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Background: Over the past decade, the number of experimental and clinical studies using theta-burst-
stimulation (TBS) protocols of transcranial magnetic stimulation (TMS) to modulate brain activity has
risen substantially. The use of TBS is motivated by the assumption that these protocols can reliably and
lastingly modulate cortical excitability despite their short duration and low number of stimuli. However,
this assumption, and thus the experimental validity of studies using TBS, is challenged by recent work
showing large inter- and intra-subject variability in response to TBS protocols.
Objectives: To date, the reproducibility of TBS effects in humans has been exclusively assessed with
motor evoked potentials (MEPs), which provide an indirect and limited measure of cortical excitability.
Here we combined TMS with electroencephalography (TMS-EEG) and report the first comprehensive
investigation of (1) direct TMS-evoked cortical responses to intermittent (iTBS) and continuous TBS
(cTBS) of the human motor cortex, and (2) reproducibility of both iTBS- and cTBS-induced cortical
response modulation against a robust sham control across repeat visits with commonly used cortical
responsivity metrics.
Results: We show that although single pulse TMS generates stable and reproducible cortical responses
across visits, the modulatory effects of TBS vary substantially both between and within individuals.
Overall, at the group level, most measures of the iTBS and cTBS-induced effects were not significantly
different from sham-TBS. Most importantly, none of the significant TBS-induced effects observed in visit-
1 were reproduced in visit-2.
Conclusions: Our findings suggest that the generally accepted mechanisms of TBS-induced neuro-
modulation, i.e. through changes in cortical excitability, may not be accurate. Future research is needed to
determine the mechanisms underlying the established therapeutic effects of TBS in neuropsychiatry and
examine reproducibility of TBS-induced neuromodulation through oscillatory response dynamics.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Repetitive Transcranial Magnetic Stimulation (rTMS) involves
the application of sequences of TMS pulses at different patterns and
frequencies to induce a lasting modulation of brain activity, pre-
sumably via Hebbian synaptic plasticity mechanisms [1,2]. A variety
of different rTMS protocols have been developed, with the goal of
reliably potentiating or suppressing cortical activity in the stimu-
lated brain region [3,4]. These rTMS protocols have been increas-
ingly used in neuroscience research to gain insights into causal
relations between brain activity and behavior [5,6], to study brain
networks [7], explore their dynamics, and characterize mecha-
nisms of brain plasticity [8]. Furthermore, a number of therapeutic
rTMS protocols have already been developed and cleared by the
Food and Drug Administration for treatment of medication-
resistant depression [9], obsessive compulsive disorder [10], and
migraine [11]. Although randomized controlled clinical trials
[9e11] have provided robust evidence on the therapeutic effects of
rTMS, most uses of rTMS in basic neurophysiological research are
predicated on the premise that rTMS modulates neural excitability
in the stimulated region and/or its associated brain networks, and
that these modulatory effects are reliable and predictable.

Theta-Burst Stimulation (TBS) is a particular form of rTMS
inspired by invasive animal studies [12] reporting synaptic long-
term-potentiation (LTP) in hippocampal axons in response to
patterned electrical stimulationwith high-frequency gamma bursts
(50hz) repeated at the theta frequency (4e7 Hz). The first trans-
lation of this protocol into humans reported that when TBS was
applied as continuous (cTBS) trains with a total of 600 gamma
pulses in 40 s over the hand region of the primary motor cortex, it
suppressed corticospinal excitability for up to 60 min [13], as
indexed by decreased motor-evoked potentials (MEPs) recorded
from the contralateral hand muscles. Conversely, if the same
amount of gamma pulses were applied as 2 s of intermittent trains
(iTBS) with 8 s of inter-stimulus intervals, corticospinal excitability
is facilitated for up to 20 min. Because of their low stimulation
intensities, shorter durations, and reported durability of effects
[13], TBS protocols are often considered among the most effective,
safe and practical approach to noninvasive neuromodulation [14].
Traditionally, TBS has been applied to motor cortex to modulate
corticospinal excitability and evaluate the mechanisms of plasticity
[15,16]. Further, a growing body of behavioral and clinical research
has employed TBS to non-motor regions to modulate local cortical
function and network-level connectivity in different non-motor
cortices [17,18], and claimed therapeutic effects with specific
brain-behavior relationships through presumed mechanisms of
TBS in modulating cortical excitability [9,19e21].

Despite its increasingly widespread experimental and clinical
use, however, the effects of TBS on cortical activity have not been
clearly established. While the time course of TBS-induced neuro-
modulation has been extensively studied at the corticospinal level,
MEPs are indirect readouts of cortical excitability, and thus pre-
cisely how cortical circuits are being modulated remains unclear.
Direct epidural recordings from the cervical region of the spinal
cord have revealed that while cTBS suppresses early I-waves [22],
iTBS preferentially potentiates later I-waves [23]. These results
suggest that TBS-induced changes observed in MEPs may reflect
modulation of local and specific subpopulations of neuronal circuits
in the stimulated motor region. Given the limitations of MEPs, TMS
in combination with EEG (TMS-EEG) can be used to characterize
TBS-induced neuromodulation directly at the cortical level, and
thus may provide a more comprehensive and thorough examina-
tion of TBS effects across the cortex [24]. To date, few studies have
reported TBS-induced changes in TMS evoked potentials (TEPs)
from a single session [25e27] with conflicting results. No
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systematic research has been performed to evaluate reproducibility
of TBS-induced effects in cortical responses using different TBS
protocols with a robust sham-control. Furthermore, even the
impact of TBS on corticospinal excitability is called into question by
accumulating evidence showing high variability between in-
dividuals [28,29]. In particular, several studies [30e34] with large
sample sizes have failed to produce consistent and expected
response patterns, with only ~50% of subjects showing the ex-
pected neuromodulation in response to TBS protocols. Conse-
quently, TBS protocols used in majority of these studies [30,31,33]
did not show any significant neuromodulation at the group level.
Recent research has also reported a considerable degree of intra-
subject variability in TBS effects, such that the MEP response to
TBS can be dramatically different (e.g. suppression versus facilita-
tion) across day-to-day measurements for a given individual [35].
Most importantly, relatively few studies included sham TBS pro-
tocols, and thus the extent to which observed changes in excit-
ability can be attributed to the TMS stimulation rather than other
aspects of the experimental design remains unclear.

Here, we aimed to address these fundamental knowledge gaps
by first (1) investigating the effects of iTBS, cTBS and sham stimu-
lation of primary motor cortex (M1) on single-pulse TMS-evoked
cortical (EEG) and motor (MEP) responses in a single session, and
then (2) examining the reproducibility of TBS-induced neuro-
modulation with identical repeat sessions performed at least one
month apart. For corticospinal responses, we expected significant
facilitation of MEPs following iTBS, suppression following cTBS, and
no significant change following sham TBS. Given the paucity of
research on TEP responses to different TBS protocols, we did not
predict directional differences between active TBS (iTBS vs cTBS)
protocols on specific TEP elements, but rather hypothesized that
both iTBS and cTBS would significantly modulate TEP responses to
TMS, while sham-TBS would not induce any significant TEP mod-
ulation. We also hypothesized that such TBS-induced MEP and TEP
modulations would be reliable across sessions.

Methods

Participants: Twenty-four right-handed healthy volunteers (16
males; mean ± SD age ¼ 29.67 ± 10.60 years, range ¼ 18 to 49)
participated in this study. None of the participants had self-
reported history of psychiatric or neurological diseases. In accor-
dance with the Declaration of Helsinki, experimental protocols and
voluntary participation procedures were explained to all partici-
pants before they gave their written informed consent to the study.
All questionnaires and procedures were approved by the Institu-
tional Review Board of the Beth Israel Deaconess Medical Center,
Boston, MA.

Experimental Procedures: A T1-weighted (T1w) anatomical MRI
scan was obtained from all participants at the beginning of the
study and used for neuronavigation during TMS visits. In each visit,
TMS-EEG and TMS-EMG datawere collected synchronously. Details
of MRI scanning, TMS, EEG and EMG systems are provided in the
supplementary methods.

Each participant completed a total of six visits: two visits for
iTBS, two visits for cTBS and two visits for sham TBS conditions. The
order of first visits for each TBS conditionwas randomized between
subjects and the same order was kept for repeat visits. First visits of
TBS conditions were spaced at least 2 days apart to minimize carry
over effects, and repeat visits of each TBS conditionwere performed
at least 1 month after the first set of visits. Visits for a given
participant were scheduled at the same time of the day as much as
possible.

The general layout of our experimental design for TBS protocols
is summarized in Fig. 1A. At the beginning of each visit, the motor
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hotspot was determined over the hand region of left motor cortex
(L-M1) for eliciting MEPs in the right FDI muscle. The hotspot was
defined as the region where single-pulse TMS elicited consistent
MEPs in the FDI muscle. Following International Federation of
Clinical Neurophysiology (IFCN) guidelines, resting motor
threshold (RMT) was determined on the FDI hotspot as the mini-
mum stimulation intensity eliciting at least five MEPs (�50 mV) out
of ten pulses in the relaxed FDI using monophasic (posterior-
anterior in the brain) current waveforms [36,37]. In compliance
with the IFCN safety recommendations, participants were asked to
wear earplugs during hotspot and RMT trials to protect their
hearing, and to minimize external noise [38,39]. Active motor
threshold was determined by again asking participants to flex their
right index finger to engage the FDI muscle to approximately 20% of
maximum voluntary contraction (MVC) and determined at the
lowest intensity to produce MEPs of �200mv at least 5/10 times.
TMS was administered with a thin layer of foam placed under the
coil to minimize somatosensory contributions to TEPs. To minimize
auditory evoked potentials related to the TMS coil click, auditory
white noise masking was used throughout the TMS stimulation.
Fig. 1. Experimental protocol and TMS-EEG metrics. A: Overall layout of a representative TM
peaks (colored vertical lines). Lower panel in B shows topographical distribution of selected
cortex (middle panel) within pre-defined time-windows (Early responses: 15e75 ms and La
extracted from C3 electrode before (red line) and after (black line) iTBS at T20 in a represe
reader is referred to the Web version of this article.)
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Following determination of motor thresholds in each session,
120 single pulses of TMS (spTMS) at 120% of RMT were delivered to
the motor hotspot as a baseline measure of corticospinal (MEPs)
and cortical (TEPs) excitability. The TBS protocol for that session
was then applied, followed by 4 blocks of 60 spTMS at 120% of RMT
at 5 (T5), 10 (T10), 20 (T20), and 30 (T30) minutes after the TBS
protocol (Fig. 1A). This manuscript primarily focuses on TBS effects
on cortical excitability as assessed via TEPs; MEP effects are pre-
sented briefly here and are reported in detail in a separate manu-
script (Boucher et al., submitted).

TBS Procedures: TBS was applied to the motor hotspot at 80% of
AMT. All TBS protocols were delivered as 3 pulse bursts at 50 Hz
with 200 ms between bursts (600 pulses total). This pattern was
delivered continuously in cTBS and in a 2 seceon, 8 seceoff pattern
for iTBS. Participants were randomly assigned to receive either
sham using either the cTBS or iTBS pattern, which was maintained
across both sham visits. Sham cTBS and iTBS protocols were
administered on the motor hot spot from the placebo side of the
Cool-B65 A/P coil with a 3D printed 3 cm spacer additionally
attached to the placebo side (MagVenture A/S, Farum, Denmark).
S-EEG session. B: TMS evoked potentials from 63 channels (upper panel) with selected
peaks (blue: n15, red: P30). C: Computation of GMFP (upper panel), LMFP in left motor
te responses: 76e300 ms following TMS pulse), and selected TEP peaks (lower panel)
ntative subject. (For interpretation of the references to color in this figure legend, the



Fig. 2. ICA-based cleaning of TMS-EEG. Topography (upper panels), sorted single trial amplitudes (middle panels) and averaged times series (lower panels) representing pulse, eye,
muscle, EKG artifacts and auditory evoked potential (AEPs) components from a representative subject. These components were removed from the data using fICA (see methods for
details of EEG preprocessing and supplementary materials for details of AEP identification).
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Both active and sham-TBS protocols also included delivery of weak
current pulses (between 2 and 4 mA and proportional to the in-
tensity of actual TMS pulse) via surface electrodes (Ambu Neuroline
715 12/Pouch) placed approximately 1 cm below the inion bump
and synchronized with the TBS trains to produce scalp sensations
during both active and sham TBS conditions. This was done with
the intention of blinding participants as to what kind of stimulation
they were receiving when the direct somatosensory sensations of
active TBS were not present during the sham stimulation.

EEG preprocessing

All EEG data pre-processing was performed offline using
EEGLAB 18.1 [40], and customized scripts running inMatlab R2017b
(Math-Works Inc., USA). For TEP analyses, 120 single-pulse M1
block (Fig. 1A) before TBS were used as baseline (PreTBS) measures.
60 single pulse TEPs following TBS from both T5 and T10 were
merged to create a single block of 120 trials and labeled as T5, while
TEPs from T20 and T30 were merged to create another single block
and labeled as T20 to measure TBS effects at two separate time
points (Fig. 1A, red blocks). All trials within each block were then
segmented into 3000 ms epochs, each starting 1000 ms before
(pre-stimulus) and ending 2000 ms (post-stimulus) following TMS
pulse, respectively. Baseline correction was performed by sub-
tracting the mean pre-stimulus (�900 to �100) signal amplitude
from the rest of the epoch in each channel. Following baseline
correction, data were visually inspected to identify noisy channels
(2.5 ± 1.5 channels were deleted on average; range 0e4 out of 63).
Zero-padding between -2 ms and 14 ms time range were then
applied to remove the early TMS pulse artifact from the EEG data.
All zero padded epochs were then tagged based on voltage
(�100 mV), kurtosis (�3), and joint probability (Single channel-
based threshold � 3.5sd; All channel-based threshold � 5sd)
metrics to identify excessively noisy epochs. Visual inspection was
performed on the tagged epochs for the final decision for the
removal of noisy epochs (18 ± 6 epochs were deleted on average;
range 2e39 out of 120). Next, an initial round of fast independent
component analysis (fICA) was performed to identify and remove
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components with early TMS evoked high amplitude electrode and
EMG artifacts (1 ± 1 components were removed; range 0e3 out of
63). After the first round of fICA, the EEG data were interpolated for
previously zero-padded time window around TMS pulse
(-2 mse14 ms) using linear interpolation, band pass filtered using a
forward-backward 4th order butterworth filter from 1 to 100 Hz,
notch filtered between 57 and 63 Hz, and referenced to global
average. Subsequently, a second round of fICA was run to manually
remove all remaining artifact components including eye move-
ment/blink, muscle noise (EMG), single electrode noise, TMS
evoked muscle, cardiac beats (EKG), as well as auditory evoked
potentials. Fig. 2 shows representative topographies, single trial
amplitudes and averaged time series of ICA components removed
from the data in second round of fICA.

Details for identifying and validating AEP components were
provided in supplementary materials (see supplementary methods
and Supplementary Fig. 1). In both rounds of fICA, a semi-
automated artifact detection algorithm incorporated into the
open source TMS-EEG Signal Analyzer (TESA v0.1.0-beta [41])
extension for EEGLAB was used to classify and visually inspect
components based on their frequency, activity power spectrum,
amplitude, scalp topography, and time course (http://nigelrogasch.
github.io/TESA/). Finally, the data were low pass filtered with a 4th
order Butterworth filter at 50 Hz, and interpolated for missing/
removed channels using spherical interpolation.

TMS-EEG and TMS-EMG metrics: Details for computing Global
Mean Field Power (GMFP) and Local Mean Field Power (LMFP) as
TMS-EEG metrics are provided in the supplementary methods. 60
single pulse MEPs and TEPs following TBS from both T5 and T10
were merged to create a single block of 120 trials and labeled as T5,
while MEPs and TEPs from T20 and T30 were merged to create
another single block and labeled as T20 to measure TBS effects at
two separate time points (Fig. 1A, red blocks).

Both for GMFP and LMFP, we took the integral of the time series
and computed area under the curve (AUC) as the amount of global
(GMFP) and local (LMFP) cortical response measure in two separate
time windows. The first AUC window ranges from 15 to 75 ms and
represents the sum of low amplitude and “early responses”, while

http://nigelrogasch.github.io/TESA/
http://nigelrogasch.github.io/TESA/
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the second AUC window ranges from 76 to 300 ms and represents
the sum of large and “late responses” (Fig. 1C, second and third
panels from the top). AUC values at each postTBS time point (T5 and
T20) were normalized to baseline (PreTBS) by taking the percentage
of “postTBS/PreTBS” for each subject. These AUC ratios were used to
classify postTBS response of each subject into three categories: A
“Facilitation” responsewas defined as aminimumof�10% increase,
while a “Suppression” response is defined as a minimum of 10%
decrease in AUC values at postTBS time points (T5 and T20). This 10%
change threshold in postTBS is chosen to ensure a clear TBS effect
accounting possible random fluctuations around baseline levels
[42]. Therefore, subjects showing less than 10% increase or decrease
in their responses at postTBS were classified with a “No Change”
response type. In addition to AUC ratios, time series analyses were
also performed both for GMFP and LMFP responses to examine
significant differences between TBS blocks (Baseline vs T5 and
Baseline vs T20) at the highest temporal resolution.

TEP peaks for each EEG channel were extracted by using pre-
determined time windows. The first negative peak N15
(14e24 ms following TMS), the first positive peak P30 (25e45 ms
following TMS) and a second negative peak N100 (80e120 ms
following TMS) were identified using these time windows, and the
voltage amplitudes within each time range were averaged to
compute TEP peaks (Fig. 1C, bottom panel).

MEPs were computed as the absolute amplitude difference be-
tween minimum and maximum voltage peaks from 20 to 50 ms
following TMS for each trial. For a given block, individual MEPs
greater than 2.5 standard deviations (SDs) from the mean were
considered outliers and rejected from further analyses. Similar to
GMFP and LMFP, mean MEP amplitudes for each post stimulation
time-point were expressed as the percentage change from baseline.

Statistical analyses

To evaluate the stability of baseline measurements across visits,
preTBS GMFP, and LMFP were entered into a repeated-measure
analyses of variance (Rm-ANOVA) with Visit (V1, V2, V3, V4, V5,
V6) as a within-subject factor. To test overall reproducibility of
cortical responses to spTMS, intra-class correlation coefficients
(ICCs) were computed for all metrics (GMFP, LMFP AUC, and TEP
peaks) to calculate absolute agreement across all visits [43]. For the
neuromodulatory effects of TBS, our goal was to examine if there is
any “TBS-condition” main or “TBS-condition x Block” interaction
effect in the first visit (Visit-1) and, if so, whether we can reproduce
these effects in repeat data sets with an independent set of analyses
(Visit-2). Thus, GMFP, and LMFP AUC, values from the 1st and 2nd
visit of each condition were entered into separate Rm-ANOVAs
with TBS-condition (iTBS, cTBS, Sham) and Block (PreTBS, T5, T20)
as within-subject factors. In addition, to assess the effects of TBS on
more conventional measures of corticospinal excitability, similar
analyses were conducted for MEP values. We also performed pre-
liminary analyses to examine the relationships between the TBS-
induced changes in early cortical responses (early LMFP,
15e75 ms) and baseline measures of corticospinal (MEPs) and
cortical (early LMFP) excitability. For this aim, early LMFP responses
following each TBS conditionwere grouped as facilitation (post-TBS
LMFP > pre-TBS LMFP) and suppression (post-TBS LMFP < pre-TBS
LMFP) at T5, and baseline MEP and early LMFP amplitudes were
retrospectively compared between groups using independent t-test
statistics with Bonferroni correction for multiple comparisons.
Further, we used bivariate Pearson correlations to examine the
relationships between changes in MEPs and early LMFP responses,
and between changes in MEPs and the early TEP peaks (N15, P30).

Cluster-based permutation paired sample t-test statistics were
performed to compare GMFP and LMFP time series at each time
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point across blocks (PreTBS, T5, T20) for each TBS-condition and
visit. First, we ran paired sample t-tests at each sample to deter-
mine significant time points between PreTBS and T5, and between
PreTBS and T20 separately. We then computed the length of adja-
cent significant time points and sum of t-scores for significant time
points to determine (1) cluster size and (2) cluster magnitude in the
main analyses, respectively. Following main analyses, we per-
formed permutation t-tests [44] (n ¼ 1000) by randomly shuffling
50% of subjects across compared blocks (i.e., 50% of subjects shifted
from PreTBS to T5 or vice versa) and determined cluster size and
magnitude of significant adjacent time points at each iteration.
Finally, we re-compute p-values of significant clusters in the main
analyses by calculating the probability of their size and magnitude
in the permutation analyses. A cluster in the main analyses is
considered to survive permutation, and thus significant, only if
both the size and magnitude of a given cluster is above 95% of all
cluster sizes and magnitudes derived from permutation tests.
Similarly, cluster-based permutation paired sample t-test statistics
with multiple corrections were performed separately for each TEP
peak (N15, P30 and N100) to identify significant cluster of channels
across comparisons (PreTBS vs T5 and PreTBS vs T20). A significant
cluster in main analyses is defined as at least two neighboring
channels at T5 or T20 that significantly differ from baseline mea-
surements (PreTBS) and survived permutation (n ¼ 1000).

ICCs were computed for all metrics to examine test-retest reli-
ability of TBS-induced effects. We first normalized all metrics
(GMFP, LMFP, TEP and MEPs) to baseline assessments by taking the
ratio of each metric at T5 and T20 in reference to preTBS. We then
performed ICCs on the ratio scores across all visits and between
pairs of identical visits for T5 and T20 separately. ICCs < 0.25 were
considered as “very low”, between 0.25 and 0.50 were considered
as “low”, between 0.50 and 0.75 were considered as moderate, and
>0.75 were considered as “high” reproducibility, respectively [45].
Data from iTBS in one participant, from cTBS in another participant,
and from a sham sessions in two participants were excluded from
the final analyses due to insufficient TMS-EEG and TMS-EMG data
sets following the respective TBS protocols.

Results

Baseline TMS-evoked cortical responses are stable over time

We first examined how baseline measurements of TMS evoked
cortical responses varied across repeated sessions (Fig. 3). Rm-
ANOVA revealed no significant main effect of Visit for both GMFP
(p > 0.05) and LMFP (p > 0.05) responses, indicating statistically
stable spTMS evoked global and local responses across all visits
(Fig. 3A, Supplementary Table 1). ICC analyses for GMFP and LMFP
in L-M1 showed significant correlations both for early (p < 0.00)
and late (p < 0.00) responses with moderate reproducibility
(0.50 � r < 0.75) in late responses across visits (Fig. 3A, right
panels). For TEPs, the highest reproducibility was achieved for the
N100 peaks, followed by P30 and N15 peaks (Fig. 3B). For N15
peaks, ICCs were not significant for one electrode (C3) on the
stimulation site and four other (FT7, T8, TP8 and TP10) temporal
electrodes (Fig. 3B, left panel). All electrodes for the P30 (Fig. 1B,
middle panel) and N100 (Fig. 3B, right panel) peaks were signifi-
cantly correlated across visits.

Descriptive classification of global and local cortical responses to TBS

Results of GMFP and LMFP from L-M1 responses to TBS are
summarized in Fig. 4 and Fig. 5, respectively. For GMFP, only
35e44% of participants showed excitatory iTBS response (Facilita-
tion: post TBS ratios >110%) with increased ratios across visits



Fig. 3. Reproducibility of TMS-EEG metrics at baseline (Pre-TBS) measurements. A: Group average AUC values for GMFP (upper panels) and LMFP responses (Early responses: left
panels and Late responses: right panels) at baseline (PreTBS) measurements of each visit. Error bars show one unit of standard error. B: Topographical distribution of intra-class
correlation coefficients of each TEP peaks across all visits at the electrode level. ICCs are not significant for red colored electrodes, and significant for black colored electrodes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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(Fig. 4A, upper panel), while 31e52% of participants did not show
changes with stable GMFPs (No change: post TBS ratios between 90
and 110%) and 9e22% of participants showed inhibitory responses
with decreased GMFPs (Suppression: post TBS ratios < 90%). GMFP
responses to cTBS were also highly variable with 9e40% of partic-
ipants having inhibitory response with suppressed GMFP, while
23e59% and 33e46% of participants showed no change or facili-
tation, respectively. Fig. 4B illustrates both the inter-and intra-
subject variability to TBS conditions across visits. While the ma-
jority of group-averaged responses are around 100% of baseline,
individual responses show high variability across subjects, and
generally without any clear tendency towards facilitation versus
suppression. Furthermore, when each subject's own responses are
connected across visits, substantial changes in the direction of in-
dividual responses are observed such that individual responses in
the first session (i.e. facilitation versus no-response versus sup-
pression) are not clearly associated with the response in the second
session. Similar to GMFPs, LMFPs from L-M1 (ipsilateral to the
stimulation) showed high variability in response classifications for
all TBS-conditions (Fig. 5A), and high inter- and intra-subject
variability in TBS-induced modulation within and across visits
(Fig. 5B).

TBS effects on TMS-evoked cortical and motor responses are not
reproducible

Rm-ANOVA for GMFP values revealed no main effects of TBS-
condition (p > 0.05) or Block (p > 0.05), and no TBS-condition by
954
Block interaction for early responses in both visits (Supplementary
Table 1). As for late GMFP responses, we found a significant main
effect of Block both for visit-1 (F(2,38) ¼ 6.06, p ¼ 0.001, h2

p ¼ 0.24,

power ¼ .892) and visit-2 (F(2,38) ¼ 4.521, p ¼ 0.010, h2
p ¼ 0.20,

power ¼ .754), but no significant main effect of TBS-condition and
no significant TBS-condition by Block interaction (p > 0.05). Follow
up pairwise comparisons revealed significant GMFP increase at T5
compared to PreTBS block for both visits (Visit-1: F(1,19) ¼ 8.322,
p ¼ 0.009, h2

p ¼ 0.305, power ¼ .881; Visit-2: F(1,19) ¼ 10.706,

p ¼ 0.004, h2
p ¼ 0.360, power ¼ .911). Altogether, these results

suggest that the late GMFP response show nonspecific increases at
T5 across all TBS-conditions.

ICCs revealed low reproducibility for only early responses at T5
for Sham condition (r ¼ 0.38, p ¼ 0.02), while all other TBS-
conditions showed very low to no reproducibility both for early
and late responses, with ICCs ranging from r¼�0.17e0.20 (Fig. 4C).
Cluster based permutation t-tests for the TEP time series at T5
(Fig. 4D) showed significant clusters between 141 and 169 ms for
iTBS, and between 141-668 and 290e332 ms for cTBS in Visit-1.
However, none of these clusters were reproduced in Visit-2, sug-
gesting lack of reproducibility for the TBS effects on GMFP re-
sponses in the temporal dimension (Fig. 4D). No significant
differences that survived permutations were found between pre-
TBS and T20 (Fig. 4D).

Similar to GMFPs, Rm-ANOVA for LMFP revealed no significant
main effects of TBS-condition (p > 0.05) or Block (p > 0.05), and no
TBS-condition by Block interaction (p > 0.05) for early responses in



Fig. 4. TBS effects on GMFP. A: Classification of subjects according to response types to TBS in ratios (Red: increased response following TBS/facilitation, Yellow: decreased response
following TBS/suppression and Gray: no change in response following TBS/no response). B: Bars show group averaged response ratios normalized to baseline (PreTBS) at T5 (left
panels) and T20 (right panels) both for early (upper panels) and late (lower panels) responses for each visit. Colored dots superimposed over group average bars represent individual
responses and black lines connecting dots over group bars track individual response changes across visits. C: Scatter plots, regression lines and ICCs of GMFP ratios both early and
late responses (Blue: reproducibility of responses at T5 and Red: at T20) across visits. D: Statistical comparison GMFP responses at the millisecond level for both visit-1 (upper panels)
and visit-2 (lower panels). Colored lines represent group-averaged responses to TBS conditions while shaded regions show standard error of measurement (1 unit). Colored blocks
at the bottom of each panel show significant cluster of time-points between post-TBS (Blue: T5 and Red: T20) and baseline (PreTBS) measurements (Empty blocks: Significant
clusters for bivariate comparisons but did not survive permutation tests and Filled Blocks: Significant clusters survived permutation tests. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. TBS effects on LMFP (Left Motor Cortex). A: Classification of subjects according to response types to TBS in ratios B: Bars show group averaged response ratios normalized to
baseline for each visit. Colored dots superimposed over group average bars represent individual responses and black lines connecting dots over group bars track individual response
changes across visits. C: Scatter plots, regression lines and ICCs of LMFP ratios both early and late responses (Blue: reproducibility of responses at T5 and Red: at T20) across visits. D:
Statistical comparison LMFP responses at the millisecond level for both visit-1 (upper panels) and visit-2 (lower panels). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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both Visit-1 and Visit-2. For late responses, we found a significant
main effect of Block both in visit-1 (F(2,38) ¼ 7.352, p ¼ 0.002,
h2
p ¼ 0.28, power ¼ .920) and Visit-2 (F(2,38) ¼ 4.048, p ¼ 0.025,

h2
p ¼ 0.18, power ¼ .689), but no significant main effect of TBS-

condition and no significant “TBS-condition by Block interaction.
Follow up pairwise comparisons revealed significant LMFP increase
at T5 compared to PreTBS block for both visits (Visit-1:
F(1,19) ¼ 9.112, p ¼ 0.016, h2

p ¼ 0.342, power ¼ .843; Visit-2:

F(1,19) ¼ 6.762, p ¼ 0.024, h2
p ¼ 0.305, power ¼ .718), suggesting

that the late LMFP values show nonspecific increases at T5 across all
TBS-conditions (Supplementary Table 1).

Intra-class correlations revealed very low reproducibility both
for early and late responses for iTBS and cTBS with ICCs ranging
from r ¼ �0.18 to 0.26 (Fig. 5C). Early responses at T5 for Sham TBS
showed the highest ICCs (r ¼ 0.29, p ¼ 0.048). Although, cluster
based permutations for time series analyses revealed significant
differences between PreTBS and T5 for cTBS at multiple time win-
dows in Visit-1 (Fig. 5D middle upper panel), none of these clusters
were reproduced in Visit-2 (Fig. 5D middle lower panel). LMFPs
from R-M1 also showed significant effect of Block for both early
(F(2,38) ¼ 5.938, p ¼ 0.001, h2

p ¼ 0.24, power ¼ .895) and late

(F(2,38) ¼ 3.590, p ¼ 0.031, h2
p ¼ 0.16, power ¼ .714) responses in

Visit 2 only, but no main effect of TBS-condition and no TBS-condi-
tion by Block interaction effect (See Supplementary Table 1 for
statistics and Supplementary Fig. 4 for details). No significant main
effects or interactions were found for V1 (See Supplementary
Table 1 for statistics and Supplementary Fig. 5 for details).

TBS effects on MEPs are summarized in Fig. 6. Briefly, similar to
GMFP and LMFP, individual responses show high variability across
subjects, and within subjects across visits for all TBS conditions
(Fig. 6A.) Rm-ANOVA revealed no main effects of TBS-condition
(p > 0.05) and Block (p > 0.05), and no TBS-condition by Block
interaction (p > 0.05) in Visit-1 (Supplementary Table 1). In Visit-2,
we found a significant main effect of Block (F(2,38) ¼ 5.51, p ¼ 0.001,
h2
p ¼ 0.22, power ¼ .823), but no significant main effect of TBS-

condition (p > 0.05) and no significant TBS-condition by Block
interaction (p > 0.05). Follow up pairwise comparisons revealed
significant increase in MEP amplitudes at T20 compared to PreTBS
block (F(1,19) ¼ 14.712, p ¼ 0.001, h2

p ¼ 0.436, power ¼ .953), indi-
cating nonspecific MEP increases at T20 across all TBS-conditions
(Supplementary Table 1). ICCs revealed negative correlations
(Fig. 6B, upper panel) with very low reproducibility for iTBS both at
T5 (r ¼ �0.24, p ¼ 0.84) and T20 (r ¼ �0.14, p ¼ 0.73). For cTBS,
however ICCs were positive across sessions (Fig. 6B, middle panel)
with low reproducibility at T5 (r ¼ 0.39, p ¼ 0.02), and very low
reproducibility at T20 (r ¼ 0.11, p ¼ 0.30). While MEPs from
shamTBSwere positively correlated at T5 (Fig. 6B, lower panel) with
low reproducibility (r ¼ 0.28, p ¼ 0.08), no correlation pattern was
observed at T20 (r¼�0.02, p¼ 0.64). MEP effects are explored with
substantial detail in Boucher et al. (submitted).
TBS effects on TEP components are not reproducible

Group averaged topographies for each TEP peak across TBS
conditions, blocks and visits are shown in Supplementary Fig. S6.
Cluster based permutation t-test statistics revealed significantly
reduced N15 amplitude (p < 0.05) for electrodes over left sensori-
motor cortices at T5 for Sham TBS (Fig. 7A, upper-right panel). As for
P30 peaks, a series of mid-frontal electrodes showed increased P30
response while left parietal electrodes showed decreased P30
response only for cTBS at T5 (Fig. 7A, middle panel). iTBS showed
increased (more negative) N100 response in four electrodes over
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left sensorimotor cortices, while cTBS showed increased N100
response over a series of left parietal and posterior parietal region
as well as a reduced (more positive) N100 response over right
frontal and temporal regions at T5 (Fig. 7A, lower-left and middle
panels). Importantly, however, none of these significant clusters
was reproduced at Visit-2, but different patterns of significant
modulations were observed for N15 and P30 peaks after cTBS and
Sham conditions, respectively (Fig. 7B, upper and middle panels).
Similarly, significant set of clusters in each TEP peak observed at T20
for Visit-1 were generally not reproduced in Visit-2 for all TBS-
conditions (Fig. 8A, and Fig. 8B). Sham TBS was the only condition
with reproducible modulation for a subset of electrodes for P30
peaks across visits (Fig. 8A and B middle-right panels).

Next, we tested whether modulations induced by iTBS and cTBS
were significant compared to Sham TBS and, if so, whether these
significant differences from Sham TBS were reproducible across
visits (Fig. 9). Both iTBS and cTBS had significantly larger (more
negative) N15 amplitudes over left motor cortex when compared to
sham TBS at T5 for Visit-1 (Fig. 9A, Visit-1 upper panels). Only
significant cTBS differences from sham in left motor cortex were
partially reproduced in Visit-2, but within a substantially larger
cluster extending from left parietal to left temporal cortex observed
in visit 2 (Fig. 9A, Visit-2 upper panels). Significant differences
between active and sham TBS conditions observed for N100
response in Visit-1 were also not reproduced in Visit-2 (Fig. 9A,
visit-1 and visit-2 lower panels). Similarly for T20, significant dif-
ferences between active and sham TBS conditions observed in
Visit-1 were not reproduced in Visit-2, except partially for larger
(more negative) N15 amplitudes over left motor cortex in cTBS
condition (Fig. 9B, visit-1 and visit-2 upper panels).

We also tested the reproducibility of TBS effects on TEPs at the
electrode level by computing ICCs for each channel across TEP
peaks and TBS conditions (Fig. 10). There was no clear pattern on
the spatial distribution and direction of ICCs, with different elec-
trodes both negatively and positively weakly correlated across
visits (r ¼ �0.5e0.5).

Role of baseline excitability on TBS effects and relationship between
changes in MEPs and TEPs

Here, we performed preliminary analyses to better understand
whether (1) baseline corticospinal and cortical excitability indexed
by MEPs and early LMFPs, respectively, differ in subjects with
facilitatory versus suppressive cortical responses to TBS, and, if so,
(2) whether TBS-induced modulation of corticospinal and cortical
responses are related (Fig. 11B and Fig. 11C). We found that in-
dividuals with facilitatory LMFP responses (n ¼ 14) following iTBS
at T5 had significantly lower (t(1,22) ¼ -5.80, p ¼ 0.000) MEPs at
baseline than those with a suppressive response (n ¼ 9) in visit-1
(Fig. 11A, left panel) suggesting that the facilitatory effects of iTBS
on cortical reactivity are seen primarily in those with lower corti-
cospinal excitability at baseline. Contrary to iTBS, cTBS further
suppressed cortical reactivity (n ¼ 12) in individuals with low
baseline corticospinal excitability (t(1,22) ¼ 2.44, p ¼ 0.035) in Visit-
1. However, although a similar pattern was observed for iTBS,
baseline MEP comparisons were not significant (p > 0.05) in visit-2
for both iTBS and cTBS indicating poor reproducibility. No signifi-
cant baseline MEP differences were found (p > 0.05) between
facilitated versus suppressed LMFP responses following sham for
both visits. Furthermore, we found no statistical difference in
baseline LMFP comparisons (p > 0.05) between facilitation
(LMFPþ) and suppression (LMFP-) cortical responses to TBS.

Next, we examined relationships between changes in MEP and
LMFP responses following each TBS condition and visit (Fig. 11B).
We found significant positive correlations between MEP and early



Fig. 6. TBS effects on MEPs. A: Bars show group averaged response ratios normalized to baseline (PreTBS) at T5 (left panels) and T20 (right panels) for both visits. Colored dots
superimposed over group average bars represent individual responses and black lines connecting dots over group bars track individual response changes across visits. B: Scatter
plots, regression lines and ICCs of MEP ratios at T5 (Blue) and T20 (Red). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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LMFP ratios following iTBS both for visit-1 (r ¼ 0.44, p ¼ 0.005) and
visit-2 (r ¼ 0.40, p ¼ 0.019). Although cTBS was associated with
negative correlations betweenMEP and LMFP ratios, themagnitude
of correlations were low (visit-1: r ¼ �0.17, visit-2: r ¼ �0.03) and
not significant (p > 0.05) for both visits. There was no significant
correlation between MEP and LMFP changes with sham stimula-
tion. Finally, we examined changes in MEPs and early TEP compo-
nents (Fig. 11C) to further understand specific contributions of each
TEP component to the relationship between corticospinal and local
cortical neuromodulation observed in Fig. 11B. We found that
changes in MEP responses were positively and consistently corre-
lated with changes in P30 component over the stimulated region
following iTBS in both visits (Fig. 11C left lower panels). On the
other hand, cTBS resulted in weak negative correlations between
MEP and TEP changes over the stimulated cortical region only in
visit-1 but not in visit-2. Taken together, these results suggest that
the P30 component reliably reflects relationships between corti-
cospinal and local cortical response modulations following iTBS.

Discussion

TBS is an rTMS protocol that is widely used with the goal of
modulating cortical activity for both scientific and therapeutic
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aims. The initial study establishing these protocols reported
increased corticospinal excitability (assessed with TMS-elicited
MEPs) lasting up to 20 min following iTBS, and decreased cortico-
spinal excitability lasting up to 60 min following cTBS [13,46]. Since
then, both iTBS and cTBS have been conceptualized as “excitatory”
and “inhibitory” rTMS protocols, respectively. Today these TBS
protocols have been widely used to induce lasting brain plasticity
and modulate human behavior and cognition. Numerous studies,
for example, have applied TBS outside the motor cortex to disrupt
[19,20,47] or enhance normal behaviors [7,48], as well as to recover
impaired behaviors [49,50] and treat neuropsychiatric conditions
[9]. Observed changes in behavior, cognition or neuropsychiatric
conditions are attributed to TBS-induced brain plasticity over the
stimulated networks. The vast majority of these studies have
inferred mechanisms based on the presumed “excitatory” or
“inhibitory” effects of the particular TBS without independent
neurophysiologic measurements of the direct cortical responses to
TBS. However, a fundamental limitation inherent to the use of TBS
is that the presumed effects on cortical excitability have not been
adequately established. More specifically, the neuromodulatory
effects of TBS have typically been assessed with MEPs, which pro-
vide at best an indirect and limited measure of local cortical
excitability in the stimulated primary motor region, and cannot be



Fig. 7. TEP responses to different TBS at T5. Topoplots show statistical comparison (t values) of TEP peaks between baseline (PreTBS) and postTBS measurements at T5 for each TBS
protocol and TEP peak both in visit-1 (A) and visit-2 (B). Significant cluster of electrodes that survived permutation analyses are shown in red. Negative t values for N15 and N100
peaks represents increased amplitude (more negative peak) while positive t values represent decreased amplitudes (less negative peak). Negative t values for P30 peak represents
decreased amplitude (less positive peak) and positive t values represent increased amplitude (more positive peak). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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used to probe overall neurophysiologic changes across brain re-
gions. Furthermore, the reliability of the TBS-induced effects on
cortical excitability have not been studied.

Here, we examined the impact and reproducibility of TBS-
induced neuromodulation directly at the cortical level by TMS-
EEG with a robust sham-controlled test-retest design. We found
that although spTMS of the motor cortex generates stable and
Fig. 8. TEP responses to
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reproducible cortical responses across sessions [44,51], the neuro-
modulatory effects of TBS on TEPs were substantially variable be-
tween individuals at the cortical level. Thus, both iTBS and cTBS-
induced changes for global (GMFP) and local (LMFP) cortical re-
sponses were not significantly different from sham control at the
group level. When assessing the effects of TBS on individual TEP
peaks, we found that the modulation of the N15 peaks over the
different TBS at T20.



Fig. 9. Statistical comparison of active TBS effects with sham control. TBS effects for each TBS condition is calculated by subtracting PostTBS (T5 and T20) TEPs from Baseline (PreTBS)
TEPs. These differences were then statistically compared between active TBS (iTBS vs Sham and cTBS vs Sham) and sham control both at T5 (A) and T20 (B) separately for both visits
(Visit-1 and Visit-2). Significant cluster of electrodes that survived permutation analyses are shown in red. Negative t values for N15 and N100 peaks represents increased amplitude
in active TBS as compared to sham control (more negative peak in active TBS), while positive t values represent decreased amplitudes amplitude in active TBS as compared to sham
control (less negative peak in active TBS). Negative t values for P30 peak represents decreased amplitude (less positive peak in active TBS as compared to sham) and positive t values
represent increased amplitude (more positive peak in active TBS as compared to sham). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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stimulated motor cortex following iTBS and cTBS, and the modu-
lation of the N100 peaks within a large cluster of electrodes over
frontal, premotor, and parietal regions following iTBS, were
significantly different from Sham TBS in Visit-1. However, none of
the significant sham-controlled active TBS effects observed in Visit-
1 were reproduced in Visit-2. Importantly, we noticed that all TBS
conditions also suffered from high intra-subject variability across
visits, such that a given person with increased cortical excitability
in Visit-1 may show an opposite response pattern to TBS with
Fig. 10. Scalp distribution of ICCs for each TEP peak across identical TBS sessions. Higher v
correlations between electrode pairs across visits.
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decreased cortical excitability in Visit-2. Overall, there results
indicate very poor reproducibility for TBS-effects on cortical
excitability in healthy individuals, and suggest that brain-behavior
relationships established in behavioral research paradigms through
the suggested “excitatory” or “inhibitory” mechanisms of TBS-
induced neuromodulation may need to be reevaluated. In partic-
ular, our findings strongly suggest that future studies applying TBS
with the aim of modulating human behavior and cognition need to
employ techniques such as TMS-EEG to characterize the TBS-
alues (>0) represent positive relationships while lower values (<0) represent negative



Fig. 11. Corticospinal excitability and TBS effects on cortical responses: A: Comparison of baseline MEP amplitudes as a function of early LMFP response type to TBS conditions across
visits. Blue bars show baseline MEP means for individuals with facilitation response (þLMFP), while red bars show baseline MEPs means for suppressive response to (-LMFP) each
TBS protocol in left-M1 at T5. Error bars represent standard error of measurements (1 unit) and horizontal lines with asterisks over the bars show significant differences (p < 0.05) in
baseline MEPs between facilitation and suppression responses to TBS. B: Scatter plots, regression lines and ICCs for the relationship between pre-post TBS changes in MEPs and early
LMFP both for visit-1 (blue) and visit-2 (red). Changes in MEP and early LMFP amplitudes are expressed as response ratios normalized to baseline (PreTBS) at T5. C: Scalp distribution
of bivariate Pearson correlations between changes in MEP and TEP responses for N15 (upper panels) and P30 peaks (lower panels) across visits and TBS conditions. Higher values
(>0) represent positive relationships while lower values (<0) represent negative correlations at the electrode level. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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induced changes in cortical activity to understand the underlying
brain-behavior relationships.

One critical finding of this study is the importance of repeat
(test-retest) sessions to draw valid conclusions on the effects of
TBS-induced neuromodulation. To date, direct cortical responses
following cTBS of the primary motor cortex have only been
assessed in two previous reports, using either a single electrode
[26] or a sub-group of electrodes [52] over the stimulated cortex.
With regard to TBS effects in other brain regions, Chung and col-
leagues employed iTBS over the prefrontal cortex in a series of
recent studies [27,53,54], and reported significant increases in
selected TEP components. Although our results from Visit-1 are
partially in line with these studies, our reliability analyses showed
that none of these results were observed in Visit-2, demonstrating
poor reproducibility across sessions, and thus suggesting the crit-
ical importance of validating TBS-induced neuromodulation with
repeat sessions.

A large body of prior research [13,55e59] also reported signifi-
cant modulation of corticospinal excitability following TBS pro-
tocols using MEPs as the outcome measure. A recent meta-analysis
[15] and a large-scale analysis [16] pooling data from several pre-
vious reports also supported these prior findings by showing sig-
nificant modulation of corticospinal excitability, with increased
MEPs up to 30-min following iTBS and decreased MEPs at 5e10 or
60-min following cTBS. Our results for MEPs and TEPs did not
corroborate those findings. One major factor may be the lack of
sham control in the majority of the previous studies included in
these reports. For example, out of 87 studies re-examined in Chung
et al.‘s meta-analysis [15] only 3 studies performed a sham control
in their TBS protocols, and out of 22 studies included in Corp et al.‘s
large-scale analysis [16] only 1 study included a sham control. It is
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critical to note that we could also reach similar conclusions in our
study by ignoring results from the sham TBS, as both iTBS and cTBS
produced significant differences in all of our metrics (GMFP, LMFP,
TEP peaks and MEPs at T20) compared to baseline values. However,
we noticed thatmost of the TBS effects on cortical responses (GMFP,
LMFP and P30 at T5, p30 and N100 at T20) and MEPs were not
significant when compared to sham effects, supporting the recent
evidence showing no significant differences between active TBS
and primed sham conditions [35].

TMS of M1 generates unique response dynamics compared to
TMS of non-motor regions, as M1 stimulation activates cortico-
spinal pathways in parallel to cortico-cortical and thalamo-cortical
tracts. The early local cortical activation following TMS primarily
propagates through corticospinal tracts, elicits a motor response in
the targeted muscle, and a following sensory return to somato-
sensory cortex suggesting dynamic relationships among local
cortical and corticospinal excitability and evoked sensory re-
sponses in the brain. Accordingly, many recent studies [60,61] re-
ported that MEPs are related with early TEP components (P25/30)
and delayed oscillatory responses following spTMS [62], and that
neuromodulatory TBS interventions induces correlated changes in
MEPs and early TEP peaks following iTBS [25,57] and cTBS [26,57].
A recent study [60] suggested modulation of pre-stimulus oscilla-
tory power in the alpha band following transcranial direct current
stimulation as a possible mechanism for correlated changes in
MEPs and TEPs. Our preliminary results from visit-1 showing pos-
itive correlations between changes in MEPs and P30 component
following iTBS and negative correlations following cTBS localized to
the stimulated cortex are in line with these findings; however, only
the correlation for iTBS was reliable across sessions. As iTBS and
cTBS were previously shown to modulate different components of
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descending corticospinal volleys [22,23], further studies with
simultaneous epidural cervical and scalp EEG recordings would be
highly useful to establish underlying mechanisms of correlated
changes in MEPs and TEPs following iTBS. Taken together, these
findings suggest that interventions that increase corticospinal
excitability reliably increase cortical excitability as well, but that
the effects of other interventions may not be as consistent. Addi-
tionally, we showed that neuromodulatory effects of iTBS on
cortical responses might be influenced by baseline corticospinal
excitability; however, these effects have poor reproducibility.

Contrary to our initial prediction, we observed significant de-
viations from baseline measurements following sham TBS (See N15
and P30 peaks in Figs. 6 and 7). One methodological reason for this
could be the measurement of TBS neuromodulation through
repeated blocks of spTMS over time. A recent study by Pellicciari
and colleagues [63] showed that spTMS, without having any
changes in stimulation parameters, can induce cumulative in-
creases in corticospinal excitability across multiple stimulation
blocks within the session. Our results from MEPs in both visits
confirm these findings as MEP amplitudes increased following
shamTBS both at T5 and T20 compared to baseline (Fig. 5A, Lower
panels). Accordingly, significant sham effects on P30 peaks we
observed at T20 in both visits (Fig. 6A and B) are in line with
increasedMEP amplitudes reported in Pellicciari et al. [63] andmay
extend their findings to cumulative effects of spTMS to direct
cortical responses. Another important aspect to consider for sig-
nificant sham responses would be the possible placebo effects of
TBS. A growing body of evidence suggests that the magnitude of
sham effects for therapeutic applications of rTMS in different
clinical populations has considerably increased over the years,
possibly due to growing awareness on the potential of TMS in
public and media, adoption of more realistic sham protocols, and
sophisticated experimental set-ups with neuronavigated TMS-EEG
designs [64]. An alternative and highly plausible explanationwould
be mutually interacting effects of repeated blocks of spTMS and
placebo effects of TBS. Given the lack of experimental evidence,
understanding possible neurophysiological and environmental
mechanisms of significant sham responses in TMS research clearly
warrants future systematic investigations.

Certain limitations of the current study should also be
acknowledged. First, our results are limited to stimulation of the
primary motor cortex, and thus do not provide direct evidence for
reproducibility of TBS-induced neuromodulation over non-motor
cortices. Understanding direct cortical responses to TBS and, more
importantly, examining reproducibility of such cortical responses
outside the motor cortex is essential for validating previously
suggested brain-behavior relationships through the mechanism of
TBS-induced neuromodulation. Secondly, our results do not
generalize to other widely used rTMS protocols. In general, low
frequency rTMS (1 Hz) and high frequency rTMS (10 Hz, 20 Hz)
have been used as “inhibitory” and “excitatory” protocols respec-
tively to modulate brain activity [65,66]. However, the effects of
these rTMS protocols on cortical excitability as assessed via EEG,
and the reproducibility of rTMS-induced neuromodulatory effects
against a robust sham control have not been clearly established.
Thirdly, our results are limited to analyses of TEPs, and thus do not
generalize to other measures of cortical responsivity and modula-
tion. A series of recent studies [27,53,67], for example, reported
significant TBS-induced modulations in TMS-evoked oscillatory
responses in the frequency domain, but did not evaluate the
reproducibility of these oscillatory responses. In this study, we
limited our analyses to TEPs, GMFPs and LMFPs in the temporal
domain, as they are the most commonly used EEG metrics for
measuring cortical response modulation in the current TMS-EEG
literature. Clearly, cortical responsivity can be measured with
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variety of other EEG metrics including connectivity, perturbational
complexity index, and time-frequency responses. Future research is
needed to address TBS-induced neuromodulation and its repro-
ducibility with these measures. Importantly, our study is not
designed to systematically examine methodological and subject-
related factors and their effects on the observed high inter and
intra-subject response variability to TBS. Although a number of
methodological (i.e, stimulation duration, intensity, coil orienta-
tion, time of the day), inter-subject (genetics, age, variability in
neural circuits activated by TMS) and intra-subject (brain state,
prior sleep, baseline cortico-spinal excitability) factors have been
reported to contribute to the response variability to TBS protocols
[14], no systematic evaluation have been performed to examine
their causal effects on reproducibility of TBS responses. Further-
more, significant but inconsistent cortical responses following
active- and sham-TBS could potentially be attributed to presence of
TMS-induced sensory potentials, such as somatosensory and
auditory evoked potentials, in TEPs. As these non-transcranially
evoked potentials have large amplitudes with stereotyped
spatial-temporal dynamics, possible spurious fluctuations across
blocks or visits may confound our ability to detect TBS-induced
neuromodulation and its’ reproducibility. To eliminate potential
effects of sensory evoked responses in our analyses we followed a
structured ICA approach to carefully identify and remove these
non-transcranial responses from TEPs (Fig. 2). We then showed
reproducibility of baseline TEPs (Fig. 3) across sessions, suggesting
that even if any residual sensory-evoked potentials remain in our
post-processed TEPs, they are stable across sessions. However, to
clearly understand and eliminate any possible confounding effects
of TBS on sensory-evoked potentials, future studies could integrate
single pulse sham-TMS designs into their TBS protocols. In the
current study, a sham control for spTMS was not feasible for our
post TBS measurements, since we could only administer either
active spTMS or sham spTMS at any one time point (e.g. T5)
following TBS. Given the effects of TBS are not stable over time; it
would not be valid to compare the effects of iTBS on real spTMS at
T5 with the effects on sham spTMS at T15. When advances in TMS
technology permit interleaved sham and real spTMS, sham spTMS
stimulation should be included in future studies to parcel out the
simultaneous effects of TBS on the transcranial and non-
transcranial sensory-evoked components. Finally, as in most of
the previous literature, the experimenters were not blinded to the
applied stimulation protocol. Although currently it is not a standard
experimental design in basic neurophysiological research, future
studies could clearly benefit from double blind methods to mini-
mize the risk of experimenter bias and ensure the robustness of
replication designs.

Conclusions and future directions

After almost 30 years of experimental research, the large
response variability to rTMS protocols still stands as a major
obstacle for the clinical utility and experimental validity of rTMS-
induced neuromodulation. This study reports the first compre-
hensive examination of (1) the direct cortical EEG responses to iTBS
and cTBS of humanmotor cortex and (2) the reproducibility of both
iTBS- and cTBS-inducedmodulation of cortical excitability against a
sham control across repeat sessions. We find that the neuro-
modulatory effects of TBS are substantially variable both between
and within individuals, with no significant group effects over sham
control, and with very poor reproducibility across sessions. Our
results suggest three key messages for future studies. First, a sham
control has to be an integral part of any experimental TBS design to
rule out cumulative effects of spTMS, as well as to control possible
placebo effects of rTMS interventions. Secondly, studies applying
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TBS with the goal of establishing brain-behavior relationships
through the mechanisms of TBS neuromodulation should validate
expected TBS effects by measuring direct cortical (EEG) responses
to TBS. Finally, significant neuromodulatory and behavioral effects
of TBS over sham control should be confirmed with either repeat
sessions or independent data sets to establish the reproducibility
and robustness of observed effects. Further randomized controlled
trials with double blind methods are urgently needed to minimize
the risk of bias and unravel the underlying reasons for such sub-
stantial response variability to rTMS by experimentally evaluating
the causal role of possible methodological, inter- and intra-subject
factors on rTMS-induced neuromodulation.
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