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Abstract

Transcranial magnetic stimulation (TMS)-evoked potentials (TEPs) represent an innovative measure for examining brain
connectivity and developing biomarkers of psychiatric conditions. Minimizing TEP variability across studies and partici-
pants, which may stem from methodological choices, is therefore vital. By combining classic peak analysis and microstate
investigation, we tested how TMS pulse waveform and current direction may affect cortico-cortical circuit engagement
when targeting the primary motor cortex (M1). We aim to disentangle whether changing these parameters affects the
degree of activation of the same neural circuitry or may lead to changes in the pathways through which the induced acti-
vation spreads. Thirty-two healthy participants underwent a TMS-EEG experiment in which the pulse waveform (mono-
phasic, biphasic) and current direction (posterior-anterior, anterior-posterior, latero-medial) were manipulated. We assessed
the latency and amplitude of M1-TEP components and employed microstate analyses to test differences in topographies.
Results revealed that TMS parameters strongly influenced M1-TEP components’ amplitude but had a weaker role over
their latencies. Microstate analysis showed that the current direction in monophasic stimulations changed the pattern of
evoked microstates at the early TEP latencies, as well as their duration and global field power. This study shows that
the current direction of monophasic pulses may modulate cortical sources contributing to TEP signals, activating neural
populations and cortico-cortical paths more selectively. Biphasic stimulation reduces the variability associated with current
direction and may be better suited when TMS targeting is blind to anatomical information.
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Introduction

The combination of transcranial magnetic stimulation and
electroencephalography (TMS-EEG) allows the investiga-
tion of cortical reactivity and connectivity elicited by TMS
with high spatial specificity and temporal resolution (Borto-
letto et al. 2015; Hernandez-Pavon et al. 2023b; Ilmoniemi
et al. 1997; Massimini et al. 2005). By directly stimulating
the cortex, TMS-EEG allows testing the causal influence of
the stimulated area over non-stimulated areas. Indeed, TMS-
evoked potentials (TEPs) represent secondary activations
of non-stimulated regions that respond as a consequence
of the activity in the targeted area (Hernandez-Pavon et al.
2023). For this feature, TEPs are increasingly explored as
potential biomarkers of various neuropsychiatric disorders,
including mood disorders, schizophrenia, neurodegenera-
tive disorders, and epilepsy, in which connectivity altera-
tions have been highlighted (e.g., Bagattini et al. 2019; Cao
et al. 2021; Casarotto et al. 2019; Casula et al. 2023; Gef-
ferie et al. 2023; Tremblay et al. 2019). Despite the grow-
ing use of TMS-EEG, the effect of stimulation parameters
(e.g., coil orientation, technical features of TMS pulses)
on the recorded signal remains ambiguous, possibly con-
tributing to TEPs variability, thereby hindering their inter-
pretation. To improve TMS-EEG application in both basic
and clinical research, it is mandatory to understand which
technical parameters contribute to shaping the recorded
signal and how they can be manipulated to optimize signal
measurement.

Among critical TMS parameters, there is evidence that
pulse waveform and current direction are crucial for stimu-
lation outcomes, determining the neural population prefer-
entially activated by TMS in the target area. In the last three
decades, TMS literature has used the motor system as the
operative model for such investigation due to the easy read-
out of the stimulation outcomes given by motor-evoked
potentials (MEPs) which, in turn, can be used as proxies of
M1 exogenous activation (e.g., Casula et al. 2018; Cirillo
and Byblow 2016; Corp et al. 2021; Davila-Pérez et al.
2018; Di Lazzaro et al. 2001; D’Ostilio et al. 2016; Kammer
et al. 2001; Sakai et al. 1997; Sommer et al. 2006, 2018). Of
interest for the present work, Aberra and colleagues (2020)
recently developed a computational model for the human
motor system showing that posterior-anterior (PA)-directed
TMS current over M1 activates precentral gyrus neurons
located more posteriorly compared to the ones activated
with anterior-posterior (AP)-directed currents (Aberra et al.
2020). The caudal part of the precentral gyrus hosts cor-
tico-motoneuronal cells, which reach spinal motoneurons
through fast monosynaptic projections; by contrast, neu-
rons in the rostral portion of this gyrus connect with spinal
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motoneurons through polysynaptic or slow monosynaptic
connections (Siebner et al. 2022).

Importantly, it is possible, but still little explored, that
pulse waveform and current direction determine which con-
nections with other cortical regions and brain structures are
preferentially activated. Studies on the animal model show
that neuronal populations of the rostral and caudal parts of
the precentral gyrus have direct connections with distinct
nearby cortical regions. For instance, studies in monkeys
found that neurons in the rostral portion of M1 are mainly
connected to somatosensory and higher-order motor areas,
while caudal populations communicate with the primary
somatosensory cortex (Stepniewska et al. 1993); more-
over, these neurons show slightly different cortico-thalamic
connections (Matelli et al. 1989; Stepniewska et al. 1994).
Studies in humans employing repetitive and paired-pulse
TMS suggest that the stimulation of M1 and interconnected
areas lead to distinct neurophysiological aftereffects accord-
ing to the TMS parameters exploited (e.g., Delvendahl et al.
2014; Federico and Perez 2017; Hamada et al. 2014; Koch
etal. 2013; Ni et al. 2011; Tings et al. 2005). Hence, we can
hypothesize that different TMS parameters activate not only
dissociable neurons of the corticospinal tract — as already
thoroughly investigated (for reviews, see Di Lazzaro et al.
2018; Spampinato 2020) — but also divergent cortico-cor-
tical pathways and networks, according to the M1 neural
population primarily stimulated.

So far, a few studies have addressed how current direc-
tion and pulse waveform influence TMS-EEG outcomes
after targeting M1 (Bonato et al. 2006; Casula et al. 2018;
Guidali et al. 2023), finding modulations of signal ampli-
tude and latency mainly in the early responses (i.e., <50 ms
from TMS pulse). In the study conducted by our research
group, we focused on an early M1-TEP component pos-
sibly reflecting transcallosal inhibition (i.e., M1-P15) and
found that it was absent when coil orientation was changed
in monophasic stimulation conditions (Guidali et al. 2023),
suggesting that signal spread through the corpus callosum
may depend on the TMS parameters exploited.

When extracting TEP waveforms, as in the studies men-
tioned above, only a portion of the available data is used,
mainly focusing on the response’s amplitude of some tar-
get electrodes in a specific time window, neglecting whole-
scalp signal temporal transitions. However, dissimilarities
in TEP amplitudes and latencies cannot disentangle whether
changing stimulation parameters affects the degree of acti-
vation of the same neural circuitry or the cortical pathways
involved. Topographic analyses can overcome this issue,
as they provide insights into the spatiotemporal dynamics
of cortical signal propagation (Michel et al. 2024; Vaughan
1982). Indeed, topographies are the result of the activa-
tion of cortical sources or networks within the brain, and
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their modulation reflects variations in the sources of neu-
ronal activity (Ding et al. 2024; Sulcova et al. 2022). In the
context of evoked potentials as TEPs, topographic analysis
can detect the between-subject consistency in the cortical
sources of evoked responses, by testing for topographic
consistency (Habermann et al. 2018; Koenig et al. 2011).
They can also be used to identify microstates, i.e., periods of
fixed topographies (Lehmann et al. 1987; Michel and Koe-
nig 2018; Tarailis et al. 2024). Microstates provide infor-
mation on topography and duration of evoked-potential
components, complementing the classic analysis of peak
amplitude and latency with insights on their source patterns
(Murray et al. 2008; Sulcova et al. 2022). In our case, micro-
state analyses are instrumental in comprehending whether
changes in stimulation parameters result in the engagement
of distinct cortical circuits, likely involving the activa-
tion of distinct brain networks (e.g., Sulcova et al. 2022).
This knowledge complements the information provided by
waveforms analysis to better understand the role of TMS
parameters in the recorded response.

Taking advantage of TMS-EEG, our study aims to inves-
tigate the impact of TMS current direction and pulse wave-
form on the activation of different cortico-cortical circuits
after M1 stimulation, shedding light on possible sources
of variability in TEP recording. To this end, we exploited
three different current directions (PA, AP, and latero-medial
— LM; always referred to the current direction induced in
the brain) and two pulse waveforms (monophasic and
biphasic) for M1 stimulation while concurrently registering
EEG activity. Data were analyzed using two different but
complementary approaches. Firstly, we assessed whether
amplitudes and latencies of the classic TEP components
elicited over M1 (i.e., N15, P30, N45, P60, N100, and P180;
Beck et al. 2024) are influenced by stimulation parameters
changes. Secondly, we investigated whether scalp topogra-
phies change among conditions and if microstates can be
informative to better characterize TMS-induced spread of
MI activity and, in turn, the activation of distinct circuitries
when stimulation parameters are modulated.

Materials and Methods
Participants

The dataset used in this study was taken from the original
work by Guidali et al. (2023), and raw data can be found at
https://gin.g-node.org/Giacomo_Guidali/Guidali_et al 20
23 _EJN_RR. It comprised 40 right-handed healthy particip
ants ranging in age from 18 to 50 years and meeting the cri-
teria for TMS safety (Rossi et al. 2021). Of the forty partici-
pants tested, we excluded those who required a stimulation

intensity exceeding 90% of the maximal stimulator out-
put (six participants) and those who did not complete all
experimental blocks (two participants). The final analyzed
sample in this experiment comprises 32 participants [18
females, median age: 26 years (range: 20—49 years); median
education: 16 years (range: 13-21 years); median Edin-
burgh (Oldfield 1971) score: 83% (range: 42—100%)]. The
research was conducted at the Neurophysiology Laboratory
of the IRCCS Istituto Centro San Giovanni di Dio Fate-
benefratelli in Brescia, Italy. This study followed the ethi-
cal guidelines outlined in the Declaration of Helsinki and
received approval from the local ethics committee at IRCCS
Istituto Centro San Giovanni di Dio Fatebenefratelli (refer-
ence number: 102-2021). Datasets and statistical analyses
for the present work can be found on Open Science Frame-
work — OSF at: https://osf.io/8wrgm/.

Experimental Procedure

Participants took part in a single-session experiment com-
posed of seven blocks of TMS-EEG co-registration (see
Guidali et al. 2023 for more details). Each block was char-
acterized by a combination of current direction (PA, AP,
LM) and pulse waveform (monophasic or biphasic). It must
be noted that for biphasic stimulation, we always refer to
the second phase of the TMS pulse (e.g., biphasic AP-PA
stimuli are denoted as biphasic PA). Each experimen-
tal block included a consecutive evaluation of the rMT, a
TMS-electromyography (EMG), and a TMS-EEG record-
ing. TMS-EMG and the seventh TMS-EEG block in which
one hand was contracted have not been further analyzed
in the present work. MEP patterns taken from our original
study (Guidali et al. 2023) are reported in the Supplemental
Fig. 1. tMT was measured through the best parameter esti-
mation by sequential testing (PEST) procedure (Awiszus,
2003). TMS-EEG recordings consisted of 80 TMS pulses,
with an inter-pulse interval jittered between 4000 and 6000
ms. TMS intensity was adjusted to 110% of the participant’s
rMT of each block. rMT values in the six conditions were
reported in the Supplemental Fig. 2. Block order was coun-
terbalanced between participants following a Latin square
design (Fig. 1). At the end of each stimulation block, a brief
questionnaire investigating the presence and the discomfort
degree of TMS-related peripheral sensations was adminis-
tered to participants (adapted from Giustiniani et al. 2022).
Results showed that these sensations did not vary across
experimental conditions (see Supplemental Fig. 3).
Throughout the experiment, participants were seated in
a dimly lit room with their forearms comfortably resting
on a table, positioned in front of a computer screen show-
ing a fixation cross. They were instructed to keep their eyes
open and look at the fixation cross. Before starting with the
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EEG and EMG
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Fig. 1 Experimental procedure of the original study by Guidali et al.
(2023). Participants underwent seven stimulation blocks after EEG
and EMG montage, neuronavigation, and APB hotspot assessment.
Each block, characterized by the combination of a specific pulse wave-
form and current direction, was composed of tMT computation, 20

experimental blocks, the EEG cap and EMG electrodes over
the right abductor pollicis brevis (APB) were applied. Then,
the motor hotspot for the right APB was determined using a
biphasic stimulator and a PA current direction. This hotspot
was selected as the consistent stimulation target during the
experiment.

The participants wore noise-cancelling earphones, and
white noise was played during blocks to minimize the con-
tamination of TMS-locked auditory artifacts in the recorded
EEG trace (Biabani et al. 2019). The volume of the white
noise was individually adjusted to a maximum of 90 dB.
A thin layer of foam was placed beneath the TMS coil to
attenuate the sensory stimulation caused by TMS.

TMS-EEG Recording

A figure-of-eight coil (Magstim model Alpha B.I. Coil
Range, diameter: 70 mm) was used for all stimulation
blocks. For monophasic blocks, a Magstim 200 stimulator
was exploited; for biphasic blocks, we employed a Mags-
tim Rapid® stimulator (Magstim, Whitland, UK). The cur-
rent direction was changed depending on the block. For
PA blocks, the coil was oriented 45° to the midline. For AP
blocks, the coil was oriented 180° to the PA orientation. For
LM blocks, the coil was oriented 90° to the midline. Neuro-
navigation procedures were performed using SofTaxic Optic
3.4 neuronavigation software (EMS, Bologna, Italy; www.
softaxic.com) to check the TMS coil position continuously.
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20 minutes for each
block, counterbalanced
order following a Latin
square design

Monophasic

- 20 EMG trials
@ 110% rMT

- 80 TMS-EEG trials
@ 110% rMT

time

Biphasic

trials recording MEPs, and 80 trials recording TEPs. For the aim of
the present work, the block in which one hand was contracted has not
been analysed. In all our figures, red and white arrows over TMS coils
represent the direction of the induced current in M1

EEG recording was carried out using an EEG system
compatible with TMS (g.Hlamp multichannel amplifier,
g.tec medical engineering GmbH). EEG data was col-
lected from 74 electrodes (EasyCap, Brain Products GmbH,
Munich, Germany) placed on the scalp following the 10-10
international system, referenced to FPz, and with the ground
electrode on the tip of the nose. Data were acquired with
a sampling rate of 9.6 kHz, and skin-electrode impedance
was consistently maintained below 5 kQ. The EEG signal
was also visually monitored before and during the record-
ings to identify and address any apparent artifacts, such as
prolonged decays, noisy channels, and line noise.

EEG Preprocessing and TEP Extraction

We used the same pre-processed TEP data of Guidali et al.
(2023). The pre-processing pipeline, implemented in MAT-
LAB R2020b, combining EEGLAB v.2020.0 (Delorme and
Makeig 2004) and Fieldtrip v.20,190,905 functions (Oosten-
veld et al. 2011), is available at https://gin.g-node.org/Giac
omo_Guidali/Guidali_et_al 2023 EJN_ RR/src/master/Scr
ipt%20preprocessing%20EMG-EEG/preprocessingTEP p
ipeline.m and it is the pipeline commonly utilized by our
research group (Guidali et al. 2023; Zazio et al. 2022, 2024).

In detail, the preprocessing steps were the following ones.
Continuous EEG was interpolated around the TMS pulse
(—1/2 ms) high-pass filtered (1 Hz windowed sinc FIR filter,
order 31680, using default parameters of EEGLAB function
‘pop_eegfiltnew’), downsampled to 4800 Hz and epoched
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around TMS pulse (from —700 ms to 700 ms). Measure-
ment noise was reduced with the Source-estimate-Utilizing
Noise-Discarding (SOUND) algorithm, using a spherical-
head-3-layer model-based for the lead-field matrix and the
regularization parameter A=.1 (Mutanen et al. 2018). Then,
the following steps were performed: (a) a first automatic arti-
fact rejection using the EEGLAB function ‘pop_jointprob’,
rejecting epochs where EEG signal exceeding 5 SD and
(b) an independent component analysis (ICA) selectively
for ocular artifact correction using the EEGLAB function
‘pop_runica’ (infomax algorithm, 73 channels included, 72
ICA components computed). ICA components were visu-
ally inspected and rejected according to topographic and
spectral patterns typical of vertical and horizontal ocular
movements. Subsequently, TMS-evoked muscular artifacts
in the first 50 ms were removed using the source-informed
reconstruction (SSP-SIR) algorithm (Mutanen et al. 2016).
Then, epochs were low-pass filtered at 70 Hz (IIR Butter-
worth filter, order 4, using the EEGLAB function ‘pop_
basicfilter’) and re-referenced to the average of TP9-TP10.
Finally, after a second artifact rejection, TMS-EEG data
was epoched between —200 and 400 ms, baseline corrected
from —200 ms to —2 ms before the TMS pulse, transformed
into FieldTrip structure and averaged over trials. For every
participant, each experimental condition was preprocessed
separately. The mean number of ICA, SSP-SIR components
and artefactual epochs rejected in every experimental condi-
tion is reported in Supplemental Table 1.

To compute M1-TEP peak amplitude and latency in the
experimental conditions of interest, we individuated six
well-established TEP components generated through M1
stimulation: N15, P30, N45, P60, N100, and P180 (Beck et
al. 2024; Farzan and Bortoletto 2022). The P15 peak (Bor-
toletto et al. 2021; Zazio et al. 2022) was already analyzed
in our original work (Guidali et al. 2023) and not further
considered here. For each of these peaks, we performed the
following steps. First, we examined the existing literature
to identify the typical time window within which each TEP
component is generally measured (e.g., Belardinelli et al.
2021; Farzan et al. 2013; Gordon et al. 2021; Rogasch and
Fitzgerald 2013; Zazio et al. 2021). Afterward, we veri-
fied the existence of a signal deflection within this tempo-
ral window in our grand grand-average (i.e., collapsing all

Table 1 Time of interest (TOI) and region of interest (ROI) for the six
extracted M1-TEP components

TEP component TOI (ms) ROI (channels)
NI15 7-24.9 C3, CP3, CP1, CP5
P30 25-37.9 Cz, FCz, Cl1, FC1
N45 38-54.9 F4, FC4, FC2, F2
P60 55-74.9 C3, CP3, CP1, CP5
N100 90-129.9 FCz, C1, FC1, FC3
P180 170-219.9 F2, FCz, FC2, C2

conditions), and we re-defined the time interval so that it
did not overlap with the ones chosen for the neighboring
TEP peaks. The signal was then averaged from the four
electrodes corresponding to the peak location of each TEP
component (similar to Guidali et al. 2023). Then, its ampli-
tude and latency were computed for all participants in each
experimental condition. The chosen time windows and elec-
trodes for each M1-TEP component are reported in Table 1.

Microstate Analysis

To perform microstate analysis, we used the MATLAB-
based toolbox Randomization Graphical User software
(RAGU - Koenig et al. 2011), following the guidelines
published in previous literature (Habermann et al. 2018;
Koenig et al. 2014). First, EEG traces were downsampled
to 960 Hz. Then, after loading the data of the six conditions
of interest (P Amonophasicﬂ AP monophasic? LMmonophasicﬂ P Abiphasic’
APypionasic: and LMy, ) we detected five outliers using the
algorithm proposed by the software — based on the Maha-
lanobis distance between subjects (Wilks, 1961). These
subjects were then excluded from the following analysis.
We defined the within-subject experimental design for two
factors (current direction, pulse waveform) and set the ran-
domization to 5000 runs with a significance level of p=.05.
Before analysis, the subject-average data was normalized by
its global field power (GFP). This permits the detection of
differences in the spatial distribution of the sources at the
scalp level while minimizing the differences due to the vari-
ability in TEP amplitude (Habermann et al. 2018). Finally,
we tested topographic consistency and microstate analysis
in TEP data between 5 and 400 ms after stimulation.

The GFP of the grand average TEP in each condition
was compared to the null distribution to perform the test for
topographic consistency. This distribution was created by
shuffling the channel positions of individual-average TEPs
(resulting in random topographies) and recomputing the
mean GFP 5000 times (Habermann et al. 2018).

To identify the optimal number of maps for microstate
analysis, we used the cross-validation approach with 50
iterations, as introduced by Koenig and colleagues (Koe-
nig et al. 2014). In each step, the dataset was randomly
divided into a learning set, to build microstate models with
number of classes increasing from 3 to 12, and a test set,
to verify the created classes and establish the amount of
variance explained by each model (for more information
on the procedure, see Koenig et al. 2014; Sulcova et al.
2022). The cross-validation results suggested that our data
can be optimally explained by 6 microstate classes, as the
6-map model was the first one reaching the plateau value of
global explained variance. We exploited the k-means clus-
tering algorithm with 250 iterations to segment the TEPs
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into microstates defined by 6 different topographic maps.
In each iteration of this process, the group-average data of
all conditions was concatenated, 6 scalp topographies were
randomly selected from this dataset, and the topography
most correlated with each datapoint was used to label that
datapoint. The templates were then refined by averaging the
signal across the datapoints labelled with the same map.
Finally, the set of template maps that showed the highest
global explained variance was retained.

Statistical Analysis

Statistical significance was set in all our analysis at p<.05.
For repeated-measures analyses of variance (rmANOVAs)
and analyses of covariance (ANCOVAs), data analysis was
performed using Jamovi software (Version 2.6; The Jamovi
Project 2025), while robust ANOVAs and generalized lin-
ear mixed models were conducted with R Studio (Version
1.2.5019; R Core Team 2019) using “WRS 2’ (Mair and
Wilcox 2020) and ‘lme4’ (Bates 2018) packages.

TEPs

For each TEP component, participants showing amplitude
and/or latency values exceeding=2.5 SD from the group’s
mean were considered outliers and excluded from the
analysis (range 3-5; see Supplemental Table 2 for more
information). We analyzed latency and amplitude of each
TEP peak with separate rmANOVAs with factors ‘Pulse
waveform’ (monophasic, biphasic) and ‘Current direc-
tion” (PA, AP, LM). Then, to verify the possible contribu-
tion of TMS intensity on peak amplitude modulation, we
conducted ANCOVAs for each pulse waveform, with the
factor ‘Current direction’ (PA, AP, LM), and covarying
the TMS intensity value of the corresponding block. Data
sphericity was assessed with Mauchly’s test, and if not con-
firmed, the Greenhouse—Geisser correction was used. For
post-hoc tests, Tukey correction for multiple comparisons
was applied. Partial eta-squared (rlpz) for rmANOVA and
Cohen’s d for t-test were reported as effect size values.

The normality of data distribution was checked for each
variable and, if needed, (a) square root, (b) base-ten loga-
rithm, and (c) inverse transformations were conducted to
identify the transformation making data distribution closer
to normality (same procedure as in Guidali et al. 2023). The
P60 amplitude distribution was normalized with a base-ten
logarithm transformation. For the latency of the P30, N45,
P60, N100, and P180 components, none of these transforma-
tions worked; therefore, two (one for each pulse waveform
- monophasic and biphasic) robust one-way rmANOVAs
based on trimmed means (20% trimming level) with three
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factors (i.e., AP, PA, LM) were performed on the raw data
(Mair and Wilcox 2020).

Microstates

As a preliminary analysis, we run the test for topographic
consistency to verify the presence of consistent topogra-
phies across conditions. Then, to specifically investigate
whether TMS parameters modulated microstate properties,
we analyzed, for every class individuated from microstate
extraction (see 2.5), (i) the area under the curve (AUC) —
i.e., the sum of the GFP amplitude for each timepoint in
which they are detected — and (ii) their duration — i.e., the
sum of all timepoints in which they occurred — with a series
of ‘Pulse waveform’ X ¢ Current direction’ rmANOVAs,
as for TEP indexes (see previous paragraph). Microstate
duration showed a normal distribution, while none of our
planned transformations made microstate AUC data closer
to normality. For this variable, we proceeded with a series
of robust rmANOVAs (Mair and Wilcox 2020) as described
above. Furthermore, we specifically explored whether dif-
ferent stimulations activated distinct circuits. To this aim,
we examined changes in the spatiotemporal pattern of
responses by looking at the order of microstate appearance
across conditions. Considering that different topographies
represent the activation of different cortical sources, changes
in the sequence of transitions from one microstate to another
likely reflect the engagement of different circuits. Therefore,
we analyzed microstate onset values, i.e., the first timepoint
at which a microstate class appeared, adopting a general-
ized linear mixed model (gamma distribution, identity link).
‘Microstate class’ (1, 2, 3, 4, 5, and 6), ‘Stimulation con-
dition’ (monophasic PA, monophasic AP, monophasic LM,
biphasic PA, biphasic AP, and biphasic LM), and their inter-
action were included as fixed effects. Subjects were included
as the random effect. Post-hoc tests were corrected for mul-
tiple comparisons using the Benjamini-Hochberg method.
Given the aim of this analysis, in the exploration of post-hoc
comparisons, we considered only contrasts between micro-
state classes within the same stimulation condition, with
particular attention to cases where the onset order of two
classes swapped between stimulation conditions.

Results

TEP Peaks

TEP grand-averages and components’ topographical maps
for each stimulation condition are depicted in Fig. 2. The
temporal succession of M1-TEP peaks and related topog-
raphies align with the ones reported by previous TMS-EEG
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Fig. 2 TEP grand averages for all conditions and topographical maps of all components. For the specific time intervals of each component, see
Table 1. The voltage scale used for topographies changes across components, see the legend at the bottom for the corresponding scale

literature stimulating the motor cortex (for reviews, see:  topographies among current directions, with AP currents
Beck et al. 2024; Farzan and Bortoletto 2022). Visually = presenting the greatest early components.

striking differences among our experimental conditions can Means (M) and standard errors (SE) of M1-TEP compo-
be specifically detected in the first 50 ms from the TMS  nents’ amplitude and latency in the six experimental condi-
pulse: monophasic waveforms show different patterns of  tions are reported in Table 2.

@ Springer



39 Page 8 of 24

Brain Topography (2025) 38:39

Table 2 Amplitude and latency’s Ms and SEs of M1-TEP components in the six experimental conditions

Variable Pulse waveform  Current direction N15 P30 N45 P60 N100 P180
(M+SE)  (M+SE)  (M+SE)  (M+SE)  (M+SE) (M=SE)
Amplitude (uV) Monophasic PA 1.10£0.5 6.65£0.8 —5.89+£0.5 6.76£0.91 —-7.21£0.8 7.85+£0.9
AP —8.34+09  4.73£09 -0.84+0.7 627+1.16 -—12.77+1.1 13.11+1.1
LM —2.07+0.8 544+£0.5 -599+04 4.24+0.84 —6.95+0.8 6.7+0.6
Biphasic PA —2.13+0.5 5.03+0.5 —3.8+0.5 5.49+09 -9.17+0.7 8.73+0.7
AP —2.60+0.5 6.89+£0.6 —4.15£0.5 7.21+£1.04 -10.19+1.1 9.86+0.6
LM -3.97+0.7 2.24+£0.7 -3.95+0.5 3.76+0.96 —10.08+0.8 8.4+0.7
Latency (ms) Monophasic PA 12.36+0.6 31.81£0.7 48.42+09 58.16+0.7 106.14+2.2 199.124+2.5
AP 18.07+0.9 29.92+0.6 47.68+1 57.35+0.6 105.27+2.3 193.47+3
LM 17.87+0.9 31.3+£0.8 48.37+1 61.72+1.2 104.58+2.1 195.11+3.4
Biphasic PA 14.33+0.8 30.27+0.7 49.02+0.9 58.54+£0.6 105.39+2.2 195.64+2.6
AP 13.64+0.8 30.66+0.6 49.45+0.8 58.11+0.6 103.02+1.8 194.3+£3.1
LM 15.69+0.9 31.95+0.8 50.12+1 60.56+1.1 101.51+£1.7 194.45+3
Amplitude and biphasic PA currents. Monophasic PA, instead, evoked

Overall, all six TEP peak amplitudes were significantly
modulated by stimulation parameters with an interaction
effect of ‘Current direction’ X ‘Pulse waveform’ (for all
rmANOVAs main effects and interactions, see Supplemen-
tal Table 3).

Specifically, post-hoc comparisons for the N15 (£, 56 =
26.53, p<.001, rlpz = 0.487) showed that monophasic AP
led to the greatest (i.e., more negative) amplitude and the
monophasic PA direction led to the smallest N15. The latter
condition was characterized by the absence of a negative
component in the analyzed electrodes (for significant post-
hoc comparisons, see: Table 3; Fig. 3a).

Regarding P30 (F g5 46,4 = 11.37, p<.001, 11p2 =0.289),
post-hoc tests showed that biphasic LM currents led to the
smallest P30 component, which was significantly different
from all the other stimulation conditions. Among biphasic
pulse waveforms, the PA direction evoked a P30 component
with a lower amplitude than the AP one (Fig. 3b).

For the N45 (F) 594454 = 35.98, p<.001, n,” = 0.562),
post-hoc comparisons showed that monophasic pulses with
AP current direction evoked the less negative N45 ampli-
tude among all experimental conditions, and the analysis
of single-subjects distribution (Fig. 3c) suggests a great
variability of N45 polarity in this condition. Conversely,
the other two monophasic waveforms (i.e., PA,;ophasic and
LM onophasic) 1ed to more negative N45 than all three bipha-
sic conditions (Fig. 3c¢).

Considering the P60 (F) 3,344 = 5.286, p=.008, 1,
= 0.168), the monophasic PA current direction evoked a
higher amplitude than the homolog biphasic direction. Fur-
thermore, the two LM directions led to significantly smaller
P60 than PA o, ophasic a0d APy;pagic (Fig. 3d).

For the N100 (£, 54 =22.06, p<.001, r1p2 =0.441), mono-
phasic AP direction evoked components with more nega-
tive amplitudes than the other two monophasic conditions

@ Springer

fewer negative components than the homolog and LM
biphasic directions. Monophasic LM showed a similar pat-
tern to the latter — i.e., less negative N100 concerning the
homolog and the AP biphasic directions (Fig. 3e).

Finally, considering the P180 (F 544345 = 19.7, p<.001,
rlp2 = 0.413), post-hoc comparisons showed that monopha-
sic AP elicited the highest P180 with respect to all other
five experimental conditions. In turn, the monophasic LM
current direction generated lower amplitudes than the three
biphasic waveforms, and monophasic PA currents led to a
smaller P180 than the one recorded using the biphasic AP
direction (Fig. 3f).

Finally, ANCOVAs - run to verify the possible contri-
bution of stimulation intensity on peak amplitude modula-
tion - showed a significant effect of TMS intensity only for
the P180 component for both monophasic (F, g3 = 14.97,
p<.001, qu = 0.153) and biphasic waveforms (£ g3 = 9.33,
p=.003, np2 = 0.101). Interestingly, for biphasic stimula-
tion, no significant effect of ‘Current direction’ at the net
of TMS intensity was found (F,g; = 1.88, p=.16, I]p2 =
0.043), suggesting that the differences in stimulator’s inten-
sity mainly drove amplitude modulations found in biphasic
conditions. Conversely, for monophasic pulse waveform,
the factors ‘Current direction’ (F, g3 =3.94, p=.023, r1p2 =
0.087) still showed a significant effect, and post-hoc com-
parisons showed a significantly higher amplitude evoked by
AP compared to LM (#5;=2.8, p=.019, d=1.34), as already
highlighted by the main analysis.

For the other five components, the contribution of TMS
intensity was never statistically significant (all Fs<3.12, all
ps>0.081).
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Table 3 Significant post-hoc comparisons (Tukey corrected) for TEP
peaks’ amplitude

TEP Condition Versus t Prukey Cohen’s
component
NI5 AP, onophasic  PAmonophasic  — 79 <0.001  —1.47
LMmonophasic —4.7 <0.001 —0.87
PAyiphasic -7.1 <0.001 -1.32
APpipnasic -5.6 <0.001 —1.04
LMbiphasic -3.9 0.007 —0.72
PAmonophasic APmonophasic 7.9 <0.001 1.47
LMmonophasic 3.8 0.008 0.71
PAyiphasic 4.6 0.001 0.85
APyiphasic 6.1 <0.001 1.13
LMyiphasic 7.7 <0.001 143
P30 LMypnasic  PAponophasic =5 <0.001 =093
APmonophasic -3.5 0.02 —0.64
LMmonophasic 4.6 <0.001 —0.86
PAyiphasic 44 0002 -0.82
APyge 6 <0001 ~-1.12
PAbiphasic APbiphasw -3.39 0.023 —-0.63
N45 APmonophasic PAmouophasic 6.3 <0.001 1.17
LMmonophasic 8.4 <0.001 1.55
PAyiphasic 4.1 0.004 0.77
APyiphasic 5.1 <0.001  0.95
LMyiphasic 5.1 <0.001  0.94
PAponophasic  PApiphasic  —3-5 <0.001  —1.03
APbiphasic -3.6 0.014 -0.67
LMyiphasic -3.7 0.012 -0.68
LM nonophasic  PAbiphasic =55 <0.001 -1.02
APyipasic  —4  0.005  —0.74
LMyippasic ~ —3:6 <0001 —1.04
P60 PAmm,K,pmsiC PAbiphasic 3.9 0.008 0.75
LMmonophasic PAmonophasic 4.1 0.004 0.8
APyishasic 4.1 0.004 0.79
LMyishasic ~ PAmonophasic 41~ 0.004 079
APyiphasic 4.7 <0.001  0.91
N100 AP onophasic  PAmonophasic  —4-59 0.001  —0.85
LMmonophasic -5.83 <0.001 -1.09
PAbiphasic 3.1 0.044 -0.58
PA nonophasic  PApiphasic 3.8 0.008 0.71
LMypnasic 4 0.005  —0.74
LMinonophasic  APpiphasic =33 0.025 -0.62
LMyiphasic 53 <0.001  0.98
PI180 APmonophasic PAmOnOphasic 5.1 <0.001 0.93
LMmonophasic 7.1 <0.001 1.34
PAyiphasic 53 <0.001  0.99
APyiphasic 5.3 <0.001  0.79
LMbiphasic 4.5 0.001 0.84
LMmonophasic PAbiphasic —5.2 <0.001 -0.97
APyishasic -7.1  <0.001 -1.32
LMyiphasic —-4.5 0.002 -0.83
PA nonophasic  APbiphasic 4.2 0.003  —0.62

Latency

Considering latency, the N15 and P60 were the only compo-
nents showing significant modulations (for all rmANOVAs
main effects and interactions, see Supplemental Table 4).
The NI15 was significantly modulated, presenting an
interaction effect ‘Current direction’ X ‘Pulse waveform’
(F56 = 10.39, p<.001, r1p2 =0.271). Post-hoc comparisons
revealed that monophasic AP currents led to an N15 compo-
nent with a significantly shorter latency than the other two
monophasic conditions (vs. PA,,ophasic: £ = —5.4, p<.001,
d=-0.98; vs. LM, snophasic: £ = —4-4, p=.002, d=-0.81) and
the biphasic LM direction (¢t = —3.4, p=.022, d=-0.63).
In turn, monophasic PA and LM currents led to higher
latency values compared to biphasic PA (vs. PA,

monophasic:
t = —44, p=.002, d=-0.81; vs. LM, ;\ophasic: = —3.4,
p=.023, d=-0.63) and AP conditions (vs. PA \ onasic: £ =
=3.6,p=.013,d=-0.67; vs. LM, ;. phasic: £ = —3.1, p=.047,

d=—0.57; Fig. 4a).

Moreover, P60 latencies recorded with monophasic
pulses were modulated by current direction (F) ¢55645 =
5.57, p=.013). Indeed, LM currents evoked P60 with a sig-
nificantly longer latency than PA ones (w=0.003, p=.012;
Fig. 4d).

The other four components did not differ in latencies
according to the current direction and the pulse waveform
exploited (all Fs<2.56, all ps>0.092; Fig. 4).

Microstate Analysis

Results of the test for topographic consistency showed that
statistical significance was reached at every time point.
Given the high consistency characterizing all conditions, the
whole epoch (0—400 ms) was considered in the following
microstates analysis (Supplemental Fig. 4).

The adopted 6 microstate classes model explained a
total variance of 91.34%. Visual inspection of micro-
state sequences shows that all six microstates are present
in each stimulation condition. However, their succession
and appearance differed across conditions, mainly in the
first 50 ms after TMS. At later latencies, only the mono-
phasic AP condition showed a distinct sequence of micro-
states compared to the other conditions, with the absence
of a microstate map showing predominant positivity over
fronto-central electrodes (i.e., class 5). Overall, the mono-
phasic AP condition showed the most distinct pattern com-
pared to the other conditions, displaying seven microstates
within the first 100 ms. Notably, between 100 and 250 ms
post-TMS, i.e., during the N100 and P180 time windows,
it showed longer periods of negative signal over left sen-
sorimotor electrodes (class 6) and positive signal over right
frontal electrodes (class 3; Fig. 5).

@ Springer
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Fig. 3 Amplitude of N15 (a), P30 (b), N45 (c), P60 (d), N100 (e), and
P180 (f) components in the six experimental blocks. In the box-and-
whiskers plots, red dots and lines represent the means of the distri-
butions. The centre line depicts their median values. Black dots and
grey lines show individual scores. The box contains the 25th to 75th
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which falls within the 1.5 times interquartile range from the first/third
quartile; significant p-values of corrected post hoc comparisons are
reported (* = p<.05; ** = p<.01; *** = p<.001)
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Fig. 4 Latency of N15 (a), P30 (b), N45 (¢), P60 (d), N100 (e), and
P180 (f) components in the six experimental blocks. In the box-and-
whiskers plots, red dots and lines represent the means of the distri-
butions. The centre line depicts their median values. Black dots and
grey lines show individual scores. The box contains the 25th to 75th
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Fig. 5 Microstate analysis results. Upper row: template maps of the 6
identified microstate classes. Main section: for all stimulation condi-
tions, the proportion of the signal variance that can be explained by

Microstates’ parameters analysis allowed us to define bet-
ter and quantitatively characterize these patterns. The M and
SE of the six microstates’ AUC, duration, and onset in the
different experimental conditions are reported in Table 4.
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the model is coloured according to the microstate class dominating
each time interval. Time windows attributed to specific TEP peaks are
shaded in the colour referred to the corresponding component

Microstate AUC

Changes in the AUC were present only across monophasic
conditions, suggesting that microstates were predominant
or explained little signal depending on the current direction
(for all rmANOVAs main effects and interactions, see Sup-
plemental Table 5). Class 1 (F) o535, 73 = 22.40, p<.001)
had a lower AUC value in AP compared to the other two
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Table 4 Microstate AUC, duration, and onset’s Ms and SEs of the six experimental conditions for the extracted classes

Variable Pulse waveform  Current direction  Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
(M=SE) (M=SE) (M=SE) (M=SE) (M=SE) (M=SE)
AUC (ms*uV) Monophasic PA 152.1+£252 177.7+27.9 36£22.6  88.9+15.5 132.1£253 19.4+16.9
AP 43.9+183 199.9+36.5 243.8+50.8 104+22.7 153.4+29.1 134+£35
LM 123.8+18.8 157.2+31.4  41.2+19.1 108.6+13.5 134.3+259 20.1+144
Biphasic PA 83.3+18.2 160.8+£18.7 97.9+31.7 1353£20.6 135.1£25 33.5+£16.9
AP 93.8+21.9 162.4+24.7 131+£35.3  140.3+21.7 158.8+20.7 53+23.2
LM 74+15.6 166.2+26 108.6+18.2 163.8+19.8 130£234 52.6+18.4
Duration (ms) Monophasic PA 88.9+£10.7 114.9+£10.3 31.4+6.4 46.2+6 90.2+10.9 19.9+4.38
AP 32.1+6.4 102.7+11.1 87.6+9.4 45+7.5 73+10.4 53.8+8.5
LM 84.8+9.5 104.5£11.3 35.4+7 48.5+£6.4 84.7+11.8 22.6+53
Biphasic PA 52.8+7.5 104.6+9.5 60.3+£7.2 61+8.4 87.7+11.1 27.744.5
AP 51.4+7 99.6+9.6 67+8.7 59+8.3 85.5+9.3  31.6+5.1
Onset (ms) Monophasic PA 15+£3.3 55.54£20.3 120.2+11.5 66.9+6.4 71.6+£17.2 111.6+4.5
AP 65.1£21.4 173.9+20 16.4+5.8 72.1£12.2 33.4%149 26.1+£7.9
LM 21.5+12.6 199.7+18.7  97.7+125 719458 15.2+13 90.5+8.1
Biphasic PA 38.8+14.1 94.3+18.9 11.3£109  57.5+6 40.6+18.4 77.6+12.7
AP 41.3+14.1 116+20.3  25.9+122  37.4+6 20.8+£9.3 104.8+9.6
LM 343+16.7 11524202 46.6+148  50.1+5.6 72.8+19.8 62.4+£10

conditions (PA: y = —102.11, p<.001; LM: w = —68.76,
p<.001), and in LM compared to PA (v =—26.94, p<.001,
Fig. 6a). A reversed pattern of modulation was observed
both for class 3 (F, 491737 = 20.68, p<.001) and class 6
(F'1 262016 = 0.26, p<.001): in this case, AP currents led to
greater AUC than PA (class 3: y=189.49, p=.025; class
6: w=112.97, p=.003) and LM ones (class 3: w=184.04,
p<.001; class 6: w=117.68, p=.002; Fig. 6¢ ¢ f).

For the other three classes, as well as for biphasic con-
ditions, no statistically significant effects were found (all
Fs<2.56, all ps>0.092, Fig. 6).

Microstate Duration

Results on microstate duration were in line with findings on
AUC (for all rmANOVAs main effects and interactions, see
Supplemental Table 6). We found significant ‘Pulse wave-
form’ X ‘Current direction’ interactions for microstates
classes 1, 3, and 6. For class 1 (F 594157 = 16.3, p<.001,
rlpz =0.39), monophasic AP led to shorter microstates’ dura-
tion than the other two monophasic conditions, as well as
the homolog biphasic direction. Furthermore, monopha-
sic PA and LM currents evoked longer microstates than
the three biphasic directions (for all significant post-hoc
comparisons, see Table 5; Fig. 7a). Class 3 (F,s, = 18.3,
p<.001, qu =0.41) showed the opposite pattern found for
class 1: namely, monophasic AP evoked microstates with a
significantly longer duration than monophasic PA and LM
directions whose, in turn, had shorter microstates duration
than the three biphasic conditions. In addition, monophasic
AP evoked class 3 microstates with a longer duration than
biphasic PA and LM directions, suggesting that this current
direction evoked the longest class 3 microstates compared

to all other conditions except for the homolog biphasic
direction (Fig. 7c). For class 6, monophasic AP led to a
longer duration than the other two monophasic conditions,
and monophasic PA had a significantly shorter duration than
biphasic AP and LM conditions (Fig. 7).

For class 4, a significant main effect of ‘Pulse waveform’
was found: regardless of the current direction exploited,
microstates found with monophasic waveforms had shorter
durations than the ones found with biphasic pulses (F 55 =
11.7, p=.002, n,> = 0.31, Fig. 7d).

Finally, for classes 2 and 5, no significant differences
were found (all Fs<1.8, all ps>0.176, Fig. 7).

Microstate Order of Appearance

Results on microstate onset showed a significant main effect
of ‘Microstate class’ (y%s = 82.91, p <.001) as well as a sig-
nificant interaction between ‘Microstate class’ and ‘Stimu-
lation condition’ (y%5 = 141.54, p<.001). Specifically, the
interaction effect showed changes in microstates’ order of
appearance across conditions, with four significant inver-
sions of order between microstate classes across conditions.
These swaps in microstates onset should not be interpreted
as modulations of the timing at which a given neural process
occurs, e.g., it is improbable that the same neural process
usually observed at the late latency suddenly happens at the
very beginning, or vice-versa. Rather, it is more likely that
a new neural process characterized by the same topogra-
phy occurs earlier. These swaps indicate that the transitions
between microstates do not follow the same order across
conditions, suggesting the engagement of distinct cortical
circuits.
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First, two classes swapped between biphasic and mono-
phasic AP conditions. While in biphasic AP the onset of
classes 4 and 5 significantly preceded the onset of class 6
(class 4 vs. class 6: p=.023; class 5 vs. class 6: p=.006),
the order was reversed in monophasic AP, such that classes
4 and 5 followed class 6 (class 4 vs. class 6: p =.003; class 5
vs. class 6: p=.013). Then, classes 1, 3 and 6 reversed their
relative order across monophasic conditions: while class 3

@ Springer

biphasic

monophasic biphasic
and 6 significantly preceded class 1 in monophasic AP (class
1 vs. class 3: p=.004; class 1 vs. class 6: p<.001), class 1
appeared before both class 3 (LM: p<.001; PA: p<.001)
and class 6 (LM: p =.003; PA: p <.001; Fig. 8) in monopha-
sic LM and PA.

All significant differences in microstates’ onset, includ-
ing contrasts not involving swaps between classes across
conditions, are reported in Table 6.
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Table 5 Significant post-hoc comparisons (Tukey corrected) for
microstate duration

Microstate  Condition Versus t Plucey Cohen’s d
Class 1 APponophasic  PAmonophasic 54 <0001 1.06
LM ponophasic -1 <0.001  0.99
APyiphasic -32 0.042 -0.61
PAmonophasic PAbiphasic 4 0.005 0.78
APyishasic 49 <0.001 094
LMyiphasic 48 <0.001 091
LM ponophasic - PAbiphasic 32 0.042 0.61
APyiphasic 48 <0.001 092
LMyiphasic 4 0.005 0.78
Class 3 AP onophasic  PAmonophasic  —0-6 <0.001 —1.26
APmonophasic -5.5 <0.001 -1.06
PAiphasic 38 0.01 0.72
LMyiphasic 3.4 0.002 0.66
PA onophasic  PAbiphasic -47 0.001 —09
APyishasic —-4.8 <0.001 -0.92
LMyiphasic —4.9 <0.001 -0.94
LMmonophasic PAbiphasic -3.9 0.006 -0.77
APyihasic 4.1 0.004 -0.8
LMbiphasic —-4.3 <0.001 -0.82
Class 6 APmonophasic APmouophasic —4.2  0.004 0.81
LM yonophasic 4 0.005 0.77
PAmonuphasic APbiphasic -3.2 0.04 —-0.61
LMyiphasic -3.4 0.02 -0.66
Discussion

Our results show evidence that manipulating TMS param-
eters evokes activation of distinct cortical pathways within
the stimulated network, thereby generating variability in the
response to stimulation. The same M1-TEP components and
microstate maps are observed across our stimulation condi-
tions but with different spatiotemporal patterns, revealing
a modulation of M1 signal propagation that is more pro-
nounced for monophasic pulses than biphasic ones.

TMS Pulse Waveform and Current Direction Affect
M1-related Cortical Circuit Engagement

Considering the general pattern found for amplitude, latency,
and topographical profiles of TEP data, the first striking evi-
dence is that monophasic waveform affects the amplitude of
all the analyzed M 1-TEP components compared to biphasic
waveforms. At the same time, biphasic stimulation leads to
changes among current directions only for a couple of com-
ponents (i.e., P30 and P60). This pattern is not surprising
considering that, for monophasic pulses, there is only one
phase resulting in neuronal stimulation. In contrast, bipha-
sic pulses have two physiologically effective phases, with
the second one being more efficacious in neuronal excita-
tion than the first one (e.g., Corthout et al. 2001; Groppa et
al. 2012; Maccabee et al. 1998). Hence, monophasic pulses

induce higher direction specificity for the stimulated neu-
ronal population (Sommer et al. 2018), likely allowing the
activation of more selective circuits than biphasic ones.

Microstate results are particularly informative in this
regard by depicting cortical activity spatiotemporal distri-
bution. Similar to TEP patterns, the differences observed
between current directions in microstate parameters are
more evident for monophasic conditions than biphasic ones,
suggesting more pronounced changes in cortical circuit
engagement across monophasic stimulation conditions. In
detail, analysis of microstate duration and AUC showed that
monophasic waveforms lead to greater modulations com-
pared to biphasic ones, with AP direction significantly dif-
fering from PA and LM ones for microstate classes 1, 3, and
6. The analysis on microstate onset enriched this evidence,
showing that inversion of the order of classes’ appearance
is prominent only within monophasic conditions and for
microstates presenting AUC and duration modulations.
Namely, class 1 appearance occurs significantly later during
AP stimulation than classes 3 and 6. At the same time, the
reverse pattern is seen with PA and LM stimulations (i.e.,
class 1 appearance occurred earlier than classes 3 and 6).
Concerning homologous current directions, only monopha-
sic versus biphasic AP direction shows statistically signifi-
cant changes in microstate’s order, with class 6 preceding the
occurrence of classes 4 and 5 during monophasic AP stimu-
lation but succeeding them during biphasic AP. The present
results point out that AP direction is the one activating the
most dissimilar network profile also between pulse wave-
forms. As stated previously, these swaps in microstate order
likely indicates the appearance of new neural processes with
similar topography rather than timing changes in existing
processes. Therefore, these changes in the sequence of tran-
sitions from one microstate to another likely reflect different
engagement of cortical circuits. Altogether, this evidence
suggests that utilizing biphasic waveforms engages a wide-
spread activity from M1, reflecting the contribution of corti-
cal networks that could be selectively activated only when a
specific current direction is employed, as with monophasic
waveforms.

Another result stemming from the overall TEP patterns is
the more pronounced impact of our experimental manipula-
tions on TEP amplitudes rather than their latencies, suggest-
ing that the propagation speed across neuronal networks is
largely unaffected by TMS parameters (but see effects on
N15 and on P15 previously reported, e.g., Guidali et al.
2023; Bonato et al. 2006).

Finally, TMS parameters appear to have a greater influ-
ence on earlier TEP components, corroborating previous
studies showing technical parameter modulations specifi-
cally for early cortical responses (Bonato et al. 2006; Casula
et al. 2018). In detail, in our sample, many participants show
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Fig.7 Microstate duration for [

. . . oy Bk kokk kkk
all six stimulation conditions a) b)
for each microstate class. In the 250 — ,—.—**’f * ok 250
box-and-whiskers plots, red dots *xx *kx *
and lines represent the means . /
of the distributions. The centre 0 200
line depicts their median values. e 2z
. £ &
Black dots and grey lines show = <
. P 150
individual scores. The box con- 2 %
. . ©
tains the 25th to 75th percentiles 5 5
. a o
of the dataset. Whlske.rs exter{d o 100 ~ 100
to the largest observation, which a 2
falls within the 1.5 times inter- (=] (=]
quartile range from the first/third s s0
quartile; significant p-values of
corrected post hoc comparisons
are reported (¥ = p<.05; ** = 0 0
p<.01; *¥*¥* =p<.001) —_—
c) | Kk kEE kokok d)
200 I Kr ek 200
EE T | EE L] * *%
180 180
160 160
@ 140 @ 140
£ &
.E 120 S 120
- -
S 100 100
3 3
a a
o 8 < 80
w (%]
(%] (%]
S 60 S 60
(&) (&)
a 0
20 20
e) f)
300 200
180
250
160
- 140
1)
\E_ 200
c 120
.2
=
2 150 100
3
a 80
w
g 100 60
[}
40
50
20

monophasic

an inverted polarity or a lack of N15, P30, and N45 compo-
nents, while later peaks only exhibit an amplitude modula-
tion. This evidence is also highlighted by the overall pattern
of microstate class succession, where a substantial modula-
tion among conditions (and, in detail, among monophasic
ones) is observed within the first 50 ms after TMS.
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biphasic

biphasic monophasic

Altogether, these results suggest the activation of dis-
tinct cortical circuits and/or differential engagement of
similar cortical circuits when different TMS parameters are
exploited.
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Fig. 8 (a) Mean microstate onset of the six different classes in the six
experimental blocks. Error bars represent standard error. (b) Temporal
succession of microstate onset classes in the different stimulation con-

Monophasic Anterior-Posterior Currents Maximize
the Recruitment of Distinct Motor Circuitries in the
First 50 Ms

As presented before, the monophasic AP condition shows
greater differences for TEP peaks and microstate parameters
than all the other experimental conditions. Notably, classes
6 and 3 topographies, which represent the first microstates
found after TMS in monophasic AP stimulation, are charac-
terised by prominent negativity under the stimulation site.
Such topography reflects the N15 component, thought to

alefe

<

t

ditions. Significant swaps of class appearance across conditions are
reported (* = p<.05; ** = p<.01; *** = p<.001)

disclose the activation of sensorimotor and premotor areas
ipsilateral to stimulation (Farzan and Bortoletto 2022). Also,
class 3 shows a positivity over sensorimotor electrodes con-
tralateral to stimulation, resembling an early component
linked to the callosal inhibition of the contralateral M1
(M1-P15; Bortoletto et al. 2021; Zazio et al. 2022). Previous
findings showed that M1-P15 has a higher amplitude when
elicited with monophasic AP pulses (Guidali et al. 2023).
If N15 amplitude and latency tell us that monophasic AP
is the condition that permits recruiting the neuronal popu-
lations involved more effectively and rapidly, microstates
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Table 6 Significant post-hoc comparisons between microstate classes’
onset within each stimulation condition. Contrasts highlighted in bold
indicate those involved in a swap in the order of appearance across
stimulation conditions. Reported p-values are corrected for multiple
comparisons using the Benjamini-Hochberg method, considering 90
contrasts of interest (15 possible contrasts between classes across 6
stimulation conditions)

Stimulation Microstate classes ~ Estimate P
Condition comparison
Monophasic PA 1 vs.2 —67.3 <0.001
1vs.3 -110.7 <0.001
1vs. 4 —48.8 <0.001
1vs.5 -71.2 <0.001
1vs.6 -103.1 <0.001
Monophasic AP 1 vs. 2 -74.0 0.043
1vs.3 70.3 0.004
1vs.6 71.7 <0.001
2vs.3 1443 <0.001
2vs. 4 92.5 0.008
2vs. 5 116.1 <0.001
2vs.6 151.8 <0.001
3vs. 4 —51.8 0.011
4vs.6 59.2 0.003
5vs.6 35.6 0.013
Monophasic LM 1 vs.2 -159.3 <0.001
1vs.3 -78.1 <0.001
1vs. 4 —41.1 0.006
lvs.5 —24.4 0.045
1vs.6 -78.9 0.003
2vs. 4 118.1 <0.001
2vs.5 134.9 <0.001
3vs. 5 53.7 0.03
Biphasic PA 1vs.2 —65.8 0.009
2vs.3 78.3 <0.001
2vs. 4 60.2 0.016
3vs.6 —54.9 0.014
Biphasic AP lvs.2 —=70.7 0.006
2vs.3 66.7 0.009
2vs. 4 80.9 <0.001
2vs.5 90.0 <0.001
4vs.6 —55.5 0.023
5vs. 6 —64.6 0.006
Biphasic LM lvs.2 —63.2 0.023
2vs.3 60.9 0.026
2vs. 4 69.9 0.007
4vs.5 —45.4 0.043

analysis suggests that this condition activates different cor-
tical circuits than other monophasic pulses, as reflected by
distinct EEG topographies within the first 50 ms after TMS.
This allows us to hypothesize that AP monophasic pulse
preferentially engages ipsilateral and cortico-cortical motor
populations. This pattern is further confirmed by class 1
modulations, i.e., the microstate presenting the lowest dura-
tion and AUC during monophasic AP stimulation and char-
acterizing the first responses to monophasic LM and PA.
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Indeed, its topography, with positivity over the stimulation
site and negativity over contralateral frontocentral elec-
trodes, closely reassembles N45 topography, which, in turn,
is the only TEP component that is significantly reduced after
monophasic AP stimulation.

Previous literature suggested changes in the spatial selec-
tivity induced by the two PA and AP current directions when
stimulating M1 (e.g., Aberra et al. 2020; Siebner et al. 2022;
Spampinato 2020), and our results further corroborate this
evidence. AP current direction is thought to lead to an ante-
rior shift of the maximal TMS-induced electric field ampli-
tude, thereby stimulating neurons located more anteriorly in
the precentral gyrus compared to PA (and, to a lesser extent,
LM) current direction (Aberra et al. 2020). Rostral neurons
of the precentral gyrus are more interconnected with higher-
order motor areas (e.g., supplementary motor area) than
caudal ones (Spampinato 2020). Thus, the AP current direc-
tion can stimulate higher-order motor populations more effi-
ciently than PA and LM directions, leading to a different
spread of M1 activation. Besides better activating the rostral
part of the precentral gyrus, previous TMS studies involv-
ing repetitive and paired-pulse protocols pointed out that
AP currents more efficiently stimulate M1 superficial layers
(i.e., L2/3), while PA and LM currents reach deeper layers
(i.e., L5) more easily (e.g., Casarotto et al. 2023; Koch et al.
2013; Sommer et al. 2013). Interestingly, studies on animal
models highlighted that M1 interneurons responsible for
cortico-cortical communication and network-wide activa-
tions are more numerous in superficial layers of the motor
cortex rather than in deeper ones, where instead are predom-
inant neuronal population directly activating the pyramidal
tract (e.g., Harris and Shepherd 2015; Mao et al. 2011; Wei-
ler et al. 2008). Hence, AP stimulation could be more effec-
tive in directly activating cortico-cortical neurons and, in
turn, cortical regions structurally interconnected with M1,
as supported by our microstates and TEP results.

Modulation of M1-TEP Components Associated with
Inhibitory and Excitatory Circuits

Modulation patterns found for TEP components associated
with inhibitory and excitatory circuits corroborate further
the evidence that TMS parameters modulate cortical cir-
cuit engagement after M1 stimulation. Considering nega-
tive components, different pharmacologic studies suggest
that N45 and N100 are related to gamma-aminobutyric acid
(GABA) circuitries (Darmani and Ziemann 2019; Premoli,
Castellanos, Premoli et al. 2014a, b). Notably, the N45 is
linked to inhibitory processes mediated by GABA-A recep-
tors (Belardinelli et al. 2021; Cash et al. 2017; Darmani et
al. 2016), while the N100 is associated with GABA-B ones
(Premoli et al. 2018; Premoli, Rivolta, Premoli et al. 2014a,
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b; Rogasch et al. 2013). Our results show that monophasic
AP elicits the lowest N45 amplitude but the highest N100
amplitude compared to PA and LM. This could imply that
when monophasic waveforms are employed, AP and PA/LM
directions can activate cortical circuits to different extents,
permitting the selective modulation of GABA-A-mediated
(the latter) or GABA-B-mediated (the former) pathways.
Further investigating this possibility would be extremely
useful for clinical purposes due to GABAergic dysfunctions
associated with different stages or specific symptoms of
numerous clinical the disorders (e.g., Alzheimer’s disease,
Major Depressive disorder, schizophrenia; Heaney and Kin-
ney 2016; Luscher et al. 2011).

The differences in positive TEP components observed
across conditions are less straightforward to explain. The
P30 is presumed to reflect excitatory activity with involve-
ment from multiple cortical sources (Farzan and Bortoletto
2022), and it has been associated with MEP amplitude (Ahn
and Frohlich 2021; Méki and Ilmoniemi 2010). Interest-
ingly, previous studies showed that medial-lateral direction
is one of the least effective directions for evoking MEPs
(e.g., Mills et al. 1992; Souza et al. 2018). Thus, when the
lateral-medial current direction is employed with a biphasic
pulse, it may impact M1 cortical reactivity, leading to the
pattern observed in our P30 data.

Similar results were found for the P60, where LM is still
the current direction evoking the smaller components over-
all. Previous TMS-EEG literature linked P60 amplitude to
the cortical processing of the MEP sensorimotor reafference
(Méki and Ilmoniemi 2010; Petrichella et al. 2017). Cru-
cially, in contrast with TEP findings, MEP amplitude reg-
istered in the current dataset showed no differences among
stimulation conditions (see Guidali et al. 2023 and Supple-
mental Fig. 2). Hence, P60 patterns could rather reflect an
intermingled effect of muscular reafferent elaboration (e.g.,
no differences between PA and AP directions) and cortico-
cortical activity (e.g., LM lower efficiency).

Finally, considering the contribution of cortical processes
not strictly related to the direct stimulation of M1, the lat-
est component we investigated, the P180, is the only one
showing a significant contribution of TMS intensity for both
pulse waveforms. This result is in line with the current liter-
ature highlighting the contribution of TMS-related auditory
and somatosensory inputs on this component, whose activ-
ity is located mainly over temporoparietal regions (Biabani
et al. 2019; Conde et al. 2019). Indeed, it is reasonable to
think that the higher stimulation intensity for monopha-
sic AP stimulation had caused in our participants stronger
somatosensory sensations on the scalp and a louder TMS
noise (i.e., the ‘click’ sound — which our white noise could
not entirely mask), leading to greater somatosensory and
auditory evoked potentials.

It must be noted that the relation between TEP compo-
nents and TMS-related sensory inputs has been previously
demonstrated for peaks occurring after 60 ms (Biabani et al.
2019; Niessen et al. 2021). Even if our data did not show any
role of stimulation intensity on P60 and N100 components,
as well as differences in the perceived TMS-related sensory
sensations across stimulation conditions (see Supplemental
Fig. 3), we cannot entirely exclude their contamination with
auditory and somatosensory processing. In this vein, modu-
lation patterns found for earlier components (i.e., N15, P30,
N45) are likely clearer-cut due to the fact that they are not
contaminated by TMS-related multisensory processing.

Limitations and Future Directions

The present study has a few limitations that must be taken
into account. First, a sham block for each stimulation con-
dition would have been helpful for isolating and remov-
ing responses reflecting TMS-induced peripheral artifacts,
allowing to disambiguate better the patterns found on later
TEP components. However, implementing these controls in
the original work (Guidali et al. 2023) would have been par-
ticularly demanding for participants and out of its aim. Future
studies could specifically focus on the role that sensory con-
founds have on the present findings, trying to deepen them
better. Secondly, using two distinct stimulators could have
introduced confounding related to the different machinery
exploited for monophasic and biphasic conditions (i.e.,
Magstim 200° and Magstim Rapid?®, respectively). Future
research should adopt stimulators permitting to deliver both
monophasic and biphasic pulses, hence taking into account
this potential bias of our study. Moreover, previous studies
highlighted that changing current direction and pulse wave-
form can influence the optimal hotspot for eliciting MEPs
(Stephani et al. 2016; Kammer et al. 2001). In the present
work, we kept the stimulation spot constant among condi-
tions to avoid further variability in TEPs due to changes in
the coil positioning over the motor cortex. Nevertheless,
in future, it would be beneficial to investigate the impact
on TEPs of selecting the optimal stimulation spot depend-
ing on the stimulation parameters. Regarding microstates,
their features showed a high inter-individual variability (see
Figs. 6 and 7). Microstate analysis applied to TMS-EEG
data is an emerging, yet promising, field of investigation.
Future studies should deepen the cortical sources underpin-
ning TMS-evoked microstate topographies, linking them to
specific TEP components (see e.g., Sulcova et al. 2022), as
happens for ERP microstates (e.g., Schiller et al. 2024; Tara-
ilis et al. 2024). This would allow a better interpretation of
the microstate results found in the present work. For this
reason, our conclusions on brain network modulations must
be interpreted cautiously (e.g., Kleinert et al. 2024). Then,
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other TMS parameters than those we considered, such as
TMS pulse width, can impact brain responses to stimula-
tion (Casula et al. 2018) and should be included in future
studies in combination with the parameters described here.
Finally, stimulation intensity was based on the participant’s
rMT, which, on the one hand, helped us control that all con-
ditions elicited the same corticospinal activity but, on the
other hand, did not ensure comparable cortical reactivity
across conditions.

Future TMS-EEG studies should then carefully consider
TMS parameters in order to use TEPs as biomarkers in a
reliable way. Expanding this knowledge could help optimize
modulatory TMS protocols acting or influencing motor sys-
tem cortico-cortical connectivity, permitting the better tar-
geting of specific neural pathways/circuits, especially when
these protocols are employed in clinical settings (Guidali et
al. 2021a, b; Hernandez-Pavon et al. 2023a). Again, given
the promising results obtained at the sensor level, source-
level connectivity analysis could deepen the present results,
going beyond the information conveyed by microstate anal-
ysis. Last but not least, this investigation could be extended
to other cortical areas (e.g., dorsolateral prefrontal cortex,
inferior parietal lobule) known to play a crucial role in neu-
ropsychiatric disorders (Cao et al. 2021; Farzan 2024).

Conclusion

To conclude, our study highlights the pivotal role of TMS
parameters over TEP modulation and their variability,
suggesting that different cortical circuits and networks
are recruited according to the current direction and pulse
waveform chosen. Overall, biphasic stimulation allows
the change of coil orientation without highly affecting the
evoked response, while monophasic one helps achieve a
higher stimulation selectivity, as supported by other TMS
studies (e.g., Fongetal. 2021; Hamada et al. 2014; Pieramico
et al. 2023; Sale et al. 2016). Critically, AP current direction
led to the most dissimilar spatiotemporal patterns compared
to the other conditions exploited. Thus, depending on the
aim of the study, the most suitable TMS parameters must be
carefully chosen, given that they are an important source of
variability when TMS-EEG is used. Considering microstate
analysis applied to TMS-EEG data (Ding et al. 2024; Sul-
cova et al. 2022), our results suggest that they could provide
valuable information at the sensor level, likely complemen-
tary to the one obtained by solely looking at amplitude and
latency of evoked responses, helping infer the activation of
distinct cortical circuits.
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