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SUMMARY

The Bereitschaftspotential (BP), a scalp potential recorded in humans during
action preparation, is characterized by a slow amplitude increase over fronto-cen-
tral regions as action execution approaches. We recorded TMS evoked-potentials
(TEP) stimulating the supplementary motor area (SMA) at different time-points
during a Go/No-Go task to assess whether and how cortical excitability and con-
nectivity of this region change as the BP increases. When approaching BP peak,
left SMA reactivity resulted greater. Concurrently, its effective connectivity
increased with the left occipital areas, while it decreased with the right inferior
frontal gyrus, indicating a fast reconfiguration of cortical networks during
the preparation of the forthcoming action. Functional connectivity patterns sup-
ported these findings, suggesting a critical role of frequency-specific inter-areal
interactions in implementing top-down mechanisms in the sensorimotor system
prior to action. These findings reveal that BP time-course reflects quantitative
and qualitative changes in SMA communication patterns that shape mechanisms
involved in motor readiness.

INTRODUCTION

Action preparation is characterized by multiple stages of processing. Multimodal representations about
the external world and the internal states are processed together to guide motor behavior, biasing the
activity of the sensorimotor system to ensure the selection and execution of a motor plan at the most
appropriate moment in time."” In the early stages of action preparation, slow cortical potentials can be
recorded with electroencephalography (EEG), reflecting complex neurophysiological events related to
motor anticipation and proactive control of movement.? Pre-movement potentials have been extensively
used to understand the processes taking place before movement generation both in healthy participants
and clinical conditions affected by movement disorders.* In particular, the Bereitschaftspotential (BP) is a
slow negative cortical potential preceding the onset of voluntary movement, reflecting an increase in
cortical excitability of the premotor regions during motor preparation.” Based on its spatiotemporal char-
acteristics, BP can be divided into two phases: the earliest phase starts approximately 1-2 s before the
voluntary movement and slowly rises over fronto-central regions with a symmetrical distribution; during
the later phase, the potential suddenly increases its gradient around 500 ms before movement onset, dis-
playing a steeper negative slope (i.e., late BP) and reaching a maximal amplitude (i.e., motor potential) over
the contralateral central area.”

Converging evidence suggests that pre-movement negativity may have different functional meanings, re-
flecting specific processes taking place during the early stages of motor preparation: BP amplitude is influ-
enced by basic movement features (e.g., force, and speed), complexity, selection, effort, intentionality, and
also higher cognitive aspects, such as gesture meaning, emotional valence, contextual aspects, and con-
sequences of the action itself.>°> However, it is unknown if this event merely relates to the increased recruit-
ment of the motor network over the time-course of action preparation, or if a functional reorganization oc-
curs beyond the motor and premotor regions as action execution, and thus the late phase of the BP,
approaches. As a matter of fact, beyond premotor areas, a distributed network of cortical and subcortical
regions also plays a crucial role in regulating different stages of action preparation, including decision-
making processes and other computations related to the prediction of forthcoming events taking place
in the surrounding environment.”
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Neuroimaging and brain stimulation studies®'? provided useful information on the main generators of the
BP: the initial segment of the early BP is assumed to be linked to the bilateral activation of the supplemen-
tary motor area (SMA) and the cingulate motor area (CMA), thereafter the progressive increase in the po-
tential’'s amplitude likely reflects the additional involvement of the lateral premotor and, in the late phase,
of primary motor areas, thus possibly reflecting the increasing interactions between the fronto-medial
structures and the sensorimotor regions.'* "> However, it is unclear whether the BP time-course simply re-
flects the activation state of premotor and motor regions before movement, or a functional reorganization
occurs beyond the motor system, involving a proactive change in inter-areal communication between the
main generator of such premotor Event Related Potential (ERP; i.e., the SMA) and other nodes within the
action preparation network in view of the forthcoming action.

The present study aimed at exploring the changes in global cortical dynamics underlying the BP spatiotem-
poral evolution using an integrated transcranial magnetic stimulation (TMS) and EEG system.

TMS-EEG co-registration allows to probe real-time cortical reactivity through the analysis of TMS-evoked
potentials (TEPs). TEPs are considered a reliable measure of cortical excitability, thus indexing the state of
activation of the stimulated area.'®'” Furthermore, TEPs analysis allows to observe the spatiotemporal
propagation of the activity induced by TMS spreading in remote regions throughout functionally relevant
connections, providing information about effective cortical connectivity.'® Finally, the analysis of TEP's
oscillatory features can inform about inter-regional functional connectivity, potentially tapping at modula-
tions of qualitative components of inter-areal communication.'?

20
k= across four

In this study, healthy participants performed an equiprobable, visuomotor Go/No-Go tas
TMS-EEG recordings in which left SMA and a control region (i.e., left extrastriate area) were stimulated.
The task was used because has been widely used in ERP literature, but also because this task is complex
enough to involve, in addition to the SMA, prefrontal and sensory areas during action preparation stages
(for normative ERP data of this task see”). TMS pulse occurred at two different times before stimulus pre-
sentation, in correspondence to the beginning (i.e., =700 ms) and the peak (i.e., —300 ms) of the BP, while
TEPs were recorded from 60 scalp electrodes (see Figure 1A for the experimental timeline). This set-up al-
lowed to explore the differences in cortical excitability of the SMA during the BP time-course by comparing
at the source level TEPs at the two stimulus onset asynchronies (SOAs). At the same time, source-level
effective and functional connectivity analysis complemented this knowledge by assessing the networks
in which the SMA was involved during different time-points of action preparation, hence allowing to

explore the functional meaning of the neurophysiological activity recorded before action onset.

RESULTS
Behavioral results

Participants’ behavioral performance was in line with the literature using the same Go/No-Go paradigm
with a comparable inter-stimulus interval,”’
SMA, and extrastriate stimulation recordings (all ps > 0.05, see Figure 1C and supplemental information)
for both reaction times and accuracy scores. The high accuracy in performing the Go/No-Go task ensured
the attention of the participants to the experimental procedures.

and, as expected, showed no difference across No-TMS,

Pre-stimulus ERPs

The ERP waveforms and scalp topography related to the visual stimulus onset obtained in the No-TMS con-
dition are shown in Figure 1B. The BP was detectable with an onset at —950 ms as a gentle increase just
before the stimulus onset, reaching a maximal amplitude of 4 pV. In this period, the BP had a consistent
scalp topography focusing on medial centro-parietal areas. This result confirms the presence of BP in
the present paradigm.

Cortical reactivity and effective connectivity during BP time-course

First, TEPs grand average was computed at scalp-level for each condition (SMA SOA -300 ms, M = 112 trials,
SD =4.70; SMA SOA -700 ms, M = 111.89; SD = 4.70; extrastriate SOA -300 ms, M = 109, SD = 5.01; extras-
triate SOA -700 ms, M = 107.73, SD = 5.37).
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Figure 1. Paradigm description and quality check

(A) Experimental timeline. Trials started with a fixation screen, presented for a jittering interval between 2900 ms and
3900 ms. Within this interval, according to SOA condition, TMS was delivered —700 or —300 ms before Target onset on the
left SMA or left extrastriate region, according to the experimental block. The Target appeared for 250 ms. Go and No-Go
trials appeared with equal probability (p = 0.5), with each figure appearing 25% of the trials. Finally, a fixation screen was

displayed to collect participants’ response. In No TMS blocks, the experimental procedure remained the same but TMS
was not delivered.

Accuracy (%)

(B) Grand average of the pre-stimulus ERP in the No-TMS condition. BP time-course (upper row) and its scalp topography
(bottom row, from —700 to —400 and from —300 to 0 ms) representing the early and late BP phases are displayed. The
paradigm successfully elicited this pre-stimulus component.

(C) Behavioral results. Upper row: Mean RTs data in the five experimental conditions. Bottom Row: Mean Accuracy for Go
and No-Go trials in the five experimental conditions. Error bars indicate +1 SEM.

Figure 2 shows the butterfly plot of the grand average of the TEPs evoked by SMA stimulation at the
—700 ms (upper row) and —300 ms (lower row) SOAs. For both the SOAs, the TMS pulse on SMA produced
seven main components, peaking respectively around 5, 10, 20, 45, 65, 100, and 150 ms. At scalp level, the
components did not show clear differences between the two SOAs (Figure 2). Concerning the control oc-
cipital stimulation, five main components were observed, reaching their peaks respectively around 5, 10,
30, 80, and 150 ms. All the components were spatially distributed over the stimulated area (left parieto-oc-
cipital region), with no appreciable difference between SOAs (see supplemental information).

Forboth stimulation targets (i.e., left SMA and left extrastriate), we compared the amplitude of cortical acti-
vation triggered by TMS between the two SOAs (i.e., =700 ms vs. —300 ms) within cortical parcels

iScience 26, 107430, August 18, 2023 3
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Figure 2. Grand average results from sensor-space TEPs analyses after SMA stimulation

(A) Butterfly plots of TEPs recorded in —700 ms SOA trials (red lines).

(B) Butterfly plots of TEPs in the —300 ms SOA condition (blue lines). Scalp topographies are plotted for the components
peaking around 5 ms, 10 ms, 20 ms, 45 ms, 60 ms, 100 ms, and 150 ms for both SOAs conditions.

representing regions of interest (ROI) involved in the action preparation network: the left/right SMA, motor,
premotor regions, secondary visual regions, and inferior frontal gyri. Specifically, to track changes in
cortical excitability occurring during the BP time-course, we compared the amplitude of cortical activations
atthe two TMS SOAs (i.e., —700 ms vs. —300 ms) within each stimulation site condition (i.e., left SMA and left
extrastriate).

The cluster-based comparison of source-level SMA TEPs within the parcel corresponding to the left SMA
revealed a significant increase in amplitude (two positive clusters, ps < 0.05) in correspondence to the
late (SOA -300 ms) compared to the early phase of the BP (SOA -700 ms) 140-175 ms and 179-
200 ms (Figure 3). In order to assess inter-areal communication by quantifying TMS-evoked signal spread
from the stimulated region to distant cortical nodes of the functional network involved in action prepa-
ration (i.e., effective connectivity,zz), we further compared how SMA induced activity spread to the left/
right motor and premotor cortices, as well as to the left/right superior occipital gyrus and the left/right
inferior frontal gyrus (rIFG). We found a significant increase in cortical response within the occipital parcel
(two positive clusters, ps < 0.05) in early (50-70 ms) and late components (180-200 ms) when TMS was
triggered on SMA in correspondence to the late SOA. Conversely, we reported a significant reduction
in TEPs amplitude within the rIFG in correspondence to the late SOA, as indexed by a significant
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Figure 3. Grand average results from source-space TEPs analyses

ROl activity for local excitability (left SMA) and effective connectivity (right IFG and left extrastriate region, | V2) recorded
in =700 ms SOA trials (red lines) and in the —300 ms SOA condition (blue lines) after left SMA stimulation. Red and blue
shaded areas indicate +1 SEM. Grey shaded areas indicate significant differences between SOAs.

negative cluster around 150-180 ms post TMS (p < 0.05; see Figure 3). To control for the specificity of the
effects, we performed the same comparisons for the extrastriate region stimulation, where only a signif-
icant increase in cortical response within the left SMA in correspondence to the late SOA (p = 0.04,
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Figure 4. Source connectivity results

Plots for the alpha (8-12 Hz) beta (13-30 Hz) and low-gamma (31-40 Hz) bands during SMA TMS sessions for the —700 ms
(upper row) and —300 ms (lower row) SOAs conditions are displayed. Black dots represent the centroids of the parcellated
cortical regions. Connections start from the left SMA area. Labels of the connected regions are reported in Table S1. The
connections represent wPLI values that survived statistical thresholding (p <0 .01) against surrogate data.

60-90 ms post TMS) was present (See supplemental information). No other cortical parcel showed sig-
nificant differences in evoked activity between SOAs for both SMA and extrastriate TMS.

Left SMA functional connectivity during action preparation

To investigate functional connectivity changes during action preparation, we computed in the source-space the
debiased weighted phase lag index (WPLI>) between each stimulation target (left SMA and left extrastriate) and
the other cortical parcels within three frequency bands (i.e., alpha, 8-12 Hz; beta, 13-30 Hz; low gamma, 31-40 Hz).
This analysis was also performed on a surrogate dataset created by shuffling the phase of the source recon-
structed time series for each subject and each experimental condition. The resulting connectivity values have
been corrected with a permutation approach against surrogate data obtained by shuffling the phase of the
real datasets.

Figure 4 shows significant connections in the considered oscillatory bands between the left SMA and the
other cortical regions (See Table S5 for cortical parcels labels; Occipital results are reported in the supple-
mental information).

At =700 ms SOA, TMS over the SMA revealed an alpha-band network, characterized by prominent connec-
tions with bilateral frontal and parietal parcels, encompassing the left precentral and postcentral gyri, the
right superior and middle frontal areas, the orbital parts of the right prefrontal cortex, and the left inferior
frontal gyrus. Moreover, SMA is connected to the bilateral anterior cingulate cortex. At —300 ms SOA, the
SMA-related alpha-band network becomes more left-lateralized and posterior, comprising regions in the
left temporal and occipital areas.

In the beta-band, during the early stage of the pre-stimulus period, the left SMA displayed bilateral con-
nections with frontal, temporal, and parietal regions. We found significant interactions with the left precen-
tral and postcentral gyri, the bilateral middle frontal areas, the anterior and mid-cingulate cortex, besides
comprising connections with superior and medial portions of the parietal lobes, and the right superior and
temporal cortices. Beta-band functional connectivity profile changed during the late stage of the pre-stim-
ulus period, encompassing the right inferior frontal gyrus and the insula. Further, the left SMA increased its
connectivity in the late time window with bilateral posterior portions of the cingulate cortex, parietal, and
temporal regions.

Finally, TMS triggered at —700 ms SOA revealed the relative absence of low-gamma frequency interactions

between the left SMA and other regions. At —300 ms SOA, new interactions arose between the left SMA
and several regions in the frontal, parietal, and occipital lobe, encompassing the bilateral superior medial
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frontal cortex, the right mid occipital gyrus, and bilateral superior, and medial regions within the parietal
lobes, including the precuneus.

DISCUSSION

Our study investigated the activity and functional organization of motor networks during action prepara-
tion. The left SMA and the left extrastriate region were stimulated with single TMS pulses at different stages
of action preparation, and scalp activity was recorded from a 60-channel compatible EEG. Cortical reac-
tivity, signal spread, and functional connectivity were then analyzed in the source space to assess differ-
ences in early and late stages of the BP.

In line with previous literature, we confirmed the crucial role of the SMA in the generation of the BP: when TMS
was delivered over the SMA in the late BP phase (i.e., SOA -300 ms), greater cortical activity was observed from
the source reconstruction within the stimulated region. The reported difference in the magnitude of SMA re-
sponses to TMS between the two SOAs may be considered as a direct proof of the increased cortical excit-
ability of the stimulated region during later stages of action preparation, in line with previous BP literature.®”
Interestingly, a similar result was found in SMA effective connectivity with the extrastriate regions, since occip-
ital parcels’ activity in response to SMA stimulation increased as the imperative signal approached. A similar
result was found for extrastriate stimulation, with increased left SMA activity as the BP timecourse advances.

Critically, as a control, occipital cortical reactivity did not change with BP timecourse.

The relevance of these results on signal amplitude increase is twofold: First, greater SMA activity as action
approaches denotes a direct relationship between the BP and SMA activation. Second, the bidirectional
increase in effective connectivity between SMA and extrastriate regions denotes a rise over time in commu-
nication between these two areas as action trigger approaches, likely driving visual readiness and a pre-
activation of the sensorimotor pathway crucial for task execution.

Conversely, cortical activity triggered by SMA stimulation decreased in correspondence of the rIFG as the
visual stimulus approaches, indexing a reduction in effective connectivity between the two regions. In pre-
vious studies, pre-stimulus activity of the rIFG was related to proactive inhibitory control.** Proactive inhi-
bition processes occur simultaneously to motor preparation and they both characterize the earlier stage of
proactive control of motor behavior, preparing the motor system for action while preventing the implemen-
tation of a premature or inappropriate response. From an electrophysiological perspective, this proactive
inhibition process has been identified by a negative component (i.e., pN, see’')
before the presentation of the imperative stimulus.”” While the activation state of the SMA increases
progressively as the action approaches, the rIFG activity rather decreases, until it disappears in the case

that emerges about 1's

of the presentation of a go signal, or remains sustained to prevent movement execution in case of no-
go instruction.”’ The interplay between SMA and rIFG activity has been interpreted as a brake-accelerator
system involved in pre-stimulus preparation and related to action anticipation.”’"”* Therefore, the observed
reduction in effective connectivity from left SMA to rIlFG might be related to the progressive release of the
proactive inhibition during the pre-stimulus time-course.

Functional connectivity applied to TMS-EEG data allowed to highlight significant networks encompassing the
left SMA and other regions that are known to be crucially involved in motor planning and action preparation. As
the imperative stimulus approaches, SMA low-gamma band connectivity increased, which may support inter-
areal communication which is crucial for local processing of multiple segregated inputs coming from different
areas.””® Gamma synchronization is indeed considered a key mechanism underlying precise, selective, and
effective communication within activated networks, by orchestrating the activity of neuronal assemblies located
in different brain regions but functionally related and engaged in the execution of a cognitive task.””*° More-
over, gamma synchronization has been related to a pro-kinetic role in the generation of voluntary movement
(9.5
phase of pre-stimulus period, with bilateral interactions between the left SMA and other cortical regions
belonging to the medial superior frontal, parietal and occipital cortices, particularly involved in the cognitive

. Albeit almost absent in the early phase of BP, low-gamma band connections emerge in the later

and perceptual aspects of action preparation and control.**~>" Moreover, by the time stimulus presentation
approaches, SMA-related gamma-band communication widens to posterior regions, which in turn are relevant
for perceptual and attentional processing, suggesting an increase in the information flow between the frontal,
executive brain areas, responsible for the selection and implementation of the motor output, and sensory brain
areas, responsible for the processing and evaluation of the upcoming visual imperative stimulus.
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Additionally, SMA-related alpha-band connectivity network changes from an anterior to posterior pattern
as the BP reaches its peak, becoming more relevant on temporal and occipital regions as well. Alpha-band
functional connectivity has been related to visual attention and top-down neural networks responsible for
attentional features crucial for task demands.?”“? Previous evidence highlighted that regions in the dorso-
medial frontal cortex could directly modulate alpha-band activity in the posterior visual areas, modulating
visual stimuli sensitivity,*' thus subserving top-down modulation of sensory activity.**

Qualitative changes were detected also in the SMA-related beta-band connectivity profile. We observed
the emergence of beta-band interactions between the SMA and the rIFG during the late BP phase. Inter-
estingly, previous studies showed that prefrontal-central interactions between the rIFG, the pre-SMA, and
the primary motor cortex, subserving inhibitory aspects of motor control, occur in oscillatory bursts cycling
at beta frequency.*® A functional specialization in the beta-band might be therefore related to the proac-
tive inhibition of action and even instrumental to a synergistic modulation of SMA and rIFG local activity in
an accelerator/brake fashion. On the other hand, the functional meaning of beta-band activity can also be
seen in light of sensorimotor and cognitive information maintenance within distributed networks.** Beta

synchronization has been closely related to top-down processing®*

and might sub-serve the active
maintenance of information within large-scale networks in the absence of external stimulation.***” Accord-
ing to this view, beta-band connectivity might be related to proactive attentional control occurring while
participants anticipate the appearance of visual stimuli that will inform them whether to release the inhibi-

tion or not.

Overall, our findings support the relevance of frequency-specific functional distributed networks,
possibly playing a differential role in the processing of specific cognitive computations during early
stages of movement preparation.”*“®“? In this respect, functional connectivity patterns in the alpha,
beta, and low-gamma bands between the left SMA, prefrontal and occipital regions change during BP
time-course. Our study indicates that TMS-EEG can be an efficient tool to dissect and track functional
reorganization in cortical connectivity occurring during action preparation, and provides unequivocal
evidence of the involvement of complex inter-areal networks aiming at proactively ensuring a proper ac-
tion unfolding. By supporting integration of functionally related information into unitary representations
within distributed networks, pre-stimulus interactions between the premotor, prefrontal, and occipital re-
gions might play a crucial role in the implementation of anticipatory cognitive computations, which can
pave the way and bias the specification of the final action plan after the imperative signal is
presented.®°

The observed functional reorganization of inter-areal communication during preparatory stages of action
might be beneficial for setting the sensorimotor system for readiness well before sensory events that
require a motor response are presented, both in terms of effective and functional connectivity patterns.
After stimulus perception and categorization, decision-making processes can take place and determine
the appropriate output. Considering the interplay between inter-areal functional coupling and the regional
activation of the motor system,”' phase synchronization between cortical and subcortical brain structures
may exert a modulatory action on brain regions activations, facilitating or suppressing the effective connec-
tivity between two nodes of the same network, with critical consequences for the forthcoming selection of
the appropriate motor output after stimulus presentation.

Our findings suggest that BP is not a mere result of an increased activation within premotor regions, but
rather reflects a functional reorganization occurring within a distributed action preparation network that
goes beyond the motor system, occurring during BP time-course. Changes in effective and functional con-
nectivity may be driven by top-down mechanisms related to the anticipation of the forthcoming sensory
event requiring a motor response, thus being functionally relevant to shape the activity of the motor re-
gions during action preparation. This evidence supports further investigations in clinical conditions
affecting motor and cognitive control of action, expanding the focus to non-motor regions functionally
relevant to process the upcoming external stimuli and select the appropriate action pattern.

Limitations of study

The present experimental design did not allow us to directly assess the link between the TMS-EEG data and
the behavioral performance: this step will be critical in future investigations to elucidate the functional role
of the observed connectivity patterns during action execution.
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Fieldtrip Toolbox Oostenveld et al., 2011, https://www.fieldtriptoolbox.org
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E-Prime 2 Psychology Software Tools Inc. https://pstnet.com/products/
e-prime-legacy-versions/
V2.1

R-Studio RStudio Team (2020),°* http://www.rstudio.com/

Custom code

G*Power 3.1

This paper

Faul et al., 2009°°
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gpower

Deposited data

Raw and analyzed data

This paper

https://osf.io/ha7es/?view_only=
223089c22d4c47b0936e475d421af6c5

Other

Eximia TMS-compatible EEG amplifier

Eximia™ TMS stimulator

BiPulse 70-mm figure-of-eight coil

Navigated Brain Stimulation (NBS) system

EASYCAP 60-channels HD-EEG cap

Nexstim™, Helsinki, Finland

Nexstim™, Helsinki, Finland

Nexstim™, Helsinki, Finland

Nexstim™, Helsinki, Finland
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RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Prof. Alberto Pisoni (alberto.pisoni@unimib.it).

Materials availability

This study did not generate new materials.

Data and code availability

e _mat TMS-EEG data are deposited at Open Science Framework Repository and will be available as of
the date of publication. In addition, summary statistics describing these data and processed data-
sets derived from these data have been deposited at Open Science Framework Repository and

are publicly available as of the date of publication. The accession numbers are listed in the key re-

sources table.

e All original code is deposited at Open Science Framework Repository and will be publicly available

as of the date of publication. DOI/URLs are listed in the key resources table.

e Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects

Fourteen healthy, right-handed volunteers (8 females, mean (+standard deviation, SD) age = 24.3 £2.2
years) took part in this study. The study’s sample size was estimated by means of an a-priori power analysis
using the software G*Power 3.1. The analysis was based on a 2x2 within-factors repeated measures ANOVA
design (Factors: "'TMS SOA’, 2 levels; 'TMS target’, 2 levels), with a medium effect size=0.5, alpha=0.05, and
power=0.90.

All participants belonged to the same experimental group and underwent the same procedures. They all
had a normal or corrected-to-normal vision and no history of neurological, psychiatric, or other relevant
medical condition and were naive to the experimental procedures. Each participant completed a safety
screening questionnaire to exclude the presence of contraindication to TMS following the current TMS
safety guidelines® and gave informed written consent prior to their participation in the study. The study
was performed in the TMS-EEG laboratory of the University of Milano-Bicocca in accordance with the
Declaration of Helsinki and the approval of the local Ethics Committee.

METHOD DETAILS
Experimental procedures
Participants sat comfortably at room temperature in a semi-reclined armchair in front of a 20" computer

screen at a distance of 114 cm, with their arms on the armrests and their right hand positioned on a PC
mouse, allowing them to press a button with their right index finger.

The experimental conditions were tested in a four-block recording session performed on one day. In each
block, participants were asked to perform an uncued, visual Go/No-Go task during the TMS-EEG
recording. Each trial started with a fixation point, a yellow dot displayed at the centre of the screen on a
black background, which remained present on the screen for the entire trial. Then, in a random jittering
interval ranging from 2900ms to 3900ms according to trial type, a TMS pulse was delivered. After the cor-
responding SOA (i.e., 300ms or 700ms) one of four different visual stimuli, made by four squared configu-
rations with vertical and horizontal bars (4°x4° of visual angle, Figure 1), was randomly presented in focal
vision for 250ms, with equal probability (p=0.25). Two configurations were defined as targets, thus
requiring the participants to produce the motor response (i.e., Go trials, p=0.5), and two as non-targets
and they were associated with the instruction to withhold the response (i.e., No-Go trials, p=0.5). Visual
stimulus SOA was jittered to reduce anticipatory responses and to avoid ERP overlap with the previous trial.
Then, participants’ responses were collected (max 1500ms). In total, 60 trials for each experimental condi-
tion were collected (Go/No-Go trials * 2 SOAs and * 2 cortical targets); 60 additional trials were collected in
each recording block, in which we delivered TMS over the left SMA or V2 while participants were at rest,
staring at the fixation point on the screen (see supplemental information). 120 trials were additionally re-
corded while participants performed the Go/No-Go task without TMS, for a total of 720 trials, divided in
180 trials blocks. The duration of each block was approximately 10 minutes, and their order was counter-
balanced between subjects.

TMS pulses were delivered at two alternative target sites (2 blocks each), following MNI coordinates
derived from a previous fMRI study21: the left SMA (x=-4, y=17, z=45) a potential generator of the BP,
and the left extrastriate visual cortex (x=-21, y=-98, z=5), unrelated to BP origins, but still a potential
node of the action preparation network, especially when visual cues are concerned.”” Before the experi-
mental session, a short practice familiarized participants with the stimuli and the task.

Trials randomization, TMS and visual stimuli timing, and behavioural data recording (i.e., response times,
RT, and accuracy) were under computer control (E-Prime, Psychology Software Tools Inc.), as well as TMS
and EEG trigger delivery.

TMS stimulation

Single-pulse biphasic TMS was delivered with an Eximia™ TMS stimulator (Nexstim™, Helsinki, Finland) us-
ing a biphasic focal figure-of-eight 70mm coil. The stimulation target sites were localized on normalized
individual high-resolution (1mm?® MRI images at the selected MNI coordinates. The location of the two
stimulation targets was identified for each participant using a Navigated Brain Stimulation (NBS) system
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(Nexstim™, Helsinki, Finland) based on infrared-based frameless stereotaxy, allowing also an accurate
monitoring of the position and orientation of the coil and an online estimation of the distribution and in-
tensity (V/m) of the intracranial electric field induced by the TMS. TMS intensity was preliminarily adjusted
for each participant and cortical target before the experiment, to ensure an early cortical response of at
least 6V, as assessed online in a short recording session before the experimental blocks. The mean inten-
sity of the electric field induced by TMS was 98.57 V/m (SD==16.55) for the left SMA, and 94.86 V/m
(SD=+17.18) for the left extrastriate region, corresponding to a mean intensity — expressed as percentage
of the maximal stimulator output (MSO) — of 63.21% (SD=£2.49) for the SMA, and 63.21% (SD=+2.49) for
the extrastriate region.

EEG recording and pre-processing

EEG data were continuously acquired from 60 channels using a sample-and-hold®’ TMS-compatible sys-
tem (Nexstim™, Helsinki, Finland). Two electrodes were placed over the forehead as ground. Two addi-
tional electro-oculographic (EOG) channels were placed near the eyes and used to monitor ocular artifacts
due to eye movements and blinking. Noise-masking was performed by continuously playing into earplugs
an audio track created by shuffling TMS discharge noise, to prevent the emergence of auditory evoked
potentials (as in'”*%%). Electrodes’ impedance was kept below 5 kQ. EEG signals were acquired with a
sampling rate of 1450 Hz.

Data pre-processing was carried out using MATLAB R201%a (Mathworks, Natick, MA, USA). First, EEG data
was down-sampled to 725 Hz. Continuous signal was segmented in epochs starting 1000 ms pre- and
ending 1000 ms post-TMS pulse. A band-pass filter between 0.2 and 80 Hz and a 50 Hz notch filter were
applied to the selected epochs. Single trials with excessive artifacts were rejected by visual inspection.
Bad channels were excluded and then interpolated using a spherical interpolation function included in
EEGLAB.”

TMS-evoked potentials (TEPs) were computed by averaging artifact-free trials, re-referenced using an
average reference, and baseline-corrected between -900 and -700 ms before TMS pulse. Independent
Component Analysis INFOMAX ICA) was performed to remove residual artifacts due to TMS pulse, muscle
contraction, or eye movements. We removed M=11.6, SD=4.8 components for SMA TMS data, and
M=13.2, SD=4.2 components for V2 TMS data. The number of components removed does not statistically
differ between the two conditions: 1(27)=-1.45, p=0.16.

QUANTIFICATION AND STATISTICAL ANALYSIS
Behavioral data analysis

Statistical analyses were carried out using RStudio.”

RTs of correct go trials were compared across stimulation conditions through a series of Linear Mixed
Models, using the “Imer” function in the R package "Ime4" (version 1.1-5,%9). As fixed effect TMS target
(2 levels: SMA and V2) and SOA (2 levels: -700ms and -300ms) and their interaction were considered as
factorial predictors, and the order of trials as a covariate to control for learning effects during task execu-
tion. By-subjects random intercept was included to account for inter-individual differences. Concerning ac-
curacy, we compared the accuracy data across conditions using the generalized mixed models for binomi-
ally distributed variables with the “glmer” procedure implemented in the “Ime4” R package, using the
binomial link function. As for RTs analysis, we first considered as fixed effects TMS target, SOA as predic-
tors, as well as Trial Type (2 levels: Go vs. No-Go) and their interaction, and the order of the trials as a co-
variate. By-subjects random intercepts were included to account for inter-individual differences.

Electrophysiological data analysis
As the aim of the study was to investigate the cortical dynamics underlying action preparation, all the an-
alyses focused exclusively on the pre-stimulus time window. Therefore, the distinction between Go and No-
Go Trials was not taken into account.”

First, to confirm the BP occurrence in the present paradigm, for the No-TMS block the ERPs associated with

the visual stimulus onset were calculated. For this purpose, EEG was segmented in 1500 ms windows begin-
ning 1200 ms before visual stimulus onset and ending 300 ms after.
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Then, effective and functional connectivity were computed at the source level. The forward model was
created starting from a Boundary Element Model (BEM) obtained segmenting a subject MRl into five stan-
dard tissues (Gray and white matters, CSF, Skull, and Scalp). The head model was then computed assigning
standard conductivity values for the scalp, skull, and brain compartments.®’*” Source space was defined
performing a cortical reconstruction and volumetric segmentation of the grey matter with the Freesurfer
image analysis suite,*> down-sampled to 8194 cortical sources, and realigned to the head model space.
Finally, individual lead-field matrices were computed by aligning this forward model with the individual
electrode positions, which were recorded during each TMS-EEG session. Source reconstruction
of the EEG time-series was conducted with the eLORETA method implemented in Fieldtrip®*° for solving
the inverse modelling. Source signals were then segmented in 88 regions of interest (ROls) according to the
AAL atlas.®” The computed source time-series were then averaged to index each ROl source activation®®
and effective and functional connectivity analyses were performed using the Fieldtrip toolbox.”® Specif-
ically, to track changes in cortical excitability occurring during the BP time-course, we compared the ampli-
tude of cortical activations at the two TMS SOAs (i.e., -700 ms vs -300 ms) within each stimulation site (i.e.,
left SMA and extrastriate regions). The comparison between the two SOAs was also performed for other
regions involved in the motor preparation/execution network: the left/right SMA, primary motor, premotor
cortex, secondary visual regions and the right inferior frontal gyrus.”’ Within each cluster, cortical activation
amplitude time-course was compared using a dependent sample t-test with a nonparametric cluster-based
permutation approach.®? In the present study, for each comparison, we performed 10000 permutations on
the time window between 0 and 250 ms post-TMS and used a permutation-significance threshold of
p=0.05. Using the same approach, activations induced by extrastriate TMS were compared in the same
cortical parcels. Time-frequency analysis was perfomed with a multitaper method as implemented in Field-
trip.w’53 Then, the debiased Wheighted Phase Lag Index (WPLI,%®) was computed between the left SMA
and the other brain parcels for alpha (8-12 Hz), beta (13-30 Hz), low gamma (31-40 Hz) bands for the two
TMS SOAs, with a particular interest for beta and gamma frequency, as suggested by Kim et al.*” This anal-
ysis was also performed on a surrogate dataset created by shuffling the phase of the source reconstructed
time series for each experimental condition. Surrogates were created starting from real data, by shuffling
the phase using the “phaseran” Matlab function, to keep oscillatory power comparable to the original data
but disrupting potential phase interactions (as in Pisoni et al., 2018). For each participant and each condi-
tion, thus, a surrogate dataset was created and entered the described connectivity analysis pipeline. To
reduce the risk that spurious connectivity could be included in our results, real data were compared with
the surrogate ones computing a t-test performed on each connectivity pair (87, SMA with the other 87 brain
parcels) and corrected for multiple comparisons based on 2000 permutation approach, implemented in
MATLAB, with a significance level of p=0.01."" Surviving connections were plotted to highlight the resulting
FC between the left SMA and the other parcels.
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