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Abstract— This manuscript shows that it is possible to find distinct
sources of brain activity, at similar frequencies, arising from linear
and non-linear interactions of the brain with the muscular system.
Those sources were obtained by maximizing coherence between
multivariate signals recorded from brain and a single channel
from the muscles. To find linear phase synchrony we used
unrectified electromyographic recordings, whereas to de-mix
nonlinear sources, we used rectified muscular measurements. In
order to obtain the brain sources, we employed a recently
published method called “cacoh” that is able to maximize
coherence over the complete frequency range of interest and
simultaneously find patterns of sources for each them. Our results
show that cortico-muscular interactions even at the same
frequency range can have spatially distinct neuronal sources
depending on whether interactions had linear or non-linear
character.
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I INTRODUCTION

Over approximately the last 25 years, research has
extensively shown that synchrony between oscillatory signals is
related to effective communication between neuronal
populations and is associated with large-scale integration [1-4].
Large-scale synchronization can also be found between cortical
and muscular signals and previous studies showed that it is an
effective way to estimate the communication between cortex and
spinal cord [5-7]. Oscillations in the beta frequency range
(between 15 and 30 Hz) have been associated with different
aspects of motor control. In this respect, cortico-muscular
coherence (CMC) offers the possibility to non-invasively study
the coupling between sensorimotor cortices and muscle activity
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[8-10]. CMC estimates the phase coupling between cortical and
muscular activities at specific frequency bands. It reaches its
maximum during the isometric intervals of the movement,
whereas it decreases for the kinematic parts [11,12]. CMC has
been assessed in healthy population using magneto-
encephalography (MEG) [13,14] as well as electro-
encephalography (EEG) [15-19]. CMC detection remains
challenging because of its weak strength as well as distributed
cortical origin. In order to improve CMC estimation, we recently
published a new method called canonical coherence (caCOH)
[20]. caCOH directly maximizes the absolute value of the
coherence between two multivariate spaces of different origin in
the frequency domain. This allows very fast optimization for
multiple frequency bins. Furthermore, caCOH directly finds
topographies of only those neuronal sources that are coupled to
maximal coherence. Thus, the time courses of caCOH
components directly show activity of neuronal sources. In order
to recover the exact spatial location of these sources in the brain
source modelling using the obtained caCOH patterns can be
used. caCOH topographies are different from the usual patterns
of coherence that only offer information about the distribution
of coherence on the scalp, but not about its neural sources.
Moreover, currently there is a debate about the rectification of
electromyogram (EMG) for the calculation of corticomuscular
coherence (CMC), [21]. Yet there are no studies showing
whether EMG rectification may lead to neuronal sources being
associated with different neuronal populations. Taking
advantage of the aforementioned, in this work, we apply caCOH
to study CMC on the basis of un-rectified (linear interactions) or
rectified (non-linear) muscle activity has distinct cortical spatial
sources at the same frequency bin If these sources are different,
it would indicate that separate neuronal processes are



responsible for the generation of linear and non-linear CMC
interactions.

II.  METHODS

A. Maximizatin of Canonical Coherence

caCOH maximizes the absolute value of coherence between
two multivariate spaces A and B of dimensions N, and Np
respectively. The goal is to find a real valued linear combination
of sensors of set A and a real valued linear combination of
sensors of set B such that the absolute value of coherence
between the two virtual sensors is maximized at a specific
frequency. After the mathematical developments presented in
[20], it can be shown that for each phase, the optimization
problem boils down to a generalized eigenvalue decomposition.
However, it is necessary to estimate the phase of maximum
coherence. For that, a non-linear numerical search is performed,
that allows us arrive to an essentially exact solution after a low
number of iterations (please refer to [20] for more details). As
previously mentioned, the optimization procedure also returns
the corresponding topographies from the linear filters that
optimize coherence.

In order to locate the cortical sources corresponding to the
patterns of sources obtained with caCOH we applied inverse
modeling with eLORETA [22].

Finally, we computed the difference between two different
patterns (a; and a,) according to:
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B. Dataset

Data were recorded from 14 healthy volunteers without
history of neurological or psychiatric disorders. The
experimental protocol was approved by the Institutional Review
Board of Charité, Berlin, and participants gave their written
informed consent prior to the recordings. All subjects were right-
handed according to the Edinburg Handedness Inventory [23]
and had normal or corrected to normal vision. These data were
already described in [7].

C. Paradigm

The participants performed a digit displacement paradigm,
that has been reported to increase CMC values in comparison to
other paradigms not involving a compliant lever [11,12]. The
participants had to move the aforementioned lever against a load
and then maintain a constant force (digit displacement).
Volunteers were seated in a comfortable chair with their arms
rested on the chair handles, forearms flexed at 60° and hands
pronated. Participants had to press a spring-loaded lever with the
left or right thumb at 0.5 N force. The force level was measured
with a Honeywell Load Sensor (FSGI15N1A) and visually
presented to the participants as a horizontal bar proportional to
the exerted force. A cross in the center of the screen was also
displayed and served as eye-fixation point. The displacement of
the spring-loaded lever was 3.5 cm. The volunteers had to
perform the task with each hand separately and the order was
counter-balanced between participants. The volunteers were
instructed to reach the desired force level as fast as possible after
a single tone was presented and hold the force constant until a

double tone was presented. One hundred trials were recorded for
each hand in four blocks. Each trial lasted 9 s in total (5 s active
and 4 s rest). There were 60 s of rest between the blocks.
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Figure 1. Bar plot of averaged maximal CMC values obtained with caCOH
for rectified and unrectified EMG. Results for left and right hand are depicted
separately

D. Data acquisition and preprocessing

A BrainAmp MR plus from Brain Products (Germany) was
used to record EEG and EMG data. The signals were filtered
between 0.015 and 250 Hz with a voltage resolution of 0.1 pV
for EEG and 0.5 pV for EMG. The sampling frequency as 1000
Hz but the data was later band pass filtered and down-sampled
to 200 Hz. The EEG data was referenced to physically linked
earlobes. An EEG cap (EasyCapTM) with 61 Ag/AgCl sintered
ring electrodes (12 mm diameter, EasyCap GmbH, Germany)
densely covering the sensorimotor cortex was employed to
record EEG signals. EOG signals were also acquired with two
electrodes placed on the right zygomatic and supraorbital
processes in order to assess ocular artifacts. EMG signals were
acquired with 6 EMG electrodes placed over the thenar side of
each hand and from the Abductor Pollicis Brevis (APB) muscle.
These electrodes were Ag/AgCl sintered sensors with 4 mm
diameter. The EMG reference electrode was placed on the
styloid process of the ulnar bone and a ground electrode on the
inner surface of wrist at the midline, with Ag/AgCl sintered
sensors of 12 mm diameter. The data analysis was performed in
MATLAB (2018a; The MathWorks, Natick, MA) using the
BBCI toolbox [24] the Fieldtrip toolbox [25], the EEGlab
toolbox [26] and custom programmed software.

CMC was estimated during the post-stimulus interval
between 2 and 5 s, which corresponded to the stable hold period
of the task. This is the interval at which the strongest coherent
activity in beta band can be expected [5, 12, 27]. Before CMC
calculation, artefactual trials were rejected (see [7]). CMC was
computed by means of caCOH in two different ways: 1) using
the raw EMG signal of the best electrode as selected in [7]. 2)
using the rectified EMQG signal of the same electrode as in 1).
Rectification was achieved by high pass filtering the sensor data
above 10 Hz and then computing the absolute value of the
resulting high-pass filtered signal.
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Figure 2. Up: selected patterns of sources for three frequency bins. The maximized CMC values at those bins are significantly different from random for both
unrectified (left) and rectified (right) EMG signals. Bottom: spectrum of maximized CMC with caCOH. All values marked with red stars are significantly different
from random. Values marked with magenta circles are those selected to display the corresponding patterns of sources. Vertical lines corespond to 500 CMC values

from computing caCOH with shuffled data 500 times.

E. Significance estimation

We assessed the significance of coherence with permutation
tests [28] This procedure consisted of repeating all steps of
caCOH, but the EMG segments were shuffled with respect to the
EEG data. This was repeated 500 times. Significant CMC values
of the original data were those exceeding the 97.5 percentile of
permuted coherence.

III.  RESULTS

A. caCOH maximal values with rectified and unrectified
EMG

We performed the maximization of coherence between EEG
and one EMG channel, where the EMG signal was either raw or
rectified. In the case of raw EMG, the results were significantly
different from random for 24 datasets (thus, results were not
significant in 4 occasions). For the rectified EMG, CMC was
significantly different from random for 12 datasets (and 16 times
the result was not significant). Using caCOH, the average
maximal peak obtained with the best raw EMG channel was
0.18+0.02 for both left and right hand. In the case of rectified
EMG, the average maximum coherence was 0.11£0.01 for both
left and right hands. When the EMG was rectified, the coherence
was significantly lower for both hands in comparison to
unrectified EMG (p-values < 0.001 in both cases using two-
tailed Wilcoxon tests).

The grand-average over subject of maximal values obtained
with caCOH for both analyses are visible in Figure 1.

B.  caCOH with unrectified and rectified EMG

We selected one of the subjects with significant results for
the right hand in the rectified case to exemplify source
differences estimated from linear and non-linear interactions. In
Figure 2 we plot the spectrum of maximized coherence obtained

for caCOH (bottom). The values on the spectrum marked with a
red star are those significantly different from random at 97.5%
of confidence. The values circled in magenta were selected to
display their corresponding patterns. The corresponding sources
of patterns maximizing coherence at the frequency bins marked
with magenta circles are depicted in the upper part of the plot.
The corresponding located sources of the patterns depicted in
Fig. 2 are visible in Figure 3. On the left side, we plotted the
sources obtained with unrectified EMG. The sources obtained
with rectified EMG are on the right of the picture. Each
frequency bin is displayed in a different row. While we see some
similarities between the patterns corresponding to rectified and
un-rectified EMG (predominantly contralateral location of the
sources) we also see some differences such as more widespread
and even bilateral presence of neuronal sources in case of
unrectified EMG. A visual inspection of sources from other
subjects further confirmed a presence of dissimilarities between
the CMC for rectified and unrectified EMG.

IV. DISCUSSION

The previous results show that there exist significant
differences in maximizing the coherence between brain and
muscles using unrectified or rectified EMG data. The number of
significant CMS was lower and the number of frequency bins
for which CMC is different from random is fewer for the
rectified case. Importantly in this study we confirmed it for a
broad frequency range, not being limited to the beta frequencies.
Furthermore, as we see in Figure 3, the location of coherent
sources is also different, even for the same frequency bins. This
result is especially obvious for the sources at 20 Hz, in the beta
frequency band, for which the difference between both patterns
was 0.56 (with the maximum difference being 1 and the
minimum 1). Thus, from these results we suggest that the
sources of linear and non-linear interaction differ, and they are
likely to relate to different brain processes. Unrectified EMG
more directly relates to the generated strength and due to this we



can also see activity in the ipsilateral motor cortex. This is most
likely due to a possibility of generation of physiological mirror
activity [29]. Future studies can explore this aspect in more
details using stronger forces which are known to be associated
with larger physiological mirror activity. In this case, we would
expect to see even stronger activity in the ipsilateral
sensorimotor cortex.

Sources
rectified EMG data

Sources
unrectified EMG data

Figure 3. Sources obtained using unrectified (left) and rectified (right) EMG
data. Sources were located using eLORETA. Each selected frequency bin
corresponds to one row.
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