or bilaterally (Cas= 0.1792, Cau= 0.1768). iTBS was not reliable ipsilaterally (Cas= -1.4189, 

Cau= -1.0128) or bilaterally (Cas= -1.3489, Cau= -0.9497). Sham showed limited reliability ipsilaterally 

(Cas= 0.5132, Cau= 0.4739) and bilaterally (Cas= 0.5214, Cau= 0.4821). 

In the beta band in the normalized model (Table 9), cTBS was not reliable ipsilaterally (Cas= -0.0095, 

Cau= -0.0093) or bilaterally (Cas= 0.083, Cau= 0.0814). iTBS was not reliable ipsilaterally (Cas= -0.2331, 

Cau= -0.2202) or bilaterally (Cas= -0.1161, Cau= -1.11E-01). Sham showed reliability ipsilaterally (Cas= 
0.7544, Cau= 0.6338) and bilaterally (Cas= 0.7691, Cau= 0.6604).  



14 
 

Section 5: Discussion, Limitations, Conclusions, and Suggestions for Future Work 

We sought out to determine whether cognitive testing and TMS-MEP properties could be used to 

predict the response to continuous, intermittent, or sham TBS, using models that also controlled for 

time between visits, age, and gender. However, it failed to detect any relationship between the type of 

TBS administered and the response to TBS. While the sample size was suitable for evaluation of active 

TMS effects, it is possible that resting-state effects were too small to be observed with the power of the 

current study. spTMS was administered for MEP measurement after the TBS but prior to the post-TBS 

resting-state EEG recording (5 and 10 min after TBS) in addition to the 20 min post-TBS (T20) time point. 

Notably, spTMS generally does not have effects lasting longer than a period on the order of seconds 

(17), though one of the protocols used for acute treatment of migraine does involve spTMS and is 

thought to work by disrupting patterns of cortical activity (14). Some of the MEP data were not sufficient 

to provide data for the T20 time points, weakening the contribution of this MEP term to the model.  

We also investigated the relationships between the change in resting-state EEG power post-TBS and 

cognitive testing (SRTT, Face Memory test), in addition to the relationship between this resting-state 

EEG power change and MEP power change. Most of the correlation coefficients were small, but Face 

Memory IE had coefficients close to 0.4 in the beta band (for both the ipsilateral and bilateral 

frontocentral regions) with cTBS administration, while MEP power change had similar coefficients in the 

alpha band (ipsilateral and bilateral) with iTBS administration. One way to interpret the former 

relationship is that decreased internal energy (essentially reaction time multiplied by a factor 

representing error rate) at baseline has some relation to a smaller increase in resting-state power after 

cTBS administration. Notably, cTBS is generally posited to have inhibitory effects (22), so this could 

support a hypothesis that the putative effects of cTBS are more visible in subjects with lower internal 

energy on the Face Memory test. The coefficient for MEP power change in the alpha band with iTBS 

would imply that to some degree, a greater facilitatory response to iTBS in MEP amplitude is also 

reflected in resting state power in the frontocentral region.   

Finally, we sought to determine whether the response to each TBS protocol was consistent. The pre- and 

post-TBS EEG responses from cTBS and iTBS were not reliable in the alpha or beta bands, while the 

response to sham stimulation seemed more consistent, with Cronbach’s alpha around 0.5 for alpha and 

between 0.66 and 0.77 for beta. These reliability measures for the sham responses provide some 

support to the idea that the low reliability measures for cTBS and iTBS may have some merit. Cronbach’s 

alpha is typically between 0 and 1, but it is possible to have negative values (26), which occurred in some 
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of our conditions. This can bring data quality into question, and per its formula it can occur when 

covariance is greater than variance.  

It is interesting that we did not observe consistency in the “active” protocols (cTBS and iTBS) in our study 

while the THREE-D trial showed non-inferiority of iTBS to a standard rTMS depression treatment 

protocol (1). The THREE-D trial had a significantly greater number of participants than our study (around 

500 compared to 24 in our study) and so were likely better equipped to detect this relationship. It is also 

possible that the participation of healthy subjects rather than subjects with depression resulted in 

different response patterns. 

Our study had a few limitations in addition to those previously mentioned. When the TMS is 

administered, there is a focal area in which stimulation is greatest, but there is generally some 

stimulation of adjacent areas as well (2). Beyond this, stimulation of a given area often results in 

consequent stimulation of connected areas, such that networks are affected. This makes it difficult to 

attribute an effect specifically to the targeted area, though some conclusions can be drawn about the 

effects of TMS on networks, which may be related to cognitive/behavioral outcomes. 

Additionally, TMS effects seen on EEG can come from sources beyond the direct stimulation of the 

brain. Stimulation of the overlying muscle, the mechanical sensation of coil activation on the skin, and 

the auditory signal of the sound of pulse generation can generate EEG signals. Furthermore, other 

sources of electricity in the room, eye movements, heartbeat, and disturbances in contact between EEG 

electrodes and the scalp can also act as sources of noise. These effects can generally be mitigated 

through data preprocessing, and as part of our preprocessing we used a toolbox that recognized 

noisy/artifactual components by comparing presented components with components that were labeled 

by experts.  

It is possible that significant relationships would be found in a similar model focused on other regions or 

bands. The centrofrontal region was chosen due to the use of a motor task and a task that required 

working memory. Aside from the noted lability of alpha and beta bands in motor cortex, beta 

frequencies are highly represented in frontal regions; for example, increases in low beta in prefrontal 

areas are associated with inhibitory control (32). However, it is possible that areas most strongly related 

to some of the predictive measures (e.g. performance on the Face Memory test) may have signals best 

seen in other electrodes or that are difficult to observe via EEG (e.g. hippocampus). Given the limited 



16 
 

sample size, nonparametric techniques such as cluster-based permutation analysis (18) may be 

necessary to guide next steps in similar future studies. 

We hoped that this project would contribute to the field’s understanding of TBS and improve the 

reliability of predictions of directionality and strength of cTBS and iTBS effects. Additionally, this project 

was intended to provide insight into the relationship between cortical oscillations and corticospinal 

output, as well as whether plasticity is a general property of the brain that is preserved across outcome 

domains (task performance and neurophysiology). While we were not able to establish significant 

relationships between stimulation type and power in the centrofrontal region in the alpha and beta 

bands, these results have helped with guidance on next steps to take. Future work could expand the 

application of resting-state measures to populations beyond healthy subjects. Additionally, given the 

heterogeneity of effects of TBS protocols in our study and in the literature, a study directly comparing 

effects of TBS on resting-state EEG and TMS-EEG would help to further elucidate the workings of TBS.  
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Tables and Figures 

 

Figure 1a and 1b. iTBS and cTBS protocols. iTBS is shown in a). 600 pulses are administered as bursts of 

3 stimuli 50 ms apart. Each group of 3 stimuli is separated from the next by 200 ms and forms a larger 

block of 2 seconds duration. These 2 second bursts are separated from each other by an 8 second pause. 

cTBS is shown in b). 600 stimuli are administered as bursts of 3 stimuli 50 ms apart, with each group 

separated from the next by 200 ms. Unlike iTBS, larger blocks are not formed, and the bursts are 

administered continuously for 40 seconds. 
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Figure 1c. Example Set of TMS Protocols. Visits 1-3 are randomized to a permutation of iTBS, cTBS, and 

sham for each participant. Visits 4-6 maintain this order to allow determination of test-retest reliability. 

An example set of visits is shown. Resting state eyes open EEG sessions of interest in red print; TMS-MEP 

sessions of interest in yellow print. Adapted from figure by Recep Ozdemir. 
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Figure 2a and 2b. Electrode maps. The first few subjects’ visits were done with the electrode map in 2a, 

while the majority were done with the map in 2b. As part of preprocessing, visits with the electrode map 

in 1a underwent spherical interpolation to match the map in 2b prior to power calculations. In the final 

layout (1b), the ipsilateral (left) frontocentral region corresponded with electrodes F3, F1, Fz, FC3, FC1, 

FCz, C3, C1, Cz (red box). The bilateral frontocentral region corresponded with electrodes F3, F1, Fz, F2, 

F4, FC3, FC1, FCz, FC2, FC4, C3, C1, Cz, C2, C4 (blue box). 
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Table 1. ANCOVA table (alpha band, ipsilateral frontocentral region). One of four ANCOVAs that were 

run (one for each combination of alpha/beta frequency band and ipsilateral/bilateral frontocentral 

region). Factors included age, time since the last visit, gender, and type of stimulation (cTBS, iTBS, 

sham). The outcome measure of interest was change in resting-state EEG power between just prior to 

TBS and 15 min post-TBS. EEG difference scores were normalized to their baselines. This ANCOVA was 

for the alpha band over the ipsilateral frontocentral region. No variables were associated with p<0.05 

(or the Bonferroni-corrected threshold, p<0.0125). 
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Table 2. ANCOVA table (alpha band, bilateral frontocentral region). One of four ANCOVAs that were 

run (one for each combination of alpha/beta frequency band and ipsilateral/bilateral frontocentral 

region). Factors included age, time since the last visit, gender, and type of stimulation (cTBS, iTBS, 

sham). The outcome measure of interest was change in resting-state EEG power between just prior to 

TBS and 15 min post-TBS. EEG difference scores were normalized to their baselines. This ANCOVA was 

for the alpha band over the bilateral frontocentral region. No variables were associated with p<0.05 (or 

the Bonferroni-corrected threshold, p<0.0125). 
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Table 3. ANCOVA table (beta band, ipsilateral frontocentral region). One of four ANCOVAs that were 

run (one for each combination of alpha/beta frequency band and ipsilateral/bilateral frontocentral 

region). Factors included age, time since the last visit, gender, and type of stimulation (cTBS, iTBS, 

sham). The outcome measure of interest was change in resting-state EEG power between just prior to 

TBS and 15 min post-TBS. EEG difference scores were normalized to their baselines. This ANCOVA was 

for the beta band over the ipsilateral frontocentral region. No variables were associated with p<0.05 (or 

the Bonferroni-corrected threshold, p<0.0125).  
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Table 4. ANCOVA table (beta band, bilateral frontocentral region). One of four ANCOVAs that were run 

(one for each combination of alpha/beta frequency band and ipsilateral/bilateral frontocentral region). 

Factors included age, time since the last visit, gender, and type of stimulation (cTBS, iTBS, sham). The 

outcome measure of interest was change in resting-state EEG power between just prior to TBS and 15 

min post-TBS. EEG difference scores were normalized to their baselines. This ANCOVA was for the beta 

band over the bilateral frontocentral region. No variables were associated with p<0.05 (or the 

Bonferroni-corrected threshold, p<0.0125).  
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Table 5 (SRTT IE Correlation Table). Correlation coefficients representing the relationship between IE of 

the SRTT and the normalized EEG PSD difference scores are presented here. Each row corresponds to a 

band and region, while each column corresponds to the TBS exposure between the pre-TBS and T15 

time points. All coefficients were small, with the largest magnitude coefficient being 0.048227 (alpha, 

bilateral, iTBS). 

   



29 
 

 

Table 6 (Face Memory IE Correlation Table). Correlation coefficients representing the relationship 

between IE of the Face Memory test and the normalized EEG PSD difference scores are presented here. 

Each row corresponds to a band and region, while each column corresponds to the TBS exposure 

between the pre-TBS and T15 time points. All coefficients were small, with the largest magnitude 

coefficient being 0.381817 (alpha, bilateral, cTBS). 
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Table 7 (MEP Difference Score Correlation Table). Correlation coefficients representing the relationship 

between normalized MEP difference scores and the normalized EEG PSD difference scores are presented 

here. Each row corresponds to a band and region, while each column corresponds to the TBS exposure 

between the pre-TBS and T15 time points. MEP difference scores were calculated by subtracting 

baseline MEPs from T20 MEPs and normalizing to baseline. All coefficients were small, with the largest 

magnitude coefficient being 0.415815 (alpha, bilateral, iTBS). Notably, iTBS correlations were greater 

than those of cTBS and those of Sham. 
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Table 8. Cronbach’s alpha statistic (alpha band). Standardized (as) and unstandardized (au) Cronbach’s 

alpha statistics were calculated for each modality in the alpha frequency range over the ipsilateral and 

bilateral frontocentral regions. MEP and EEG difference scores were normalized to their baselines. No 

combinations of stimulation type and region were reliable in the alpha band.  
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Table 9. Cronbach’s alpha statistic (beta band). Standardized (as) and unstandardized (au) Cronbach’s 

alpha statistics were calculated for each modality in the beta frequency range over the ipsilateral and 

bilateral frontocentral regions. MEP and EEG difference scores were normalized to their baselines. Sham 

stimulation over the ipsilateral and bilateral frontocentral regions showed test-retest reliability in the 

beta frequency band, but no other combinations of stimulation modality and region were reliable in the 

beta band. 

 


