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Abstract

Background: Transcranial magnetic stimulation (TMS) evokes voltage deflections in
electroencephalographic (EEG) recordings, known as TMS-evoked potentials (TEPS),
which are increasingly used to study brain dynamics. However, the extent to which
TEPs reflect activity directly evoked by magnetic rather than sensory stimulation is
unclear.

Objective: To characterize and minimize the contribution of sensory inputs to TEPs.

Methods: Twenty-four healthy participants received TMS over the motor cortex using
two different intensities (subthreshold, supra-threshold) and waveforms (monophasic,
biphasic). TMS was also applied over the shoulder as a multisensory control condition.
Common sensory attenuation measures, including coil padding and noise masking,
were adopted. We examined spatiotemporal relationships between the EEG
responses to the scalp and shoulder stimulations at sensor and source levels.
Furthermore, we compared three different filters (independent component analysis,
signal-space projection with source-informed reconstruction (SSP-SIR) and linear
regression) designed to attenuate the impact of sensory inputs on TEPs.

Results: The responses to the scalp and shoulder stimulations were correlated in both
temporal and spatial domains, especially after ~60 ms, regardless of the intensity and
stimuli waveform. However, the outputs of all filtering methods confirmed that TEPs
cannot be entirely explained by sensory potentials. Among the three filters, SSP-SIR
showed a good trade-off between preserving early TEPs, while correcting sensory-
contaminated late components.

Conclusions: The findings demonstrate that motor TEPs reflect a combination of

TMS-evoked and sensory-evoked neural activity, highlighting the importance of
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adopting sensory control conditions in TMS-EEG studies. Offline filters show promise

for isolating TMS-evoked neural activity from sensory-evoked potentials.
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Highlights
e EEG responses to TMS over M1 (TEPs) and shoulder (SEPs) were compared
¢ Long latency components (> ~60ms) were correlated between TEPs and SEPs
e Changing TMS intensities and waveforms did not alter TEP-SEP relationships
e However, TEPs cannot be entirely explained by SEPs

¢ Offline filters showed promise for isolating TMS-evoked neural activity
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Introduction

The combination of transcranial magnetic stimulation (TMS) and
electroencephalography (EEG) has become an increasingly popular technique, since
it has extended the application of TMS to study brain dynamics across the cortex [1,
2]. TMS-evoked potentials (TEPs) appear as voltage deflections in EEG recordings
time-locked to the TMS pulse, which occur within a 300 to 500-ms long time window
following stimulation, and can be used to make inferences about cortical reactivity and
connectivity [1, 3, 4]. Recent studies have suggested that certain TEP peaks may
reflect specific aspects of neurotransmission [5-7]. For instance, pharmacological
evidence has shown that earlier TEP peaks following stimulation of motor cortex (e.g.
N45) are sensitive to neurotransmission mediated by GABA-A receptors, whereas
later peaks (e.g. N100) are sensitive to GABA-B receptor mediated activity [5, 7-9].
However, the mechanisms underlying many aspects of TEPs are still not perfectly
understood [10, 11]. There is also debate over how much of the TEP signal represents
direct activation of the cortex by TMS compared with other artefactual sources

emanating from the recording equipment, blinks and muscle activity [12-15].

One potential confound of TEPs is the interaction of TMS with the sensory system [11,
12, 14, 15]. TMS is accompanied by a loud clicking noise, which results in auditory
evoked potentials with peaks at similar intervals to TEPs, especially around N100 and
P180. In addition, TMS activates sensory afferents in the underlying skin both
mechanically by coil vibrations (e.g. a tapping sensation), and electrically by
depolarizing the afferents fibers of cranial and facial nerves, which results in
somatosensory-evoked potentials [13, 16]. These two types of sensory-evoked

potentials (SEPs) are often minimized during the experiment by playing white noise to
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mask the TMS click, and by using a layer of foam between the coil and scalp to
dampen coil vibration [13, 17]. Although these methods are commonly assumed to
render the distorting effects of SEPs negligible [13, 16, 18, 19], several recent studies
have demonstrated similarities between TEPs following TMS and realistic control
conditions (e.g. stimulation of the shoulder or electrical stimulation of scalp with a TMS
click) despite the SEP-masking procedures [20-22]. These findings raise concerns
regarding the specificity of TEPs to TMS-evoked cortical activity and underscore the
urgent need for methods to further suppress sensory-evoked activity in TEP

recordings.

There were two aims of the current study. The first aim was to characterize the
contribution of sensory inputs to TEPs following stimulation of motor cortex. The
second aim was to assess different offine methods for suppressing sensory
responses in motor TEP recordings. We compared the efficacy of three different
filtering methods in suppressing SEPs, as they have shown success in suppressing
other types of artefacts such as ocular, decay and muscle artefacts [15, 23]. Finally,
we repeated the above procedures by changing the intensity and waveform of the
stimulations to examine the generality of the effects across different stimulation

parameters.

Methods

Participants

Two separate experiments were conducted for this study. A total of 24 right-handed
healthy individuals between the ages of 18 and 40 years were recruited. Twenty

participants took part in experiment | (24.50 +4.86 years; 14 females) and 16
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participants (25.82 + 5.99 years; 11 females) participated in experiment Il. Twelve
individuals were common between experiments. All participants were screened for any
contraindications to TMS [24], and provided their written consent prior to testing. All
procedures were approved by the Monash University Human Ethics Committee in
accordance with the declaration of Helsinki. Participants were seated comfortably with
their elbows resting on the armrests, and their forearms pronated and rested on a
pillow on their lap. They were also asked to keep their eyes open and focus on a black

screen in front of them.

EMG

Electromyographic (EMG) activity was recorded from the right first dorsal interosseous
(FDI) muscle, using bipolar surface Ag-AgCl electrodes (4-mm active diameter),
placed in a belly-tendon montage with a distance of ~2 cm. The ground electrode was
positioned on the dorsum of the right hand, over the midpoint of the

third metacarpal bone (see supplementary methods for more details).

EEG

EEG recordings were made using a SynAmps? EEG system (Neuroscan,
Compumedics, Australia), from 62 TMS-compatible Ag/AgCl-sintered ring electrodes,
embedded in an elastic cap (EASYCAP, Germany). The electrodes were positioned
according to the 10-20 international system, online-referenced to FCz and grounded
to AFz. Electrode positions were co-registered to each subject's MRI by means of a
neuronavigation system (Brainsight™ 2, Rogue Research Inc., Canada) and digitized

(see supplementary methods for more details).
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T™MS

In experiment |, biphasic TMS pulses were applied to the hand area of left M1, where
stimulation could induce consistent MEPs with greatest amplitude in FDI muscle [25],
using a figure-of-eight coil (C-B60) connected to a MagPro X100+Option stimulator
(MagVenture , Denmark). The neuronavigation system was used to guide TMS coil
positioning and improve consistency across stimulation trials. Resting motor threshold
(rMT) was determined as the minimum TMS intensity required to elicit MEPs >50 yV
in at least 5 of 10 consecutive trials (with EEG cap on), and was expressed as a
percentage of maximum stimulator output (% MSO)[26]. Each participant received 100
TMS pulses at an intensity of 120% rMT. As a control condition, 100 additional TMS
pulses (120% rMT) were administered to participants’ shoulder over the left
acromioclavicular joint to mimic auditory and somatosensory sensations experienced
during TMS. We changed the orientation and angle of the coil until the participants
reported the same level of local sensations under the coil between the real TMS and
control conditions. While this control condition does not perfectly match the scalp
sensation of TMS, it does control for the general sensory experience of the stimulation.
To investigate the effect of the stimulation intensity, each individual also received 100
TMS pulses with the intensity of 80% rMT over the left M1, in the same session. In
experiment I, the effect of the waveform was explored by applying supra-threshold

monophasic pulses over the left M1 and shoulder.

During both scalp and shoulder stimulation conditions, all of the currently advised
measures to minimize multisensory inputs were implemented [19], including attaching
a thin layer of foam underneath the coil to minimize coil vibration and bone-conducted

auditory activation, and playing white noise through inserted earphones to minimize
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air-conducted auditory activation. For each individual, the intensity of the white noise
was increased until the click sound produced by the stimulations at 120% rMT was
unperceivable or the sound pressure reached their upper limit of comfort. All of the
participants reported that a small remnant of the acoustic clicks was still perceivable
during the stimulation blocks, even when the volume was set to their upper threshold

of comfort (see supplementary methods for more details).

EEG analysis

Analysis of EEG recordings was performed using custom scripts on the MATLAB
platform (R2016b, The Mathworks, USA), EEGLAB [27], and TESA [28] toolboxes.
The pipeline for cleaning and analyzing TMS-EEG data was based on the method
described in [15, 28] (supplementary methods). Cortical sources of the evoked
potentials were estimated using the Brainstorm (v3) software [29] and customized
MATLAB scripts employing both minimum norm estimation (MNE) and dipole fitting
methods (detailed in supplementary methods). All code for EEG processing and

statistical analyses is available at https://github.com/BMHLab/TEPs-SEPs, and all

clean data can be downloaded from https://figshare.com/s/d19e40ed1f02b8ada178.

The raw data is also available upon request.

Suppression of SEPs

In order to suppress the contribution of SEPs from TEPs, we applied three different
filtering techniques to each individual's responses: 1) linear regression; 2)
independent component analysis (ICA); and 3) signal-space projection with source-
informed reconstruction (SSP-SIR). Linear regression involved obtaining the line of

the best fit between the SEPs (from the control condition) and TEPs (from the real
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condition) at each point of time across electrodes, followed by subtracting the fitted
SEP curves from the TEP data. For ICA, TEPs and SEPs from each individual were
concatenated and submitted to the FastICA algorithm [30] (in addition to the two ICA
steps already made in EEG pre-processing). SSP-SIR is a spatial filtering method,
originally designed to remove TMS-evoked muscle artefacts [14]. We applied SSP-
SIR to TEPs by following all the steps detailed in [14]. However, instead of using the
frequency properties of muscle artefacts to estimate the projection matrix, we used
the SEP data to estimate the artifactual dimensions to be removed from TEPs. To
increase the accuracy, we applied the defined projection matrix to the lead-field matrix
to take into account the distortions of the data in the inverse solution. For both ICA
and SSP-SIR, we retained the k components that explained more than 90% of
variance in SEP trials and removed those from the TEP data. In total, 8.6+4.17 and
12.3+2.34 components were rejected by ICA and SSP-SIR, respectively. (see

supplementary for the topography of the rejected components by SSP-SIR).

A major issue in evaluating the success of artifact suppression methods is the lack of
a ground truth (i.e. knowing what the TMS-evoked cortical activity should look like
without SEP contamination). Therefore, we assessed the SEP suppression methods
based on the assumption that the level of suppression should be related to the level
of contamination (i.e. an ideal SEP suppression method should cause minimal
distortion to TEPs when the relationship with SEPs is weak and vice versa). To test
this assumption, we qualitatively compared TEPs before and after applying each filter
at both scalp and source (estimations obtained using MNE) levels, and also measured
their correlations across three different time windows. As a further assessment, we
examined whether the quality of the source localization was altered using different

filtering methods. Based on the assumption that short latency TEPs reflect localized
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activities around the site of stimulation, we expected that reducing contamination
would improve dipole fitting at the earliest time point (N20). We assessed the quality
of the dipole fit using a goodness of fit (GOF) measure (supplementary methods), and
also compared the distance between the best-fit dipole source found in pre- and post-

suppressed data at N20.

Statistical analysis

All statistical analyses were performed in MATLAB. To compare the absolute values
of TEPs and SEPs voltage levels across time and space, we applied cluster-based
permutation tests over time and electrodes, as implemented in the FieldTrip toolbox
[31]. To explore the relationships between the cortical responses to M1 and shoulder
stimulations, we applied Spearman rank correlation tests across space (i.e. across
electrodes at each time point) and time (i.e. across time for each electrode). Seven
frequently studied peaks including N20, P30, N45, P60, N100, P180 and N280 were
selected to examine the spatial correlations for each individual, and also to explore
inter-individual variability in the TEP/SEP relationship. The spatial correlations were
also examined for all points of time by testing the 95% of confidence intervals of
correlation values against zero. The temporal correlations were assessed for each
individual and each channel at three different time intervals (early, middle and late
post-stimulus). To account for inter-individual variability in temporal properties of EEG
responses, instead of defining fixed time windows for all subjects, the intervals were
individualized according to the appearance of TEP peaks (i.e. N20-P60, P60-P180,

P180-N280).

10
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For group level analyses, the correlation results were transformed to z using Fisher’s
transform and statistical significance was assessed by applying one-sample
permutation tests to test the null hypothesis that the individuals’ z scores at each peak
or time interval were equal to zero [32, 33]. The family-wise error rate due to multiple
testings across time and channels was controlled for by adjusting the p-values using
the tmax method proposed by Blair & Karniski [34]. The z scores were subsequently
transformed back to the original scale for presentation. The results of source-
localization (GOF-values and TMS-target-to-dipole-location distance) were compared

between groups using paired-sample permutation tests with 10,000 shuffles.

Results

TEP-SEP comparisons

Fig. 1 illustrates the spatiotemporal distribution of grand-average TEPs and SEPs. All
of the canonical TEP peaks were visible following M1 stimulation, with mean
amplitudes ranging from ~-8 to +8uV (Fig. 1A). In contrast, SEPs showed smaller
voltage deflections ranging from ~-4 to +4uV, with clear peaks at N100, P180 and
N280, and only small peaks within the first 50 ms (Fig. 1B). Cluster-based permutation

tests confirmed that TEPs were larger in amplitude than SEPs across time (Fig. 1C).

11
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Fig. 1: TMS-evoked potentials following suprathreshold, biphasic stimulation over left
M1 and left shoulder. The butterfly plots show the grand-average of potentials
recorded by each electrode. A) Responses to the stimulation of M1. B) Responses to
the stimulation of shoulder. The red line indicates the recordings by the electrode
underneath the coil (C3). The vertical dash line at zero time point indicates the point
of time when TMS is applied. C) The upper and middle topoplots depict voltage
distributions across the scalp for each peak of interest, in response to the real and
control conditions, respectively. The lower topoplots illustrate the results of the cluster-

based permutation tests comparing the voltage distribution of the two responses at
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each peak. Clusters were defined as at least two neighbouring electrodes exceeding
the threshold of p-value < 0.05 at each point of time. Monte Carlo p-values were
calculated on 5000 iterations with a critical a level set at p<0.025. The channels
highlighted by blue dots belong to the clusters that showed statistically stronger
responses to the real TMS condition. Two negative and three positive significant

clusters were found.

Despite the amplitude differences between conditions, correlation analysis between
spatial maps at each time point showed a consistent relationship (confidence intervals
> 0) between TEPs and SEPs after ~60 ms (Fig. 2A), suggesting a common underlying
source after this time. As the exact timing of TEP peaks differ between individuals, we
repeated the analysis using individualised peak times (Fig. 2B). The correlations
between TEPs and SEPs showed high inter-individual variability at the earlier peaks,
whereas the majority of participants showed significantly positive correlations between
the conditions for the N100, P180 and N280 peaks. Analyses of the temporal
correlations further confirmed the strong relationships between SEPs and TEPs after
60 ms. As depicted in Fig. 2C, none of the electrodes showed significant correlation
between time series between 20-60 ms. However, a large number of electrodes
showed positive correlations between 60-180 ms (35 of 62) and 180-280 ms (25 of
62). Of note, correlation values were highest over a cluster of fronto-central electrodes
associated with SEPs. The lowest correlation values were found over a cluster centred

over the stimulation site (M1).
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Fig. 2: Spatiotemporal correlations of TEPs and SEPs. A) Spatial correlations
between TEPs and SEPs at each point of time from 100 ms before to 300 ms following
stimulations. The blue shaded area represents the 95% confidence intervals. The
vertical grey bar shows the window of interpolated potentials around stimulus. B) The
distribution of spatial correlations across individuals at the time of individualised TEP
peaks. The dots within the violin plots represent the correlation values for each
individual. The red dots above and below the zero line show significant positive and

negative correlations, respectively (p<0.05), and the black dots represent non-
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significant correlations. * indicates that correlation values differed from 0 at the group
level (one-sample t-test, p<0.05). C) The temporal correlations of the potentials at
each window of time. White dots indicate the electrodes with significant positive

correlations (p<0.05). No significant negative correlations were found.

Impacts of different SEP suppression methods on TEPs

Given that SEPs and TEPs showed high spatiotemporal correlation, we next
compared three common methods for suppressing unwanted signals in TEP data:
linear regression, ICA and SSP-SIR. Linear regression slightly diminished TEP
amplitude, whereas, ICA exerted a strong impact on both temporal and spatial aspects
of TEPs. The voltage range was considerably reduced and the peaks following 100
ms almost disappeared in C3 recordings. SSP-SIR preserved all the prominent peaks
observed in the original data recorded by C3, but also caused a considerable reduction
in voltage amplitude. The spatial maps of the SSP-SIR-filtered TEPs demonstrated a
fairly consistent pattern across all of the examined peaks centering the largest

potentials near the site of stimulation (Fig. 3).
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Fig. 3: The alterations in the spatiotemporal distributions of TEPs induced by
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suprathreshold and biphasic TMS before and after removing SEPs using three
different filtering methods. A) The butterfly plots demonstrate the grand-average of the
potentials recorded by each electrode before (original) and after employing each
filtering method. The red line indicates the recordings by the electrode underneath the
coil (C3). The vertical dash line indicates the point of time when TMS is applied. B).
The topoplots depict voltage distributions across the scalp for each peak of interest

before (original) and after applying each filter.

To compare the impact of the filters on distributed source estimation, we applied MNE to
the responses before and after TEP cleaning. Before filtering, the real TMS condition
showed a focal cortical activity around the site of stimulation at N20, following which the
estimated sources gradually scattered and spread across hemispheres, showing a
similar distribution to the sources estimated following shoulder stimulation. As depicted
in Fig.4 the three filtering methods changed the pattern of the estimated source
differently, with SSP-SIR constraining source activity close to the site of stimulation.
Since using the same threshold level across conditions and/or time points could have
caused non-optimal maps for visual comparisons, we carried out quantitative
assessments of the filter-induced alterations to TEPs. We measured the correlation
between TEPs before and after applying each filter at three different windows of time, at
both sensor (for each channel) and source (for each vertex) levels (Fig.5). At the scalp
level, data following linear regression showed significant correlations with the original
signal across all of time and space suggesting sub-optimal suppression of the sensory
signal. A similar pattern was observed following ICA, although to a lesser extent at the
later time window. SSP-SIR, however, resulted in low correlations (high suppression)

especially around the fronto-central regions, which had shown high contamination. High
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correlations (low suppression) were observed at the recordings around the site of
stimulation where TEPs had shown minimum correlations with SEPs. Similar to the scalp

level, SSP-SIR showed low correlation with the original signal at the source level.
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Fig. 4: The estimated source distributions obtained by applying MNE to the TEPs from
different filtering methods. MNE maps are thresholded at 40% of the maximum activity
at each point of time and the minimum size for the activated regions is set to 50

vertices (for Linear Regression the active regions at P180 were smaller than 50
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vertices; therefore, the minimum size was decreased to 30). Linear-regression altered
the pattern of the estimated sources at some time points, importantly, at 20 ms when
no change was expected. However, the pattern of source activation remained similar
to shoulder stimulation for the later time points (e.g. N100 and P180). For ICA, sources
are largely contained to left and right somatomotor cortices, sharing similarities with
SEPs at some timepoints (e.g P180, N280). The estimated sources from SSP-SIR
fitered TEPs are predominantly centered around the area under stimulation,

substantially different from the pattern observed following shoulder stimulation.

N20-P60 P60-P180 P180-N280 N20-P60 P60-P180 P180-N280

ICA Regression

SSP-SIR

Sensor Level Source Level
| Y P
-0.6 0 0.6 0 0.3 0.6

Fig. 5: Spearman correlation measures between the original and filtered TEPs at both
sensor and source levels at three different intervals. The maps show the average of the
correlation values at individualized time windows (i.e. N20-P60, P60-P180, P180-N280).
A) The correlations between the original and filtered potentials recorded by each channel

at each window of time. White dots indicate the electrodes with significant positive
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correlations (p<0.05). B) The distribution of the correlations between the estimated

source activities at each vertex. The source maps are thresholded at p>0.2.

To assess how each filtering method changed the quality of dipole fitting, we compared
the best fit dipole found at N20 in the original and filtered data (Fig. 6). As depicted in
Fig. 6, SSP-SIR substantially improved the GOF of TEP source estimations (permutation
paired t-test with tmax correction, p>0.05), whereas the other filters reduced the GOF. All
of the filtering methods resulted in significant displacement of the best fitting dipole
(permutation paired-t test; p <0.05), while linear regression and ICA caused minimum

and maximum repositions, respectively.
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Fig. 6: Comparisons of the effects of the different filtering methods on source
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localization at N20. A) lllustration of the measurements of goodness of fit (GOF), which
represents the similarity between the topography of the real recorded data (upper
plots) and the simulated responses produced by the dipole identified from each type
of filtered data (lower plots), for one individual. B) lllustration of the measurements of
the distances between the best-fit dipoles and the site of stimulation, for the same
individual. C) Distribution of GOF for the best-fitting dipole source across individuals.
* Indicates the significant change from raw data at the group level (P<0.05). D)
Distance of the fitted dipole to the site of stimulation. The dots on violin plots represent
the distance value for each individual. * Indicates the significant difference of the

average distances between pre and post filtered potentials

Effect of stimulation parameters on TEP/SEP relationship and suppression

Decreasing the stimulation intensity substantially reduced the TEP amplitude relative
to suprathreshold stimulation (to ~+2uV) and changed the spatial distribution of
voltages especially at the earlier peaks (i.e. N45 and P60; Supplementary, Fig. 1).
Cluster-based permutation tests revealed significantly stronger responses to the
control condition especially at central electrodes, following ~60 ms (supplementary
Fig. 1). Spatiotemporal correlation tests showed that the TEPs evoked by
subthreshold stimulations were highly correlated with SEPs evoked by suprashreshold
pulses after about 45 ms, with more inter-individual consistency after 60 ms
(Supplementary, Fig. 2). Despite the stronger responses to the control condition, SSP-
SIR did not entirely suppress TEP peaks, especially at the earlier time points (<60ms),
and the potentials remained significantly above baseline (baseline = 300 ms pre-

stimulation, threshold = mean+3SD of baseline, P<0.05) (supplementary Fig. 3).
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Changing to the monophasic simulation waveform did not alter the spatiotemporal
distribution of cortical responses compared to biphasic stimulation (n=12; P>0.025,
cluster-based permutation tests). Similar to the suprathreshold biphasic condition,
responses to monophasic stimulation over M1 were stronger than those to shoulder
stimulation; however, at the alpha level of 0.025 the significant clusters were only
found at N100 and P180 (supplementary Fig. 4). In addition, SEPs and TEPs evoked
by monophasic TMS followed very similar correlation patterns as observed in the
responses to biphasic stimulations, in both spatial and temporal domains
(supplementary Fig. 5). SSP-SIR substantially decreased the potential amplitudes to
~+1uV, preserving the original pattern of deflections and shifting the maximum
amplitudes towards the site of stimulation at scalp and the majority of the peaks at

source level, similar to the biphasic condition (supplementary Fig. 6 and 7).

Discussion

In the present study, we investigated the contributing effect of sensory inputs to TMS-
evoked potentials and investigated different offline filtering methods to suppress the
impact of SEPs on TEPs. We found that, despite SEPs being lower in amplitude than
TEPs induced by the same stimulation intensities, the two conditions were highly
correlated in both space and time after ~60 ms, suggesting that sensory input
accounts for some of the spatiotemporal characteristics of TEPs. Among the three
filtering methods tested to suppress SEPs in TEP recordings, SSP-SIR showed a good
trade-off between preserving the early responses while correcting the highly affected
late components. Removing SEPs from TEPs revealed that even the late deflections
in TEPs could not be fully explained by sensory inputs, suggesting TEPs at least partly

reflect the cortical response to TMS. Changing the stimulation parameters (i.e.
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intensity and waveform) resulted in similar TEP-SEP correlations across time and

space, and similar performance of SEP suppression methods.

Similarities and differences between TEPs and SEPs

The N100 is perhaps the most extensively investigated peak in TMS-EEG recordings
[10, 20, 35-38] and is thought to reflect cortical inhibition in both the motor and
prefrontal cortices [7, 38]. However, an N100 peak is frequently observed following a
variety of sensory stimuli, including auditory [19, 39], somatosensory [19, 40], visual
[41], pain [42] and olfactory [43] stimuli. Accordingly, an N100-P180 complex is
observed following TMS pulses without cortical stimulation, resulting from the loud
TMS click (air-conducted auditory component) and coil vibration (bone-conducted
auditory and somatosensory component) [18, 44, 45]. As a result, it is common
practice to apply noise masking through headphones and a layer of foam between the
scalp and coil to mitigate these sensory inputs during TMS-EEG recordings [12, 19].
Despite applying these masking methods, we found considerable similarities between
EEG responses to cortical and shoulder stimulation across different TMS intensities
and pulse shapes. The observed relationship suggests that TEPs following motor
cortex stimulation contain some potentials unrelated to the direct cortical responses to

TMS, especially at later components (e.g. N100, P180 and N280).

Despite the similarities between conditions, the differences observed in the scalp
pattern and amplitudes between cortical and shoulder responses imply that TEPs
following motor cortex TMS cannot be entirely explained by SEPs. In particular, early
TEPs (<60 ms) were not significantly correlated with shoulder SEPs, and a cluster of

electrodes over the site of stimulation remained independent of SEPs even at later
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intervals including the N100 and P180 peaks. These results suggest that TEPs contain
a combination of signals reflecting TMS-evoked and sensory-evoked potentials. While
it is likely that this residual signal reflects the cortical response to TMS, we cannot rule
out a contribution of other types of sensory inputs triggered by TMS not controlled for
by shoulder stimulation, such as the contraction of cranial muscles or re-afferent

sensory input from MEPs.

Our findings are comparable to two recent studies which also showed similarities and
differences between a realistic TMS control condition (electrical stimulation of the
scalp including an auditory TMS click) and TMS to the motor [21], frontal or parietal
cortex [20]. Importantly, the spatiotemporal pattern observed following shoulder
stimulation in this study closely resembled the responses to the realistic control
stimulations using electrical scalp stimulation, implying the induction of similar sensory
potentials between control methods. However, stimulating the shoulder cannot match
the sensations perceived by scalp stimulations somatotopically [20, 21, 46], and
therefore the relationship between TEPs and SEPs may be underestimated in our
study. Taken together, our findings add to a growing body of evidence that some, but
not all, of the TEP response results from sensory input. The contribution of SEPs to
TEPs underlines the necessity for carefully designed control conditions in TMS-EEG
experiments, especially when one wants to draw inference about TMS-evoked cortical

activity.

Suppressing SEPs in TEP recordings

Given that online masking methods do not completely prevent contamination of TEPs

by SEPs, we compared three offline methods for suppressing SEP activity: ICA, linear
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regression, and SSP-SIR. A major limitation in comparing these methods is the lack
of a ground truth to benchmark performance against. Therefore, we evaluated each
method based on the ability to correct later peaks with the focus on fronto-central
regions, which were heavily contaminated by SEPs, without altering early signals
especially around the site of stimulation, which were not as contaminated. Linear
regression did not sufficiently reduce sensory contamination at later time periods. ICA
was found to be more aggressive, strongly dampening the potentials (Fig. 3) and, more
importantly, distorting the short latency peaks recorded around the site of stimulation
(Fig. 5) [47]. Despite causing a substantial amplitude decrease, SSP-SIR showed a
good trade-off between correcting the late and highly contaminated fronto-central
potentials (Fig. 3, 5), while preserving the early potentials recorded at the least
affected regions (Fig. 5, 6). Importantly, source estimation analysis following SSP-SIR
correction were largely confined to the site of stimulation (M1), and to cortical areas
that are strongly connected to M1, including ipsilateral supplementary motor area,
ipsilateral premotor cortex, and contralateral M1, showing minimal overlaps with

regions activated by shoulder stimulation (Fig. 4).

Separating two signals which are time-locked to the same event is an extremely
challenging task, which relies on several assumptions. For instance, ICA assumes
temporal independences of the underlying sources, an assumption which may not hold
for time-locked signals such as TEPs and could explain why ICA removed so much of
the signal. SSP-SIR also substantially attenuated the TEPs voltages. This could be
due either to the high contamination of the TEPs with SEPs or because of high spatial-
correlations between SEPs and the genuine TMS-evoked topographies, leading SSP-

SIR to overcorrect the signals of interest. Although the amplitude of the residual
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signals following SSP-SIR were below the range of TEPs frequently observed in the
literature [10, 11, 22, 28, 35, 48], the potentials remained above baseline and the
topographies were consistent with motor cortex activation. Another key assumption
which underlies all three suppression methods is the assumption of linear
superposition of the sensory-evoked and TMS-evoked cortical activity. For this
assumption to hold, the networks activated by sensory and TMS input would need to
be completely independent, which is difficult to test quantitatively. As such, the
suppression methods tested in this paper may not be appropriate for stimulation sites
which overlap with sensory networks. The next step in validating offline methods will
be to assess the reliability and replicability of SEP suppression following stimulation

of other brain areas.

Conclusion

In conclusion, we have shown similarities between the cortical responses to TMS over
M1 and the shoulder, especially from ~60 ms following stimulation. The results imply
that current practices for minimising auditory and somatosensory inputs during TMS
do not completely eliminate the contribution of sensory inputs to TEPs from motor
cortex and highlight the need for control conditions to detect and minimize these
signals. However, TEPs could not be entirely explained by SEPs, either at early or late
time points, implying that TEPs do contain signals reflecting the direct cortical
responses to stimulation. Offline methods for suppressing sensory-evoked activity
show promise for isolating TMS-evoked neural activity and will likely form an important

step in obtaining cleaner and more reliable TEPs.
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