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Abstract Recent studies have synchronized transcranial magnetic stimulation (TMS) application
with pre-defined brain oscillatory phases showing how brain response to perturbation depends
on the brain state. However, none have investigated whether phase-dependent TMS can possibly
modulate connectivity with homologous distant brain regions belonging to the same network. In
the framework of network-targeted TMS, we investigated whether stimulation delivered at a specific
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phase of ongoing brain oscillations might favour stronger cortico-cortical (c-c) synchronization
of distant network nodes connected to the stimulation target. Neuronavigated TMS pulses were
delivered over the primary motor cortex (M1) during ongoing electroencephalography recording in
24 healthy individuals over two repeated sessions 1 month apart. Stimulation effects were analysed
considering whether the TMS pulse was delivered at the time of a positive (peak) or negative
(trough) phase of μ-frequency oscillation, which determines c-c synchrony within homologous
areas of the sensorimotor network. Diffusion weighted imaging was used to study c-c connectivity
within the sensorimotor network and identify contralateral regions connected with the stimulation
spot. Depending on when during the μ-activity the TMS-pulse was applied (peak or trough), its
impact on inter-hemispheric network synchrony varied significantly. Higher M1–M1 phase-lock
synchronization after the TMS-pulse (0–200 ms) in the μ-frequency band was found for trough
compared to peak stimulation trials in both study visits. Phase-dependent TMS delivery might be
crucial not only to amplify local effects but also to increase the magnitude and reliability of the
response to the external perturbation, with implications for interventions aimed at engaging more
distributed functional brain networks.

(Received 19 September 2021; accepted after revision 10 November 2021; first published online 20 November 2021)
Corresponding author E. Santarnecchi: Precision Neuroscience & Neuromodulation Program, Massachusetts General
Hospital & Harvard Medical School, Boston, MA, USA. Email: esantarnecchi@mgh.harvard.edu

Abstract figure legend TMS pulses delivered over M1 at the negative peak of μ-frequency band induces higher
phase-lock synchronization with interconnected contralateral homologous regions. The the fiber density and
cross-section of the whitematter tract that connect the twomotor cortices predicts such cortico-cortical synchronization
changes. Phase-dependent TMS delivery might be crucial to increase magnitude and reliability of within-network
synchronization.

Key points
� Synchronized transcranial magnetic stimulation (TMS) pulses with pre-defined brain oscillatory
phases allow evaluation of the impact of brain states on TMS effects.

� TMS pulses over M1 at the negative peak of the μ-frequency band induce higher phase-lock
synchronization with interconnected contralateral homologous regions.

� Cortico-cortical synchronization changes are linearly predicted by the fibre density and
cross-section of the white matter tract that connects the two brain regions.

� Phase-dependent TMS delivery might be crucial not only to amplify local effects but also to
increase the magnitude and reliability of within-network synchronization.

Introduction

In the last two decades transcranial magnetic stimulation
(TMS) has been extensively tested for the treatment of
several neurological and psychiatric disorders (Connolly
et al. 2012). Even though TMS provides a safe and
well tolerated therapeutic option for several neuro-
psychiatric conditions, and several TMS devices have
been cleared by the Food and Drug Administration
and other regulatory bodies, findings often show high
variability and sometimes small effect sizes reflecting
only moderate clinical improvement (López-Alonso et al.
2014). It is well known that the impact of a TMS pulse
on the neural system is not determined only by the
properties of the stimulus but also by the initial brain

state of the perturbed region (Silvanto & Pascual-Leone,
2008). Brain states can be non-invasively measured
by electroencephalography (EEG) and the underlying
cortical activity can be characterized, for example, by
ongoing oscillations (Buzsáki, 2006). Such oscillations
represent a fundamental mechanism enabling brain
network communication at multiple temporal and spatial
scales which sustain both sensory processing and higher
order coordination of motor and cognitive functions
(Buzsáki &Draguhn, 2004; Uhlhaas & Singer, 2010; Akam
& Kullmann, 2014). A compelling way to explore the
neurophysiological significance of such oscillations is to
combine TMS and EEG (Thut & Pascual-Leone, 2010;
Voineskos et al. 2010). Indeed, the effects of controlled
and well-timed perturbations induced by TMS pulses can

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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be measured by EEG, which assesses both local induction
of brain activity and its millisecond-level propagation
throughout the brain (Momi et al. 2020). It is also possible
to study the impact of specific brain states at the time
of stimulation on the TMS-induced effects (Bergmann
et al. 2019; Schaworonkow et al. 2019) and relate those
to cognitive or behavioural consequences. For this reason,
in the last years multiple efforts have been made to
individualize the treatment of several disorders taking
into account, for example, spontaneous brain oscillation
(Drysdale et al. 2017) and neural excitability (Perera
et al. 2016), in order to investigate the contribution of
these components to the variability in the TMS inter-
ventions. In this context, recent studies have started to
deliver individual or trains of external pulses during
pre-defined brain oscillatory phases, reporting promising
results within the motor system in healthy individuals
(Stefanou et al. 2018) and stroke patients (Hussain
et al. 2020). Specifically, phase-dependent TMS applied
during the negative peak (trough) of the sensorimotor
μ-frequency band (8–13 Hz) increased corticospinal
behavioural output (Zrenner et al. 2018) and brain TMS
evoked-potentials (TEPs) (Desideri et al. 2019) to a larger
extent than TMS applied irrespective of this phase. Such
results are based on the fact that the trough of the
μ-oscillation represents a state where the dendritic trees
of pyramidal neurons are closer to the firing threshold
and, therefore, more likely to generate action potentials in
response to a TMS pulse (Buzsáki et al. 2012). However,
it is worth mentioning that another research group did
not find any consistent modulatory effect of μ-phase on
corticospinal excitability using brain state-informed TMS
targeting the peak and trough (Madsen et al. 2019). Such a
discrepancy in the findings of the two groupsmight be due
to several differences in the experimental approach such
as the number of trials per condition, the inter-stimulus
interval (ISI) between the TMS pulses and the statistical
model employed for the analyses.

Despite the aforementioned studies having evaluated
the behavioural and brain evoked-potential outcomes
following phase-dependent TMS application, none so far
have investigated possible changes in cortico-cortical (c-c)
synchronization of homologous brain regions belonging
to the same network. In this study we used image-guided
TMS–EEG to selectively perturb the primarymotor cortex
(M1) and further investigate whether c-c connectivity
is modulated by the phase of the ongoing sensorimotor
μ-rhythm. Given that the aforementioned studies have
demonstrated how the trough of the μ-rhythm represents
a high-excitability state (Zrenner et al. 2018; Desideri
et al. 2019), we hypothesized that external perturbation
at the negative peak would be able to induce higher
c-c synchrony between the stimulated target region and
homologous regions of the same network compared to
stimulation over the peak. It is important to mention that

that the focus of our analysis was on the contralateral
homologous motor regions connected to the stimulated
spot via transcallosal white matter fibres in accordance
with recent publications (Zrenner et al. 2018; Desideri
et al. 2019; Bortoletto et al. 2021; Zazio et al. 2021). In
order to identify the individual sensorimotor network,
Schaefer’s atlas (Schaefer et al. 2018) was employed, which
divided the brain into seven networks.
Finally, control analyses were conducted to investigate

if microstructural properties of the white matter were
related to c-c synchronization. Importantly, considering
the quest for data reproducibility, the same analyses were
repeated on data collected on the same sample of healthy
individuals across two separate study visits 1 month apart.

Methods

Participants

The study was approved by the Institutional Review
Board of the Beth Israel Deaconess Medical Center
(2016P000351). Each participant was asked to provide
written informed consent and was remunerated for the
entire study; the study conformed to the Declaration
of Helsinki. Twenty-four right-handed (Oldfield, 1971)
healthy volunteers (mean age, 32 ± 10 years; range,
19–49 years) with normal neurological and psychiatric
evaluation and no history of drugs acting on the
central nervous system were recruited through flyers and
on-line advertisement. A pre-TMS magnetic resonance
imaging (MRI) assessment was carried out including
a T1-weighted (T1w) anatomical, a resting state fMRI
and a diffusion-weighted imaging (DWI) scan. Such
imaging assessment was carried out in order to extract
individualized networks maps (Fig. 1A). Each participant
subsequently carried out two TMS visits, separated by
1 month, where 120 single pulses (for each visit) were
delivered every 5–8 s (random jitter) over M1 (Fig. 1B).
The TMS spot was personalized based on individual
resting motor threshold (RMT), defined as the lowest
stimulation intensity necessary to evoke a motor evoked
potential (MEP) (∼50 μV) in at least 50% of the trials
(Rossini et al. 2015). The ‘hotspot’ of stimulation was
therefore determined as the cortical hand region where
MEPs were larger and more consistent in the right
first dorsal interosseous (FDI) muscle, as compared to
abductor pollicis brevis (APB) muscle (Rothwell et al.
1999). During the stimulation application, participants
were asked to wear earplugs (Rossi et al. 2020) where
auditory white noise was played to minimize the impact
of the TMS click (ter Braack et al. 2015). A thin layer
of foam was placed under the TMS coil to minimize
somato-sensory contamination of the TMS-evoked EEG
potentials. The stimulation intensity was set at 120%

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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1458 D. Momi and others J Physiol 600.6

Figure 1. Methodological workflow and metrics extraction
A, in order to identify the contralateral motor network, the 7-network functional cortical atlas (Yeo et al. 2011) was
projected onto the subject’s cortical surface using the spherical registration implemented in Freesurfer software. B,
TMS was applied to the individual left primary motor area (M1) ‘hotspot’ determined as the cortical hand region
where MEPs were larger and more consistent in the right first dorsal interosseous (FDI) muscle, as compared to
abductor pollicis brevis (APB) muscle (Rothwell et al. 1999). Once the ‘hotspot’ was identified by evaluating MEPs
responses, anatomical MRI was used for the neuronavigation of the TMS spot while high-density (hd)-EEG with
64 channels was simultaneously recorded. C, TMS-induced electric field was modelled with SimNIBS (Thielscher
et al. 2015). The point with maximal electric field (E-field) was then defined and from there a sphere of radius
0.5 cm was created. D, seed-based anatomically constrained tractography (Smith et al. 2012) was performed
in order to extrapolate the white matter bundle connecting the E-field map and the contralateral sensorimotor
network. The individual sensorimotor network map was thresholded using the reconstructed tract where only the
vertices reached by a streamline were selected. The remaining vertices represent the cortical regions structurally
connected with the stimulation spot. E, the time series from the electrode closest to the stimulation spot were
extracted and filtered using the individual peak μ-frequency (Corcoran et al. 2018). Then, trials were classified
as peak or trough depending on whether the TMS pulse was delivered at the positive or the negative peak,
respectively. In order to investigate how much the results would have depended on how close the TMS pulse was
to the actual peak of the phase, TMS stimuli were classified as landing on a peak or trough using several sensitivity
windows ranging from 5 ms (very accurate) to 40 ms (more liberal). TMS pulses that did not land within a given
sensitivity window were not included in that analysis (see Methods for further details). F, as for the connectivity
analysis at source level, metrics were extracted from the white matter fibres’ terminations of the tract connecting
the stimulated grey matter portion. As for electrode level analysis, the Euclidian distance was computed from every
electrode and the centroid of the thresholded E-field map (stimulated hemisphere) and the white matter fibres’
terminations (contralateral hemisphere). The closest electrodes for the left and right hemisphere were then selected
for the TMS–EEG connectivity analysis. G, phase locking value (PLV) (Lachaux et al. 1999; Mormann et al. 2000)
was calculated as a measure of connectivity for both source and electrode level analyses. The raw difference

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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J Physiol 600.6 Phase-dependent TMS induces cortico-cortical synchronization 1459

between the PLV of trough and peak trials was calculated for all the frequencies between 3 and 40 Hz. Then,
1000 permutation t-tests were performed in which the surrogated trough vs. peak difference was computed after
each iteration and statistically compared with the real difference (Pernet et al. 2015). Finally, the cluster threshold
was determined as the 95th percentile of the cluster’s surrogate distribution. [Colour figure can be viewed at
wileyonlinelibrary.com]

of the RMT with randomly jittered (5000–8000 ms)
inter-stimulus intervals.

Modelled and image-guided selection of electrodes

In order to perform c-c connectivity analysis, the
portions of grey matter mainly affected by the TMS
pulses were selected based on electric field (E-field)
modelling (left hemisphere) and tractography (right
hemisphere). TMS-induced E-field was modelled with
SimNIBS (Thielscher et al. 2015) to identify the cortical
region directly engaged by the external perturbation
(Fig. 1C). Given that in the literature there is no consensus
on how to selectively identify only the neural tissue
recruited by the TMS pulse (Romero et al. 2019), we
defined this as the point with the maximal E-field and
from there created a sphere of radius 0.5 cm and used
this as seed for connectivity analysis in source space. As
for electrode level analysis, the Euclidian distance was
computed from every electrodes of the stimulated hemi-
sphere and the closest electrode to the thresholded E-field
map was picked for connectivity analysis. Following this,
in order to identify the contralateral motor network,
the seven-network functional cortical atlas (Yeo et al.
2011) was projected onto the subject’s cortical surface
using the spherical registration implemented in Freesurfer
software (Fig. 1A). The resulting maps were then
resampled to native structural T1w MRIs. Seed-based
anatomically constrained tractography (Smith et al. 2012)
was performed in order to extrapolate the white matter
bundle connecting the E-field map and the contralateral
sensorimotor network (Fig. 1D). The reconstructed tract
was used to threshold the sensorimotor network map
where only the vertices reached by a streamline were
selected. The remaining vertices represent the cortical
regions structurally connected with the stimulation spot
and were used to extract connectivity metrics in source
space. As for electrode level analysis, the Euclidian
distances between the largest area of the white matter
fibres’ termination cluster and the electrodes of the right
hemisphere were computed and the closest electrode was
picked. For further details on TMS-induced electric field
modelling, see Supporting information.

EEG trial partitioning in peak and trough

Based on previous studies which reported higher cortico-
spinal excitability when the TMS pulse was delivered at

the negative peak of sensorimotor μ-oscillation (Zrenner
et al. 2018; Desideri et al. 2019), we first identified
the individual sensorimotor rhythm (Fig. 1E). To this
purpose, individual peak alpha frequency (PAF) and
centre of gravity (CoG) were calculated from resting-state
power spectra, which had been previously smoothed using
a Savitzky–Golay filter (Corcoran et al. 2018).
A surface Laplacian spatial band-pass filter was then

applied to the preprocessed EEG in order to control
for volume conduction effects, attenuating activity
from distant sources or activity that is highly spatially
distributed and temporally coherent (Tenke & Kayser,
2012). The time series from the electrode closest to the
stimulation spot (see dedicated section for details on
electrode selection) were extracted and filtered using the
individual PAF (filter width of ±2 Hz). Thus, trials were
classified as peak or trough depending on whether the
TMS pulse was delivered at the positive or the negative
peak respectively.
In order to evaluate the specificity of the

phase-dependent TMS effects, different window sizes
ranging from 5 ms (very accurate) to 40 ms (more liberal)
were used during the classification of the trials into peak
or trough. Specifically, pulses were classified as landing
on a peak or trough if they fell within the sensitivity
window (i.e. ±5 ms) of the peak or trough of the ongoing
oscillation. For instance, if the employed window size
was 5 ms, the trials were classified as peak (or trough)
if and only if the pulse was delivered ±5 ms near the
positive (or negative) phase peak. On the other hand, if
the pulse of a given trial was delivered>5ms distant from
the peak, that trial was discarded and not included in
subsequent analyses. Such differentiation was performed
in order to evaluate how much the results depend on how
close the TMS pulse was to the actual peak of the phase.
Importantly the peak/trough ratio was included in all the
statistical analyses as a covariate of nuisance.

EEG source reconstruction and metrics

All TMS evoked EEG source reconstruction was
performed in Minimum-Norm Estimate (MNE) software
(Gramfort et al. 2013) (https://mne.tools/stable/index.
html) running in Python 3.6 (Fig. 1F). First, the watershed
algorithm was used to generate the inner skull, the outer
skull and the outer skin surfaces triangulations. Then
the EEG forward solution was calculated using a three
compartment boundary-element model (Gramfort et al.
2010). Noise covariance was estimated from individual

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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trials using the pre TMS (−500 ms to 0 ms) time window
as baseline. The inverse model solution of the cortical
sources was performed using the dynamic statistical
parametricmapping (dSPM)methodwith current density
(Hämäläinen& Ilmoniemi, 1994) and constraining source
dipoles to the cortical surface. The resulting output of
EEG source reconstruction was the dSPM current density
time series for each cortical vertex. In order to investigate
inter-hemisphere c-c synchronization differences between
trough and peak trial, whole-brain phase locking value
(PLV) was computed from the thresholded individual
E-field map for different frequencies (ranging from 3 to
40 Hz). Specifically, PLV was calculated as the length of
the average of phase angle differences between electrodes
over time (Lachaux et al. 1999; Mormann et al. 2000),
resulting from the convolution between a complex Morlet
wavelet and the data.

PLV f =
∣∣∣∣∣n−1

n∑
t = 1

ei(ϕb,t−ϕa,t )
∣∣∣∣∣

where n is the number of time points and ϕb and ϕa are
phase angles from electrodes b and a at frequency f for
each time point t. By subtracting these phase angle vectors
and computing their average length, the result will be
between 0 for absent coupling and 1 for perfect synchrony.
The final PLV maps for trough and peak trial

were then corrected for the baseline using the decibel
conversion (Cohen, 2017) in order to account for
both limitations of raw values and electrode-specific
idiosyncratic characteristics.

dBt f = 10log10

(
activityt f
baseline f

)

where the horizontal bar over baseline indicates the mean
across the baseline time period, and t and f are time
and frequency, respectively. Finally, individual PLV maps
were morphed to average brain for group analysis where
both permutation testing and cluster correction were
implemented in order to compare trough vs. peak trials.

EEG phase-based connectivity analysis

In order to investigate whether the connectivity results
found at the source level were replicable also at the
electrode level (Fig. 1G), PLV was also computed between
the electrodes affected by the TMS pulse (see dedicated
section for details on the electrode selection).
The baseline corrected time–frequency matrices for

peak and trough were statistically compared using both
a condition-wise permutation testing and a cluster-based
thresholding (Pernet et al. 2015) as a correction for
multiple comparisons. Specifically, the permutation test
transformed the difference between the trough and the

peak trials into a z-value with respect to a null distribution
of surrogate conditions difference values, obtained by
swapping condition labels at each of 1000 permutations.
The resulting z-scores were thresholded at P < 0.05.
With an additional 1000 iterations permutation test, a
distribution of cluster sizes of contiguous significant
points under the null hypothesis of no difference was
computed, and only the time–frequency clusters that
exceeded the 95th percentile of this distribution was
retained.

DWI metrics computation

White matter fibre orientation distributions (FODs)
were computed using MRtrix3Tissue (https://3tissue.
github.io/) for each participant by ‘single-shell 3-tissue
constrained spherical deconvolution’ (SS3T-CSD)
(Dhollander & Connelly, 2016) using a group averaged
response function for each tissue type (white matter
(WM), grey matter (GM) and cerebrospinal fluid (CSF))
(Raffelt et al. 2012). Following these processing steps, we
calculated the three standard fixel-based metrics for FBA
(Raffelt et al. 2017):

(1) Fibre density (FD): a microstructural metric that
serves as a proxy for axonal density or packing.

(2) Fibre cross-section (FC): a macrostructural metric
that approximates relative fibre bundle diameter or
size.

(3) Fibre density and cross-section (FDC): the product
of FD and FC, which encapsulates changes to both
micro- and macro-structure.

MRI data acquisition

The MRI evaluation was performed on a 3T scanner
(GE Healthcare, Ltd, Hatfield, UK). The T1w was
used for neuronavigation using the BrainsightTM TMS
Frameless Navigation system (Rogue Research Inc.,
Montreal, Canada) as discussed below. The T1w was
acquired using a 3D spoiled gradient echo sequence: 166
axial-oriented slices for whole-brain coverage; 240 mm
isotropic field-of-view; 0.937 mm × 0.937 mm × 1 mm
native resolution; flip angle = 15°; TE/TR ≥2.9/6.9 ms;
duration ≥432 s. DWI sequences were collected using
a single-shot echo planar imaging (slices = 71; matrix
size = 256 × 256 × 71; voxel size = 0.8 mm × 0.8 mm
× 2.2 mm; repetition time= 8500ms, time echo= 79ms;
30 non-colinear directions, b-value = 1000 s mm−2).

DWI data preprocessing

A customized pipeline running in Ubuntu 18.04
LTS was used for the preprocessing of DWI images

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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using tools in FMRIB Software Library (FSL 5.0.3;
www.fmrib.ox.ac.uk/fsl) (Jenkinson et al. 2012),
Mrtrix3 (mrtrix.readthedocs.io/en/latest/) (Tournier
et al. 2012), FreeSurfer (Fischl et al. 2004) and ANTs
(stnava.github.io/ANTs/) (Avants et al. 2011). All images
were denoised (Veraart et al. 2016), preprocessed via FSL’s
EDDY (Andersson & Sotiropoulos, 2016), and bias field
corrected (Zhang et al. 2001). The response function for
a single fibre population was estimated using a spherical
deconvolution Tournier algorithm (Tournier et al. 2007).
Simultaneously, the T1w images were coregistered to the
b0 volume and then segmented using the FAST algorithm
(Zhang et al. 2001). Two subjects were excluded from the
analysis given poor quality in their DWI data.

TMS

TMS was delivered using a figure-of-eight shaped coil
with dynamic fluid cooling (Magspro 75mm cool B-65,
Magpro A/S., Denmark) attached to a MagPro X-100
stimulator (MagVenture A/S, Denmark). T1w anatomical
images were imported into the BrainsightTM TMS
Frameless Navigation system (Rogue Research Inc.),
and a coregistration procedure was performed using
scalp landmarks (nasion, vertex and the two preauricular
points) in order to monitor the coil position. MEPs were
recorded with active electrodes positioned on the right
FDI and the right APB muscles, while the reference
electrode was placed over the metacarpophalangeal
joint of the index finger. EMG data were amplified
and digitized using a Powerlab 4/25T data acquisition
system (ADInstruments, Colorado Springs, CO, USA)
at a sampling rate of 4000 Hz (bandpass filtered at
10–2000 Hz). EMG signals were continuously streamed
by using LabChart software (LabChart 8.0) to monitor
MEPs, and epochs were recorded with a 150 ms window
length covering from 50 before to 100 ms after the
TMS pulse. The individual T1w was used to localize the
anatomical cortical hand region before the TMS visit.
This served as a starting point location for identifying the
‘hotspot’ which corresponded to the scalp location where
TMS intensity was sufficient to evoke a motor response
(∼50 μV) in the FDI muscle in at least 50% of the trials.

EEG

Whole scalp 64-channel EEG data were collected with
a TMS-compatible amplifier system (actiCHamp system,
Brain Products GmbH,Munich, Germany) and labelled in
accordance with the extended 10–20 international system.
EEG data were online referenced to the Fp1 electrode.
Electrode impedances were maintained below 5 k� at
a sampling rate of 1000 Hz. EEG signals were digitized
using a BrainCHamp DC amplifier and linked to Brain-

Vision Recorder software (version 1.21, Brain Products)
for online monitoring. Digitized EEG electrode locations
on the scalp are also co-registered to individualMRI scans
using BrainsightTM TMS Frameless Navigation system.

EEG data processing

A customized script running in MATLAB R2017b (The
MathWorks Inc., Natick, MA, USA) was used for offline
data preprocessing mainly performed with the EEGLAB
14.1 toolbox (Delorme & Makeig, 2004). A single block
of 120 trials was first created by merging the two single
blocks of 60 trials each, and then segmented into epochs
of 1500 ms each (from −500 (pre-pulse) to 1000 ms
(post-pulse)). Baseline correction was performed using
an amplitude of the mean pre-pulse (−500 to −100 ms)
signal and raw data were visually inspected to then
remove noisy channels. Zero-padding was applied on
a window of −2 to 14 ms to reject early TMS pulse
artefact and noisy epochs were then removed based on the
voltage (≥100μV), kurtosis (≥3), joint probability (single
channel-based threshold ≥3.5 SD) and visual inspection.
In order to minimize overfitting and noise components,
the dimensionality of the data was firstly reduced
to 60 components by principal component analyses
(PCA). Subsequently, a first round of fast independent
component analysis (fICA) (Hyvärinen & Oja, 1997)
was run specifically aimed at removing remaining early
TMS-evoked and EMG artefacts. A linear interpolation
was used to interpolate the zero-padded time window
and the EEG data were then band pass filtered using a
forward-backward fourth-order Butterworth filter from
1 to 100 Hz, notch filtered between 57 and 63 Hz, and
referenced to global average. A second PCA was further
employed to reduce the data dimensionality into 57
components before removing remaining artefact (e.g. eye
movement/blink, muscle noise (EMG), single electrode
noise, TMS evokedmuscle, cardiac beats, auditory evoked
potentials) with a second round of fICA (Rogasch et al.
2017). During both fICA, the components were visually
inspected where a semi-automated artefact detection
algorithm incorporated into the open source TMS–EEG
Signal Analyser (TESA v0.1.0-beta; https://nigelrogasch.
github.io/TESA) was used (Rogasch et al. 2017). Finally,
a low pass filtered with a fourth-order Butterworth filter
at 60 Hz was employed, and previously removed channels
were spherically interpolated.

Control analyses

In order to test potential differences in the peak/trough
ratio for visit 1 and visit 2, a 2 × 5 ANOVA was run with
the factor Visit (2 levels: visit 1 and visit 2) and Time (five
levels: 40, 30, 20, 10 and 5 ms). No significant interaction

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Visit × Time (F(1,23) = 0.55, P = 0.46) or main effect of
Visit (F(1,23) = 3.83, P = 0.06) and Time (F(1,23) = 0.76,
P = 0.39) were found.
Moreover, in order to control the specificity of the

TMS-induced c-c phase-dependent connectivity for
trough trials, 3 min of resting-state EEG collected during
eyes open were analysed. Specifically, after data pre-
processing, surrogate epochs were created with time
windows compared to the TMS-evoked data. Afterwards,
time series from the same electrode were extracted and
filtered using the same individual peak μ-frequency.
Then, trials were categorized as peak or trough depending
on whether the surrogate event occurred at the time of
the positive or the negative peak, respectively. Topoplots
cosine similarity was computed between resting-state and
TMS–EEG data for both peak and trough trials.
Moreover, c-c connectivity of the resting-state period

(from −500 to 0 ms) preceding TMS was also extracted
and compared to the post-TMS window for both peak
and trough trials. To make this comparison, a 2 × 2 ×
4 analysis of variance (ANOVA) was performed with a
(within subjects) factor ‘Trial’ (two levels: Peak; Trough),
a (within subjects) factor ‘Time’ (two levels: Pre-TMS;
Post-TMS) as well as a (within subjects) factor ‘Frequency’
(four levels: Theta, Alpha, Beta, Gamma). The critical
P-value was then adjusted using Bonferroni correction to
account for multiple comparisons (∗p < 0.05 Bonferroni
corrected). We hypothesized that TMS would induce

higher c-c synchrony between structurally connected
brain regions compared to conventional resting-state EEG
and specifically for trough trials.

Results

Source level phase-based connectivity between left
and right hemisphere

In order to investigate c-c synchronization within the
motor network, source-level individual PLV maps were
computed using the thresholded E-field map as seed
separately for trough and peak trials. As shown in Fig. 2A,
a higher PLV value at an individual μ-band was found
with the contralateral somato-motor network for trough
(visit 1: average PLV = 0.78; visit 2: average = 0.63)
compared to peak (visit 1: average PLV = 0.33; visit 2:
average = 0.21) trials. As shown in Fig. 2B, individual
PLV scores extracted from thresholded streamline maps
were significantly higher for trough compared to peak
trials for both visit 1 (t = 4.58, P < 0.001) and visit 2
(t = 5.94, P < 0.001). Given that in the preprocessing
steps the first 14 ms after the pulse were zero-padded, the
connectivity analysis was re-run leaving out the first 15ms
after the pulse in order to control for this confounding
factor. Results were substantially similar and are reported
in Supplementary information, Results.

Figure 2. Source level PLV whole-brain connectivity with the stimulated region
A, significant cluster comparing PLVmaps for trough vs. peak trials. Higher synchronization between the stimulated
region and the contralateral hemisphere was found for both visit 1 (top) and visit 2 (bottom). B, individual PLV
between the stimulated region and the thresholded streamline map. Higher synchronization was found for trough
compared to peak trials for both visit 1 (top; 1 (t = 4.58, P < 0.001) and visit 2 (bottom; t = 5.94, P < 0.001).
[Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Electrodes selection and trough/peak ratio

Over the stimulated hemisphere (Fig. 3A, left), the electro-
des closest to the centroid of the thresholded E-Field map
wereC3 (visit 1: 19/24; visit 2: 19/24), C1 (visit 1: 2/24; visit
2: 2/24), FC1 (visit 1: 1/24; visit 2: 0/24), FC3 (visit 1: 2/24;
visit 2: 2/24) and C5 (visit 1: 0/24; visit 2: 1/24). Over the
contralateral hemisphere (Fig. 3A, right), the electrodes
closest to the white matter fibres’ terminations area were
C4 (visit 1: 13/24; visit 2: 13/24), FC4 (visit 1: 1/24; visit 2:
2/24), C2 (visit 1: 7/24; visit 2: 4/24), CP4 (visit 1: 2/24; visit
2: 1/24), FC2 (visit 1: 1/24; visit 2: 2/24), C6 (visit 1: 0/24;
visit 2: 1/24) and P4 (visit 1: 0/24; visit 2: 1/24). For further
details on the electrodes employed for the analysis for each

subject and for each visit, see Supporting information,
Table S1.
For the peak/trough ratio (Fig. 3B), we found a

rate around 1 regardless of the temporal thresholds of
sensitivity in the trial subdivision, meaning that the
same number of peak and trough trials was found:
unconstrained (visit 1: mean = 0.70, SEM = 0.10; visit 2:
mean = 1.22, SEM = 0.30), 40 ms (visit 1: mean = 0.71,
SEM = 0.10; visit 2: mean = 1.22, SEM = 0.30), 30 ms
(visit 1: mean = 0.72, SEM = 0.11; visit 2: mean = 1.23,
SEM = 0.32), 20 ms (visit 1: mean = 0.79, SEM = 0.17;
visit 2: mean = 1.39, SEM = 0.43), 10 ms (visit 1:
mean = 0.67, SEM = 0.12; visit 2: mean = 1.24,

Figure 3. Time–frequency PLV results comparing trough vs. peak for 5 ms thresholds of sensitivity
A, in the majority of the subject and across visits, the electrode directly most affected by the TMS pulse was C3 (n:
19/24) for the stimulated hemisphere and C4 (n: 13/24) for the contralateral hemisphere. B, ratio of trials classified
as peak or trough considering different degree of temporal sensitivity in the trial split selection (from no constraint
to a minimum of a 5 ms window). C, the time–frequency PLV for the thresholds of sensitivity of 5 ms is shown.
Raw difference plot represents the subtraction between trough vs. peak trials. Then the time–frequency matrices
for peak and trough were transformed into z-values (z-map plot) and statistically compared to a null distribution of
surrogate conditions obtained by swapping condition labels at each of 1000 permutations. The resulting z-scores
were thresholded at P < 0.05 (thresholded z-map). Finally, a distribution of cluster sizes of contiguous significant
points under the null hypothesis of no condition difference was computed, and only the time–frequency clusters
that exceeded the 95th percentile of this distribution were retained (cluster corrected-map). Trough trials were
observed to induce greater synchronization between the selected electrode in the μ-band compared to peak trials
for both visit 1 and visit 2. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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SEM = 0.33) and 5 ms (visit 1: mean = 0.76, SEM = 0.16;
visit 2: mean = 1.52, SEM = 0.44).

Electrode level phase-based connectivity between
left and right hemisphere

As for 5 ms thresholds of sensitivity in splitting the
trials (Fig. 3C), the time–frequency PLV showed a greater
synchronization between the selected electrode after the
TMS pulse in theμ-band for the trough compared to peak
trials for both visit 1 (average frequency = 11.35 Hz) and
visit 2 (average frequency = 11.23 Hz).
Interestingly, such a result was independent of the

thresholds of temporal sensitivity used to subdivide the
trials (Fig. 4). Indeed, for both visits the same higher
synchronization between the selected electrode in the
μ-band was evident for trough relative to peak trials:
unconstrained (visit 1: average frequency = 12.97; visit
2: average frequency = 11.54), 40 ms (visit 1: average
frequency = 12.84; visit 2: average frequency = 11.52),
30 ms (visit 1: average frequency = 12.72; visit 2:
average frequency = 11.34), 20 ms (visit 1: average
frequency = 12.59; visit 2: average frequency = 11.73),
10 ms (visit 1: average frequency = 12.44; visit 2:
average frequency = 11.67) and 5 ms (visit 1: average
frequency = 12.53; visit 2: average frequency = 12.02).

Control analyses

As shown in Fig. 5A, EEG trial categorization was reliably
performed both using resting-state and TMS–EEG

datasets. This demonstrates that even though it is known
to be notoriously challenging to identify the phase
properly in the presence of TMS-related (residual)
artefacts and evoked responses (Zrenner et al. 2020),
such TMS-induced contamination of the signal does not
compromise the overall ability to categorize the trials
accurately. For further details on the similarity between
resting-state and TMS–EEG topoplots for both peak and
trough, see Supporting information, Table S2.
As shown in Fig. 5B, a significant interaction Time ×

Trial × Frequency was found in the 2 × 2 × 4 ANOVA
(F(2,42) = 8.17, P = 0.003) with a significant inter-
action Time × Frequency (F(1,21) = 9.87, P = 0.002) and
Time × Trial (F(1,21) = 11.45, P < 0.001). Post hoc level
comparisons revealed that the pattern driven by trough
trials with a significant difference was found in the theta
(Post-TMS > Pre-TMS: t-value= 0.06, P = 0.002) and
alpha (post-TMS > pre-TMS: t-value= 2.14, P= 0.003)
frequency bands.

Relationship between DWI metric and
synchronization

To investigate the association between the significant
trough vs. peak synchronization in the μ-band and brain
structure, separate non-parametric permutation GLM
analyses with individual PLV as dependent variable and
FD, FC, or FDC as independent variables were run. As
shown in Fig. 6, a significant positive relationship was
found between the amount of synchronization for both
peak and trough trials and the FDC of the transcallosal

Figure 4. Time–frequency PLV results comparing trough vs. peak for difference ms thresholds of
sensitivity
The time–frequency PLV for different thresholds of sensitivity in redistributing trough and peak trials is shown. For
both visits, the same higher synchronization between the selected electrode in the μ-band was evident for trough
relative to peak trials. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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corpus callosum fibres connecting the primary motor
cortices (P < 0.05, FWE-corrected).

Discussion

Previous studies have shown how TMS protocols
synchronized with the phase of spontaneous brain
oscillations result in long-term changes of excitability
of the stimulated neural circuit, at both brain (Desideri

et al. 2019) and behavioural level (Zrenner et al. 2018).
Here, we further expand this concept demonstrating how
external perturbation of the motor network delivered
at the negative peak of ongoing μ-oscillations seems
able to induce stronger c-c synchronization between
the stimulated area and contralateral homologous
regions belonging to the same network, with results
being particularly relevant for the engagement and
coupling of other non-motor networks of the brain.

Figure 5. Control analyses
A, peak and trough trial categorization was performed using EEG data collected during resting-state eyes open. The
resulting topomaps showed a comparable pattern to the TMS-EEG data demonstrating that TMS-related (residual)
artefacts do not compromise the overall ability to categorize the trials accurately. B, grand mean average of PLV
extracted for all the frequencies for both pre-TMS and post-TMS time window. A significant difference (red square
boxes) was found in the theta (Post-TMS > Pre-TMS: t-value = 3.06, P = 0.002) and alpha (post-TMS > pre-TMS:
t-value = 2.14, P = 0.003) frequency bands for trough compared to peak trials. [Colour figure can be viewed at
wileyonlinelibrary.com]

Figure 6. Microstructural predictors of cortico-cortical synchronization
A significant positive relationship was found between the amount of synchronization for both peak and trough
trials, and the FDC of the transcallosal corpus callosum fibres connecting the primary motor cortices (P < 0.05,
FWE-corrected). [Colour figure can be viewed at wileyonlinelibrary.com]

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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Finally, the microstructural nature of the stimulated white
matter bundle was significantly related to the amount of
synchronization, suggesting that axonal properties are
relevant for the propagation of action potentials regardless
of the phase moment when the external perturbation was
delivered.

TMS at trough induces higher cortico-cortical
synchronization

In line with our hypothesis, external perturbations
delivered at the negative peak of spontaneous
μ-oscillations induced higher c-c synchrony between the
stimulated area and the contralateral homologous brain
region of the same network, compared to the positive
peak. Moreover, our control analyses revealed that such
a result was specific for theta and alpha frequency bands
and importantly was not driven by pre-TMS differences
in the c-c synchronization values across the conditions.
Previous single cell recordings on the rat have shown
that stimulated pyramidal cells discharge mostly on the
negative phase, corresponding to the time when the soma
is least hyperpolarized (Buzsáki et al. 1983; Fox et al.
1986). In this framework, recent TMS–EEG studies in
humans have shown how corticospinal excitability is
enhanced at the negative compared to the positive peak
of the μ-oscillation as measured by MEP (Zrenner et al.
2018) and TEP (Desideri et al. 2019) amplitude. Indeed,
following TMS-induced E-field modelling, external
perturbation over motor hand area excites fibres in the
pre- and postcentral gyrus parallel to the magnetic field
(Laakso et al. 2014; Bungert et al. 2017). Such input
leads to trans-synaptic activation of the apical dendritic
trees of pyramidal cells (Amassian et al. 1987), which
has been indicated as the main generator of negative
deflections in the surface EEG (Buzsáki et al. 2012). For
this reason, an external perturbation delivered at the
negative peak of the μ-rhythm reaches the dendritic trees
of pyramidal cells at a time when they are closer to the
firing threshold, leading to a higher fraction of them
being recruited (Buzsáki et al. 1983; Kamondi et al. 1998).
In this context, our retrospective analyses provide the first
evidence that stimulation-induced connectivity changes
within the targeted brain networks depend on the phase of
the ongoing endogenous brain oscillations at the time of
stimulation. In line with the aforementioned physiological
studies, we have shown that the EEG negative peak of the
μ-oscillation represents the phase instant to induce higher
c-c connectivity in homologous brain areas belonging
to the same networks at source level, and not only a
high-excitability state of corticospinal neurons as pre-
viously demonstrated (Zrenner et al. 2018). Importantly,
the same result was obtained at electrode level where
the spatial resolution is lower compared to source-based

reconstruction, even though we have tried to overcome
this issue using a multimodal neuroimaging approach
for the electrode selection. Such procedures overcome
the fundamental limitations of individual modalities and
should be potentially extended to other cognitive domains
where the variability in the brain anatomy and geometry
is higher.
Early experimental evidence in cats found that inter-

hemispheric oscillatory synchronization between homo-
logous neural assemblies in primary visual cortex is
fundamental for establishing the relationship between
distributed features in the two visual hemi-fields (Engel
et al. 1991). Moreover, in the motor system, anatomical
tracer work in non-human primates has demonstrated
that the main callosal connections of the primary
motor cortex (M1) are with homologous regions of the
contralateral hemisphere (Rouiller et al. 1994; Dancause
et al. 2007). From a functional perspective, whilst the
β-frequency transiently synchronizes the two hemi-
spheres during bimanual and unimanual motor tasks
(Murthy & Fetz, 1996), the μ-band constitutes the
dominant rhythm in the frequency spectrum between
homologous areas of the sensorimotor cortex at rest
(Gastaut & Bert, 1954).
Overall, in line with the state-dependency effect of

TMS (Silvanto & Pascual-Leone, 2008), our findings
demonstrate that the effect of a given stimulus on the brain
is highly dependent on the brain oscillation phase at that
instant and not simply on the nature of the stimulus itself.
Thus, given the high variability in outcome of the TMS
application for the treatment of brain disorders, future
studies should test whether stimuli synchronized with
the individual patient’s instantaneous brain state would
improve the outcome of the intervention.

Neural predictors of cortico-cortical synchronization

Apart from estimating the impact of a given intervention,
identifying specific features predicting the likelihood of
higher or lower responsiveness to a given treatment or
therapy is becoming crucial in clinical and non-clinical
settings (Drysdale et al. 2017). We highlighted a very
interesting, yet preliminary, predictor of TMS-induced
c-c synchronization in the FDC of the transcallosal fibres
of the corpus callosum. Several studies have reported
a positive relationship between microstructure of fibre
tracts connecting bilateral primary motor cortices and
the strength of interhemispheric inhibition, as measured
in adults with short interval interhemispheric inhibition
(Wahl et al. 2007; Fling et al. 2011). Furthermore,
recent biophysical models of axon conduction have
demonstrated a linear relationship between the delay
of a simulated local field potential and the structural
properties of transcallosal corpus callosum fibres (i.e.
length and g-ratio) (Berman et al. 2019).

© 2021 The Authors. The Journal of Physiology © 2021 The Physiological Society
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In this framework, our findings demonstrate that
microstructural properties (both axonal density and
bundle size) of the white matter tract connecting the
two primary motor cortices was linearly related with the
amount of synchronization. The fact that such a result was
found for both peak and trough trials might suggest that
an external perturbation would engage the same neuro-
nal population and white matter fibres regardless of the
phase periodwhen the stimulus is delivered. Conversely, it
is the amount of information conveyed by thewhitematter
tract that is highly dependent on the phase moment when
the TMS pulse is applied. Prospective studies including a
predefined assignment to a low and high corpus callosum
fibre FDC group are needed to causally validate this
hypothesis.

Limitations of the study and future directions

Our resultsmust be interpreted considering the low spatial
resolution of the EEG. Despite our selecting the electrode
based on individual white matter tracts obtained by a
high spatial resolution DWI acquisition, a more precise
spatial mapping of TMS-induced network effects would
be better captured by ideally combining TMS–EEG with
concurrent fMRI acquisitions (Peters et al. 2020).

As for the time–frequency EEG analysis, one important
limitation concerns the fact that we have not tested
potential changes in c-c connectivity of other frequency
band oscillations. However, selecting the μ-rhythm was
well grounded on previous research (Hari, 2006; Jensen
& Mazaheri, 2010; Haegens et al. 2011; Stefanou et al.
2020), while results on other oscillation bands have
been demonstrated to be contradictory (Guerra et al.
2016; Raco et al. 2016). Moreover, in addition to being
previously reported, using the μ-rhythm made the
classification of the trial for negative and positive peaks
easier thanwhen using other bandswith higher frequency.

It is important to mention that the statistical analysis at
the electrode level was performed treating the two visits
as independent. Indeed, the main goal of the study was
to investigate differences between the condition (peak
and trough) across the two visits. For this reason, a
condition-wise (instead of visit-wise) permutation testing
was performed in order to control for type I error
(Maris & Oostenveld, 2007). Furthermore, cluster-based
thresholding (Pernet et al. 2015) was performed, retaining
only clusters that exceeded the 95th percentile of the
distributions of contiguous significant points obtained for
all the permutations.

Furthermore, as for the diffusion signal, future studies
might employ quantitative MRI techniques combined
with advanced biophysical models to measure micro-
structural features of white matter, such as axon diameter,
the g-ratio and the overall tract length (Duval et al. 2017).

In addition, future studies should integrate diffusion and
functional MRI to constrain the resolution of the EEG
inverse problem in order to evaluate the transfer of
information through the white matter on a millisecond
scale (Deslauriers-Gauthier et al. 2019).
Finally, future studies should explore whether such

a phase-dependent effect of TMS can be extended to
other resting state networks involved in high cognitive
functioning.

Conclusion

Our analyses expand on previous studies by
demonstrating how TMS pulses delivered at a specific
phase instant result in differential long-distance
connectivity values within the stimulated network,
depending on the phase of the targeted oscillation.
Moreover, such c-c synchronization changes are linearly
predicted by the microstructure of the white matter tract
that connects the two brain regions, regardless of the
phase state when the stimulus was delivered. Findings can
be used to tailor – or predict the impact of – interventions
targeting other sensory as well as cognitive brain networks
outside the motor system, such as the default mode or
dorsal attention networks.
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