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Abstract: The impact of repetitive magnetic stimulation (rTMS) on cortex varies with stimulation
parameters, so it would be useful to develop a biomarker to rapidly judge effects on cortical activity,
including regions other than motor cortex. This study evaluated rTMS-evoked EEG potentials
(TEP) after 1 Hz of motor cortex stimulation. New features are controls for baseline amplitude and
comparison to control groups of sham stimulation. We delivered 200 test pulses at 0.20 Hz before and
after 1500 treatment pulses at 1 Hz. Sequences comprised AAA = active stimulation with the same coil
for test–treat–test phases (n = 22); PPP = realistic placebo coil stimulation for all three phases (n = 10);
and APA = active coil stimulation for tests and placebo coil stimulation for treatment (n = 15). Signal
processing displayed the evoked EEG waveforms, and peaks were measured by software. ANCOVA
was used to measure differences in TEP peak amplitudes in post-rTMS trials while controlling for
pre-rTMS TEP peak amplitude. Post hoc analysis showed reduced P60 amplitude in the active (AAA)
rTMS group versus the placebo (APA) group. The N100 peak showed a treatment effect compared
to the placebo groups, but no pairwise post hoc differences. N40 showed a trend toward increase.
Changes were seen in widespread EEG leads, mostly ipsilaterally. TMS-evoked EEG potentials
showed reduction of the P60 peak and increase of the N100 peak, both possibly reflecting increased
slow inhibition after 1 Hz of rTMS. TMS-EEG may be a useful biomarker to assay brain excitability
at a seizure focus and elsewhere, but individual responses are highly variable, and the difficulty of
distinguishing merged peaks complicates interpretation.

Keywords: transcranial magnetic stimulation; epilepsy; cerebral cortex stimulation; electromagnetic
influence; neurostimulation

1. Introduction

Transcranial magnetic stimulation (TMS) [1,2], repetitive transcranial magnetic stimu-
lation (rTMS) [3,4], and intermittent or continuous theta burst stimulation [5] have been
evaluated for therapeutic effects in numerous clinical conditions. Results vary and the opti-
mal parameters of stimulation remain uncertain. For example, of seven controlled studies
of rTMS as a treatment for epilepsy, two have been favorable for seizure improvement [6,7]
and five documented transient, little, or no benefit against seizures [8–12]. Systematic
testing of various stimulation protocols against different clinical outcomes is a lengthy and
difficult process. Therefore, a biomarker able to efficiently assay the biological effect of
rTMS would likely accelerate development of useful therapies.

Small variations of stimulation parameters or locations can lead to widely varying–
sometimes opposite–clinical responses [13]. For example, low-frequency stimulation at
0.5–1 Hz depresses motor cortex excitability [14], whereas 5 Hz of stimulation increases
excitability [15].
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The most commonly used biomarker for effects of rTMS is the electromyogram (EMG)-
evoked response in the hand, while stimulating contralateral motor cortex [16]. A suffi-
ciently strong TMS stimulation delivered to motor cortex elicits a thumb or finger twitch
and an EMG response recorded by a surface electrode on the hand. Cortical stimulation
produces local excitation, followed by a silent period reflecting cortical inhibition [17]. A
second TMS pulse delivered during the period of inhibition will produce a smaller EMG
response in the hand, thereby allowing the ratio of EMG amplitudes of the second versus
the first response to serve as a marker of induced cortical inhibition [16]. This method of
estimating cortical inhibition only applies to motor cortex. However, the desired inhibitory
effect of rTMS often is on another region of the brain, for example, the dorsolateral frontal
cortex for treating depression [18] or a cortical seizure focus for treating epilepsy [19,20].

TMS evokes an electrical response in cortex that can be recorded by electroencephalog-
raphy (EEG) electrodes [21–31]. Because the EEG signals are low amplitude and distorted
by magnetic pulse artifact, signal averaging of multiple stimuli and digital signal process-
ing methods are required to characterize the EEG response to TMS [32–41]. Nevertheless,
TMS-evoked EEG potentials (TEPs) can be assessed in any region of cortex before and after
a putative therapeutic maneuver. This potentially affords an opportunity to use TEPs as a
biomarker of rTMS or TBS efficacy. Changes in TEPs in response to rTMS treatment were
demonstrated by the present authors in a single case study of a patient with epilepsy, also
correlating with improvement in seizures [42].

The usual TEP has negative (N) and positive (P) peaks at N20, P30, N40 [43] (sometimes
labeled as N45), P60 (sometimes labeled P70), N100, P180, and N280 ms [44]. The N40 peak
corresponds to the GABAA receptor-based fast IPSP [45–47]. Later peaks, including the
P60 and N100 peaks, may correspond to the GABAB receptor-based slow IPSP [30,48,49].
Casula and colleagues [50] demonstrated that 1 Hz of rTMS in normal subjects increased
the P60 and N100 peaks. Their study was carefully done, but only on 15 subjects and
without a placebo-stimulation control group. In this study, we explored whether rTMS at 1
Hz can alter the N40, P60, and N100 peaks, with 47 subjects and two control groups, and
we additionally examined cortical sources of the evoked potentials. The goal was to further
develop TEPs as a biomarker for assaying regional cortical excitability alterations produced
by rTMS in cortical regions that cannot be assayed by peripheral stimulation. This could be
useful, for example, for testing excitability in cortical seizure foci or areas of cortical injury.

2. Materials and Methods
2.1. Subjects

Forty-seven healthy adult participants (age 21–67 years; mean = 32.8 ± 9.6 years) were
recruited. Two participants reported left-handedness. All participants signed an informed
consent form before participation in present study approved by the Stanford University
Institutional Review Board (IRB). Exclusion criteria were extracted from the Rossi et al.
(2009) article [51].

2.2. TMS Device and Coils

TMS was delivered using an EB Neuro ATES STM9000 magnetic stimulator (EB Neuro
S.p.A., Florence, Italy) with the coil held tangentially to the skull, with its handle oriented
45 degrees from midline. TMS was delivered with the electrode cap on, as closely as
possible without touching the electrodes. Active TMS was delivered with a 70-mm air-
cooled figure-of-eight coil (B9621086004). (EB Neuro S.p.A., Florence, Italy) Pseudo-placebo
stimulation was delivered with a visually identical 70-mm air-cooled figure-of-eight coil
(B9621086009) (EB Neuro S.p.A., Florence, Italy). The placebo coil stimulated in a tangential
plane to cortex, which reduced the effect, but still permitted some stimulation to provide
a scalp sensation and mask the treatment group. Therefore, the treatment groups could
be considered high versus low stimulation treatment arms, rather than active versus true
placebo. A second control group consisting of exclusive use of the placebo coil for 0.20 Hz
of TMS and 1 Hz of rTMS blocks was studied to account for possible group differences
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that might be derived from use of two different coils (Table 1). The group with the active
coil for all stimulation was denoted as the full active AAA group (n = 22); full placebo as
the PPP group (n = 10) and the group with the active coil for both sets of 0.20-Hz test TMS
and placebo coil for the 1 Hz of rTMS was called the active–placebo–active (APA) group
(n = 15).

Table 1. Test stages.

Group n Test Pre 0.20 Hz rTMS 1 Hz Test Post 0.20 Hz

Full active (AAA) 22 active active active
Full placebo (PPP) 10 placebo placebo placebo

Mixed (APA) 15 active placebo active

TMS sound artifact was masked via use of white noise played with sound canceling
headphones. Volume was incrementally increased until participants reported that the TMS
“click” was obscured. Continuous visualization of stimulation site in relation to individual
cortical anatomy was ensured using an ATES Medica NetBrain Neuronavigation system.
All three test stages followed the same procedure without revealing the coil type to the
subjects. Figure 1 shows the experimental arrangement.
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2.3. EEG System

EEG was recorded using an Electrical Geodesic, Inc. 256-channel MicroCel sensor net.
Elefix conductive paste was used on 77 electrodes. Gelled electrodes included the standard
10–20 montage electrodes as well as a denser cluster of electrodes in regions of interest
near C3 and C4 (Figure 2). EEG data were recorded referenced to Cz and impedances were
kept below 10 kΩ. EEG was sampled at 1 kHz and the amplifier was set to fast recovery.
Electrodes were connected to scalp by conductive paste, comprising the 10–20 system and
a dense array around C3 and C4, which was the stimulation site.

1 

 

 

Figure 2. Topography of the recording electrodes. EEG was recorded using an Electrical Geodesic, Inc.
256-channel MicroCel sensor net. All electrodes on the sensor net were spaced 0.5–1.5 cm from each
other at the center. Conductive paste was used on 76 electrodes including the standard 10–20 montage
electrodes and a denser cluster of 27 electrodes near the TMS region of interest, collectively falling
within 6 cm of C3 and C4, respectively.

2.4. Resting Motor Threshold (rMT)

Participants were seated in an adjustable chair with a headrest to keep the head stable
for the duration of the study. The resting motor threshold (rMT) was determined with
the EEG cap in place. The stimulation site was determined by finding location of the
stimulation that evoked the largest movement in a participant’s non-dominant hand. rMT
was defined as the minimal stimulation intensity used to evoke a visible muscle twitch with
time-locked EMG correlate in at least 5 out of 10 trials. When rMT could not be determined
(n = 6), we set rMT as 65% of maximum stimulator output.
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2.5. Repetitive Transcranial Magnetic Stimulation (rTMS)

Participants underwent the rTMS procedure in the late morning or early afternoon
hours. Participants were asked to keep eyes closed throughout stimulation, but were
kept awake for the duration of study, confirmed by EEG and behavioral monitoring. The
experiment was limited to a single session that delivered rTMS to non-dominant hand
region motor cortex (near the C4 electrode). Previous studies [52,53] provided evidence that
non-dominant hand motor cortex and dominant hand motor cortex have similar resting
motor thresholds; however, the non-dominant hand motor cortex may be more susceptible
to inhibitory stimulation than is the dominant hand motor cortex.

Stimulations were divided into three separate blocks, all delivered with the electrode
cap in place. The initial block of rTMS consisted of 200 single pulse rTMS (SpTMS) delivered
at 0.20 Hz and 110% of rMT. The second block consisted of 1500 rTMS pulses at 1 Hz and
90% rMT. The rTMS pulses were divided into three sub-blocks of 500 pulses, separated by
rest periods of 90–120 s to allow for coil cooling. The final stimulation block consisted of a
second round of 200 SpTMS delivered at 0.20 Hz at 110% rMT.

2.6. Processing of EEG Data

EEG analysis was performed in MATLAB using EEG-LAB and the TMS-EEG signal
analyzer, TESA [54], an open-source extension of EEGLAB. Order of operations for TMS-
EEG analysis was the following: (1) EEG data were segmented from −600 ms before
to +600 ms after the rTMS pulse. (2) Data were baseline corrected, based on EEG data
occurring from −100 to −6 ms. (3) EEG data from −5 to +15 ms were removed and
replaced with constant data extrapolated from the pre-artifact baseline, to eliminate the
majority of the rTMS pulse artifact. (4) Data were visually inspected for profound artifacts
(e.g., flat-lining or noise unrelated to the rTMS). Bad channels and trials were manually
removed. (5) TESA performed a first pass of fast independent component analysis (ICA)
to correct for rTMS-ringing artifact. (6) EEG data were band-pass filtered from 1–100 Hz
and band-stop filtered from 59–61 Hz. (7) A second round of fast ICA was performed to
remove remaining artifacts ICA components were grouped by TESA software into one of
six categories, including electrode noise, eye-blink, muscle artifact linked to TMS, muscle
artifact not linked to TMS, sensory artifact, and other. These were reviewed manually
and accepted or rejected based upon topography, being in an isolated topographic island,
localization only at sites of muscles or eye movement artifact, frequency spectrum, and
waveform shape. When in doubt, potentials were included in the reconstruction. This
was not done blinded as to treatment, but treatment was not actively considered during
decisions about artifact. (8) Data were re-referenced to an average reference, and data were
baseline corrected from −100 to −6 ms. (9) TEPs were averaged across all trials and the
mean TEPs were then visualized.

2.7. Source Localization

To localize the cortical areas with EEG responses to left motor cortex magnetic stimula-
tion, we reconstructed source activity in a manner comparable with methods used clinically
for surgical evaluation of epilepsy patients [55] albeit with a standardized MRI to build the
head model. Using trial group averaged pre-treatment TEP EEG signals, the distribution
of current density in cortex over time was estimated using low-resolution brain electro-
magnetic tomography (LORETA) with loose constraints within the Brainstorm plugin for
MATLAB. Results from LORETA were similar to those from LAURA (low-resolution elec-
tromagnetic tomography) so only results from LORETA were reported. This approximates
the optimal current density at the cortical sources needed to produce a distribution of
observed EEG potentials over the scalp.
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2.8. Statistical Analysis

An analysis of covariance (ANCOVA) at α = 0.05 was used to measure differences
in TEP peak amplitudes in post-rTMS trials while controlling for pre-rTMS TEP peak
amplitude differences. This allowed for adjustment of TEP amplitudes while accounting
for any pre-existing differences between groups. If a significant effect was detected by the
ANCOVA, Bonferroni-corrected post hoc analyses were conducted to decompose the effect.
No ANCOVA assumptions were violated for the reported analyses.

3. Results

No clinical or electrographic seizures were induced by the stimulation. Except for
occasional mild scalp discomfort, all were able to tolerate the procedure.

3.1. Motor-Evoked Potential (MEP)

The 47 subjects demonstrated a resting motor threshold of 67.47 ± 7.05 % of maximum
machine output. There was no significant change in motor evoked potential (MEP) after
1 Hz of rTMS (p = 0.26, Cohen’s d = 0.17). The MEP amplitude was not correlated signifi-
cantly with the P30, N40 (Pearson r = −0.04, p = 0.43) or N100 (Pearson r = 0.32, p = 0.07)
peaks or changes in peak amplitudes after rTMS (Pearson r = −0.01, p = 0.49 for N40 and
Pearson r = 0.10, p = 0.39 for N100).

3.2. TEP Latencies and Amplitudes

Within individual subjects, TEP peak latencies were reliable with variations between
pre- and post-rTMS treatments of no more than ±4.18 ms. Between subjects, the peak laten-
cies however showed substantial variability, with various individuals showing increases,
decreases, or no change from pre -rTMS to post- rTMS.

Mean amplitudes (see Figure 3) for the test block TEPs in the fully active (AAA)
group before and after 1 Hz of rTMS show that P60 and N100 amplitudes both became
more negative (P60 amplitude decreased and N100 increased). The mixed (APA) group
demonstrated increased (more negative) N40 amplitudes after 1 Hz of rTMS. The full
placebo stimulation (PPP) group did not consistently have well-formed TEP components.

Full placebo stimulation (PPP) produced poorly formed low-amplitude (see Table 2)
waveforms. Table 2 indicates that the amplitudes of the TEPs to the 0.2-Hz test pulses
were generally similar before and after 1-Hz treatments, but the absolute amplitude of the
all-placebo response was about 40% of those evoked by active stimulation. To determine
the effect of active 1-Hz rTMS, independent of effects of the baseline amplitude of TEPs
and of placebo stimulation, we performed ANCOVAs among the experimental conditions
on post-rTMS amplitudes, while controlling for pre-rTMS TEP peak amplitudes, with post
hoc testing conducted to decompose significant ANCOVAs (Figure 4).

Table 2. Baseline-adjusted amplitudes. All units are µV. SUM of AV represents the sum of the absolute
values of the peak amplitudes and their standard error.

AAA PPP APA

N20 −0.89 ± 0.38 −0.68 ± 0.59 −1.42 ± 0.48
P30 0.99 ± 0.39 0.62 ± 0.64 1.35 ± 0.46
N40 −1.17 ± 0.43 0.04 ± 0.68 −0.49 ± 0.50
P60 * 1.29 ± 0.24 0.86 ± 0.86 2.40 ± 0.31

N100 * −3.26 ± 0.57 −1.04 ± 0.92 −1.37 ± 0.67
P180 1.32 ±0.57 1.25 ± 0.84 1.65 ± 0.75

SUM of AV 8.91 3.48 8.68
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Figure 4. Absolute ANCOVA adjusted peak amplitudes. The amplitude of post-corrected for pre-
rTMS TEP peaks for each experimental group. No significant changes before and after active 1-Hz
rTMS were noted for N20 and P30. AAA showed a reduced P60 amplitude post rTMS compared
to the APA stimulation group. AAA showed a more negative N100 amplitude after rTMS when
compared to APA and PPP groups. (* p < 0.05). T-bars represent half the standard error.
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3.3. N40

The baseline-corrected N40 peak amplitude increased in the AAA group after rTMS,
but the change did not achieve significance according to the one-way analysis of covari-
ance (ANCOVA), F(2, 34) = 1.284, ηp2 = 0.070, 1–β = 0.259, and p = 0.290. The N40
peak did not show a significant difference among groups, although the AAA group
was descriptively larger after active stimulation (mean adjusted = −1.174, standard error
(SE) = 0.426) compared to PPP (mean adjusted = 0.042, SE = 0.681), d = 0.676, and APA
(mean adjusted = −0.493, SE = 0.500) d = 0.378 groups. The amplitude of APA was slightly
more negative than PPP, d = 0.297.

3.4. P60

The amplitude-corrected P60 peak became less positive after active rTMS for the AAA
group compared to the APA group. A one-way analysis of covariance (ANCOVA) of pre-
versus post-TEP P60 amplitudes across the three experimental conditions, while control-
ling for pre-rTMS TEP P60 amplitudes revealed a significant effect of experimental group,
F(2, 39) = 5.494, ηp2 = 0.220, 1–β = 0.822, and p = 0.008. Bonferroni-adjusted post hoc anal-
yses showed a significant difference between the AAA condition (mean adjusted = 1.287,
SE = 0.244), t(39) = 2.889, p = 0.024, d = 0.996 and the APA condition (mean adjusted = 2.398,
SE = 0.308), There was also a significant difference between the PPP condition and the
APA condition (mean adjusted = 0.860, SE = 0.403), t(39) = 3.113, p = 0.016, d = 0.1380.
There was not a significant difference between the AAA and PPP conditions, t(39) = 0.922,
p = 1.000, d = 0.383. Although the PPP group demonstrated a significantly more positive P60
peak amplitude after 1 Hz of rTMS in the averaged raw waveforms with the placebo coil,
the placebo coil had a high degree of variation, obscuring potentially significant differences.

3.5. N100

The N100 peak increased with 1 Hz of rTMS in the AAA group. ANCOVA was
conducted across the three experimental conditions on post-rTMS TEP N100 amplitudes
controlling for pre-rTMS TEP N100 amplitudes. The analysis revealed a significant effect of
experimental group, F(2, 40) = 3.295, ηp2 = 0.141, 1–β = 0.593, and p = 0.047, with N100 de-
scriptively more negative amplitudes in the AAA group compared to the other groups after
rTMS. However, Bonferroni-adjusted post hoc analyses failed to show significant differ-
ences between the APA condition (mean adjusted = −1.373, SE = 0.665), the AAA condition
(mean adjusted = −3.262, SE = 0.565), and the PPP condition (mean adjusted = −1.041,
SE = 0.921), all t-values ≤ 2.169, all p-values ≥ 0.109.

3.6. Topography of TEPs

rTMS caused topographically widespread TEP components. The early TEP waveforms
between 10 and 30 ms had larger amplitudes at electrode locations near C4, but later
components, while being visible contralaterally from the stimulation site, had their highest
amplitude peaks in electrodes covering the stimulated cortical areas. Later waveforms such
as the N100 and P180 were characterized by more profound bilateral distribution compared
to earlier waveforms. When comparing TEP amplitudes pre-post changes at electrode sites
distant from the stimulation site we found no significant changes in any groups (Figure 5).
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TEP amplitude averaged from 20–100 ms in response to the stimulation of left motor cortex region.
Left is left in the figure and right is right.

3.7. Source Analysis

The localized source activity for TEPs were shown to be likely evoked from focal
areas near or under the site of stimulation. However, later waveforms (N100 and P180)
affected a larger cortical area. At the initial stimulation, source activity shows a wide
area effected by rTMS near the site of stimulation around the C4 electrode, including
the ipsilateral precentral gyrus, superior frontal gyrus, and middle frontal gyrus, and
to a lesser extent the ipsilateral postcentral gyrus and contralateral superior precentral
and postcentral gyri (Figure 6). Source analysis of the P30 and N40 waveforms show
activity generators predominantly anterior to the site of rTMS including the ipsilateral
middle frontal and superior frontal gyri. The P60 waveform shows activity generators
in the ipsilateral precentral, postcentral, supramarginal, and superior frontal gyri. The
N100 waveform shows widespread activation, including generators in the temporal poles,
frontal poles, superior frontal gyri, superior parietal lobes, ipsilateral pre- and post-central
gyri, superior portions of the contralateral pre- and post-central gyri, and the ipsilateral
middle frontal gyrus. The P180 waveform generators arise predominantly from the superior
parietal lobes, ipsilateral superior frontal, middle frontal gyri, and the contralateral superior
frontal lobe and, to a lesser extent, the contralateral pre- and post-central gyri, and the
superior and middle temporal gyri.
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4. Discussion

This study in normal volunteers confirms that 1 Hz of repetitive transcranial magnetic
stimulation alters rTMS-evoked EEG potential (TEP) waveforms. These waveforms can then
be rendered visible with signal averaging and processing [24,26,28,30,44,56]. Numerous
studies [57,58] have evaluated short-interval intracortical inhibition (SICI, typically 1–5 ms)
and long-interval intracortical inhibition (LICI, typically 50–200 ms) by measuring the
EEG response to paired TMS pulses. Our study evaluated the effect of 1-Hz repetitive
pulse trains on TEP waveforms, which is a much less commonly employed experimental
paradigm than is paired-pulse stimulation, but one that might have greater potential for
evaluation of different regions of cortex.

Previous related work includes a study by Casula and associates who found that
rTMS increased the P60 and N100, but not the P30 or N40 [50]. That study did not control
for pre-existing baseline amplitude differences and did not use a placebo comparison
group. We observed a less positive (smaller) P60 and more negative (bigger) N100 after
1 Hz of rTMS. This partially confirmed the results found by Casula, while controlling for
the confounding factor of highly variable TEP amplitudes among different subjects. The
divergent findings of our study versus those of Casula regarding the P60 may be in part
due to differences in our procedures. Casula and colleagues used 120% RMT and 50 single
pulses to measure TEP amplitudes. We used 110% RMT and 200 single pulses to measure
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TEP amplitudes, which might have improved the signal-to-noise ratio. Additionally, the
present study evaluated a larger study population, with a different method of marking
peak amplitudes, and addition of placebo comparison groups.

A control group with placebo stimulation is important to rule out nonspecific effects,
because rTMS produces auditory and somatosensory components of the TEP that are not
directly related to magnetic stimulation-induced cortical activity [59]. We were able to show
group difference for several peaks generated by test stimulations at 0.20 Hz for placebo
or active coils before and after 1 Hz of rTMS. Our placebo coil stimulation was able to
evoke variable and low amplitude cortically-generated waveforms; therefore, our placebo
stimulations might better be considered a low-dose comparator to active stimulation,
meaning that comparisons of active to placebo stimulation might have underestimated the
effects of active stimulation.

Only limited information is available about the physiological relevance of TEP peaks.
Pharmacological studies suggest that the N40 is enhanced in humans with administration
of diazepam, reflecting increased fast GABAA mediated inhibition [45–47,59,60]. The N100
peak increases with the GABAB agonist, baclofen [45,48] and decreases with presynaptic
inhibitors of excitatory transmitter release [61] implying potential for serving as a marker
of cortical inhibition that might be useful for reducing seizures [30]. The amplitude of
the N100 peak might depend more on the ratio of GABA to glutamate than upon GABA
alone [60]. However, increase in GABAB-mediated synaptic inhibition might be expected to
produce variable effects in different types of epilepsy. Absence seizures, for example, show
spike-wave EEG discharges, with the wave component reflecting a significant component
of slow GABAB-mediated inhibitory potentials [62,63].

The P60 peak occurs at a time of long-interval intracortical inhibition, also mediated
by GABAB receptors [45]. Excitatory transmission may play a role in generating the
P60 peak, since the glutamate AMPA receptor antagonist, perampanel, suppresses P60
amplitude [61,64]. Rogasch [30] suggested that the P60 TEP could reflect a component
of somatosensory feedback, but Cash [49] has argued that there is a significant cortical
component of P60.

Identifying cortical sources of TEPs could be important for rTMS use in a clinical
setting. Our study examined TEPs averaged across participants and modeled sources
coming from a normalized atlas brain. The TEP activity localized near the stimulation
site, but also with some distant activity, reflecting network spread. We again confirm the
findings of Casula [50] and Bikmullina [65] that motor cortex rTMS influences TEPs over a
wide region of ipsilateral cortex. In our study, the range of effect was from anterior temporal
to occipital regions. Studies using motor assays have identified transcallosal inhibition
provoked by contralateral motor cortex rTMS [66,67] and we can confirm a significant
contralateral component of the TEPs. The widespread effects of rTMS to increase the N40
marker on fast inhibition might argue against the need for exact targeting of stimulation.
However, enhancement of inhibition was maximal at the motor cortex stimulation site. TEP
changes in this study did not correlate with amplitude of the motor evoked responses, as has
been noted by others [28]. We did not systematically look for changes in motor threshold
or paired-pulse inhibition at various inter-stimulus intervals. Studies using individual
MRI brain modeling could take advantage of rTMS with cortical source modeling to create
detailed individual connectivity maps by plotting propagation patterns of TEPs evoked
from systematically chosen cortical areas.

Variability among participant’s TEP responses is high [68], limiting the significance of
post hoc pair-wise and group comparisons. However, individuals have relatively stable
TEPs at 20, 30, 40, 60, and 100 ms [69], suggesting that TEPs might provide a useful
biomarker for regional cortical excitability in specific patients. Of the TEPs we found the
N100 to be the most viable biomarker for rTMS induced cortical inhibition. If TEPs are
confirmed as a reliable surrogate marker for cortical inhibition in epilepsy patients, then
TEP recordings could become significantly more efficient than seizure counts in screening
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the effects of anti-seizure therapies. Of course, any such findings would require validating
the effect of a possible treatment on seizure counts.

Our study is subject to several interpretive limitations. Distinguishing continuous
waveforms is problematic, because changes in adjacent peaks can be additive or subtractive,
rather than independent. For this reason, we employed unbiased software measurements
of amplitudes at selected peaks, rather than trough-to-peak values, but this may have been
at the expense of evaluating effects on individual peaks. TMS-TEPs are subject to a wide
variety of artifacts [70]. Late TEP components can possibly be influenced by improper
masking of the loud rTMS “click” that occurs during stimulation [71]. We attempted to
account for this by use of white noise played via sound cancelling earbuds, but we cannot
guarantee that the rTMS “click” was completely obscured. We have no evidence that the
changes in TEP waveforms correlate with any clinical or even biological effect. Examining
grand averaged source space activity likely misses the nuances that would be critical to
clinical application of rTMS source reconstruction. rTMS-evoked EEG potentials might
differ from normal volunteers versus those with epilepsy or other neurological diseases
when stimulating the areas of neurological abnormality. Our experiments do not document
the durability and replicability of TEP changes. Future clarification of these issues will
further the use of rTMS-evoked EEG potentials as biomarkers for cortical excitability in
non-motor cortex.

5. Conclusions

As described by several prior studies, rTMS evokes measurable EEG potentials, dis-
cernible after suitable processing. A positive peak at 60 ms and a negative peak at 100 ms
are each altered by 1 Hz of repetitive TMS at motor cortex, with P60 decreased and N100
increased. N40 showed a non-significant trend towards an increase. Effects on other
evoked peaks are variable. While several of our findings are confirmatory of previous work,
new features include reliable persistence of evoked EEG potential changes in response to
rTMS when controlling for highly variable initial amplitude and as compared to sham-
stimulation controls. Comparing changes in the EEG, not only to before-after rTMS, but to
sham stimulation controls confirm the important increase of the N100 potential, but are
less confirmatory of P60 peak changes. Our topographic dipole analysis documents that
the largest effects of 1-Hz rTMS on TEPs are manifest early and close to the stimulation site.
These changes in rTMS-evoked EEGs may reflect increased GABAB-mediated inhibition in
specific brain regions.

Limitations of this technology are several, including difficulties in isolating individual
EEG peaks and intra-subject variability, often requiring population averages and statistics
to visualize changes. However, measurements of rTMS-evoked EEG changes are not
restricted to motor cortex, so they may serve as useful biomarkers for cortical excitability at
a seizure focus.

Author Contributions: Conceptualization, R.S.F. and J.Z.; methodology, J.Z. and R.S.F.; software, J.Z.;
validation, all authors; formal analysis, J.Z. and R.S.F.; investigation, R.S.F. and J.Z.; resources, R.S.F.;
data curation, J.Z. and A.F.; writing—original draft preparation, R.S.F. and J.Z.; writing—review and
editing, all authors; visualization, J.Z., A.F. and R.S.F.; supervision, R.S.F.; project administration,
R.S.F.; funding acquisition, R.S.F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded from the Steve Chen Philanthropic Fund for Epilepsy Research;
James and Carrie Anderson Research Fund; Maslah Saul MD Chair.

Institutional Review Board Statement: The Stanford IRB approved the research project “Transcranial
Magnetic Stimulation and Brain Excitability” protocol #37619 to continue to 15 June 2022, Assurance
FWA00000935 (SU).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Sensors 2022, 22, 1762 13 of 15

Data Availability Statement: Data may be provided upon request to Mr. Adam Fogarty at afoga-
rty@stanfordhealthcare.org, depending upon circumstances of the request.

Acknowledgments: R.S.F. was supported by the Maslah Saul MD Chair, James and Carrie Anderson
Epilepsy Research Fund, and the Susan Horngren Fund. J.Z. and the overall research project was
supported by the Steve Chen Fund for Epilepsy Research.

Conflicts of Interest: None of the authors report any conflict of interest relevant to this study. Non-
relevant declarations are: Dr. Fisher was lead investigator of a Medtronic grant to Stanford to study
deep brain stimulation and he consults for Medtronic. Dr. Fisher holds stock or options in Avails
Medical, Cerebral Therapeutics, Eysz, Irody, SmartWatch, Zeto.

References
1. Barker, A.T.; Jalinous, R.; Freeston, I.L. Non-invasive magnetic stimulation of human motor cortex. Lancet 1985, 1, 1106–1107.

[CrossRef]
2. Tremblay, S.; Rogasch, N.C.; Premoli, I.; Blumberger, D.M.; Casarotto, S.; Chen, R.; Di Lazzaro, V.; Farzan, F.; Ferrarelli, F.;

Fitzgerald, P.B.; et al. Clinical utility and prospective of TMS-EEG. Clin. Neurophysiol. 2019, 130, 802–844. [CrossRef] [PubMed]
3. Hemond, C.C.; Fregni, F. Transcranial magnetic stimulation in neurology: What we have learned from randomized controlled

studies. Neuromodul. Technol. Neural Interface 2007, 10, 333–344. [CrossRef]
4. Kobayashi, M.; Pascual-Leone, A. Transcranial magnetic stimulation in neurology. Lancet Neurol. 2003, 2, 145–156. [CrossRef]
5. Wischnewski, M.; Schutter, D.J. Efficacy and Time Course of Theta Burst Stimulation in Healthy Humans. Brain Stimul. 2015, 8,

685–692. [CrossRef]
6. Fregni, F.; Otachi, P.T.; Do Valle, A.; Boggio, P.S.; Thut, G.; Rigonatti, S.P.; Pascual-Leone, A.; Valente, K.D. A randomized clinical

trial of repetitive transcranial magnetic stimulation in patients with refractory epilepsy. Ann. Neurol. 2006, 60, 447–455. [CrossRef]
7. Sun, W.; Mao, W.; Meng, X.; Wang, D.; Qiao, L.; Tao, W.; Li, L.; Jia, X.; Han, C.; Fu, M.; et al. Low-frequency repetitive transcranial

magnetic stimulation for the treatment of refractory partial epilepsy: A controlled clinical study. Epilepsia 2012, 53, 1782–1789.
[CrossRef]

8. Cantello, R.; Rossi, S.; Varrasi, C.; Ulivelli, M.; Civardi, C.; Bartalini, S.; Vatti, G.; Cincotta, M.; Borgheresi, A.; Zaccara, G.; et al.
Slow repetitive TMS for drug-resistant epilepsy: Clinical and EEG findings of a placebo-controlled trial. Epilepsia 2007, 48, 366–374.
[CrossRef]

9. Theodore, W.H.; Hunter, K.; Chen, R.; Vega-Bermudez, F.; Boroojerdi, B.; Reeves-Tyer, P.; Werhahn, K.; Kelley, K.R.; Cohen, L.
Transcranial magnetic stimulation for the treatment of seizures: A controlled study. Neurology 2002, 59, 560–562. [CrossRef]

10. Joo, E.Y.; Han, S.J.; Chung, S.H.; Cho, J.W.; Seo, D.W.; Hong, S.B. Antiepileptic effects of low-frequency repetitive transcranial
magnetic stimulation by different stimulation durations and locations. Clin. Neurophysiol. 2007, 118, 702–708. [CrossRef]

11. Tergau, F.; Naumann, U.; Paulus, W.; Steinhoff, B.J. Low-frequency repetitive transcranial magnetic stimulation improves
intractable epilepsy. Lancet 1999, 353, 2209. [CrossRef]

12. Seynaeve, L.; Devroye, A.; Dupont, P.; Van Paesschen, W. Randomized crossover sham-controlled clinical trial of targeted
low-frequency transcranial magnetic stimulation comparing a figure-8 and a round coil to treat refractory neocortical epilepsy.
Epilepsia 2016, 57, 141–150. [CrossRef] [PubMed]

13. Thickbroom, G.W. Transcranial magnetic stimulation and synaptic plasticity: Experimental framework and human models. Exp.
Brain Res. 2007, 180, 583–593. [CrossRef]

14. Chen, R.; Classen, J.; Gerloff, C.; Celnik, P.; Wassermann, E.M.; Hallett, M.; Cohen, L.G. Depression of motor cortex excitability by
low-frequency transcranial magnetic stimulation. Neurology 1997, 48, 1398–1403. [CrossRef] [PubMed]

15. Berardelli, A.; Inghilleri, M.; Rothwell, J.C.; Romeo, S.; Currà, A.; Gilio, F.; Modugno, N.; Manfredi, M. Facilitation of muscle
evoked responses after repetitive cortical stimulation in man. Exp. Brain Res. 1998, 122, 79–84. [CrossRef] [PubMed]

16. Kujirai, T.; Caramia, M.D.; Rothwell, J.C.; Day, B.L.; Thompson, P.D.; Ferbert, A.; Wroe, S.; Asselman, P.; Marsden, C.D.
Corticocortical inhibition in human motor cortex. J. Physiol. 1993, 471, 501–519. [CrossRef]
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