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electromagnetic artefacts removed. The right ulnar nerve's
electrical stimulation preceded transcranial magnetic stimu-
lation to the left primary motor cortex in both cases. EEG
was measured before and after the PAS sessions, with only
electrical or magnetic stimulation. To demonstrate the qual-
ity of the data, we summarize the stability of the stimulation
site and the event-related potentials before, during, and after
PAS. This dataset will enable observing brain dynamics due
to the accumulation of stimulations during PAS and differ-
ences in responsiveness to stimulations before and after PAS.
© 2025 The Author(s). Published by Elsevier Inc.

This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/)

Specifications Table

Subject Biology

Specific subject area Exploration of the mechanisms of neural plasticity and brain dynamics through
transcranial magnetic stimulation, electroencephalography, and paired
associative stimulation

Type of data Raw and Processed data

Data collection A TMS-compatible DC-EEG amplifier (BrainAmp MR plus, BrainProducts GmbH,
Germany) was used. EEG was recorded from 63 scalp sites using 2 mm thick,
flat Ag/AgCl TMS-compatible C-ring electrodes with a slit to minimize
TMS-induced eddy currents in a closed ring, referenced to the right earlobe
with ground at AFz, and mounted on a 10/10 system EasyCap (EASYCAP GmbH,
Germany) [1]. The electrode sites included Fpz, Fz, FCz, Cz, CPz, Pz, POz, Oz, Iz,
Fp1, Fp2, AF3, AF4, AF7, AF8, F1-F8, FC1-FC8, C1-C8, CP1-CP8, P1-P8, PO3,
PO4, PO7, P08, 01, 02, 09, and 010. EEG signals were continuously recorded at
a sampling rate of 5 kHz with an online filter between DC and 1,000 Hz and a
resolution of 0.1 pV.

Data source location RIKEN Center for Brain Science

Data accessibility Repository name: CBS Data Sharing Platform
Data identification number: 10.60178/cbs.20240220-001
Direct URL to data: https://doi.org/10.60178/cbs.20240220-001

Related research article None

1. Value of the Data

This dataset presents paired associative stimulation (PAS)-electroencephalography (EEG) mea-
surements taken at two distinct intervals, providing direct evidence of timing-dependent
neural plasticity in the human cortex.

Sequential EEG recordings before, during, and after PAS allow tracking of cortical plasticity
changes and cumulative stimulation effects.

It enables the study of the combination of EEG and transcranial magnetic stimulation (TMS)
in PAS, addressing the lack of publicly available PAS-EEG data.

This dataset helps distinguish between TMS-induced neural effects and TMS-induced artifacts
in EEG, enhancing the understanding of PAS-EEG paradigms and their applications.

The inclusion of double-blind experimental conditions with data from healthy volunteers
provides a valuable resource for investigating individual variability in PAS effects.

This dataset is valuable for researchers seeking to refine TMS-EEG paradigms and address
technical challenges in brain stimulation with concurrent EEG recording.
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2. Background

Paired associative stimulation (PAS) is a unique paradigm for inducing Hebbian-like plastic-
ity in the intact human brain [2-6]. It was first demonstrated that transcranial magnetic stim-
ulation (TMS) of the primary motor cortex (M1) after peripheral electrical stimulation of the
median nerves increases the amplitudes of motor-evoked potentials (MEPs) in the abductor pol-
licis brevis muscle [3]. Subsequent research has shown that repeated associated stimulation of
two cortical sites at an appropriate inter-stimulus interval (ISI) can alter not only MEP ampli-
tude but also functional connectivity and cognitive motor performance [7-11]. PAS is a powerful
paradigm that can be applied to study mechanisms of cognitive functions and their underlying
functional connectivity, as well as diseases involving neural plasticity. However, its effectiveness
varies widely both within and between individuals [12-15]. When electrical stimulation is de-
livered to the upper limb as a preceding stimulus 21-25 ms before TMS to M1 [8], 39-75%
of participants show a long-term potentiation (LTP)-like response [12,16,17]. The relative timing
between synaptic input and postsynaptic activity modulates synaptic strength, as described by
Hebb’s rule. Delivering TMS to M1 25 ms after electrical stimulation of the arm represents an
optimal relative timing to induce LTP-like changes in S1-M1 coupling. In contrast, a longer in-
terval between stimuli (e.g., 35 ms) no longer constitutes a relative timing that influences the
plasticity of synaptic strength, resulting in no change in coupling [2,18]. Generally, the respon-
siveness to TMS, such as the amplitude of TMS-evoked potentials (TEPs) and MEPs, depends
on dynamic brain states (e.g., the phase of brain oscillatory activities) [19-22]. Conversely, it
has been suggested that cortical thickness and M1 excitability explain the differences in the ef-
fects of PAS between responders and non-responders [12,16,23,24]. However, state-dependency
in brain dynamics has not been demonstrated. Simultaneous measurement of PAS and electroen-
cephalography (PAS-EEG) is essential to examine functional changes in the brain during PAS. Al-
though the simultaneous measurement of TMS and EEG (TMS-EEG) has become possible due to
recent advances in amplifiers, there are still many technical challenges [1]. Only a few research
teams have been successful, and thus sharing TMS-EEG data is extremely important [25-27]. To
our knowledge, no public datasets are available to study brain activity changes during PAS (i.e.,
PAS-EEG).

There are two major technical issues in measuring brain activity by scalp EEG during PAS.
First, the placement of the TMS coil is obstructed by the measurement device (e.g., EEG elec-
trodes and lead wires), which results in a longer distance between the TMS coil and targeted
brain region. This leads to less effective and localized TMS effects [28]. Second, the monophasic
TMS pulses employed in the PAS protocol result in higher motor thresholds and limited cor-
tical effects compared with biphasic pulses used in other paradigms [29], thereby requiring
higher TMS intensities to induce PAS effects. Along with the stimulus intensity, the EEG sig-
nal is severely contaminated by various stimulation-derived electromagnetic and physiological
artifacts, making it difficult to obtain high-quality EEG signals in the PAS-EEG paradigm [30-33].

Here, we present a dataset of PAS-EEG experiments conducted under two conditions in two
separate day sessions: (1) ISI = 25 ms (PAS,s5), where a long-term potentiation-like change is
expected and (2) ISI = 35 ms (PAS35), where no change is expected [2]. These conditions enable
verification of the time-dependent effects of PAS. In both conditions, electrical stimulation of the
right ulnar nerve preceded TMS to the left M1. Before and after the PAS sessions, EEG measure-
ments were also taken with electrical stimulation alone (ES sessions) and magnetic stimulation
alone (TMS sessions) (Fig. 1). All experiments were conducted in a double-blind fashion, with
both the experimenter and participants unaware of the condition to which they were assigned.
During stimulation, EEG signals were recorded from nine healthy volunteers using the 10-10 in-
ternational system, which involved 63 scalp sites via flat Ag/AgCl TMS-compatible electrodes. To
ensure the quality of our data, we summarize the event-related potentials before, during, and af-
ter PAS. In recent years, methods that actively mask the auditory co-stimulation associated with
TMS by presenting appropriate noise simultaneously with TMS have become popular [34-37].
However, in this study, we only used earplugs to passively block the clicking sound, as there are
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Fig. 1. Schematic representation of the experimental procedure. (a) The set-up. Blue and pink circles indicate electroen-
cephalography and electrooculography channels, respectively (for clarity, not all of them have been depicted). The oval
object in the upper right corner is a tracking camera that monitors the TMS posture. (b) Sessions with only electrical
stimulation (ES) and only transcranial magnetic stimulation (TMS) were conducted before and after paired associative
stimulation (PAS).

no reports on the effects of auditory stimulation during PAS. This dataset will make it possible
to observe brain dynamics due to the accumulation of stimulations during PAS and differences
in responsiveness to stimulations before and after PAS.

3. Data Description
3.1. Data records

Raw and preprocessed EEG data are available in the accompanying data repository CBS Data
Sharing Platform (Shikauchi Y., and Kitajo K., https://doi.org/10.60178/cbs.20240220-001, Cre-
ative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)),
which includes a detailed data descriptor that provides additional information. It includes raw
data from nine participants and pre-processed data from seven participants with sufficient data
quality. This dataset was stored in accordance with the brain imaging data structure (BIDS) for-
mat [38]. The dataset comprises the following contents.

3.2. Raw data

EEG, EOG, and EMG data are saved in the BrainVision Data Exchange Core Format 1.0 (.eeg,
.vhdr, and .vmrk). For each day, there are two files: 1) a series of measurements from the pre-
PAS ES, pre-PAS TMS and PAS sessions, named run-01_eeg; 2) a series of measurements from
the post-PAS TMS and post-PAS ES sessions, named run-02_eeg. This separation allows the data
handler to analyze the data after PAS without knowing the PAS conditions (i.e., triple-blind). The
Brainsight data on the TMS coil location were saved as tab-delimited text format (*_brainsight-
motion.tsv).
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3.3. Preprocessed data

All preprocessed data for each participant were saved in Mat file format (.mat) (see Technical
Validation). Demographic information and stimulus parameters for each participant were stored
in tab-delimited text format.

4. Experimental Design, Materials and Methods
4.1. Methods

4.1.1. Participants

We recruited nine healthy volunteers (four women and five men, aged 20-36 years, mean
age: 26.8 + 5.2 [SD] years) who provided written informed consent before participating in this
study. The inclusion criteria were as follows: (i) aged 20-39 years; (ii) right-handed; (iii) no
history of neurological disorders including seizure, febrile convulsion, or phobia; and (iv) not
currently taking any psychotropic medication. Participants were screened for contraindications
to TMS according to established safety guidelines [39-41] and were consistent right-handers ac-
cording to the Edinburgh Handedness Inventory [42]. The RIKEN ethics committee approved this
study, which was conducted following the Declaration of Helsinki and according to institutional
regulations based on research guidelines for the COVID-19 pandemic [43].

Due to interruptions caused by the COVID-19 pandemic, we were unable to achieve the ini-
tially planned sample size. Additionally, data from two participants were excluded from analysis
due to insufficient data quality. As a result, we obtained usable data from seven participants for
analysis.

4.2. Experimental paradigm

Each participant attended two double-blind PAS sessions separated by a week. We conducted
all sessions in the afternoon to avoid any effects of circadian modulation of cortical suppres-
sion [44,45]. In these PAS sessions, the ISIs for peripheral nerve ES and TMS were either 25 ms
(PAS,5) or 35 ms (PASs35), and the order of implementation was semi-randomly determined and
counterbalanced across participants. During stimulation, participants were seated reclined with
arms relaxed and supported by a pillow, and their eyes were open (Fig. 1a). They wore earplugs
to protect their ears from clicking sounds generated by TMS [46]. Before and after the PAS ses-
sions, EEG measurements were also separately taken with ES alone and TMS alone (Fig. 1b).

PAS was examined according to established methods [2,3,17,18]. During each PAS session, 200
stimulus pairs were applied with an average interval of 4.2 s (approximately 0.24 Hz, jittered,
4.0-4.4 s) between stimulus pairs. Each PAS session lasted approximately 15 min. We instructed
the participants to pay attention to the ES, relax their whole body, and look at a fixation point
(cross marks) attached to the eye position in the natural posture during stimulation.

During ES sessions, 300 stimuli were delivered with an average interval of 525 ms (approxi-
mately 1.9 Hz, jittered, 500-550 ms). The relatively high number of 300 stimuli was selected to
obtain clean somatosensory-evoked potential (SEP) waveforms with minimal noise, facilitating
waveform comparisons before and after PAS. Each ES session lasted approximately 3 min. Dur-
ing TMS sessions, 30 stimuli were delivered with an average interval of 5.25 s (approximately
0.19 Hz, jittered, 5.0-5.5 s). The TMS session was placed between the pre- and post-PAS ES ses-
sions, with a lower number of stimuli (30) chosen to minimize the delay of the post-PAS ES
measurements relative to the PAS session. Each TMS session lasted approximately 3 min.

We installed the PAS and EEG settings in an electromagnetically shielded and soundproof
room. An EEG recording computer, a stimulation control computer, and a constant-current stim-
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ulator (DS8R, Digitimer Ltd., Herts, UK) were placed outside the shielded room. The computer
for stimulus control simultaneously controlled the constant-current stimulator and TMS device
in the shielded room.

4.3. EEG, electromyography (EMG), and electrooculography (EOG) recordings

A TMS-compatible DC-EEG amplifier (BrainAmp MR plus, BrainProducts GmbH, Germany) was
used. EEG was recorded from 63 scalp sites using 2 mm thick, flat Ag/AgCl TMS-compatible C-
ring electrodes with a slit to minimize TMS-induced eddy currents in a closed ring, referenced
to the right earlobe with ground at AFz, and mounted on a 10/10 system EasyCap (EASYCAP
GmbH, Germany) [1]. The electrode sites included Fpz, Fz, FCz, Cz, CPz, Pz, POz, Oz, Iz, Fp1, Fp2,
AF3, AF4, AF7, AF8, F1-F8, FC1-FC8, C1-C8, CP1-CP8, P1-P8, P03, PO4, PO7, P08, 01, 02, 09,
and 010. EEG signals were continuously recorded at a sampling rate of 5 kHz with an online
filter between DC and 1,000 Hz and a resolution of 0.1 pV. Whenever possible, impedance was
kept below 5 k2 (and always below 20 k2). The electrode lead wires were arranged orthogonal
to the TMS coil handle direction to reduce TMS-induced artifacts [46].

The signals were simultaneously recorded by EMG of the first dorsal interosseous (FDI) mus-
cle with surface electrodes (Covidien Commercial Ltd., UK) using a belly-tendon montage. The
ground was positioned at the right olecranon. These signals were recorded at DC with a sam-
pling rate of 1 kHz and a resolution of 0.5 pV. Horizontal and vertical EOG were also measured.

4.4. TMS

Monophasic TMS pulses were delivered to the hand area of the left M1 using a MagVenture
MagPro X100 stimulator with a figure-8 coil (MC-B70, MagVenture Inc., Denmark). The recharge
delay was set to 2,000 ms to avoid including recharging artifacts in the data around TMS onset.
The coil was held tangentially to the skull. The handle pointed backward perpendicular to the
assumed line of the central sulcus, inducing posterior-to-anterior electric current in the brain.

The stimulation site and intensity were selected by the following procedure. First, the M1
hot spot that evokes the largest MEP for the right FDI muscle was determined. Second, the indi-
vidual intensity of a resting motor threshold that induces a MEP of > 50 pV from the right FDI
muscle in five out of ten trials was determined. During all sessions, the TMS stimulus intensity
was selected so as to evoke a peak-to-peak MEP of 1 mV in the relaxed FDI muscle but to not
exceed 120% of the resting motor threshold [3,17]. Coil position and orientation were constantly
monitored using the coil navigator Brainsight (Rogue Research Inc., Canada).

4.5. Electrical stimulation

Peripheral stimulation was delivered by a constant-current stimulator (DS8R Digitimer Ltd.,
United Kingdom) using square-wave pulses with a pulse width of 200 pS. Surface electrodes
(GE Healthcare, USA; 8 mm in diameter, 30 mm apart) were fixed with conductive paste to the
right wrist over the ulnar nerve. The stimulus intensity was set to a value that does not cause
discomfort to participants, with the upper limit being three times that of the sensory threshold.

4.5.1. Data records

Raw and preprocessed EEG data are available in the accompanying data repository CBS Data
Sharing Platform (Shikauchi Y., and Kitajo K., https://doi.org/10.60178/cbs.20240220-001, Cre-
ative Commons Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)),
which includes a detailed data descriptor that provides additional information. It includes raw
data from nine participants and pre-processed data from seven participants with sufficient data
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quality. This dataset was stored in accordance with the brain imaging data structure (BIDS) for-
mat [38]. The dataset comprises the following contents.

4.6. Raw data

EEG, EOG, and EMG data are saved in the BrainVision Data Exchange Core Format 1.0 (.eeg,
.vhdr, and .vmrk). For each day, there are two files: 1) a series of measurements from the pre-
PAS ES, pre-PAS TMS and PAS sessions, named run-01_eeg; 2) a series of measurements from
the post-PAS TMS and post-PAS ES sessions, named run-02_eeg. This separation allows the data
handler to analyze the data after PAS without knowing the PAS conditions (i.e., triple-blind). The
Brainsight data on the TMS coil location were saved as tab-delimited text format (*_brainsight-
motion.tsv).

4.7. Preprocessed data

All preprocessed data for each participant were saved in Mat file format (.mat) (see Technical
Validation). Demographic information and stimulus parameters for each participant were stored
in tab-delimited text format.

4.7.1. Technical validation

This section presents the analyses that were performed to ensure the quality of EEG measure-
ments and stimulation techniques. First, we show the reliability of the coil location to demon-
strate that TMS was stably applied to the target site. Next, the stimulus-evoked potentials in the
ES and TMS sessions show the quality of the EEG measurements. Lastly, MEP and TEP are shown
to illustrate the effect of PAS and quality of EEG measurements during PAS.

4.8. TMS coil positioning

We performed TMS while adjusting the coil position according to the magnetic resonance
(MR) image-guided navigation system, which measured the error between the estimated stimu-
lation site on the cortex from the real-time measured coil position and target site (e.g., hot spot
and target error; Fig. 3). Additionally, the angle of the coil’s stimulating surface along the head
(angle error) and the rotation of the coil’s stimulating surface (twist error) were measured to
determine how many degrees they deviate from the posture determined when the resting mo-
tor threshold was calculated. The median and 25™ and 75% percentiles of the errors recorded
by the system were obtained offline, session by session (Fig. 3). Trials in which measurements
failed due to head movements of the participants were excluded from the analysis. In the EEG
and EMG analyses that followed, no other procedures were performed based on this measure-
ment system.

4.9. EEG data processing

We used MATLAB (Mathworks, USA) scripts that were developed in-house with the FieldTrip
toolbox [47] for data processing. All EEG data were re-referenced offline to the average left and
right earlobe electrode signals and then processed in different steps, depending on the session
types.

SEPs in the ES sessions: The SEP waveforms were obtained from the re-referenced data dur-
ing ES sessions using the following procedure: First, EEG data were applied to a 3 Hz high-pass
filter. Second, the data were epoched from —150 to 300 ms intervals around the onset of the
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a) TMS session b) PAS session
1) Epoching: 1) Epoching:
-300 to 1,000 ms from the TMS onset -300 to 1,000 ms from the TMS onset
2) Linear interpolation: 2) Linear interpolation:
0 to 20 ms from the TMS onset 0 to 20 ms from the TMS onset
3) Baseline correction: 3) Baseline correction:
Baseline of =200 to —5 ms from the TMS onset Baseline of —150 to —40 ms from the TMS onset
4) Epoch rejection: 4) Epoch rejection:
Epochs were discarded if, within pre- or post-stimulation periods Epochs were discarded if, within pre-stimulation period (=300 to
(=300-0 ms and 50-300 ms), EEG amplitude exceeded =150 pV -40 ms), EEG amplitude exceeded +150 pV
5) ICA artifact rejection: 5) ICA artifact rejection:
@ Independent components with extremely large amplitudes @ Independent components with extremely large amplitudes
(maximum z-score > 6 between 0 and 50 ms); (maximum z-score > 6 between 0 and 50 ms);
(2 Components with a correlation of = 0.1 with EOG (2 Components with a correlation of = 0.1 with EOG
6) Linear interpolation: 6) Linear interpolation:
0 to 20 ms from the TMS onset 0 to 20 ms from the TMS onset

v

7) Trend removal:
Butterworth, zero-phase band-pass filter (1-80 Hz)

Fig. 2. EEG Preprocessing workflow. (a) Standard EEG analysis pipeline for the TMS session. (b) EEG analysis with PAS,
where electrical stimulation is applied before TMS, distinguish it from the standard pipeline.
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Fig. 3. Variations in coil posture during paired associative stimulation (PAS) sessions. The open circles indicate the me-
dians of each participant in the PAS sessions, the upper and lower whiskers indicate the 75th and 25th percentiles,
respectively, and the gray dots indicate the values obtained for each trial. a) The difference between the transcranial
magnetic stimulation target site on the cortex (i.e., hot spot, a red area) and the stimulus site estimated from the po-
sition and orientation of the coil. b) Errors in the angle of the coil relative to the head surface are caused by the coil
floating due to the electroencephalography electrodes (which are about 2 mm thick) and by the changing shape of the
head surface in contact with the coil due to shifting of the stimulation position observed in (a). ¢) The coil twist was
set to the angle at which motor-evoked potentials are most easily observed for each individual (i.e., roughly 45 degrees
from the midline). The twist error indicates rotation of the coil handle from the defined coil twist.

ES pulse. Third, we discarded epochs within pre- or post-stimulation (~150-0 ms and 50-300
ms) in which the EEG amplitude exceeded + 150 pV. On average, 269 (range 202-300) trials
remained in each session. Finally, trial averages were obtained for each session.

The average waveform confirmed N20, P25, N30, and P45, which have often been reported
as SEP with upper limb ES [48,49]. Moreover, the topography of those components was similar
across the four conditions (Fig. 4). These results suggest that ES was stable regardless of the
experimental conditions.

TEPs in the TMS sessions: To obtain the grand-average TEP, following the procedure shown
in Fig. 2, EEG data were epoched from —300 to 1,000 ms intervals around the onset of the
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a) pre-PAS, SEP post-PAS, SEP pre-PAS,, SEP post-PAS,, SEP
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Fig. 4. Average waveform and topography of sensory-evoked potential (SEP) to electrical stimuli delivered to the right
ulnar nerve. (a) The black line shows the ground average of three channels (C1, C3, and C5) time-locked at the onset of
electrical stimulation. The gray lines represent the trial average for individuals. Gray bands indicate the time windows
used to determine the topology of N20, P27, N30, and P45 in (b). (b) Channels highlighted with white lines are C1, C3,
and C5.
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Fig. 5. Transcranial magnetic stimulation artifact removal. TMS-evoked potential data before and after artifact removal,
consisting of 30 trial averages of C3 signals for a representative individual (participant 3).

TMS pulse. Referring to previously reported methods [33,50,51], the following procedure was
used to remove TMS artifacts and noisy epochs: First, a period of the TMS onset to 20 ms was
linearly interpolated, as this is the time frame during which the ringing artifact can be visually
observed. Second, we discarded epochs within pre- or post-stimulation (-300 to 0 ms and 50
to 300 ms) in which the EEG amplitude exceeded + 150 nV with a baseline of —200 to —5 ms.
On average, 30 (range 28-30) trials remained in each session. Third, we attenuated two types of
artifacts using independent component analysis [52]. Independent components with extremely
large amplitudes, i.e., those with maximum z-score values of > 6 between 0 and 50 ms and with
a correlation with EOG of > 0.1 were removed [53]. On average, 12 (range 4-20) components
remained in each session. Fourth, a period of the TMS onset to 20 ms was linearly interpolated.
Finally, a second-order, Butterworth, zero-phase band-pass filter (1-80 Hz) was used for the
trend removals (Fig. 5).
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a) pre-PAS, TEP post-PAS,, TEP pre-PAS,, TEP post-PAS,, TEP
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Fig. 6. Transcranial magnetic stimulation (TMS)-evoked responses before and after paired associative stimulation. (a)
The black line shows the ground average of three channels (C1, C3, and C5) time-locked at the onset of TMS. The thin
gray lines represent the trial average for an individual. Gray bands indicate the time windows used to determine the
topography of P30, P60, N100, and P180 in (b). (b) Channels highlighted with white lines are C1, C3, and C5.

The average waveform confirmed P30, P60, N100, and P180, which have often been reported
as TEP with left M1 stimulation [54,55]. Moreover, the topography of those components was
similar across the four conditions (Fig. 6). These results suggest that we successfully maintained
a consistent level of data quality regardless of experimental conditions.

TEPs in the PAS sessions: The TEP waveforms in the PAS sessions were processed accord-
ing to the same procedure as the TMS sessions (Fig. 2), with the following modifications: we
discarded epochs within pre-stimulation (from —300 to —40 ms) in which the EEG amplitude
exceeded + 150 pV with a baseline of —150 to —40 ms (—40 ms was chosen to precede the
earliest ES onset at —35 ms). On average, 8 (range 3-13) components remained in each session.
Finally, a period of the TMS onset to 20 s was linearly interpolated. TEP during PAS showed a
similar temporal and spatial pattern to that during the MEP session (Fig. 8).

4.10. The effects of PAS on MEPs

To measure the effects of PAS35 and PAS,s, the amplitudes of FDI MEPs during pre- and post-
PAS MEP sessions were calculated. The peak-to-peak amplitudes of MEPs (mV) were compared
within individuals. The trials with background EMG activity more than 1.5 interquartile ranges
above the upper quartile or below the lower quartile were rejected to eliminate the effects of
increased MEP amplitudes due to voluntary contractions. Post-PAS MEPs were normalized to
median pre-PAS MEPs for each condition.

Of the seven participants, three had significantly greater post-PAS;s MEP than post-PASss
MEP (p < 0.05, two-sample t-test) (Fig. 7), and six exhibited a trend of higher median MEP
amplitudes in the PAS,s than in the PASs;5 condition (one-tailed Wilcoxon signed-rank test,
p = 0.055).

4.10.1. Code availability

The code used in this study is available in the data repository CBS Data Sharing Plat-
form (Shikauchi Y., and Kitajo K., https://doi.org/10.60178/cbs.20240220-001, Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)) and includes the
scripts used for data preprocessing, analysis, and visualization.
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Fig. 7. Electromyography (EMG) changes with paired associative stimulation (PAS). (a) Trial average of EMG induced
by transcranial magnetic stimulation in a representative participant (participant 4). Dotted lines indicate motor-evoked
potential (MEP) amplitudes before PAS. (b) Comparison of the EMG change under PASs;s and PAS,s. The mean ratio is
indicated by a black line. Asterisks (*) indicate significant differences between the two conditions (p < 0.05, two-sample
t-test). The gray line delineates the value of 1. FDI: first dorsal interosseous muscle.
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Fig. 8. Transcranial magnetic stimulation (TMS)-evoked responses and their topography during paired associative stim-
ulation (PAS). (a) The black line shows the ground average of three channels (C1, C3, and C5) time-locked at the onset of
TMS. The thin gray lines represent the trial averages for individuals. Red triangles indicate the onset of electrical stimu-
lation. Gray bands indicate the time windows used to determine the topography of P30, P60, N100, and P180 in (b). (b)
Channels highlighted with white lines are C1, C3, and C5. TEP: TMS-evoked potential.

Limitations

Due to interruptions caused by the COVID-19 pandemic, we were unable to achieve the ini-
tially planned sample size. Additionally, data from two participants were excluded from analysis
due to insufficient data quality. As a result, we obtained usable data from seven participants for
analysis.
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Ethics Statement

The RIKEN ethics committee approved this study (Wako3 26-24), which was conducted fol-
lowing the Declaration of Helsinki and according to institutional regulations based on research
guidelines for the COVID-19 pandemic [43].

Data Availability

Electroencephalographic responses before, during, and after upper limb paired associative
stimulation (Original data) (CBS Data Sharing Platform).
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