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� Primary motor cortex stimulation triggers early signal transfer to connected regions.
� Pre-stimulus interarea phase synchrony predicts responses in connected brain areas.
� The present data support communication-through-coherence at the macroscale level.

a b s t r a c t

Objective: Communication-through-coherence proposes that the phase synchronization (PS) of neural
oscillations between cortical areas supports neural communication. In this study, we exploited transcra-
nial magnetic stimulation (TMS)-evoked potentials (TEPs) to test this hypothesis at the macroscale level,
i.e., whether PS between cortical areas supports interarea communication. TEPs are electroencephalo-
graphic (EEG) responses time-locked to TMS pulses reflecting interarea communication, as they are gen-
erated by the transmission of neural activity from the stimulated area to connected regions. If interarea
PS is important for communication, it should be associated with the TEP amplitude in the connected
areas.
Methods: TMS was delivered over the left primary motor cortex (M1) of fourteen healthy volunteers, and
70-channel EEG was recorded. Early TEP components were source-localized to identify their generators,
i.e., distant brain regions activated by M1 through effective connections. Next, linear regressions were
used to test the relationship between the TEP amplitude and the pre-stimulus PS between the M1 and
the connected regions in four frequency bands (range 4–45 Hz).
Results: Pre-stimulus interarea PS in the alpha-band was positively associated with the amplitude of
early TEP components, namely, the N15 (ipsilateral supplementary motor area), P25 (contralateral M1)
and P60 (ipsilateral parietal cortex).
Conclusions: Alpha-band PS predicts the response amplitude of the distant brain regions effectively con-
nected to M1.
Significance: Our study supports the role of EEG-PS in interarea communication, as theorized by
communication-through-coherence.
� 2021 International Federation of Clinical Neurophysiology. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Understanding the mechanisms that underlie neuronal commu-
nication within the brain is one of the most intriguing and chal-
lenging questions in neuroscience. Although many important
features of the pathways of communication and their topological
organization have been revealed (Sporns, 2014), little is known
about the neurophysiological mechanisms of such communication
in the human brain. Therefore, it is fundamental for the future
development of connectivity studies to define how brain regions
shape effective communication, i.e., directional pathways of inter-
action that allow the neuronal structure to flexibly exchange
signals.

A prominent theory, known as communication-through-
coherence (Fries, 2005, 2015), suggests that neural communication
is ensured by patterns of coherent neural oscillations, occurring
when neural groups oscillate at the same frequency and are
phase-locked to each other. This phenomenon is defined as phase
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synchronization (PS). According to the communication-through-
coherence framework, PS ensures that temporal windows for neu-
ronal output and input are concurrently open, thus enabling effec-
tive communication among pre- and postsynaptic neurons. This
exchange takes place via PS, both for small distances within a brain
region up to long ranges between distant brain areas (Varela et al.,
2001; Schoffelen, 2005). Importantly, the magnitude of the PS, i.e.,
how much two oscillations are phase-locked to each other, is
expected to quantify effective interactions between neural groups.

Most of the evidence supporting the communication-through-
coherence framework has been provided at the microscale through
intracortical recordings in animals. First, at the local level, it has
been shown that the phase of postsynaptic rhythmic activity mod-
ulates the input gain and thus effective connectivity. Therefore, the
response to any input depends on the oscillatory phase in which
they are received so that inputs received at the phase of high
excitability of oscillatory activity benefit from a higher gain
(Siegle et al., 2014; Ni et al., 2016). Moreover, a second line of evi-
dence comes from the demonstration that the influence of one
neural group over another depends on the nonzero PS of the two
groups (Womelsdorf et al., 2007; Canolty and Knight, 2010).

Given these premises, it can be assumed that the same mecha-
nisms take place at the macroscale level, i.e., between regions of
the human brain, as measured by magneto/electroencephalo
graphic (M/EEG) recordings. Based on this assumption, several
studies in the last decade have applied indexes of PS (e.g., imagi-
nary part of coherence, phase locking value, etc.; Bastos and
Schoffelen, 2016) to oscillatory M/EEG data as measures of func-
tional connectivity (Stam and van Straaten, 2012; Weisz et al.,
2014; Rassi et al., 2019). Nonetheless, to date, noninvasive evi-
dence supporting communication-through-coherence in cortico-
cortical communication is limited only to the first line of evidence.
In other words, they support the key role of the phase of local oscil-
lations in shaping the neurophysiological and behavioral response
to an external event (Thut et al., 2012). In this context, a few stud-
ies have exploited transcranial magnetic stimulation (TMS), which
has the fundamental advantage of directly activating a cortical area
with fine temporal and spatial precision, bypassing the processing
pathways of an incoming peripheral stimulus (Miniussi and Thut,
2010). For example, van Elswijk and colleagues (van Elswijk
et al., 2010) showed that the amplitude of motor evoked potentials
(MEPs) depends on the phase of muscle activity in the beta range at
the time of TMS over the motor cortex (van Elswijk et al., 2010).
Additionally, the pre-stimulus local alpha phase over the occipital
cortex has been shown to be a determinant of visual percepts
induced by TMS (e.g., Thut et al., 2011).

Crucially, the role of PS between cortical areas has been less
studied in noninvasive recordings, although some evidence has
been provided in a recent paper (Stefanou et al., 2018). In this
work, TMS was applied either when homologous primary motor
cortices (M1s) oscillated in-phase or anti-phase in the alpha-
band frequency and the MEPs were recorded in these two condi-
tions. The results showed that interhemispheric inhibition was
stronger when alpha oscillations were in-phase between M1s, than
when they were in anti-phase. However, PS was studied in a single
pathway only (i.e., the interhemispheric connection between M1s)
while a cortical area is likely to connect to other regions through
multiple pathways at the same time. This has been demonstrated
by studies that combined TMS with neuroimaging methods, such
as functional magnetic resonance (TMS-fMRI, e.g., Ruff et al.,
2009) or EEG (TMS-EEG, e.g., Ilmoniemi et al., 1997). These multi-
modal approaches play a crucial role in the study of brain connec-
tivity, as they offer the opportunity to draw a causal inference
without the application of complex models and assumptions
(e.g., dynamic causal modeling and Granger causality). Specifically,
TMS-EEG coregistration provides information on the transmission
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of neural signals with excellent temporal resolution, showing that
the activation of a cortical area by means of TMS results in a com-
plex cortical response, including early evoked components gener-
ated in several distinct areas (Komssi and Kähkönen, 2006). For
example, TMS over M1 activates at least three cortical components
in the first 80 ms after the pulse in the TMS-evoked potentials
(TEPs) generated through cortico-cortical pathways in addition to
activation of the muscles through the corticospinal tract (Komssi
et al., 2002). Importantly, the amplitude and latency of the TEP
components might reflect, respectively, the strength and conduc-
tion delay of the connection between the stimulated area and the
receiving area (Bortoletto et al., 2021). In sum, TMS-EEG may be
highly informative in the study of cortico-cortical PS in effective
connectivity, as it considers multiple complex pathways.

In this study, we aimed to explore the role of PS between corti-
cal areas (i.e., cortico-cortical PS) using a TMS-EEG approach. In
this scenario, the target area activated by the TMS represents the
presynaptic neural group, and the TEP amplitude induced as a sec-
ondary response in distant areas provides the postsynaptic input
gain. Next, through EEG, we measured the pre-stimulus PS
between the TMS target (i.e., M1) and the regions of secondary
responses. Our hypothesis is that effective connectivity, as indexed
by the amplitude of TEPs, is related to the nonzero cortico-cortical
PS between M1 and the connected regions.
2. Methods

2.1. Participants

Fifteen right-handed healthy volunteers participated in this
study, and one was excluded due to excessive muscular artifacts
in the EEG recordings. The remaining fourteen volunteers (6
women) were 18–30 years old. The participants had no history of
neurological or other relevant medical diseases and had no TMS
contraindication (Rossi et al., 2009). None were taking central ner-
vous system-active medication at the time of the recordings. All
participants gave their written informed consent and were remu-
nerated for their participation. The experiments were carried out
in accordance with the ethical standards of the Declaration of Hel-
sinki and were approved by the local Ethical Committee of IRCCS
Istituto Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy.
2.2. TMS-EEG recording and experimental design

The data analyzed in the present work have been collected as
part of a larger study (Veniero et al., 2013). TMS-EEG coregistration
of the left M1 area was performed on two separate days with a
minimum interval of 48 h (intersession interval, mean ± SE: 3.6 ±
0.5 days) following an identical procedure each day (Fig. 1a). EEG
was recorded from 70 sintered scalp electrodes mounted in an
elastic cap (BrainCap, Brain Products GmbH, Munich, Germany)
according to the international 10–10 system of EEG sensor place-
ment. The FPz electrode was used as the ground electrode, and
the TP10 electrode was used as the reference electrode. Horizontal
and vertical electrooculograms (EOGs) and electromyograms
(EMGs) from the first dorsal interosseous (FDI) were acquired
(BrainAmp MRplus, BrainProducts GmbH, Munich, Germany). The
skin/electrode impedance was maintained below 5 kX. The data
were acquired at 5000 Hz and online bandpass filtered between
0.01 and 1000 Hz (Veniero et al., 2009).

Concurrently with the EEG recording, TMS was delivered using
a Super Rapid transcranial magnetic stimulator connected to a
double 50-mm figure-eight custom coil (Magstim Company, Whit-
land, UK). The coil was placed tangentially to the scalp with the
longer axes perpendicular to the central sulcus, approximately



Fig. 1. Schematic of the data acquisition and analysis. a) The experimental procedure of TMS-EEG coregistration included 200 TMS pulses delivered at random frequencies
between 1.4 and 5 s (0.2–0.7 Hz) to the left primary motor area (M1) at 110% of the resting motor threshold (rMT), and the EEG was recorded via 70 electrodes. b) Analysis
procedure of the pre-stimulus phase synchronization (PS). After preprocessing, the cross-spectrum and weighted phase lag index (wPLI) in the pre-stimulus window were
computed for each pair of channels (70 � 70) for four frequency bands (theta, alpha, beta and low gamma). The colors represent coupling strength (red: strongest coupling;
dark blue: lowest coupling). c) Analysis procedure of the post-stimulus cortical response. Each TMS-evoked potential (TEP) component was measured by determining the
peak value for each subject from the two electrodes that showed the maximum amplitude in the grand average. Then, each component was localized in the cortical space
(source localization) by means of standardized low-resolution brain electromagnetic tomography (sLORETA). d) Finally, the relationship between the pre-stimulus wPLI and
TEP amplitude was tested by means of simple linear regressions.

A. Zazio, C. Miniussi and M. Bortoletto Clinical Neurophysiology 132 (2021) 2473–2480
45� from the midline. The hotspot for stimulating M1, as identified
by eliciting MEPs from the resting right FDI, almost overlapped
with the C3 electrode in all subjects. First, the resting motor
threshold (rMT) was defined as the TMS intensity that elicited
MEPs of at least 50 lV in amplitude in 5 out of 10 trials
(mean ± SE: 64.4 ± 1.9% and 63.9% ± 2% of maximal stimulator out-
put; no difference between sessions, t = 0.9, p = 0.39). Then, 200
single TMS pulses per session were delivered at random intervals
between 1.4 and 5 s (i.e., 0.2–0.7 Hz) at 110% of the rMT. The sub-
jects wore earplugs during the entire experiment. The maintenance
of the coil position was controlled using a TMS neuronavigation
system (SofTaxic, EMS, Bologna, Italy).

2.3. Data analysis

TMS-EEG data analysis was performed in MATLAB (the Math-
Works, Natick, MA, USA) with custom scripts using EEGLAB func-
tions (Delorme and Makeig, 2004), FieldTrip functions
(Oostenveld et al., 2011), the source-estimate-utilizing noise-
discarding (SOUND) algorithm (Mutanen et al., 2018) and the
signal-space projection and source-informed reconstruction (SSP-
SIR) algorithm (Mutanen et al., 2016).

2.3.1. TMS-EEG preprocessing
The TMS-induced artifact, typically lasting up to 5 ms with our

equipment (Veniero et al., 2009), was removed by interpolating the
signal from �2 to 5 ms by replacing the artifact signal with a mov-
ing average of 5 points starting from 4 ms before the TMS pulse.
Then, the EEG and EOG signals were high-pass filtered at 0.1 Hz
(zero-phase Butterworth filter), divided into epochs from
�1100 ms to 500 ms, baseline corrected based on the 500 ms per-
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iod before the TMS (from �502 to �2 ms) and reduced to the 2048
sampling rate to speed up signal processing while keeping a high
temporal resolution, as required for the TMS-EEG data analysis.
To further reduce the TMS-EEG artifacts, the following steps were
performed: the measurement noise was reduced with the SOUND
algorithm, applied with the same parameters as in the original
work (Mutanen et al., 2018); the remaining noisy trials were
removed by visual inspection; ocular artifacts were corrected with
infomax independent component analysis (ICA); and TMS-evoked
muscular artifacts were reduced with the SSP-SIR algorithm
(Mutanen et al., 2016) applied to the first 50 ms after the TMS
pulse. Muscle-artifact components (0–3 in each dataset) were
identified from the time–frequency pattern and the corresponding
signal power. The use of SOUND and SSP-SIR algorithms to discard
TMS-related artifacts while preserving TMS-related cortical activ-
ity was chosen, as these algorithms do not rely on the assumption
that neural signals and artifacts are independent and they have
been applied by several research groups (Bagattini et al., 2019;
Bortoletto et al., 2021; Mancuso et al., 2021; Rogasch et al., 2020;
Salo et al., 2019). Finally, the epochs were low-pass filtered at
70 Hz, re-referenced to the average reference and visually
inspected to reject noisy trials. No channels were removed or inter-
polated. For consistency with the analysis on pre-stimulus cortico-
cortical PS, the same number of epochs was considered for each
participant (25% of trials rejected; see the next paragraph).

2.3.2. Prestimulus cortico-cortical PS
Cortico-cortical PS in the pre-stimulus interval was estimated

by calculating the weighted phase lag index (wPLI) (as in Vinck
et al., 2011) on the cross-spectrum of the 1000 ms preceding the
TMS pulse (Fig. 1b) (fast Fourier transform; Hanning window; fre-
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quency resolution = 1 Hz) for each pair of EEG channels and in a
range of frequencies from 4 to 45 Hz (theta, alpha, beta and low
gamma). Crucially, to obtain an accurate estimation of pre-
stimulus PS, the wPLI was calculated after merging trials from
the two recording sessions to increase the accuracy (see the Statis-
tical analysis and Results section) and using exactly the same num-
ber of EEG epochs (i.e., 339) for each subject to avoid any
confounds related to different amounts of data (Bastos and
Schoffelen, 2016). The obtained wPLI was then averaged over the
following frequency bands: theta (4–7 Hz), alpha (8–13 Hz), beta
(14–30 Hz), and low gamma (31–45 Hz), and the absolute value
was calculated. Given that the wPLI is a lagged measure of connec-
tivity based solely on the imaginary part of the cross-spectrum and
that it performs well in the presence of noise (Vinck et al., 2011),
our approach provided a measure of PS that is unbiased and is only
minimally affected by volume conduction (Yu, 2020). In subse-
quent analysis, the high dimensionality of the PS data (i.e., 70x70
electrode pairs) was reduced by focusing on wPLI between the
stimulated site (i.e., C3) and the electrodes in which the TEP com-
ponent was found to be maximal (see next paragraph). In this way,
we were able to restrict our pre-stimulus PS analysis to the brain
areas connected to M1 that were involved in signal propagation
during the first 60 ms following the TMS pulse.

2.3.3. Poststimulus effective connectivity
Given that TMS-EEG allows us to record the propagation of cor-

tical activation from the stimulated area to the connected areas, we
exploited TEPs as a measure of effective connectivity. TEPs were
analyzed in the same 339 epochs considered in the PS analyses
(Fig. 1c). The EEG epochs were baseline-corrected from �100 to
�2 ms before the TMS and averaged. From the grand average, we
individuated three TEP components within the first 60 ms follow-
ing the TMS pulse; later components were not considered because
they are likely to be contaminated by sensory processing of the
TMS pulse (i.e., auditory and somatosensory processing;
Nikouline et al., 1999; Herring et al., 2015; please see Figure S1
for further information on sensory contamination). For each com-
ponent and each subject, we identified the peak value from the
mean of the two electrodes that showed the maximum amplitude
in the grand average and measured the mean amplitude of 10 ms
around the peak.

2.3.4. Cortical sources localization
From previous studies (Ilmoniemi et al., 1997; Komssi et al.,

2002; Momi et al., 2021), we expected the TEPs to reflect the diffu-
sion of neural activity to the interconnected brain regions rather
than being a local phenomenon confined to the stimulated area,
i.e., M1. To identify the cortical regions connected to M1, we local-
ized the cortical sources of each component by calculating the cur-
rent density distribution at 6,239 voxels (5 mm resolution) at the
time of the peak by means of standardized low-resolution brain
electromagnetic tomography (sLORETA) (Pascual-Marqui, 2002).
Cortical source localization was performed on grand average data
across all participants to increase the signal-to-noise ratio. A regu-
larization parameter of the signal-to-noise ratio = 10 was applied
to account for residual noise in the signal (Liu et al., 2002). Brain
coordinates of the maximal activations are reported according to
the Montreal Neurological Institute (MNI) space.

2.4. Statistical analysis

Before merging the trials of the two TMS-EEG sessions, to esti-
mate the variability across recording sessions, TEPs obtained from
the first session were compared to TEPs obtained in the second ses-
sion by means of two-tailed paired t-tests applied to the peak
amplitude of each component. Furthermore, TEPs from the two
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sessions were also compared by means of a nonparametric
cluster-based permutation test for dependent samples (two-
tailed t-statistics, approximated with a Monte Carlo procedure
using 1000 permutations; Maris and Oostenveld, 2007) over all
channels and time points from 100 ms before to 400 ms after the
TMS pulse. Finally, as a measure of test–retest reliability, we calcu-
lated the concordance correlation coefficient (CCC) on peak ampli-
tude (Lin, 1989), and the obtained values were interpreted
according to (Shrout, 1998).

As a final and key point, the relationship between pre-stimulus
cortico-cortical PS (pre-stimulus wPLI) and effective connectivity
(indexed by TEPs amplitude) was tested by single linear regres-
sions for each frequency band and TEP component separately.

Statistical significance was set at p < 0.05, and all analyses were
performed in R software (R Core Team, 2013).
3. Results

3.1. Poststimulus effective connectivity

The first step was to ascertain the response induced by TMS
over M1. The comparison between the peak amplitudes in the
two separated sessions as well as the cluster-based permutation
test over channels and time points confirmed that the TEPs were
not different between sessions (paired t-test on TEP peaks: N15:
t = -1.2, p = 0.24; P25: t = 1.7, p = 0.12; P60: t = 1, p = 0.34;
cluster-based analysis: cluster-corrected p > 0.29). Moreover, CCC
indicated moderate test–retest reliability between sessions for
the N15 amplitude (CCC = 0.73) and substantial reliability for both
the P25 (CCC = 0.82) and P60 amplitude (CCC = 0.81) (Lin, 1989;
Shrout, 1998). These results showed that overall, the induced
response was stable over the sessions; therefore, trials from the
two sessions were merged together in subsequent analyses to
obtain a reliable number of trials for PS calculation.

Importantly, we analyzed the diffusion of cortical activation
after the TMS pulse by localizing the TEP components in the source
space to identify brain regions effectively connected with M1. Our
results showed that cortical activation induced by TMS within the
first 60 ms was not limited to the primary response of the stimu-
lated left M1 area. The induced activation was relayed to a network
of regions, generating a series of TEPs secondary to the activation
of the target area (M1), including the N15 (CP3), P25 (FC2 and
C2) and P60 (CP3 and CP5) waveforms (Fig. 2 and Fig. 3b). For
the P25 and P60 components, wPLI was averaged over the two
electrode pairs that were considered (C3-FC2 and C3-C2 for P25;
C3-CP3 and C3-CP5 for P60), as reported in Fig. 3a. The source
localization of the TEPs revealed that these components were gen-
erated within the motor and parietal cortices: N15 was localized in
the left supplementary motor area (SMA, left Brodmann area (BA)
6; MNI coordinates: �5, �10, 55); P25 was localized in the con-
tralateral M1 (right BA4; MNI coordinates: 5, �20, 60); and the
positive deflection corresponding to P60 was localized in the left
superior parietal lobule (left BA7; MNI coordinates: �25, �60,
50) (Fig. 2 lower panel). Overall, our results on source localization
are in line with previous evidence characterizing TEPs as nonlocal
phenomena that reflect the transmission of neural activation to
interconnected brain regions and therefore can be considered a
measure of effective connectivity.
3.2. Relationship between the pre-stimulus cortico-cortical PS and
effective connectivity

The second and significant step was to identify whether there
was a relationship between the cortico-cortical PS before TMS
(pre-stimulus wPLI) and effective connectivity (TEP amplitude).



Fig. 2. TMS-evoked potentials: TEP components within 60 ms (N15, P25 and P60) were identified on the scalp and localized in the source space. Top: Butterfly plot of TEPs
across 70 EEG scalp channels in average reference; C3 electrode in the thick blue trace. Bottom: topographies and source localization of TEP components; maximum activation
is indicated by Montreal Neurological Institute (MNI) coordinates and the corresponding Brodmann area (BA). After the activation of the M1 target area, several other cortical
regions were activated at different latencies: N15 localized in the left supplementary motor area (BA6), P25 in the right precentral gyrus (BA4), and P60 in the left superior
parietal lobule (BA7).
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We observed a significant positive relationship between C3 pre-
stimulus wPLI in the alpha band and three TEP components, such
that subjects with stronger connections in the alpha band between
the stimulated area and the connected areas exhibited larger TEP
responses (N15: r = -0.54, p = 0.046; P25: r = 0.56, p = 0.036;
P60: r = 0.66, p = 0.01), as reported in Fig. 3. No significant relation-
ships were observed between the TEPs amplitude and pre-stimulus
cortico-cortical PS in the other frequency bands (see Table S1).
4. Discussion

In the present work, we showed that PS between brain areas
could account for effective connectivity, indexed by the amplitude
of the cortical response in distant brain regions. Specifically, in the
propagation of the signal following M1-TMS, TMS-induced sec-
ondary responses were localized in brain areas within the motor
and parietal areas, and their response amplitude depended on
the strength of the alpha-band PS between these areas and M1
before the TMS pulse.

As expected, we reported evidence that TMS over M1 triggers
multiple pathways of cortical activations within the first 60 ms,
as revealed by source localization of the TEP components. After
M1 stimulation, the signal propagates ipsilaterally to the SMA
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(N15), to the contralateral homologous M1 (P25), and to the ipsi-
lateral superior parietal lobule (P60). This pattern of brain activa-
tion following the TMS pulse is consistent with previous findings
on M1 stimulation during resting-state TMS-EEG recording
(Ilmoniemi et al., 1997; Komssi et al., 2002; Litvak et al., 2007).
Notably, the observation of neural activity in the contralateral
hemisphere at ~20 ms after the TMS pulse, together with previous
TMS-EEG studies (Ilmoniemi et al., 1997; Komssi et al., 2002;
Bortoletto et al., 2021), converges in indicating the time range
of ~20 ms as the transcallosal conduction delay between homolo-
gous M1s (although shorter latencies have been reported with
double-coil TMS studies; e.g., Ferbert et al., 1992; Fujiyama et al.,
2016). Moreover, these secondary responses were mainly gener-
ated in a network of areas that, according to fMRI studies, are
strongly connected during the resting state and have been identi-
fied as the motor network (Smith et al., 2009; Patriat et al.,
2013). Additionally, activation of the superior parietal lobule fol-
lowing M1 stimulation has been previously reported (Komssi
et al., 2002). Importantly, by considering TEP components within
the first 60 ms after the TMS pulse, we minimized the risk of sen-
sory contamination (Nikouline et al., 1999; Herring et al., 2019;
Niessen et al., 2021; Rocchi et al., 2021; but see Conde et al.,
2019). This has been confirmed by additional analyses based on
the approach suggested by Niessen and colleagues (Niessen et al.,



Fig. 3. Relationship between pre-stimulus weighted phase lag index (wPLI) and TMS-evoked potential (TEP) amplitude. a) Pre-stimulus wPLI was calculated between the C3
and electrodes showing the highest peak in TEPs (CP3 for N15, FC2 and C2 for P25, CP3 and CP5 for P60). b) Grand average of TEP components averaged over the electrodes
specified in a); standard error for repeated measures (Morey, 2008) in shaded error bars. c) Stronger pre-stimulus connectivity in the alpha band predicts higher TEPs, as
shown by significant regressions for all TEP components (N15, P25 and P60).
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2021; Figure S1). Considering that we stimulated M1, TEPs within
this time interval may be influenced by the reafferent signal of the
MEPs; however, this should not be considered contamination but
rather as a signal contribution from the stimulated corticospinal
circuit.

Overall, the brain source localization of EEG responses to TMS
corroborates the common interpretation that TEPs convey infor-
mation on effective connectivity within a neural network
(Bortoletto et al., 2015).

Crucially, we showed that alpha-band PS between M1 and con-
nected regions positively predicts the amplitude of the cortical
response to TMS, such that the stronger the functional connectivity
is, the greater the cortical response of areas connected to M1 after
stimulation.

Our findings advocate the key role of the oscillatory phase in
neural communication (Fries, 2005, 2015) by showing that the
TMS cortical response is influenced by the preceding PS between
the sending region and the region that receives the information,
expanding on previous evidence from invasive recordings
(Womelsdorf et al., 2007). A possible mechanism behind
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communication-through-coherence was proposed in a previous
animal study (Canolty et al., 2010), which revealed that oscillatory
phase coupling across multiple brain areas could selectively syn-
chronize neuronal groups and determine spike timing in single
neurons. Neuronal spiking was effectively predicted by the
phase-coupling pattern with given distant areas, suggesting that
brain oscillations and their interactions are crucial in establishing
large-scale brain networks by way of phase coupling across sites.
Our results provide stimulating novel evidence consistent with
communication-through-coherence predictions at the macroscale
in the living human brain; namely, PS is related to the input gain
in interarea neural communication in multiple parallel pathways.
The significant relationship between alpha-band PS and the ampli-
tude of the response to TMS is not only in line with recent work by
Stefanou et al., 2018 but also further extends their results from the
peripheral (i.e., MEPs in Stefanou et al., 2018) to the cortical level of
the response (i.e., TEPs in the present work) and from a single (i.e.,
communication between homologous M1s in Stefanou et al., 2018)
to multiple parallel pathways within the motor network. Impor-
tantly, our data are in line with the most recent conceptualization
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of communication-through-coherence (Fries, 2015), in which
phase delays have been accounted for, as the estimation of the
PS in our study by means of wPLI is relatively insensitive to phase
differences of 0� and 180� and therefore implies a delay in the
phase (Bastos and Schoffelen, 2016). Overall, the present findings
support the use of M/EEG-PS as a measure of interarea connectivity
(Weisz et al., 2014; Bastos and Schoffelen, 2016), which so far has
been mostly based on the communication-through-coherence
hypothesis (Fries, 2005, 2015) and evidence from invasive micro-
scale recordings (Womelsdorf et al., 2007; Canolty et al., 2010).

In relation to the frequency at which the effects were found, PS
appears to be predictive of TEP amplitude in the alpha-band only.
This result is consistent with a key role played by the alpha-band in
the motor system (Haegens et al., 2011), which is also known as
mu rhythm and appears to be prominent at rest (Hari, 2006;
Ramos-Murguialday and Birbaumer, 2015), specifically in estab-
lishing interarea communication (Stefanou et al., 2018). In addition
to the alpha rhythm, other frequencies have been associated with
activity in the motor system, such as the beta- and gamma-
bands; nonetheless, these rhythms appear to be mostly involved
during peripheral control or during task execution (Wiesman
et al., 2020; Zhang et al., 2020). Therefore, we do not exclude that
in a different context than the one investigated here (i.e., the rest-
ing state), PS in frequencies other than the alpha-band may be pre-
dictive of the response amplitude.

Our study does have a few limitations. First, although we min-
imized the risk of sensory contamination by focusing on the earli-
est TEP components within the first 60 ms, N15 showed a trend for
significance in the correlation with the rMT, indicating that N15
may contain residual TMS artifacts. Additionally, considering that
the test–retest reliability of N15 was lower than that of the other
components according to the CCC (i.e., moderate vs. substantial
reliability), additional caution should be used during the interpre-
tation of the results from this component. Second, the relatively
small sample size, although consistent with TMS-EEG studies
recently published (Koivisto et al., 2017; Gordon et al., 2018;
Pisoni et al., 2018; Stefanou et al., 2018; Conde et al., 2019),
restricts the generalization that can be drawn from the results,
which therefore must be interpreted with caution until future
studies provide a replication of the results. Third, neither wPLI
nor TEPs can be obtained at the single-trial level, thus preventing
the study of within-subject fluctuations in effective connectivity
and the response to TMS. Finally, we highlight that while the pre-
sent data show an association between pre-stimulus PS and TEP
amplitude, they do not demonstrate a causal effect and, therefore,
should not be interpreted in this sense.

In conclusion, our findings highlight the role of EEG oscillations
in creating pathways of communication in functional brain net-
works. Importantly, we provide valuable macroscale evidence sup-
porting the communication-through-coherence framework in the
communication between distinct areas, indicating PS as a promis-
ing neurophysiological mechanism through which effective com-
munication between cortical regions is organized.
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