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Abstract
For decades, postural control has been believed to be dominated by re�exive mechanisms, but more recent
evidence characterizes it as an articulate system which relies on multisensory integration (vestibular, visual,
proprioceptive) and cortical coordination to preserve balance in the wake of external disruptions to the quiet
stance. Corrective strategies to stabilise the body’s center of mass and prevent falls are planned at the
central nervous system level and executed through the modulation of muscular activity, especially in the
lower legs muscles: gastrocnemius, soleus and tibialis. In this study, we use localized proprioceptive
vibratory stimulation to induce a perturbation of the subjects’ quiet stance. By integrating traditional force
plate data with electrophysiological signals (EEG and EMG), we use cortico-muscular and inter-muscular
coherence to investigate how brain and muscles interact to shape an effective response to a postural
challenge. Our results show how the cortical drive is enhanced in beta [13-30]Hz and gamma [30-45]Hz
bands, speci�cally for the soleus and gastrocnemius muscles, during the task execution. We also reveal a
remodulation of the lower legs muscle network, with a distributed strengthening of muscle activity coupling.

Introduction
Since the �rst early studies at the beginning of the 20th century, human postural control has been
traditionally believed to be the result of low-level re�exive mechanisms and tonic muscle contractions1.
This paradigm held up for decades, until it was challenged by novel anatomical and behavioural
observations. Mounting experimental evidence eventually formed a consensus around a new theory that
considers postural control as an articulated system which relies on multisensory integration and higher-
level coordination. Indeed, the seemingly effortless act of maintaining balance in a quiet upright stance has
been shown to require the active planning of corrective strategies in order to adapt to changes in the
surrounding environment, external perturbations and altered sensorial conditions2,3. Vestibular, visual, and
somatosensory-proprioceptive systems have been shown to play a key role in providing the central nervous
system (CNS) with the sensory feedback required to constantly monitor the postural condition4,5. The
integration of this sensory information at the cortical level is the basis for the development of a corrective
strategy. The postural corrective strategy is then executed through cortical modulation of muscle
contractions over time, with the aim to adjust the body’s centre of mass, thus reducing instability, and
ultimately preventing falls. The muscles that are primarily involved in postural control are those of the lower
legs (tibialis, soleus and gastrocnemius), which take part in the so-called ‘ankle strategy’ and help to
stabilise the body’s position6.

Traditionally, human postural control has been investigated by posturographic means, i.e., by analysing the
�uctuations of the centre of pressure (COP) over time during different balance tasks. In this study, we set
out to use electroencephalography (EEG) and electromyography (EMG) to gain a better understanding of
the physiological mechanisms shaping human postural control. In particular, we want to explore the
relationship between cortical and muscular activity and the way brain and muscles coordinate to effectively
respond to a postural challenge.
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Here, the participant’s upright stance is disrupted by a randomised sequence of proprioceptive
skeletomuscular vibrations applied to the calves. Mechanical vibrations applied to muscles and tendons
are a widely used way to alter the proprioceptive afferent system 3,7,8. The application of an external
vibration induces the muscle spindles to synchronise to the vibratory stimulation, �nally resulting in an
increase of the motor unit �ring rate9–11. Speci�cally, the altered proprioceptive feedback tricks the CNS
with the illusion of movement and muscles �bres being stretched, and results in a tonic re�exive response
that shortens the muscle �bres while tilting the body in the direction of the vibration 12.

To better understand how the efferent cortical drive responds to this kind of postural challenge and to
investigate the muscular response, we used two tools: cortico-muscular coherence (CMC) and inter-
muscular coherence (IMC)13.

CMC is a common approach to assess the level of interplay between neural signals and muscle activity. It is
considered to re�ect predominantly the descending efferent corticospinal pathway that carries the neural
signal from the pyramidal neurons of the cortex to the spinal motor neurons and eventually controls the
muscle �bres activity14. In addition, more recent literature also suggested a role of the ascending afferent
system in shaping the CMC, with the proprioceptive signal stemming from muscle receptors and travelling
to the somatosensory cortex15. This is supported by observations of beta band (13-30Hz) synchronisation
in the motor and somatosensory cortices16,17. Consistently, beta band activity has been shown to be a
signature of enhanced proprioceptive feedback integration for the maintenance of the ongoing
sensorimotor state -or status quo-, which here relates well to the attempt of preserving balance in the wake
of a disturbance 18,19.

IMC is a helpful tool to shed light on the motor control that the CNS exerts through muscles. In particular, it
has been hypothesised that the CNS works by �exibly controlling combinations of muscular groups,
resulting in so-called muscle synergies20,21. The degree to which groups of muscle work together towards a
speci�c task can be observed in the oscillatory patterns of their electrical activity, which re�ect common
oscillatory inputs from the CNS as well as afferent pathways13. Graph analysis techniques, usually
employed in neural network scenarios, proved to be an innovative tool to enhance IMC analysis by
providing an intuitive representation of the muscular response organization, in the form of a ‘muscle
network’ 22,23. IMC offers a way to evaluate the functional connectivity between muscles (nodes of the
network), allowing the investigation of muscle activity modulation across tasks and experimental
conditions, thus highlighting muscle synergies 24,25.

In this study, we want to verify whether the postural challenge induced by localised proprioceptive
vibrations leads to a shift towards high-level postural control strategy, with enhanced interplay between
cortico-muscular signals and a modulation of muscular activity coupling, paving the way to new
approaches to postural control interventions.

Materials And Methods
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Participants and experimental design
Experimental data were acquired on 11 young healthy volunteers at Aston University’s ALIVE Lab, under the
approval of the University Research Ethics Committee (ref: #1432). All participants were recruited among
the student population (age: 24.4 ± 5.8; 5 males and 6 females). Criteria for participants’ recruitment
included a minimum age of 18, no neuromuscular or balance disorders, no physical impediments to the
maintenance of a prolonged upright stance and no medications or alcohol consumption during the
previous 24 hours.

The bellies of the soleus (SOL), gastrocnemius lateralis (GL) and tibialis anterior (TA) muscles were
identi�ed following the SENIAM guidelines26. The skin area around the identi�ed locations was then shaved
and cleaned with alcohol wet wipes. For the recording of surface EMG, two bipolar Ag/AgCl electrodes were
applied to each muscle following the presumed direction of the underlying muscle �bres. A reference
electrode was also applied to the medial malleolus. A 64-channel EEG cap was adjusted on the participant’s
head and electroconductive gel was applied to reduce the impedance between the scalp and the Ag/AgCl
wet electrodes of the cap, arranged according to a standard 10–20 system montage. The EEG cap was
connected to a portable ampli�er which the participant carried inside of a small backpack. The EMG bipolar
electrodes were also connected to the same ampli�er through a series of cascaded bipolar adaptors.

Finally, two vibrators were secured on the participant’s calves and connected to a custom-made actuator
box attached to a belt and worn around the waist. The vibrators consisted of two eccentric rotating mass
DC motors encapsulated in plastic cylinders (diameter: 30mm, length: 62mm), which delivered an 85Hz
vibration. The actuator box, in addition to controlling the vibratory stimulation sequence, also acted as a
trigger box connected to the ampli�er and the force plate, enabling the synchronisation of the recorded
signals with the stimulation epochs. Participants were �nally asked to stand still on a force plate, in a
natural upright posture, with arms relaxed along the body and facing straight ahead, gazing at a marker on
the wall at about 2-meter distance. Figure 1 report a schematic of the study set-up.

Figure 1 about here (all �gures are at the end of the �le)

Figure 1 : Schematic representation of the experimental set-up. The participant was asked to stand on a
force platform in a quiet, upright stance. After 30s of resting state (Baseline), a proprioceptive vibratory
stimulation sequence was delivered through vibrators applied to the gastrocnemius muscles of the calves
for 10min. The 64-channel EEG data, the EMG signals acquired on the TA, SOL and GL muscles, and the
posturographic signal, were synchronized with triggers at the offset of each vibration. These triggers
allowed for the de�nition of 1 second task epochs (highlighted in the �gure), which were then concatenated
into four quartiles.

Each session comprised two identical trials, performed respectively with open and closed eyes (OE, CE), in
randomised order and with a 5-minute pause in between. Each trial started with 30s of baseline recording
during an unperturbed quiet stance. Subsequently, the participant’s posture was disrupted via means of
proprioceptive stimulation of the skeletal muscles of the calves. The stimulation was delivered for a total
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duration of 10min, in a randomised binary sequence of vibration and resting periods, with duration
uniformly distributed between 1-6s

Data pre-processing
The EEG signal was acquired at a sampling frequency of 1000Hz and subsequently pre-processed using
custom-made scripts in Matlab®R2019a (The Mathworks, Inc., Natick, MA). The pre-processing followed
the semi-automated pipeline proposed in CARTOOL27. First, the signal was �ltered with a zero-phase band
pass FIR �lter between 1-45Hz and the DC offset was removed. The signal was then segmented into epochs
of 1s duration, according to the triggers which marked the end of each vibration period. An EOG regression
based on three frontal electrodes (Fp1, FpZ, Fp2) was performed to remove eye blink artifacts from the
segmented epochs28. For each epoch, channels with low signal-to-noise ratio were identi�ed as those
whose standard deviation (SD) exceeded the average SD of a factor greater than 1.7 and replaced with an
interpolation of the adjacent channels. Epochs in which more than 15% of the channels were classi�ed as
‘bad channels’ were discarded. The signal was �nally re-references to common average.

The EMG signal was also pre-processed using custom-made Matlab scripts. First, the signal was �ltered
between 20-250Hz with a zero-phase band-pass Butterworth �lter29 and the 50Hz power line noise was
removed with a notch �lter. Then, the signal was recti�ed using a Hilbert transform30. Finally, the acquired
signal was segmented into 1s epochs, in the same way as the EEG signal, i.e., according to the triggers
which denoted the end of each vibration period, in order to ensure data free from vibration-induced
artefacts.

The COP trajectory recorded through the force plate was �rst detrended and �ltered between 0.2-20Hz with
a Butterworth �lter31. Then, the signal was normalized to unit variance32 and segmented into epochs in the
same fashion as the synchronised EEG and EMG signals.

Finally, the central 20s of the initial resting state recording were used to de�ne the baseline epoch, while
task epochs of each signal were concatenated into quartiles: Q1, Q2, Q3, Q4.

Posturography metrics
The average distance (DIST) and mean velocity (MV) of the COP were extracted from the posturographic
data for baseline, Q1 and Q4. Given the anterior-posterior (AP) and medial-lateral (ML) components of the
COP sway signal, over a time period of length T, comprising N time points, the average displacement of the
COP from the center of the stabilogram is de�ned as33:

DIST =
∑N

n=1 AP2
n+ML2

n

N

The average velocity of the COP sway is de�ned as:

√
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MV =
∑N

n=1 (APn+1 − APn)2 + (MLn+1 − MLn)2

T

A two-tailed Wilcoxon signed-ranked test was performed to check for statistically signi�cant variations in
these metrics, between baseline and Q1, and between Q1 and Q4. The computed p-values were then
corrected for multiple comparisons with FDR (correction over 2 metrics and 2 tests)

CMC
The magnitude-squared coherence spectrum between EEG and EMG signals was computed to quantify the
similarity of their frequency and phase content. For every subject, CMC was computed in beta band [13–30]
Hz, for all the possible pairs of EMG and EEG channels (6 and 60, respectively), in baseline, Q1 and Q4, for
the two experimental conditions (OE and CE). The coherence signal was computed as follows:

Cxy(f) =
Pxy(f) 2

Pxx(f)Pyy(f)

Where Pxy is the cross-spectral density between the two signals (Fourier transform of the cross-correlation),
Pxx is the power spectral density (PSD) of the EEG signal and Pyyis the PSD of the EMG signal. The PSD

was estimated via Welch’s periodogram method34, segmenting the epochs using non-overlapping Hamming
windows with duration of one second35.

To verify the presence of statistically signi�cant changes in the coherence spectra following the
administration of the proprioceptive vibratory stimulation, a cluster-based permutation test was performed
between the coherence spectra computed during the resting state period (baseline) and during the �rst
quartile of the postural task (Q1)36. To investigate potential changes in cortico-muscular strategies over the
course of the trial, as a result of habituation processes, a cluster-based permutation test was also
performed between the �rst and last quartile of the task trial (Q1 and Q4, respectively).

The cluster-based permutation test was performed in the channel and frequency dimensions, to identify
clusters of neighbouring EEG electrodes whose coherence with a speci�c muscle showed a statistically
signi�cant difference during the execution of the postural task compared to the resting state. The test was
carried out in Fieldtrip37 using 2000 permutations and comparisons were run in the beta and gamma
frequency ranges.

IMC
IMC was also computed among EMG channels as a measure to estimate the degree to which the activity of
couples of muscles is coordinated. This allowed to represent the participant’s lower leg muscles as a
network in which each muscle represents a node (n = 6). The number of edges of the network is determined
by the number of possible pairs (k = 2) of muscles as:

√

| |
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Cn,k =
n!

k!(n − k)! = 15

The PSD of the EMG signal was estimated on overlapping 1s windows using Welch’s method (75% overlap)
and the magnitude-squared coherence was computed between [0–40] Hz24. This process was repeated for
each of the 15 pairs of muscles in baseline, Q1 and Q4, in both experimental conditions. To isolate the
contribution of different frequency components, a non-negative matrix factorization (NNMF) approach was
used. A NNMF iterative algorithm (5000 iterations) decomposed the coherence spectra into 5 frequency
components and a set of associated weights. For every subject, then, the weights were used to de�ne 5 
[n × n] connectivity matrices, one for each frequency component, with n being the number of muscles.

The connectivity matrices so obtained were then used to perform a node-wise and edge-wise analysis on
the lower leg muscle network.

For the node-wise analysis, 3 network metrics were extracted from each adjacency matrix, for each of the 6
nodes of the network: clustering coe�cient (CC), local e�ciency (LE) and strength (STR). For every muscle,
differences in network metrics between baseline and Q1, and between Q1 and Q4 were tested with a two-
tailed Wilcoxon signed-rank test. A false discovery rate (FDR) correction was applied on the resulting p-
values to correct for multiple comparisons (procedure applied over 30 multiple comparisons, resulting from
nodes/muscles times frequency components).

The edge-wise analysis consisted in a statistical comparison among connectivity matrices, to highlight
signi�cant changes in connectivity values in speci�c edges of the network. Differences were tested with a
two-tailed Wilcoxon signed-rank test; p-values were corrected for multiple comparisons using FDR
(procedure applied over 75 multiple comparisons, resulting from edges/muscle pairs times frequency
components).

Results

Posturography results
The posturography results are reported in Table 1 and illustrated in Fig. 2. The box plots show the
distribution of DIST and MV values in baseline, Q1 and Q4, in the two experimental conditions (OE and CE).
In both conditions, a signi�cant increase in DIST and MV can be observed between baseline and Q1, with
the associated p-values (p < 0.05) reported in the �gure.

Table 1 about here (all �gures are at the end of the �le)

No signi�cant variation in posturography metrics can be observed between the �rst and last quartile of the
postural task, except for a slight increase in COP mean distance during the open-eyes trial.

Figure 2 about here (all �gures are at the end of the �le)
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Figure 2. Posturography results: The box plots depict the distribution of 11 sample points for the
posturography metrics: DIST (�rst row) and MV (second row), in baseline, �rst and last quartile (BASE, Q1
and Q4 respectively). Results during the closed-eyes trial are reported in the left column, results during open-
eyes trial are reported in the right column. Centre lines show the medians; box limits indicate the 25th and
75th percentiles, sample points are represented by dots. Signi�cant differences between BASE and Q1, or
between Q1 and Q4 are indicated by a star. Signi�cant p-values (p < 0.05) are also reported.

CMC results
Three muscles showed a signi�cant increase in CMC in beta band during the �rst quartile of the CE trial
compared to baseline, as observed in Fig. 3. The coherence between the left TA and a cluster of 14 central-
occipital electrodes resulted signi�cantly higher in Q1, in the frequency bin centred at 21.48Hz (p = 0.0235).
The SOL muscles of both legs also showed a signi�cant increase in Q1. Speci�cally, CMC between the left
SOL and a cluster of 15 central electrodes was found to be signi�cantly higher at 20.51Hz (p = 0.015). For
the right SOL, signi�cant differences were found on two adjacent frequency bins at [19.53–20.51] Hz,
involving two overlapping clusters of central electrodes (p = 0.01).

Figure 3 about here (all �gures are at the end of the �le)

Figure 3. CMC results - Beta, Closed eyes: Each row depicts a pair of muscle and EEG electrodes cluster,
whose CMC signal showed a signi�cant difference between BASE and Q1 in one or multiple (consecutive)
frequency bins. The �rst column shows the muscle electrode position on the participant’s lower legs. The
second column depicts the location of the electrode clusters on the scalp, overlayed to the topographical
distribution of CMC differences (BASE vs. Q1) in the speci�c frequency bin. If the p-value associated with
the cluster is p < 0.05, electrodes are marked with an ‘X’; if p < 0.01, electrodes are marked with a ‘*’. The third
column shows the CMC signals, averaged across the cluster’s electrodes, in Q1 and baseline, over the whole
beta frequency band. The coloured area denotes the SD interval and a dashed line marks the frequency bin
who resulted in a signi�cant CMC difference.

During the OE trial, the only signi�cant result emerged in beta band, for the right TA muscle, as shown in
Fig. 4. The CMC spectra in Q1 and baseline, computed between the right TA and a cluster of 9 occipital
electrodes, mostly overlaps throughout the beta band. In the 25.39 Hz frequency bin, though, a signi�cant
decrease in CMC during Q1 was detected (p = 0.013).

Figure 4 about here (all �gures are at the end of the �le)

Figure 4. CMC results - Beta, Open eyes

The �gure shows the CMC results for the right TA muscle (�rst column), whose CMC signal with the cluster
of electrodes depicted in the topography (second column) showed a signi�cant difference between BASE
and Q1 at 25.39Hz. The �rst column shows the muscle electrode position on the participant’s lower legs.
The second column depicts the location of the electrode clusters on the scalp, overlayed to the
topographical distribution of CMC differences (BASE vs. Q1) in the speci�c frequency bin. If the p-value
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associated with the cluster is p < 0.05, electrodes are marked with an ‘X’; if p < 0.01, electrodes are marked
with a ‘*’. The third column shows the CMC signals, averaged across the cluster’s electrodes, in Q1 and
baseline, over the whole beta frequency band. The coloured area denotes the SD interval and a dashed line
marks the frequency bin who resulted in a signi�cant CMC difference.

The cluster-based permutation test performed in gamma band [30–40] Hz, highlighted only one signi�cant
comparison, during the CE trial, as shown in Fig. 5. The CMC of the left GL muscle was found to
signi�cantly increase in Q1 compared to baseline, in two adjacent frequency bins: [41.02 -42] Hz (p = 0.005).
As shown by the topographies the results involve two overlapping clusters of central electrodes.

Figure 5 about here (all �gures are at the end of the �le)

Figure 5. CMC results - Gamma, Closed eyes

The �gure shows the CMC results for the left GL muscle (�rst column), whose CMC signal with the cluster
of electrodes depicted in the topographies (second column) showed a signi�cant difference between BASE
and Q1 at 41.02Hz and 42Hz (�rst and second row respectively). The �rst column shows the muscle
electrode position on the participant’s lower legs. The second column depicts the location of the electrode
clusters on the scalp, overlayed to the topographical distribution of CMC differences (BASE vs. Q1) in the
speci�c frequency bin. If the p-value associated with the cluster is p < 0.05, electrodes are marked with an
‘X’; if p < 0.01, electrodes are marked with a ‘*’. The third column shows the CMC signals, averaged across
the cluster’s electrodes, in Q1 and baseline, over the whole beta frequency band. The colored area denotes
the SD interval and a dashed line marks the frequency bin who resulted in a signi�cant CMC difference.

IMC edge-wise results
The results of the IMC edgewise analysis are summarized in Figs. 6 and 7, for the closed eyes and open
eyes trials respectively.

The �rst frequency component obtained from the NNMF is dominated by very low frequencies around 0 Hz
and, because of its amplitude and scale, it is more likely to re�ect an artefactual pattern rather than a
physiological mechanism. The second component is the smallest in amplitude, but it is widespread across
the whole frequency band analyzed, with greater values in beta and early gamma band. The last three
components have comparable amplitudes and are characterized by clearer frequency bands. The third one
peaks around 5Hz and 15 Hz. The fourth component is dominated by a 2 Hz contribution, while the �fth
one is centred around 10 Hz.

Figure 6 about here (all �gures are at the end of the �le)

Figure 6. IMC edgewise results - Closed eyes: Each row corresponds to one of the �ve frequency
components resulting from the NNMF of the coherence spectra. The �rst column shows the frequency
components themselves, de�ned between [0–40] Hz. The second and third columns display the adjacency
matrices, averaged across subjects, during baseline and Q1 respectively. The fourth column depicts the
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muscle network resulting from the statistical analysis, which highlights edges that showed a signi�cant
variation in connectivity values between baseline and Q1 (p < 0.05, FDR corrected). Speci�cally, green edges
indicate increased connectivity in Q1 compared to baseline, while red edges indicate decreased
connectivity. The thickness of the network edges is proportional to the percent of variation.

The results in both experimental conditions show, in the �rst two frequency components, a generalized
decrease in network connectivity in Q1. Speci�cally, the reduced connection weights are appreciable across
all muscles, both infra- and intra- leg (see Figs. 6 and 7, �rst and second rows). In the remaining three
frequency components, on the other hand, the results show a generalized increment of connectivity across
the network in Q1 compared to baseline. Consistently across OE and CE trials, the connection weights
between muscles belonging to the same leg do not change between baseline and Q1, while the connections
weights between bilateral muscles increases steadily across the three components.

Figure 7 about here (all �gures are at the end of the �le)

Figure 7. IMC edgewise results - Open eyes

Each row corresponds to one of the �ve frequency components resulting from the NNMF of the coherence
spectra. The �rst column shows the frequency components themselves, de�ned between [0–40] Hz. The
second and third columns display the adjacency matrices, averaged across subjects, during baseline and
Q1 respectively. The fourth column depicts the muscle network resulting from the statistical analysis, which
highlights edges that showed a signi�cant variation in connectivity values between baseline and Q1 (p < 
0.05, FDR corrected). Speci�cally, green edges indicate increased connectivity in Q1 compared to baseline,
while red edges indicate decreased connectivity. The thickness of the network edges is proportional to the
percent of variation.

No signi�cant differences resulted from the comparison of the muscle networks obtained during Q1 and
those obtained during Q4.

Imc Node-wise Results
The results of the IMC node-wise analysis are summarized in Figs. 8 and 9, for the closed eyes and open
eyes trials respectively.

Figure 8 about here (all �gures are at the end of the �le)

Figure 8. IMC nodewise results - Closed eyes

Each row corresponds to one of the �ve frequency components resulting from the NNMF of the coherence
spectra. The �rst column shows the frequency components themselves, de�ned between [0–40] Hz. The
second, third and fourth columns show, respectively, the signi�cant changes (p < 0.05, FDR corrected) for
clustering coe�cient (CC), local e�ciency (LE) and strength (STR), between baseline and Q1. Speci�cally,
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green nodes denote an increased value for the corresponding muscle in Q1 compared to the baseline value.
Red nodes denote a decreased value. The size of the nodes is proportional to the percent of variation.

Trials in the two experimental conditions (open and closed eyes) show similar patterns. The �rst two
frequency components are associated with a slight but generalized decline in all the three metrics
measured in Q1 compared to those measured at the baseline. The remaining three frequency components,
on the other hand, see a consistent increase of CC, LE and STR. In particular, at the low frequencies (~ 2Hz),
which is represented by the fourth components, a substantial increase in CC and LE can be observed for the
TA and GL muscles of both legs in Q1 compared to baseline. Increased values can then be observed over all
the network metrics for the GL muscles in the �fth components (with peaks at 1Hz and 10Hz). Moreover,
although all signi�cant, the changes observed for the last three components are more substantial than
those observed for the �rst two components, especially around 2–10 Hz, for the TA and the GL.

Figure 9 about here (all �gures are at the end of the �le)

Figure 9. IMC nodewise results - Open eyes

Each row corresponds to one of the �ve frequency components resulting from the NNMF of the coherence
spectra. The �rst column shows the frequency components themselves, de�ned between [0–40] Hz. The
second, third and fourth columns show, respectively, the signi�cant changes (p < 0.05, FDR corrected) for
clustering coe�cient (CC), local e�ciency (LE) and strength (STR), between baseline and Q1. Speci�cally,
green nodes denote an increased value for the corresponding muscle in Q1 compared to the baseline value.
Red nodes denote a decreased value. The size of the nodes is proportional to the percent of variation.

No signi�cant differences resulted from the comparison of the networks metrics obtained during Q1 and
those obtained during Q4.

Discussions
In line with our expectations, the analysis of the COP sway con�rmed the disruptive effect that
proprioceptive vibration of the calves has on the participants’ quiet stance. In fact, in both experimental
conditions, the administration of the localized vibratory sequence resulted in an increased COP DIST and
MV, which together reveal a decreased ability to maintain balance during Q1 compared to the resting state
(BASE)38. Interestingly, no signi�cant difference was observed in the posturographic response between the
initial and �nal phases of the trial (Q1 and Q4). With the exception of a slight but statistically signi�cant
increase of DIST during the OE task, the last quartile showed negligible postural variation when compared
to Q1. These data, therefore, cannot support the presence of the phenomenon that has been termed
‘habituation’ in previous literature, and describes an adjustment in motor control strategies following the
prolonged or repeated exposure to external perturbations or changing of environment 2.

This seems to be further con�rmed by the results of cortico-muscular and inter-muscular coherence, where
no signi�cant difference emerged in any of the considered metrics between Q1 and Q4.
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Cortico-muscular coherence is a technique traditionally used to analyse the cortical drive to the muscles,
i.e., the descending neural signal that modulates muscle activation39. Studies on the phase lags of CMC
signals showed their consistency with the conduction time between motor cortex and muscles, reinforcing
the idea that CMC re�ects the drive that cortical processes exert on motor neurons 40,41. Previous literature
also established beta and low gamma bands (13–30 Hz and 30-45Hz, respectively) as the primary
frequency range where neuromuscular couplings effects can be observed, showing how different kind of
muscle movements modulate the speed of cortico-muscular oscillations14,42,43.

The investigation conducted in this study focused on those muscles (GL and SOL) which are mostly
involved in the postural stabilization mechanism de�ned as ‘ankle strategy’, the primary one used to
reposition the center of gravity either during quiet stance or in response to external perturbations44,45. Being
a dorsi�exor, the TA was also included to fully characterize the muscle response to the vibratory
stimulation. The most signi�cant results were observed during the CE trial. As depicted in Fig. 3, the results
display a consistent increase in CMC, spread throughout beta band, for the SOL muscles after the
administration of the proprioceptive vibration, compared to resting state. A statistically signi�cant
difference in CMC, identi�ed by the cluster-based permutation test in the frequency bins around 20Hz, is
consistent with what reported in previous literature18. The same pattern can be observed for GL in gamma
band (see Fig. 5)42. While beta-band CMC has been traditionally associated with static force output,
gamma-band CMC has been reported during strong contractions and dynamic force42. In addition, it has
been shown how super�cial extensor muscles, such as GL, are characterized by higher contraction
frequency than deep extensors such as SOL.46

The results of SOL and GL support the idea that the response to a disruptive proprioceptive vibration evokes
an enhanced cortico-muscular coupling, particularly observable in correspondence of more challenging
tasks such as the CE trial. The lack of visual input, a key afferent in the postural control system, seems to
make a greater degree of high-level control necessary, as re�ected by the increased CMC which suggest a
lesser extent of automaticity in the execution of the task47.

From a statistical standpoint, the observed results are particularly signi�cant (p < 0.01) in the GL and SOL
muscles of the dominant leg (right). On the other hand, the results for the TA muscle in beta (OE and CE)
present a higher p-val (p < 0.05) and a criticality in the location of the associated electrode clusters in the
scalp topography. Indeed, while the electrode clusters identi�ed in the CMC results of SOL in beta band and
GL in gamma band are located in the central area of the scalp topography, which is spatially coherent with
the underlying motor cortical area (primary and supplementary motor cortex) where the cortical drive is
originated, the TA results show an occipital-region cluster whose electrodes are unlikely to pick up electrical
activity from the motor cortex48,49. For these reasons, it is possible that the TA results don’t actually
correspond to a cortico-muscular coupling effect but represent instead some other type of not yet fully
understood synchronization mechanism.

The results of the IMC analysis provide further insight on the postural mechanisms that take place to
counteract the imbalance caused by the proprioceptive vibration. Here, the IMC signals computed between
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pairs of muscles were decomposed into 5 frequency components, and the sets of weights associated with
each component were used as a metric of connectivity in determining the networks of lower leg muscles. By
comparing the resting state network topography with that recorded during execution of the postural task,
we evaluated how the network recon�gured itself to shape a more effective postural strategy. The network
topography highlights the groups of muscles whose activity is synchronized, showing the muscles
involvement in common muscle synergies13.

Looking at the results reported in Figs. 6 and 7 it can be noticed that the adjacency matrices associated to
the �rst two frequency components identi�ed by the NNMF, present high (~ 1) and most likely non
physiological connectivity values in both baseline and Q124. The distribution over the frequency band of
these two components (the �rst dominated by ~ 0Hz and the second spread all over the band) further
points to their artefactual nature.

Consistently with the previous results, signi�cant differences in connectivity values and network metrics
emerged among baseline and Q1. In this case, though, signi�cant changes were observed during the OE
trial as well as during the CE one (Figs. 6 and 7). In particular, higher connectivity values were observed
during the execution of the postural task, as well as increased network metrics. The increased connectivity
observed in the third frequency component supports the previously reported CMC-based results by
con�rming, even from a muscular network perspective, a stronger cortical drive expressed in terms of
enhanced muscular synergies, IMC in the 16–40 Hz range is in fact thought to have a cortical origin50.
Because IMC does not re�ect only cortical drive to the muscles, but also common afferent inputs13, the
increased connectivity observed in the 6–15 Hz range (�fth component) and in the 0–5 Hz one (fourth
component) could re�ect an increased in�ow of subcortical inputs too50. The fact that not only cortical, but
also afferent inputs are enhanced during the task execution, thus contributing to shape the postural
response, is in line with the renowned fact that vibrations applied to the muscle bellies induce a stimulation
of the muscle spindles9. Therefore, these proprioceptive structures are likely to be more sensitive
immediately after the stimulation, increase the sensory input in�ow and provide a larger contribution to the
modulation of muscle activation, as suggested by our results.

In addition, the nodewise analysis highlights a strong increase in the clustering coe�cient and local
e�ciency of the tibialis and gastrocnemius muscles in the low frequencies, around 2Hz (third frequency
component, see Figs. 8 and 9). CC and LE are related network metrics which characterize the density of the
network around a certain node by quantifying, respectively, the tendency of a node to form a cluster and the
density of connections within the cluster (inverse of the shortest path length). A strengthening of the
network at this low frequency (< 5Hz) is consistent with results reported in previous IMC studies during
balance tasks 24,47,51.

A note of caution must be introduced concerning a number of factors which may in�uence the ability to
provide a univocal interpretation of the presented results. From a methodological point of view, both CMC
and IMC techniques present some limitations, speci�cally the arbitrariness in the choice of the number of
frequency components to use in the IMC analysis, as well as the intrinsic limitations in NNMF procedures
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themselves13. These techniques have been traditionally used in motor tasks involving voluntary
movements and steady-state contractions such as grip, while not as much in balance or postural control
tasks52–54. The literature on the topic also lacks an extensive review of the factors affecting CMC and IMC,
which may explain the variability observed across experimental designs, individuals etc. Finally, the current
data are based on a limited cohort of young, healthy individuals. It will be of great interest to conduct
further investigation on different subpopulations (such as ageing individuals) to compare the cortico-
muscular recalibration strategies in the wake of the same postural challenge.

Conclusions
Our results show how proprioceptive mechanical vibratory stimulation of the calves causes a disruption of
the quiet upright stance, which is met with the execution of a postural responsive mechanism to prevent
falling. Cortico-muscular coherence analyses revealed how the stimulation of the proprioceptive system
increased the higher-level modulation required to maintain balance. This is true especially during more
challenging postural tasks (e.g., eyes closed), where increased CMC levels are likely to re�ect the presence
of more cortical modulation and more direct cortical control of muscular activation. This is observable in
the GL and SOL muscles (particularly those of the dominant leg), which are known to shape the primary
mechanical postural responses of the ankle strategy.

The stimulation of the proprioceptive system via means of focal vibrations led to a clear change in the
control strategies adopted to shape the postural response. Not only the cortical drive modulating the
recruitment of muscle synergies increased, but also the subcortical -or spinal- control of muscle groups
increased, which is likely to be explained by the increased sensitivity of muscle spindle induced by the
stimulation itself.

More interestingly, no changes were observed in the recruiting mechanism over the course of the task. The
previously proposed concept of habituation is therefore not supported by the conducted analyses, where
the same muscle networks were observed across frequency components over Q1 and Q4.

It will be bene�cial to further this work by performing a comparative assessment on groups of subjects with
impaired postural control, with the aim to identify how the postural response differs in these subjects in
terms of cortico-muscular synergies.
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Table
Table 1. Posturography results. The average values of COP mean distance (DIST) and mean velocity (MV)
are reported in the table, with their standard deviation interval, for baseline, Q1 and Q4, in the two
experimental conditions (CE and OE).

  CE OE

  Base Q1 Q4 Base Q1 Q4

DIST 0.735 ± 0.317 1.546±0.432 1.443±0.132 0.882±0.429 1.310±0.257 1.499±0.292

MV 4.132±2.3414 8.236±3.807 7.537
±1.873

6.415±7.429 9.183±7.383 10.036±7.746

Figures
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Figure 1

Schematic representation of the experimental set-up: The participant was asked to stand on a force
platform in a quiet, upright stance. After 30s of resting state (Baseline), a proprioceptive vibratory
stimulation sequence was delivered through vibrators applied to the gastrocnemius muscles of the calves
for 10min. The 64-channel EEG data, the EMG signals acquired on the TA, SOL and GL muscles, and the
posturographic signal, were synchronized with triggers at the offset of each vibration. These triggers
allowed for the de�nition of 1 second task epochs (highlighted in the �gure), which were then concatenated
into four quartiles.
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Figure 2

Posturography results: The box plots depict the distribution of 11 sample points for the posturography
metrics: DIST (�rst row) and MV (second row), in baseline, �rst and last quartile (BASE, Q1 and Q4
respectively). Results during the closed-eyes trial are reported in the left column, results during open-eyes
trial are reported in the right column. Centre lines show the medians; box limits indicate the 25th and 75th
percentiles, sample points are represented by dots. Signi�cant differences between BASE and Q1, or
between Q1 and Q4 are indicated by a star. Signi�cant p-values (p<0.05) are also reported.



Page 21/28

Figure 3

CMC results - Beta, Closed eyes: Each row depicts a pair of muscle and EEG electrodes cluster, whose CMC
signal showed a signi�cant difference between BASE and Q1 in one or multiple (consecutive) frequency
bins. The �rst column shows the muscle electrode position on the participant’s lower legs. The second
column depicts the location of the electrode clusters on the scalp, overlayed to the topographical
distribution of CMC differences (BASE vs. Q1) in the speci�c frequency bin. If the p-value associated with
the cluster is p<0.05, electrodes are marked with an ‘X’; if p <0.01, electrodes are marked with a ‘*’. The third
column shows the CMC signals, averaged across the cluster’s electrodes, in Q1 and baseline, over the whole



Page 22/28

beta frequency band. The coloured area denotes the SD interval and a dashed line marks the frequency bin
who resulted in a signi�cant CMC difference.

Figure 4

CMC results - Beta, Open eyes: The �gure shows the CMC results for the right TA muscle (�rst column),
whose CMC signal with the cluster of electrodes depicted in the topography (second column) showed a
signi�cant difference between BASE and Q1 at 25.39Hz. The �rst column shows the muscle electrode
position on the participant’s lower legs. The second column depicts the location of the electrode clusters on
the scalp, overlayed to the topographical distribution of CMC differences (BASE vs. Q1) in the speci�c
frequency bin. If the p-value associated with the cluster is p<0.05, electrodes are marked with an ‘X’; if p
<0.01, electrodes are marked with a ‘*’. The third column shows the CMC signals, averaged across the
cluster’s electrodes, in Q1 and baseline, over the whole beta frequency band. The coloured area denotes the
SD interval and a dashed line marks the frequency bin who resulted in a signi�cant CMC difference
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Figure 5

CMC results - Gamma, Closed eyes: The �gure shows the CMC results for the left GL muscle (�rst column),
whose CMC signal with the cluster of electrodes depicted in the topographies (second column) showed a
signi�cant difference between BASE and Q1 at 41.02Hz and 42Hz (�rst and second row respectively). The
�rst column shows the muscle electrode position on the participant’s lower legs. The second column
depicts the location of the electrode clusters on the scalp, overlayed to the topographical distribution of
CMC differences (BASE vs. Q1) in the speci�c frequency bin. If the p-value associated with the cluster is
p<0.05, electrodes are marked with an ‘X’; if p <0.01, electrodes are marked with a ‘*’. The third column
shows the CMC signals, averaged across the cluster’s electrodes, in Q1 and baseline, over the whole beta
frequency band. The colored area denotes the SD interval and a dashed line marks the frequency bin who
resulted in a signi�cant CMC difference.



Page 24/28

Figure 6

IMC edgewise results - Closed eyes: Each row corresponds to one of the �ve frequency components
resulting from the NNMF of the coherence spectra. The �rst column shows the frequency components
themselves, de�ned between [0-40] Hz. The second and third columns display the adjacency matrices,
averaged across subjects, during baseline and Q1 respectively. The fourth column depicts the muscle
network resulting from the statistical analysis, which highlights edges that showed a signi�cant variation in
connectivity values between baseline and Q1 (p<0.05, FDR corrected). Speci�cally, green edges indicate
increased connectivity in Q1 compared to baseline, while red edges indicate decreased connectivity. The
thickness of the network edges is proportional to the percent of variation. 
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Figure 7

IMC edgewise results - Open eyes: Each row corresponds to one of the �ve frequency components resulting
from the NNMF of the coherence spectra. The �rst column shows the frequency components themselves,
de�ned between [0-40] Hz. The second and third columns display the adjacency matrices, averaged across
subjects, during baseline and Q1 respectively. The fourth column depicts the muscle network resulting from
the statistical analysis, which highlights edges that showed a signi�cant variation in connectivity values
between baseline and Q1 (p<0.05, FDR corrected). Speci�cally, green edges indicate increased connectivity
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in Q1 compared to baseline, while red edges indicate decreased connectivity. The thickness of the network
edges is proportional to the percent of variation

Figure 8

IMC nodewise results - Closed eyes: Each row corresponds to one of the �ve frequency components
resulting from the NNMF of the coherence spectra. The �rst column shows the frequency components
themselves, de�ned between [0-40] Hz. The second, third and fourth columns show, respectively, the
signi�cant changes (p<0.05, FDR corrected) for clustering coe�cient (CC), local e�ciency (LE) and strength
(STR), between baseline and Q1. Speci�cally, green nodes denote an increased value for the corresponding
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muscle in Q1 compared to the baseline value. Red nodes denote a decreased value. The size of the nodes is
proportional to the percent of variation.

Figure 9

IMC nodewise results - Open eyes: Each row corresponds to one of the �ve frequency components resulting
from the NNMF of the coherence spectra. The �rst column shows the frequency components themselves,
de�ned between [0-40] Hz. The second, third and fourth columns show, respectively, the signi�cant changes
(p<0.05, FDR corrected) for clustering coe�cient (CC), local e�ciency (LE) and strength (STR), between
baseline and Q1. Speci�cally, green nodes denote an increased value for the corresponding muscle in Q1
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compared to the baseline value. Red nodes denote a decreased value. The size of the nodes is proportional
to the percent of variation.


