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� TMS-EEG enables the assessment of cortical plasticity through the analysis of TEPs.
� Changes in early TEPs correlate with changes in MEPs following iTBS over left M1.
� iTBS induced variable changes in MEPs and TEPs in healthy older individuals.

a b s t r a c t

Objective: We studied the correlation between motor evoked potentials (MEPs) and early TMS-evoked
EEG potentials (TEPs) from single-pulse TMS before and after intermittent Theta Burst Stimulation
(iTBS) to the left primary motor cortex (M1) in 17 healthy older participants.
Methods: TMS was targeted to the hand region of M1 using a MRI-guided navigated brain stimulation
system and a figure-of-eight biphasic coil. MEPs were recorded from the right first dorsal interosseous
muscle using surface EMG. TEPs were extracted from a 61-channel EEG recording. Participants received
90 single TMS pulses at 120% of resting motor threshold before and after iTBS.
Results: Across all participants, the change in N15-P30 TEP and MEP amplitudes were significantly cor-
related (r = 0.69; p < 0.01). Average TEP responses did not change significantly after iTBS, whereas MEP
amplitudes showed a significant increase.
Conclusions: Changes in corticospinal reactivity and cortical reactivity induced by iTBS are related.
However, the effect of iTBS on TEPs, unlike MEPs, is not straightforward.
Significance: Our findings help elucidate the relationship between changes in cortical and corticospinal
excitability in healthy older individuals. Going forward, TEPs may be used to evaluate the effects of
theta-burst stimulation in non-motor brain regions.
� 2017 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

Transcranial Magnetic Stimulation (TMS) is a versatile tool for
studying human neurophysiology in vivo (Barker et al., 1985;
Hallett, 2007; Rossini and Rossi, 2007). Single TMS pulses applied
to the primary motor cortex (M1) can elicit motor evoked poten-
tials (MEPs) in contralateral muscles that can be quantified using
surface electromyography (EMG). The amplitude of MEPs averaged
across batches of single pulses provides an index of cortico-motor
reactivity (Rothwell, 1997). When applied in repetitive trains
(repetitive TMS, rTMS) or in specific patterns inspired by synaptic
plasticity protocols (theta-burst stimulation, TBS), TMS can
produce changes in cortico-motor excitability, indexed by changes
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in MEP amplitude. Specifically, intermittent TBS (iTBS) has been
shown to produce a prolonged facilitation of MEP amplitudes
which may reflect synaptic plasticity processes such as long-term
potentiation (Huang et al., 2005). However, because TMS effects
are typically assessed via MEPs, TMS-based assessments of cortical
plasticity have typically been confined to M1. Furthermore, as
MEPs are the output of the corticospinal pathway, they may not
accurately reflect the cortical changes induced by rTMS and TBS
interventions. As an alternative, coupling TMS with encephalogra-
phy (EEG) allows for the recording of TMS-evoked EEG potentials
(TEPs), which may reflect synaptic activity at the surface of the cor-
tex (Ilmoniemi et al., 1997; Komssi et al., 2002). Thus, TEPs provide
a potential means to directly assess the cortical response to TMS
that does not, at least initially, depend on the cortico-spinal path-
way (Ferreri et al., 2011), and can be assessed outside of motor
cortex.

Each TEP elicited by a single TMS pulse delivered to M1 is actu-
ally comprised of a sequence of negative and positive deflections
(N15, P30, N45, P60, N100, P180) labeled for their direction and
onset (e.g., N15 refers to negative deflection occurring at 15 ms
post stimulus) (Bender et al., 2005; Komssi and Kähkönen, 2006).
Although the exact cortical mechanisms of each element of the
TEP have not been definitively established, previous studies have
suggested that the early components N15 and P30 reflect fast exci-
tatory mechanisms (Mäki and Ilmoniemi, 2010; Rogasch et al.,
2013). The N45 is thought to be mediated by the activation of
GABA–A receptor, and may also reflect an element of somatosen-
sory return from the targeted muscle (Ferreri et al., 2011;
Premoli et al., 2014); furthermore, studies in visual cortex suggest
that components around 40 ms are modulated by attentional pro-
cesses (Herring et al., 2015). The P60 component is believed to
reflect somatosensory return (Paus et al., 2001), and the N100
has been associated with the activation of GABA-B receptors
(Bonnard et al., 2009; Nikulin et al., 2003; Premoli et al., 2014).
The P60, N100 and P180 components are also thought to be con-
taminated with an auditory evoked potential originated from the
TMS pulse click (ter Braack et al., 2013).

Previous studies on somatosensory evoked potentials (SEPs)
assessed via intracranial recordings have demonstrated that the
conduction time for efferent and afferent signals between the
cortex and periphery muscles in healthy individuals is between
20 and 30 ms (Allison et al., 1991). TMS studies have further
supported this knowledge by showing that MEPs latencies are
consistently in the 20–30 ms range post M1 stimulation in both
young (Furby et al., 1992) and elderly (Matamala et al., 2013)
healthy individuals. Somatosensory return signals, therefore, are
expected to reach the cortex at approximately 40–60 ms (twice
the conduction time) after M1 stimulation. Since EEG recordings
are capable of capturing somatosensory return potentials, the
TEPs occurring after 40 ms are likely contaminated by
somatosensory returns. Conversely, earlier TEP components like
N15 and P30–especially those seen at the motor and pre-motor
cortex—are not contaminated by sensory inputs and are more
likely to be related to the processes of descending corticospinal
activity.

A growing number of studies have sought to describe the rela-
tionship between MEPs and TEPs, with somewhat inconsistent
results. Mäki and Ilmoniemi (2010) reported a significant positive
correlation between TMS-induced MEP amplitudes and the peak-
to-peak N15-P30 TEP at the single-trial level within individual sub-
jects. Ferreri et al. (2011) also reported a significant positive corre-
lation between P30 amplitude and single-pulse MEPs across
subjects; however, Bonato et al. (2006) reported a similar relation-
ship (r = 0.46), but which was not significant given the sample of
only 6 subjects. In contrast, no clear correlation with later peaks
has been consistently reported.
In addition, a few studies have investigated the relationship of
MEPs and TEPs following neuromodulatory interventions, includ-
ing both conventional rTMS and TBS. Van Der Werf and Paus
(2006) reported a significant decrease in N45 amplitude after
1 Hz rTMS of primary motor cortex. However, the authors found
no significant change in MEPs, and did not report the correlation
between TEP and MEP changes. Casula et al. (2014) reported a sig-
nificant decrease in MEP amplitude with a significant increase of
P60 and N100 following 1 Hz rTMS to M1; however, there was
no significant correlation between TEP and MEP modulation. Using
a continuous TBS (cTBS) protocol shown to reduce MEP amplitude,
Vernet et al. (2013) reported a relation between reduction in MEP
amplitudes and inhibition of P30, although the significance of this
was not explicitly reported. The study also suggested that the main
factor predicting the amplitude of MEPs following cTBS is a combi-
nation of the different elicited TEPs.

To date, no study has investigated the relationship between
MEPs and TEPs following iTBS. Based on the prior literature that
iTBS influences the interaction of interneurons and layer-5 pyrami-
dal cells (Huang et al., 2007; Di Lazzaro et al., 2005), we hypothe-
sized that changes in intracortical and corticospinal excitability
might be related. Specifically, based on the prior literature report-
ing that N15-P30 amplitudes are correlated with MEPs within indi-
vidual subjects (Mäki and Ilmoniemi, 2010) and later components
are contaminated by afferent signals, we restricted our investiga-
tion to the amplitude of the N15-P30 complex.

Of note, this study was conducted on a population of healthy
older individuals (50–80 years old) individuals. Although TMS-
evoked EEG measures and plasticity measures are increasingly
studied as potential biomarkers in age-related neurodegenerative
diseases (Casarotto et al., 2011; Fried et al., 2016; Julkunen et al.,
2011; Di Lorenzo et al., 2016), formal evaluation of TEP-MEP in this
elderly population has been very limited. Notably, Julkunen et al.
(2011) reported a decrease in the magnitude of the P30 response
in mild cognitive impairment (MCI) and Alzheimer disease (AD)
compared to healthy older individuals. However, the correlation
of MEPs and TEPs was not reported. To our knowledge, this is the
first TMS-EEG study of TBS-induced plasticity in an old healthy
cohort.
2. Methods

2.1. Participants

Data acquired from seventeen right-handed healthy older vol-
unteers (8 males and 9 females; mean age 62.8 ± 8.65; range 50–
80 years) was analyzed for the present study. The subjects were
drawn from the healthy control cohort in a study of iTBS on MEPs
in Type-2 diabetes mellitus (Fried et al., 2016) (Subjects were
excluded from the analysis if their EEG datasets were incomplete
or if records of the visits indicated excessive movement or drowsi-
ness). All participants provided written informed consent. The
experiments herein conformed to the Declaration of Helsinki, and
the study was approved by the Human Subjects Institutional
Review Board of the Beth Israel Deaconess Medical Center. Partic-
ipants were screened using a TMS exclusion criteria (Rossi et al.,
2009), and underwent Mini-Mental Status Examination (MMSE)
(Folstein et al., 1975) upon enrollment to confirm normal cognition
(MMSE � 27) as part of the inclusion criteria. Participants’ demo-
graphic and health information is summarized in Table 1.
2.2. Experimental procedure

In a single visit, each participant received three blocks of 30 sin-
gle pulses of TMS both before and after a 600-pulse regimen of iTBS



Table 1
Participants’ demographic.

Healthy subjects (n = 17)

Gender (m:f) 8:9
Handedness (r:l:a) 17:0:0
Age (y) 62.8 (50–80)
Mini-mental state examination 29.4 (27–30)
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(Huang et al., 2005) (whereas previous studies suggest that a stable
estimate of MEP amplitudes can be obtained with 30 trials (Chang
et al. 2016), TEP analysis requires substantially more; three blocks
of 30 pulses were collected as a baseline to parallel the post-iTBS
data collection process). Prior to TBS, the three blocks of 30 single
pulses (baseline) were delivered over approximately 3 min per
block, with blocks administered approximately 2–5 min apart, over
a total of approximately 20 min. Following TBS, the three blocks of
30 single pulses were delivered at 5, 10 and 20 min after TBS. Sin-
gle pulses of TMS were delivered using a Nexstim eXimia figure-of-
eight biphasic coil (Nexstim Ltd., Finland) at 120% of the resting
motor thresholds (RMT; 5/10 � 50 mV) of the FDI with a 5000–
6000 ms (random jitter) interstimulus interval. Intermittent TBS
was delivered using a passive-cooling figure-of-eight coil attached
to a MagPro X100 stimulator (MagVenture A/S, Denmark) at 80% of
active motor thresholds (AMT; 5/10 � 200 mV during isometric
contraction). The iTBS stimulation pattern consisted of a 2 s train
of biphasic bursts (3 pulses at 50 Hz) repeated every 200 ms, for
a total of 30 pulses per train. Trains were repeated 20 times with
an 8 s inter-train interval, for a total of 600 pulses in 192 s. EEG
and EMG were recorded continuously during each block of single
TMS pulses. The timeline of experimental procedures is summa-
rized in Fig. 1. Full details on navigated brain stimulation, elec-
tromyography recording, and transcranial magnetic stimulation
can be found in Fried et al. (2016).

2.3. Electroencephalography (EEG)

EEG was recorded with a 61-channel TMS-compatible system
(eXimia EEG, Nexstim), which utilizes a sample-and-hold circuit
that holds the amplifier input constant from 100 microseconds
Fig. 1. (A) This figure shows a schematic overview of experimental procedures. A total o
primary motor cortex (M1), eliciting motor evoked potentials (MEPs) recorded from
electroencephalography (EEG) potentials (TEPs) recorded from the scalp via EEG. Averag
stimulation (iTBS) were compared. (B) This figure displays the timeline of experimental s
30 single TMS pulses were delivered. The active motor threshold (aMT) was then assesse
were reassessed in three blocks of 30 pulses at 5, 10, 20 min (T5, T10, T20) after stimul
prestimulus to 2 ms poststimulus to avoid amplifier saturation
by TMS. Recordings were referenced and grounded to external
electrodes placed on the subject’s forehead, filtered (0.1–500 Hz).
Two additional electrodes were placed below and lateral to the left
eye to monitor ocular artifacts. Impedances were kept below 5 kX,
and sampling frequency was 1450 Hz. Subjects wore earplugs to
protect their hearing, and to minimize external noise. Operators
monitored subjects for visible signs of drowsiness, and continu-
ously prompted participants to stay awake and keep their eyes
open during stimulation and recording.

2.4. EEG data processing

Offline EEG data processing was performed semi-automatically
with EEGLAB 13.5.4b (Delorme and Makeig, 2004) and customized
TMS-EEG processing scripts running in MATLAB R2015b (Math-
Works Inc., USA). First, the three blocks of 30 trials were merged
to form a single block of 90 trials for the separate pre- and post-
iTBS conditions. The merged EEG signal was segmented into
epochs starting 1000 ms before the TMS pulse and ending
2000 ms after it, and a baseline correction was applied on an inter-
val of 800 ms (�900 ms to �100 ms) before the pulse for all
epochs. Subsequently, the data was visually inspected for removal
of excessively noisy channels, with an upper removal limit of 15%
total channels (3 ± 2 channels deleted, on average; range 0–6, out
of 61). Data was zero-padded between 0 and 14 ms after the pulse
to remove the early TMS pulse artifact. Epochs were visually
inspected for the removal of excessively noisy epochs, with an
upper removal limit of 33% of totals epochs (35 ± 8 epochs deleted,
on average; range 21–51, out of 181 ± 2). Next, the pre and post-
iTBS blocks were merged in order to run the fast independent com-
ponent analysis (fICA) function of EEGLAB.

A two-step fICA procedure was applied to avoid inaccurate ICA
decompositions caused by large amplitude artifacts, such as TMS-
evoked muscle activity. The goal of the first fICA was to exclusively
identify and remove early TMS-evoked high-amplitude electrode
and muscle artifacts. Once such large amplitude TMS-evoked arti-
facts were removed, the second round fICA was applied to identify
and remove additional artifacts, such as eye blinks, muscle noise,
f 90 single transcranial magnetic stimulation (TMS) pulses were applied to the left
the contralateral hand recorded via electromyography (EMG) and TMS-evoked
e change in MEP and early TEP amplitudes prior and post intermittent theta-burst
essions. Following assessment of the resting motor threshold (rMT), three blocks of
d and iTBS was applied after a 5-min period of rest. Following iTBS, MEPs and TEPs
ation.



Fig. 2. Deflections identified as N15 and P30 (peaking at 14.7 ± 0.61 and 30.5 ± 3.35
on average across subjects) were seen in all TEP responses following M1
stimulation. This figure shows the average TEPs over the region of interest
(electrodes FC3, FC1, FCz, FC2 and FC4) for pre and post-iTBS for one subject (pre-
iTBS: green; post-iTBS: blue). Average N15-P30 amplitudes were measured peak-
to-trough, as indicated by the red lines in the figure, and the changes in N15-P30
amplitude were expressed as the log of the ratio between the N15-P30 post-iTBS
amplitude over the N15-P30 pre-iTBS amplitude for each subject. For the subject
shown here, there was an increase in the N15-P30 amplitude following iTBS. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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residual TMS pulse artifact, single-electrode noise and other elec-
trical artifacts (Rogasch et al., 2014). In both rounds of fICA, arte-
factual components were discriminated from neural components
through the analysis of their amplitude, frequency, activity power
spectrum, scalp map distributions, and time course.

Prior to the first round of fICA, principal component analysis
(PCA) was used to compress the data to 40 dimensions to minimize
overfitting and noise components. Components were individually
inspected and those deemed mostly artefactual were deleted
(1 ± 1 components deleted, on average; range 0–3, out of 40). Fol-
lowing the first fICA, the data was then interpolated for missing
data (zero-padded period of 0–14 ms after pulse), filtered (for-
ward–backward filtering using second-order Butterworth band-
pass filter with lower and upper edges of 1 Hz and 100 Hz,
respectively, and notch filter with lower and upper edges of
55 Hz and 65 Hz, respectively), and referenced to average. Next,
PCA was used to compress the data to 37 dimensions and a second
round of fICA was applied. Additional artifactual components were
removed. Lastly, the data was interpolated for missing channels
and the processed epochs of each participant were averaged into
baseline and post-iTBS conditions.

2.5. Temporal and spatial region of interest

We hypothesized that the relationship of MEPs and N15-P30
TEPs would be strongest at the electrodes positioned over the
motor and pre-motor regions (e.g., FC3, FC1, FCz, FC2 and FC4).
These electrodes, therefore, were defined as our region of interest
for investigation. Our focus on bilateral frontocentral electrodes
is based on previous studies showing that single-pulse TMS to
M1 generates early activation in the region under the TMS coil,
which spreads within 30 ms to adjacent motor, premotor and
somatosensory as well as the homologous contralateral regions,
presumably via callosal projections (Ilmoniemi et al., 1997;
Komssi et al., 2002).

For TEPs, our primary analysis focused on the peak-to-peak
amplitudes of the N15-P30 complex in the motor region of interest
defined above. Our focus on the N15-P30 peak-to-peak amplitude
was based on our hypothesis that the N15-P30 component may
represent the output of pyramidal neurons induced by TMS (that
drives both corticocortical evoked potentials and motor-evoked
potentials), as well as on previous studies reporting a positive cor-
relation between TMS induced MEP amplitudes and the N15-P30
TEP at the single-trial level (Mäki and Ilmoniemi, 2010). We specif-
ically also focused on these early components since the 20–30 ms
conduction time between the cortex and periphery means that
later components such as the N45 and P60 may include
somatosensory return, and thus be a secondary measure of MEP
effects rather than primary cortical output. Additionally, our pri-
mary focus is on changes in the N15-P30 amplitude, since this mea-
sure is less likely to be affected by other factors that contribute to
inter-subject variability in absolute amplitudes, such as skull-
cortex distance or intrinsic differences in subject reactivity to
TMS. The N15 and P30 peaks were identified for the average TEPs
at the individual subject level, with the N15 peak defined as the
minimum voltage between 14 and 25 ms, and the P30 peak defined
as the maximum voltage between 25 and 40 ms.

2.6. Data analysis

Following EEG data processing, TEP amplitudes were computed
semi-automatically using MATLAB. Average TEP amplitudes were
calculated at all channels and separately at the region of interest,
i.e. the channels over the motor and pre-motor regions (FC3, FC1,
FCz, FC2 and FC4). For each of the pre and post-iTBS conditions,
peak-to-trough amplitudes of N15-P30 were identified (Fig. 2).
Changes in N15-P30 TEP amplitude were expressed as log[TEP(po
st-iTBS)/TEP(pre-iTBS)] for each subject.

Similarly, peak-to-peak amplitudes of all MEPs were calculated
automatically by Nexstim software. In parallel to the TEP analysis,
MEP trials were averaged into a baseline block and a post-iTBS
block. To test the null hypothesis that post-iTBS MEP amplitudes
did not differ from baseline, data from the two blocks were entered
into a paired-samples t-test using a two-tailed 95% confidence
interval. Changes in MEP amplitude were similarly expressed as l
og[MEP(post-iTBS)/MEP(pre-iTBS)] for each subject. To test the
null hypothesis that changes in N15-P30 TEP amplitudes are not
related to changes in MEP amplitude, data were entered into a
Pearson correlation using a normal distribution and a 95% confi-
dence interval.

A Global Mean Field Power (GMFP) (Lehmann and Skrandies,
1980) analysis was performed to measure total cortical activation
induced by TMS, using the following equation

GMFPðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPk

i ðViðtÞ � VmeanðtÞÞ2
K

" #vuut ð1Þ

where ViðtÞ is the voltage at electrode K at a certain point in time,
and VmeanðtÞ is the mean of instantaneous TEP across electrodes.
GMFP represents the maximum amplitude of the evoked field,
and can be used to measure the global brain response to TMS. A
Local Mean Field Power (LMFP) analysis, calculated as the root-
mean-square of the responses at the five channels of interest, was
also performed to identify local changes in cortical excitability.
Finally, to determine if iTBS had any effects at the specific site of
stimulation, we assessed changes in the N15-P30 complex at the
individual FC3 electrode, which corresponds to the site of stimula-
tion. We also investigated any hemisphere-specific effects by aver-
aging measures from electrodes FC1 and FC3 (corresponding to the
hemisphere where stimulation was delivered), and FC2 and FC4
(hemisphere contralateral to the site of the stimulation).

GMFP and LMFP values were calculated for �100 to 300 ms
after the TMS pulse, and for each pre and post-iTBS condition.
We identified changes across all subjects at the specific time points
of the traditional peaks of the M1 TEP (30, 60, 100 and 180 ms). In



Fig. 3. (A) Average TMS-evoked EEG potential responses averaged for all subjects at each channel for the pre and post-iTBS conditions (pre-iTBS: green; post-iTBS: blue). The
region of interest (ROI) for this study consists of the channels positioned directly over the motor strip (e.g., electrodes FC3, FC1, FCz, FC2 and FC4), which are highlighted in
red. (B) Mean across-subjects at individual electrodes FC1, FC3, FC2 and FC4, respectively. (C and D) FC1 and FC3 are located in the left hemisphere, where stimulation was
delivered. (D and E) FC2 and FC4 are located in the right hemisphere, contralateral to the site of the stimulation. There was no significant change between pre and post-iTBS
N15-P30 measures in any of the four electrodes. (F) Mean across-subjects of the across-ROI TEPs highlighting individual N15 and P30 peaks. Average N15-P30 responses did
not change significantly after iTBS.
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Fig. 4. (A) MEP and N15-P30 amplitudes were not significantly correlated at baseline (r = �0.411, p = 0.101), (B) or after iTBS (r = �0.153, p = 0.558). (C) A significant positive
correlation was found between the change of N15-P30 amplitudes and MEP amplitudes following iTBS over the region of interest (r = 0.693; p = 0.002).

Fig. 5. Average Change in MEP and N15-P30 for All Subjects. For MEPs, the paired-
samples t-test revealed MEP amplitudes post-iTBS (1.712 ± 0.895 mV) were
statistically greater than baseline (1.253 ± 0.650 mV, p = 0.013). For TEPs, the
paired-samples t-test revealed that the average N15-P30 amplitude post-iTBS (4.1 ±
4.0 mV) was not significantly different from pre-iTBS (4.6 ± 3.1 mV, p = 0.499).
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addition, we also identified the individual peaks around 30 and
100 ms at the single subject level (P60 and P180 were not always
clearly identifiable), and determined whether there was a change
in the amplitude of these individually determined peaks across
subjects. The significance of the change in GMFP and LMFP pre
and post-iTBS was assessed with paired t tests using a two-tailed
95% confidence interval.

2.7. Age and other brain atrophy factors

Given the possibility that age or some related phenomenon
such as brain atrophy might affect TEPs differently than MEPs, a
series of multiple linear regression analyses were performed to
investigate if the relationship between MEPs and TEPs was
influenced by age, cortical thickness (precentral gyrus and central
sulcus), or scalp-to-brain distance (over the M1 TMS hotspot).

3. Results

All participants tolerated TMS and iTBS without significant side
effects. Results presented below describe (i) the relationship
between MEP and N15-P30 amplitudes; (ii) the effect of iTBS on
MEP and N15-P30 amplitudes, and (iii) the effect of iTBS on GMFP
and LMFP measures.

3.1. Relationship between MEP and N15-P30 amplitudes

Our primary hypothesis was that iTBS-induced changes in N15-
P30amplitudewould correlatewith changes in peak-to-peakampli-
tude of MEPs. Average TEP responses for all subjects at all channels
for the pre and post-iTBS conditions are displayed in Fig. 3A. Deflec-
tions identified as N15 and P30 (peaking at 14.6 ± 0.46 and
31.1 ± 3.45 for the pre-iTBS condition and at 14.8 ± 0.74 and
30.5 ± 3.65 for post-iTBS) were identified in the TEPs responses
across all subjects over the region of interest. Consistent with our
hypothesis, there was a strong and significant correlation between
the change in amplitude of MEPs and N15-P30 pre and post-iTBS
(r = 0.693; p = 0.002) (Fig. 4C). However, MEP and N15-P30 ampli-
tudes were not significantly correlated at baseline (r = �0.411,
p = 0.101) or after iTBS (r = �0.153, p = 0.558) (Fig. 4A and B).

3.2. Effect of iTBS on MEP and N15-P30 amplitudes

Average RMT was 46.3 ± 11.7% of maximum stimulator output,
and pre-iTBS average MEP amplitude was 1.253 ± 0.0650 mV,
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whereas post-iTBS average MEP amplitude was 1.711 ± 0.894 mV.
Pairwise t tests comparing the post-iTBS block with baseline
revealed MEP amplitudes were statistically higher post-iTBS
(p = 0.013; Fig. 5). These results are consistent with previous
reports of the impact of iTBS on corticospinal reactivity in healthy
subjects (Hinder et al., 2014; Huang et al., 2005; Di Lazzaro et al.,
2008; Zafar et al., 2008). The average N15-P30 amplitude pre-
iTBS across all subjects over the region of interest was
4.6 ± 3.1 mV. Pairwise t tests revealed that average N15-P30 ampli-
tude was not statistically higher at post-iTBS measures
(4.1 ± 4.0 mV, p = 0.499; Fig. 5). Similarly, there were no significant
changes in the amplitudes of the individual N15 peak (pre-iTBS
�0.7 ± 2.2 mV; post-iTBS �0.4 ± 2.9 mV; p = 0.588) or the P30 peaks
(pre-iTBS 3.8 ± 2.1 mV; post-iTBS 3.7 ± 2.0 mV; p = 0.695) (Fig. 3F;
Supplementary Table S1).
3.3. Effect of iTBS on GMFP and LMFP

GMFP results are shown in Fig. 6A. Pairwise t tests revealed that
there was no significant change between pre and post-iTBS
amplitude measures at the individual time points 30 ms
(p = 0.929, uncorrected), 60 ms (p = 0.379, uncorrected), 100 ms
(p = 0.968, uncorrected), and 180 ms (p = 0.975, uncorrected).
There was also no significant change between pre and post-iTBS
Fig. 6. (A) Global Mean Field Power (GMFP) graph displaying the total cortical
activation induced by TMS across all electrodes. There was no significant effect of
iTBS at any time point. (B) Local Mean Field Power (LMFP) graph displaying EEG
activity in the region of interest (electrodes FC3, FC1, FCz, FC2 and FC4). There was
no significant effect of iTBS.
measures at the individual approximate peaks at 30 ms
(p = 0.813, uncorrected) and 100 ms (p = 0.799, uncorrected). LMFP
results are shown in Fig. 6B. Pairwise t tests revealed that there
was no significant change between pre and post-iTBS measures
at the individual time points 30 ms (p = 0.949, uncorrected),
60 ms (p = 0.247, uncorrected), 100 ms (p = 0.693, uncorrected),
and 180 ms (p = 0.667, uncorrected). There was also no significant
change between pre and post-iTBS measures at the individual
approximate peaks at 30 ms and 100 ms (p = 0.848 and p = 0.763,
respectively, uncorrected). Moreover, pairwise t tests revealed that
there was no significant change between pre and post-iTBS ampli-
tude measures at the individual electrode FC3 (p = 0.877, uncor-
rected), which corresponds to the site of stimulation. There was
also no significant change between pre and post-iTBS N15-P30
measures at the hemisphere-specific regions (FC1 and FC3; FC2
and FC4) (Fig. 3B and E).
3.4. Age and other brain atrophy factors

Follow-up linear regression analyses demonstrated log(MEPPost/
Pre) remained a significant predictor of log(TEPPost/Pre) (p’s < 0.005)
after controlling for age, motor cortex thickness, or scalp-to-brain
distance. Supplementary Table S2 lists the significance of each
covariate as a predictor of log(TEPPost/Pre), as well as changes in
the regression coefficient of the model, and the significance and
beta coefficient of log(MEPPost/Pre) (b1) after adding each covariate.
None of the covariates contributed significantly to the model
(p’s > 0.4), nor did they change the b1 by more than 3%, suggesting
none of these factors had an impact on the relationship between
log(TEPPost/Pre) and log(MEPPost/Pre).
4. Discussion

In this study, we compared changes in MEP amplitudes and the
N15-P30 TEP amplitudes following iTBS to left M1 in 17 healthy
older participants. We found that iTBS over left M1 induces
changes in MEP amplitude that correlate with changes in the
N15-P30 TEP amplitude over the motor and pre-motor electrodes
in individual subjects. These findings support our hypothesis that
neuromodulatory interventions such as iTBS might influence corti-
cal circuits, resulting in related changes in both intracortical and
corticospinal excitability. Our secondary hypothesis was that TEP
amplitudes would change significantly following iTBS. Contrary
to our hypothesis, although iTBS did facilitate MEPs at the group
level, there were no significant effects of iTBS on the amplitude
of the early components of the TEPs across subjects. All findings
and conclusions presented here are restricted to the old healthy
population.

Previous studies evaluating the correlation between TEPs and
MEPs have had mixed results. A positive correlation has been
reported between TMS induced MEP amplitudes and the N15-
P30 TEP at the single-trial level within subjects (Mäki and
Ilmoniemi, 2010). Across subjects, some studies have reported a
significant correlation between absolute P30 amplitudes and MEP
amplitudes (Ferreri et al., 2011), whereas others have not
(Bonato et al., 2006; Rogasch et al., 2013). The strengths of this
study over prior investigations include a fairly large sample size,
the use of MRI-guided stimulation to ensure accurate and stable
targeting, and an appropriate number of single TMS pulses for opti-
mal consistency of MEPs (Chang et al., 2016). Furthermore, as these
TMS-EMG-EEG measures are increasingly being used to investigate
neurological and psychiatric diseases, such as Alzheimer’s disease,
Parkinson’s disease, and stroke, that are more prevalent with
advancing age, the study was conducted in a population whose
demographics more closely match those populations of interest.
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While we believe this is a strength of the present study, it does
limit the generalizability of the findings.

In our study, there was no significant correlation between the
N15-P30 and MEP amplitudes across subjects at baseline. There
are a number of plausible hypotheses for the lack of such a corre-
lation; for example, there may be a non-linear relationship
between EEG potentials and MEPs (as suggested by prior studies
reporting clear TMS-evoked EEG potentials even at intensities well
below those that generate MEPs (Kähkönen et al., 2004)); the
N15-P30 complex and MEPs may be generated by different pools
of neurons; or MEP and TEP amplitudes may be affected by differ-
ent non-cerebral factors (e.g. spinal, motor neuron or muscle
excitability for MEPs; scalp-cortex distance or skull thickness for
TEPs).

Previous studies have also investigated correlates of MEPs and
TEPs following neuromodulatory interventions. Changes in MEPs
with paired-pulse stimulation have been associated with changes
in P30 amplitude (Ferreri et al., 2011; Rogasch et al., 2013). Using
a slightly modified cTBS protocol, Vernet et al. (2013) reported a
relationship between inhibition in MEPs and inhibition of P30.
The study also suggested that the main factor predicting the ampli-
tude of MEPs following cTBS is a combination of the different eli-
cited TEPs. Consistent with the above findings, we find that
across subjects, iTBS-induced changes in N15-P30 amplitudes are
correlated with iTBS-induced enhancement of MEPs. These results
are consistent with the notion that changes in cortical excitability,
as indexed via changes in TEP amplitudes, are correlated with
changes in corticospinal excitability, as indexed via MEP changes.

In line with previous studies (Hinder et al., 2014; Huang et al.,
2005; Di Lazzaro et al., 2008; Zafar et al., 2008), our investigation
showed that iTBS induced changes in MEP amplitudes that were
variable among individuals, but significantly higher than baseline
at the group level. Conversely, while N15-P30 TEP responses were
also variable across individuals, we did not find a significant
change in the average N15-P30 TEP amplitude following iTBS. A
potential explanation for this result is that the range of possible
TEP changes is smaller than the range of possible MEP changes,
i.e. the distributions are shifted/skewed for MEPs but not for TEPs,
resulting in bigger effects on MEP amplitudes than on TEPs. As pre-
viously mentioned, another possibility is that the relationship
between TEPs and MEPs is nonlinear, such that while changes
between the two are correlated, absolute amplitudes are not. A
third possibility is that iTBS is changing cortical dynamics in a
manner that does not result in changes in the mean amplitude of
the TMS-evoked EEG potentials. It is also possible that state-
related changes in TMS-EEG properties (e.g. due to fatigue) could
be shifting the mean of the evoked response in one direction, while
iTBS could be shifting it in the opposite direction, resulting in no
net change. Another possibility is that modulation of MEPs in
healthy older adults may involve changes in subcortical excitabil-
ity or depend on later cortical contributions, not captured by the
early TEP components. Future studies will help test these various
hypotheses. Of note, noise masking was not used in this study
and thus auditory evoked potentials could contaminate the later
TMS-EEG components (N50-P180). However, this does not influ-
ence our results in the N15-P30.

The effect of iTBS on MEP has not been shown to be altered in
healthy older adults (Dickins et al., 2015), though Freitas et al.
(2011) did find advancing age was associated with a reduced effect
of cTBS. To our knowledge, no study has explored the relationship
between age and TBS effects on TEPs, though several studies have
looked at rs-EEG measures in older adults. While it is possible that
age or some related phenomenon such as brain atrophy might
cause TBS to affect TEPs differently than MEPs the follow-up mul-
tiple regression analyses demonstrated that the inclusion of age,
cortical thickness, or scalp-to-brain distance did not change the
underlying relationship between iTBS-induced changes in MEPs
and TEPs, nor were any of the variables a significant predictor of
TEP changes (Supplementary Table S2). Thus, we can conclude that
age and cortical atrophy could not account for the relationship that
we saw. Future studies should assess if the MEP-TEP relationship
that we see in our study is also seen in younger populations.

The present study has important implications, as it suggests
that TMS-EEG measures could be used to evaluate the effects of
neuromodulatory TMS protocols on cortical excitability in regions
in which conventional MEP measures are not available, such as
DLPFC. However, more studies are needed to identify the optimal
TEP components to assess. Future studies could compare TMS
effects in motor cortex and DLPFC in individual subjects, and corre-
late EEG effects with changes in other measures such as BOLD
functional MRI (Bestmann et al., 2005; Eldaief et al., 2011) and
behavior to determine the relationship between TMS effects in
these various domains. The present analysis should also be
expanded to other stimulation protocols that are believed to mod-
ulate cortical excitability, such as rTMS, cTBS, paired associative
stimulation (PAS), and transcranial direct current stimulation
(tDCS).
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