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Abstract

Propulsion during human bipedal walking is produced to a large extent by ankle plantar
flexor muscle activity during push-off at the end of the stance phase. The contribution from
the motor cortex to this phase of locomotion is not well understood. The present study used
coherence and directionality analyses to explore whether the motor cortex contributes to this
activity. Eleven healthy adult subjects (age 24.9+2.8) walked on a treadmill at 3.6 km/h,
while EEG was recorded over the leg motor cortex area and EMG was recorded from the
medial gastrocnemius and soleus muscles. Corticomuscular and intermuscular coherence
were calculated from pair-wise recordings. Significant EEG-EMG and EMG-EMG coherence
in the beta and gamma frequency bands was found throughout the stance phase in the
population average from all subjects. Analysis of directionality revealed that EEG activity
preceded EMG activity throughout the stance phase until the time of push-off.

Quantification of EEG-EMG coherence showed that the largest coherence was found towards
the end of stance just prior to push-off.

We interpret these findings to suggest that the motor cortex contributes to ankle plantar flexor

muscle activity and forward propulsion during gait.



Introduction

The evolutionary success of human bipedal gait is evident from its daily practice by 7 billion
people all over the world, regardless of whether it ensures a more economical way of walking
and running (Bramble and Lieberman 2004; Steudel-Numbers 2001), frees the hands for
carrying and tool-making (Preuschoft 2004; Wang and Crompton 2004; Watson et al. 2009)
or some other advantage. A hallmark of human bipedal gait is that forward propulsion is
generated by moving the center of gravity slightly in front of the supporting leg with the help
of relatively little activity in plantar flexor muscles during the stance phase and at push-off
(Neptune et al. 2001; Simonsen 2014). This is different from quadrupedal animals where the
center of gravity is placed well in front of the hind limbs throughout the gait cycle, which
allows that activity in hip extensors may produce significant forward propulsion during most
of the stance phase (Shapiro and Jungers 1994; Trank et al. 1996). This difference in the
kinematics of human gait must have required significant re-organization of the central
networks involved in the generation of locomotion when human gait first evolved (Cappellini
et al. 2010; Nielsen 2003).

The basic rhythmicity of quadrupedal locomotion is generated by spinal networks, which
may function relatively independently of supraspinal control (Kiehn 2016). In primates and
especially humans, spinal networks appear to depend more on supraspinal input and lesion of
the leg area of the motor cortex leaves the individual with severe paresis of leg muscles and
strongly reduced capacity for locomotion (Dietz 2010; Eidelberg et al. 1981; Fedirchuk et al.
1998). Electrophysiological and imaging studies have also provided evidence that the motor
cortex contributes to the activation of leg muscles during gait with most interest devoted to
the control of the ankle dorsiflexor muscles in the swing phase (Capaday et al. 1999;
Hamacher et al. 2015; la Fougere et al. 2010; Petersen et al. 1998; Petersen et al. 2001;
Petersen et al. 2012; Schubert et al. 1997). Transcranial magnetic stimulation (TMS) thus
produces significant activation of the dorsiflexor muscles in the swing phase, partly through
the monosynaptic corticomotoneuronal pathway (Petersen et al. 1998). Brief disruption of
activity in the motor cortex produces a drop in the ankle dorsiflexor EMG activity, which
likely reflects a reduction in the corticospinal drive to the muscle (Petersen et al. 2001). As
direct evidence of this drive, corticomuscular coherence has been demonstrated between the
leg area of the motor cortex and EMG activity in ankle dorsiflexor muscles in a large part of

the swing phase during gait (Petersen et al. 2012).



One reason for the dominant interest in the ankle dorsiflexor muscles is that paresis of these
muscles and the resulting foot drop during gait are among the most common symptoms
following stroke and other lesions of the corticospinal pathways (Barthelemy et al. 2013;
Everaert et al. 2010). Ankle plantar flexor muscles on the other hand depend significantly on
sensory feedback mechanisms in the maintenance of their activity when the foot is on the
ground in the stance phase of gait (Christensen et al. 2000; Nielsen and Sinkjaer 2002; Zehr
and Stein 1999). It has also been argued from observations of motor evoked potentials
elicited by TMS that the motor cortex shows little interest in ankle plantar flexors during gait
(Capaday et al. 1999).

However, Petersen et al. (1998) demonstrated that the monosynaptic corticomotoneuronal
excitation of H-reflexes in ankle plantar flexor muscles is modulated during the stance phase
of gait with large excitation appearing prior to push-off. This may suggest that corticospinal
drive contributes to the ankle plantar flexor activity during stance and may play a role in
forward propulsion. If so, this may explain impaired push-off and forward propulsion in
people with stroke (Brouwer et al. 2009; Knarr et al. 2013), spinal cord injury (Pepin et al.
2003a; Pepin et al. 2003b) and cerebral palsy (Geertsen et al. 2015; Hegarty et al. 2016). It
was consequently the purpose of the present study to explore whether motor cortex and
corticospinal tract contribute to plantar flexor muscle activity in the stance phase of walking
by calculating corticomuscular coherence between EEG from the leg area of the motor cortex
and EMG from ankle plantar flexors during treadmill gait. We used coherence analysis to
quantify the relationship between EEG and EMG signals, and a non-parametric directionality
analysis (Halliday 2015) to quantify the contribution of descending and ascending activity to

this coherence.

Methods

Subjects and ethics approval

Eleven healthy human subjects (5 men and 6 women, aged 24.9+2.8) participated in the main
study and ten healthy human subjects (4 men and 6 women, aged 26.3+4.5) participated in a
control experiment designed to determine the cortical location of optimal corticomuscular
coherence. Written consent was obtained from all subjects before the start of the study. The
study was approved by the local ethics committee for the greater Copenhagen area (ref.
26397), and was reported to the Danish Data Protection Agency. The study was in agreement
with the consolidated act nr. 69 of January 8" 1999 and was performed in accordance with

the Helsinki II declaration.



Experimental procedure

Subjects walked on a motorized treadmill (Technogym D140, Gambettola (FO), Italy) at 3.6
km/h (Fig. 1). An electrogoniometer (Noel et al. 2008) was attached on the right ankle of the
subject and a pressure sensitive sensor was placed underneath the heel. All recordings were
obtained during 5 minutes of regular walking. In the control experiment, subjects walked

with an average speed of 2.2+0.1 km/h.

Data collection

All ankle angles were collected by an electrogoniometer. The timing of the heel contact
during walking was indicated by a pressure sensitive sensor underneath the right foot and all
data were synchronized with heel contact.

For the main study, surface EMG from medial gastrocnemius (MG) and soleus (SOL)
muscles was collected using standard silver/silver chloride EMG electrodes (Ambu Blue
Sensor NF-00-S/12, Ambu, Ballerup, Denmark; recording area 0.5 cm?, inter electrode
distance 2 cm). After careful palpation of the muscles, the skin was shaved and cleaned and
the electrodes were placed on the middle part of the muscle belly.

Surface EEG was collected over the leg area of the motor cortex (Cz) using a standard cup
electrode. Cz was determined as the intersection of a line connecting the external occipital
protuberance and glabella and a line connecting the two earlobes. The reference electrode
was put 5 cm in front of the electrode at Cz. The ground electrode consisted of a lead plate
with a wet cloth on the elbow. To minimize artifacts during walking the subjects were
instructed to relax their face and to minimize eye blinks and swallowing during the
experiment. Likewise, the arms were resting on a handrail in front of the subject. Artifacts
related to heel strike were avoided in the analysis by using periods starting 200ms after heel
strike and there was no heel strike in the periods being analyzed in order to minimize an
influence from mechanical artifacts related to heel contact (Petersen et al. 2012). Also, it was
checked that no coherence was present between Cz-TA in this time-period.

In the control experiment surface EEG from 64 channels was collected (ActiveTwo,
BioSemi, Amsterdam, The Netherlands) using acquisition software ActiView (version 6.05).
Active EEG electrodes were mounted in a 64 channel headcap (Headcap BioSemi, the
Netherlands). Surface EMG from MG and SOL was collected using two pairs of bipolar
active EMG electrodes (interelectrode distance, 1.5 cm). As per BioSemi’s design, the ground

electrode during acquisition was formed by the Common Mode Sense active electrode and

5



the Driven Right Leg passive electrode. Data were filtered (high pass filter of 1 Hz; low pass
filter of 1000 Hz), sampled at 2048 Hz and stored on a computer for later offline analysis.
The setup in the control experiment did not allow simultaneous collection of goniometer data
and hence the data obtained in the control experiment were only used to confirm the electrode

placement in the main study.

Data processing

All analog signals (from the main study) were digitized on-line and sampled at 1000Hz.
Before being digitized the EEG and EMG signal were high pass filtered at 5SHz and low pass
filtered at 1000Hz. We adopted a unified framework for analysis of EEG and EMG signals.
Time domain and frequency domain estimates of correlation between the signals were
obtained through spectral estimates constructed by averaging over short segments of data.
Visual inspection of the EMG signal and the goniometer determined the segments used. The
timing of these sections was specified using an offset with respect to the time of heel contact,
obtained from the footswitch Thus, the analysis was based on averaging over short segments
that had the same relative timing with respect to heel contact in each gait cycle. Prior to
spectral analysis EMG signals were full wave rectified to suppress information relating to
action potential waveform shape (Halliday and Farmer 2010). All rectified EMG signals were
normalized to have unit variance within each segment (Halliday and Rosenberg 2000), the
consequences of this step are that spectral estimates reflect changes in relative power rather
than absolute power. In addition, cumulant density, or cross covariance, time domain
estimates of correlation are easier to compare across different parts of the step cycle where
the EMG has different amplitudes. Coherence estimates are unaffected by this normalization
process. Normalized EEG and rectified and normalized EMG signals are assumed to be
realizations of stationary zero mean time series denoted by x and y. Discrete Fourier
transform was applied to the signals to estimate the average autospectra fxx(A) and fyy(A) and
cross-spectra fxy(A). Frequency domain analysis of correlation between EEG-EMG and
EMG-EMG was then performed. Coherence estimates are bounded measures of association
defined over the range of [0, 1]; cumulant density estimates are not bounded, and phase is
defined over the range [-m, +m]. For the present data, coherence estimates quantify the
strength and range of frequencies of the common rhythmic activity between the motor cortex

and the working muscles. The cumulant density function provides an unbounded time-



domain representation of the correlation structure analogous to the cross-correlogram
(Halliday et al. 1995).

The final analysis was made with estimates of pooled coherence in the frequency domain and
estimates of pooled cumulant density in the time domain with an inclusion of an upper
confidence limit for coherence estimates and an upper and lower confidence limit for
cumulant density estimates (Amjad et al. 1997; Halliday et al. 1995). Application of
coherence to EMG during locomotion and the assumptions underlying this type of analysis
are discussed in (Halliday et al. 2003). In addition, a directionality analysis was used to
decompose coherence estimates into forward and reverse components. This was done through
application of a novel non-parametric approach (Halliday 2015; Halliday et al. 2016) where
ordinary coherence estimates are decomposed into forward, reverse and zero-lag components.
The decomposition is applied to ordinary coherence, estimated from discrete Fourier
transforms, and does not require any additional models (for example autoregressive) of the
signals to be validated and used. The decomposition is achieved by using an optimal
Minimum Mean Square Error (MMSE) pre-whitening of the two signals prior to coherence
analysis. After this the coherence is given by the magnitude squared of the MMSE pre-
whitened cross spectrum without the need to normalize using the individual auto spectra,
which are now identically 1 after MMSE pre-whitening. An inverse Fourier transform
applied to the MMSE pre-whitened cross spectrum generates a time domain correlation
function which is free from any contributions from the autocorrelation of either signal. From
this time domain correlation function directionality is derived by considering all values at
negative lag, the zero-lag value, and all values at positive lags which quantify the interaction
in the reverse, zero-lag, and forward directions, respectively. A separate Fourier transform for
each of these three components generates factors which allow the original coherence to be
decomposed into reverse, zero-lag and forward components. In this study, we represent the
forward and reverse components as a percentage of the total overall correlation. This total
overall correlation, or R? value, gives an indication of the overall strength of correlation and
is calculated as the mean coherence across a specific frequency range. We chose a relatively
broad frequency range (5-50 Hz) here to ensure that relevant frequency ranges with
significant coherence were included in all cases. Since the R? value is a cumulative measure it
is minimally influenced when coherence is low and will mainly reflect frequency ranges with
significant coherence. The directionality analysis is used to quantify the balance between

efferent and afferent contributions to corticospinal coherence during locomotion — we equate



efferent contributions with the forward component of coherence, and afferent contributions

with the reverse component of coherence.

Two types of estimates were considered in this study and were constructed using different
data segment durations. The first analysis characterizes the interactions between EEG and
rectified EMG and between the two rectified EMG signals during the stance phase, where
activity in the plantar flexor muscles is most pronounced. This used segments of 400 ms
duration, which started 200 ms after each heel contact. The second analysis used a sliding
time window with fixed duration (250 ms) and a variable offset from each heel contact. The
offset was varied from O to 600 ms in increments of 10 ms. This provided a time-frequency
decomposition of the signals during locomotion and was used to characterize changes in
correlation over the gait cycle. Undertaking a time-frequency analysis in this manner using a
spectrogram based approach involving short segment Fourier transforms allowed the
directionality analysis to be applied to the same segments of data. Using 400 ms duration data
segments gives a frequency resolution of 2.5 Hz, and a 250 ms data window gives a
frequency resolution of 4 Hz in spectral estimates. The setting of confidence limits on
parameter estimates to assess statistical significance is described in the cited references.
Results from the first analysis, 400 ms data window, are shown below as line plots (Fig. 2).
Results from the second time-frequency analysis, using 250 ms data windows, are illustrated
as heat maps in the time-frequency plane, where time refers to the offset from the heel trigger
to the start of the 250 ms data window. For time-frequency coherence estimates the y-axis is
frequency, in Hz. For the cumulant density estimates both axes are labelled as time, the x-axis
is the time offset, as in the coherence estimates, the y-axis is the time lag, in ms. This time lag
can be interpreted in the same manner as the time lag in a conventional cumulant or cross-
covariance density estimate.

In the control study, headplots were constructed in Matlab using the EEGlab software toolbox
(EEGIab 14.1.1b). The data was referenced to a frontal electrode and band pass filtered (5-
1000 Hz) and the plots were constructed for the sum of the coherence in the 30-65 Hz
frequency band using a window of 500 ms starting at 200 ms after heel-strike (Fig. 2).

Results
Fig. 2 illustrates pooled coherence in the 30-64 Hz frequency band from 10 subjects in the
control experiment. For both MG and SOL there is a clear peak of corticomuscular coherence

directly over the Cz electrode. Coherence was larger for Cz than for any of the other
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electrode positions. This confirms that Cz was the optimal electrode placement for measuring
corticomuscular coherence between EEG and EMG from the plantar flexors muscles (MG
and SOL).

Fig. 3 illustrates pooled data from all 11 subjects. The analysis was performed for the 400 ms
data window where EMG activity was observed in the SOL and MG muscles in the stance
phase during gait. Coherence was calculated for pairwise recordings from Cz-SOL (Fig. 3A-
D), Cz-MG (Fig. 3 E-H) and SOL-MG (Fig. 3 I-L). For all combinations, significant
coherence was observed at low frequencies. This very low frequency coherence likely
reflects modulation of the envelope of the EMG during the gait cycle (Halliday et al. 2003;
Hansen et al. 2005). For the paired SOL-MG recordings, significant coherence was observed
over a large range of frequencies up to around 50 Hz with two distinct bands of coherence at
10-20 Hz and 25-45 Hz (Fig. 3 K). Similar coherence bands were not observed for the paired
cortical and muscular recordings, but significant coherence was observed around 10 Hz and
40-45 Hz for the paired Cz-SOL recordings (Fig. 3 C). Coherence was more variable for the
Cz-MG recording, but small significant peaks could be discerned at several frequencies
between 10 and 50 Hz (Fig. 3 G).

The cumulant density estimates are shown in Fig. 3D (Cz-SOL), Fig. 3H (Cz-MG) and Fig.
3L (SOL-MGQG). The estimates for Cz-SOL and Cz-MG are similar and dominated by a broad
peak outside the confidence band, which lasts for the full duration of the available time lags.
This feature is likely to be related to the strong low frequency component seen in the
coherence, reflecting the modulation of EMG, as SOL and MG are active during stance. It is
difficult to discern any other systematic features in these two cumulant density estimates,
possibly because they are masked by the dominant low frequency modulation of EMG. The
cumulant density for SOL-MG (Fig. 3L) has a similar broad peak, but in this case a narrow
central peak around zero lag is discernable. This is likely to reflect the common rhythmic
modulation of motor units between the muscles as highlighted by the 10-20 Hz and 25-45 Hz
coherence peaks in Fig. 3K. A similar central peak has been observed in paired TA-TA

recordings during treadmill locomotion (Halliday et al. 2003).

One way to reduce the dominant low frequency modulation of the EMG during gait is to use
a shorter duration analysis window. The trade-off is increased frequency resolution and the
need to repeat the analysis using a range of offsets to cover the period with EMG activity.
Such an analysis using a 250 ms data window with a range of offsets is illustrated in Fig. 4,

where the magnitude of coherence at different frequencies has been color coded and plotted
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against the offset following ground contact in the gait cycle (Fig. 4A-C). Around ground
contact some coherence occurred for both the paired EEG and EMG recordings and the
paired EMG recordings. Since there was only little EMG activity at this time, this coherence
is likely due to artefacts related to the impact of the foot with the ground. Our analysis was
therefore restricted to the period from 200 ms after ground contact. Simultaneously with the
onset of EMG activity a distinct band of coherence between Cz and SOL was seen at
frequencies around 40 Hz (i.e. in the gamma band; Fig. 4A). A similar distinct band of
coherence was also observed for the paired MG and SOL recordings, however additional
coherence could also be observed at lower frequencies (Fig. 3C). The Cz-SOL coherence in
the gamma band disappeared when the SOL EMG activity began to decrease at the end of the
stance phase. The MG-SOL coherence decreased somewhat earlier. The paired Cz-MG
recording also showed coherence in the gamma band during the stance phase but it was less
distinct than for Cz-SOL (Fig. 4B). In addition, coherence at lower and higher frequencies
was observed especially around the time of push-off.

For the most part of the stance phase no distinct feature was observed in the cumulant
density function for either the paired Cz-MG or Cz-SOL recordings (Fig. SA-B). However,
around the time of push-off and the subsequent toe lift (i.e. around 500 ms after ground
contact) a relatively broad trough (marked in blue) with a center at a lag of around -25 ms
was seen. On either side of this trough distinct peaks at lags of around 75-80 ms were seen
(Fig. SA-B). This is consistent with a periodic component of around 6 Hz, which can be seen
in the coherence in Fig. 3C, where the maximum coherence is at this frequency and peaks

around 500 ms offset.

Directionality estimates

Fig. 5C-D illustrates the results from the directionality analysis calculated using the same
data segmentation regime as in Fig. SA-B. Each panel shows the change in three quantities
with increasing offset from heel trigger. The top panel (black) shows the overall scalar
measure of correlation between the EEG and each EMG. This indicates how the overall
strength of correlation changes in time. This measure is referred to as R? in (Halliday 2015).
The lower panels show the percentage of the coherence in the forward (red) and reverse
(blue) directions, respectively. We interpret the forward direction as reflecting descending, or
efferent contributions and the reverse direction as reflecting ascending or afferent
contributions to the coherence. Around the same time as the significant features in the

cumulant estimates in Fig. 5A-B reach a maximum, the R? value calculated over the

10



frequency range 5-50 Hz reached a peak (upper black graphs in Fig. 5 C-D), indicating
maximal overall coherence at this time. Analysis of the directionality of coherence revealed a
forward directionality (i.e. cortex leads the muscle) in the middle of the stance phase from the
initiation of EMG activity (compare red (forward directionality) and blue lines (reverse
directionality) in lower graphs in Fig. 5 C-D). Just prior to (SOL) or at the same time (MG) as
the maximal R? value no clear dominant directionality was observed, with roughly equal
contributions in the forward and reverse directions. However, around 500 ms after heel
contact (i.e. around the time of push off — Fig. 3), the SOL muscle was found to lead the
cortex (backward directionality; blue line in Fig. 5D), whereas cortex continued to lead the

MG muscle (forward directionality; red line in Fig. 5C).

Discussion

We have shown in this study that EEG recorded from the leg area of the motor cortex and
EMG recorded from ankle plantar flexor muscles show coupled gamma oscillations in the
stance phase during treadmill walking. Since the EEG appeared to lead the EMG activity
based on directionality analysis, we suggest that these findings support that activity of
corticospinal tract cells contribute to the activation of plantar flexor muscles in the stance
phase of gait. Corticospinal activity may thereby play an important role in forward propulsion
during gait.

This is to our knowledge the first study to demonstrate significant coherence between motor
cortex and plantar flexor muscle activity during gait and analyze the directional components
of this interaction. Corticomuscular coherence has previously been described for the Tibialis
anterior muscle in the swing phase during gait (Petersen et al. 2012). A direct comparison
with that study is not possible, as different EEG equipment and different subjects were
involved. It is notable that the corticomuscular coherence observed in the present study for
the plantar flexors had a higher frequency (close to 40 Hz as compared to close to 30 Hz for
the Tibialis anterior muscle in Petersen et al. (2012)) and a much lower magnitude in the
present study as compared to the study by Petersen et al. (2012). The latter observation is
consistent with a relatively low contribution of corticospinal input to ankle plantar flexors as
compared to ankle dorsiflexors, as previously suggested from both animal and human
experiments (Capaday et al. 1999; Drew et al. 1996). However, it may also more simply
reflect differences in the firing behavior of the neurons involved in generating
corticomuscular coherence for the two muscle groups. Corticomuscular coherence requires

relatively stable discharges within restricted frequency bands in both descending and
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ascending pathways (Witham et al. 2011). Corticospinal neurons projecting to ankle plantar
flexors may show a more dynamic modulation of firing rates during stance than the
equivalent for ankle dorsiflexors and thereby diminish the likelihood of detecting
corticomuscular coherence. In addition, the contact with the ground may elicit sensory
feedback that may interfere with the rhythmic oscillations in the network (i.e. sensory
desynchronization).

It is also noteworthy that the coherence observed between the MG and SOL EMG activities
was seen at a somewhat lower frequency (30-40 Hz) than the corticomuscular coherence.
This is similar to what has been observed for the Tibialis anterior muscle where coherence
between different motor unit populations during gait tends to be observed below 30 Hz and
even as low as 15-20 Hz in the swing phase during gait. The involvement of different
frequency bands is indicative of possible different mechanisms or non-linear interactions. It
would require alternative non-linear analysis techniques, which have so far not been validated
sufficiently for EMG signals, to address this further (Cekic et al. 2018).

Coherence at low frequencies (alpha band; 5-15 Hz) between pairs of motor unit populations
has been reported previously for other muscles and other tasks, although corticomuscular
coherence is generally not seen at such frequencies (Halliday et al. 2003; Petersen et al. 2012;
Semmler et al. 2004). This was also the case in the present study. One possibility is that this
alpha band coherence is generated from the motor cortex similar to the coherence at higher
frequencies as some studies have been able to detect significant corticomuscular coherence in
the alpha range (Raethjen et al. 2002). There is also evidence of oscillatory activity in
cerebellar-thalamus-motor cortex circuitries recorded by electrodes inserted for deep brain
stimulation during surgery (Marsden et al. 2000). This oscillatory activity, which is likely
related also to physiological tremor, may be transmitted via the motor cortex or other
descending tracts to the spinal motor neurons and cause the observed coherence between the
motor unit populations (McAuley et al. 1997). In all likelihood this requires oscillatory
activity in the alpha frequency band of last order neurons with branches to both populations
of motor units similar to what has been shown for coherence at higher frequencies (Conway
et al. 1995). The failure to detect corticomuscular coherence in the alpha band in this and
other studies may also suggest that the circuitries, which are responsible for generating the
intermuscular coherence in the alpha band involve a more indirect pathway from the motor
cortex than the pathways responsible for coherence at higher frequencies. Other sources that
influence corticospinal coherence include spinal interneurons. Matsuya and colleagues

reported a close connection between recurrent inhibition and peak soleus corticomuscular
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coherence during a maintained plantarflexion. They thus reported a positive correlation
between the amount of corticospinal coherence between Cz EEG and SOL and the level of
recurrent inhibition indicating that spinal mechanisms indeed modulate the corticomuscular
coherence. In the present study, the source of the oscillatory activity cannot be isolated and
both cortical and spinal mechanisms most likely contribute and modulate the observed

coherence (Matsuya et al. 2017).

Comparison to static contraction

The observed corticomuscular coherence during gait is several magnitudes lower than that,
which has been reported during static plantar flexion (Perez et al. 2007; Ushiyama et al.
2010). Although Petersen et al (2012) found reproducible corticomuscular coherence for the
Tibialis anterior muscle in the swing phase of gait, the magnitude of this coherence was also
several magnitudes lower than what is normally reported for static dorsiflexion (Petersen et
al. 2012). This is not surprising since coherence between cortex and muscle will require
relatively constant firing rates of the corticospinal neurons within a narrow band of
frequencies, which is unlikely to occur to any large extent during a dynamic task like
walking. Recordings from the cat motor cortex during gait or from monkey corticospinal
neurons during hand movements rather suggest that the corticospinal neurons discharge at
greatly varying rates and are only active for relatively brief periods of time. The fact that we
have been able to detect significant corticomuscular coherence despite of the dynamic nature
of the task is therefore noteworthy. There are a number of factors that could explain the low
levels of coherence in this study. The estimates are pooled across subjects so may well be
affected by variability between subjects. The task is highly dynamic in nature, this is clear
from the time frequency and directionality plots which indicate changes in the strength of
correlation and in the directional components can occur over time scales of around 200 ms.
The analysis is based on coherence estimation which assumes linear interactions, application
of nonlinear analysis may provide further insight into the complex interactions between

cortical and spinal neurons (Cunningham et al. 2004).

Directionality

Application of the non-parametric directionality analysis provides additional insight into the
cortical control of muscles during locomotion. The main finding is that the directionality is
predominantly in the forward (descending) direction during the early part of stance, with

equal contributions from descending and ascending pathways during mid stance and
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switching again to a preferred direction in later stance. This preferred direction prior to toe-
off is forward (descending) for MG and reverse (ascending) for SOL. The reason for the
difference directionality prior to toe-off is unclear, but may reflect the different roles of
sensory inputs in determining the transition from stance to swing.

In hand muscles both forward and reverse components of the corticomuscular coherence have
been observed (Witham et al. 2011). The authors speculate that the observed coherence might
represent a loop integrating the sensory feedback with the motor command to optimize the
intended movement or promote a more stable motor state. In both cases a prominent role for
sensory feedback in generating the oscillatory activity is suggested (Witham et al., 2011).
There are probably differences in the control strategy of the hand muscles during a ramp and
hold task as used in the study of Witham and coworkers and the much more dynamic muscles
activation required to walk on a motorized treadmill. In the present study both forward and
reverse components of coherence were present surporting a role for both sensory feedback
and direct corticospinal activity in contributing to the observed coherence during the stance

phase and push-off of normal walking.

Functional and clinical significance

Ankle plantar flexor muscles are of fundamental importance for human gait since they exert
their action directly on the supporting ground and are in a position to both support the body
against gravity and help to propel the body forward by providing a forward thrust at push-off
(Winter 1983). Despite a long-standing debate there is no general consensus as to whether
their main role is in support or forward propulsion (Honeine et al. 2013; Neptune et al. 2001).
According to the controlled roll-off theory the plantarflexors mainly contribute to ensure
stability, while the body rotates over the stance leg (Honeine et al. 2013), whereas the push-
off theory suggests that the plantarflexors actively push the body forward late in stance
(Neptune and Kautz 2001; Winter 1983). It has also been suggested that the primary role of
the plantar flexors would be to propel the limb into flexion and that the main forward
propulsion is generated later as energy from the swing leg is transferred to the trunk (Hof et
al. 1992; Meinders et al. 1998). Unfortunately, there are still several limitations to current
forward kinematics modeling and inverse dynamics calculations obtained from
biomechanical gait analysis that limit our ability to address the details of this question at the
moment.

Using a complementary approach, namely assisting push-off using a robotic ankle-foot

orthosis, Sawicki and Ferris showed a reduction in SOL EMG when the assistance was
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activated, confirming a role of plantarflexors during this phase of the gait cycle (Sawicki and
Ferris 2008). In line with this, Sinkjer and colleagues showed a decrease in SOL activity
when unloading the plantar flexors during the stance phase of normal walking. These findings
show that sensory feedback contributes to plantar flexor activity during gait and plays a
functional role during gait. (Sinkjaer et al. 2000).

Several studies have also demonstrated a relation between weakness of plantar flexors,
reduced push-off velocity and forward propulsion in patients with central motor lesions
(Mueller et al. 1995; Nadeau et al. 1999; Olney et al. 1990). This is well in line with our

observation of significant coupling between motor cortex and plantar flexor muscle activity.

Conclusion

We have demonstrated that it is possible to detect significant corticomuscular coherence
between the motor cortex and ankle plantar flexor muscles in the stance phase during
treadmill walking. This suggests that activity in corticospinal neurons contribute to the
activity of plantar flexor muscles during stance and we propose that the motor cortex activity

contributes to forward propulsion during gait.
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