
A number of recent studies have provided evidence for
modulation of motor unit firing by central oscillatory
activity. These modulations have been investigated directly
in simultaneous electro- or magnetoencephalographic (EEG/
MEG) and electromyographic (EMG) recordings. During
isometric contractions, significant coherence, typically in
the 15—33 Hz frequency range, has been observed between
EEGÏMEG signals from the primary motor cortex and the
rectified EMG of various muscles (Conway et al. 1995;
Salenius et al. 1996, 1997b; Halliday et al. 1998b; Kilner et
al. 1999).

Experimentally, Baker et al. (1997) reported coherence at
20—30 Hz between local field potentials (LFPs) in the
primary motor cortex and EMG recordings from the
contralateral hand and forearm muscles in monkeys that
was present only during the periods of steady hold. Indirect

evidence for central modulation of motor unit firing was
obtained from measurements of peripheral oscillations during
voluntary finger muscle contraction (McAuley et al. 1997).
The results reported in these studies are consistent with the
hypothesis that oscillatory activity in the primary motor
cortex drives the spinal motoneuron pool during isometric
muscle contraction or during the hold phase of a tracking
task by modulating the firing probability of a population of
motor units (McAuley et al. 1997).

Linked to the still-debated functional significance of these
cortico-muscular interactions is the controversy about the
phase relationship between the interacting cortical and
peripheral oscillations (Farmer, 1998; Hari & Salenius, 1999).
Conway et al. (1995) reported zero delays whereas Salenius et
al. (1997b) found non-zero delays between cortex and muscle.
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1. Magnetoencephalographic (MEG) and electromyographic (EMG) signals were recorded from
six subjects during isometric contraction of four different muscles.

2. Cortical sources were located from the MEG signal which was averaged timelocked to the
onset of motor unit potentials. A spatial filtering algorithm was used to estimate the source
activity. Sources were found in the primary motor cortex (M1) contralateral to the contracted
muscle. Significant coherence between rectified EMG and M1 activity was seen in the 20 Hz
frequency range in all subjects.

3. Interactions between the motor cortex and spinal motoneuron pool were investigated by
separately studying the non-stationary phase and amplitude dynamics of M1 and EMG
signals.

4. Delays between M1 and EMG signals, computed from their phase difference, were found to
be in agreement with conduction times from the primary motor cortex to the respective
muscle. The time-dependent cortico-muscular phase synchronization was found to be
correlated with the time course of both M1 and EMG signals.

5. The findings demonstrate that the coupling between the primary motor cortex and
motoneuron pool is at least partly due to phase synchronization of 20 Hz oscillations which
varies over time. Furthermore, the consistent phase lag between M1 and EMG signals,
compatible with conduction time between M1 and the respective muscle with the M1 activity
preceding EMG activity, supports the conjecture that the motor cortex drives the motoneuron
pool.
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The aim of this study was, first, to determine the phase
difference between MEG and EMG and, second, to further
characterize interactions between motor cortex and spinal
motoneuron pool by separating phase and amplitude
dynamics.

The techniques used to estimate the delay between MEG
and EMG signals usually assume stationarity of the signals
and typically comprise the cumulant density or a linear fit
to the phase spectrum. ‘Stationarity’ here is taken to be
weak stationarity as defined by Koopmans (1983), i.e. the
expectation of the process is time independent and the
autocovariance function of the process C(t1,tµ) depends only
on the time difference, tµ − tÔ. Since MEG and EMG signals
are non-stationary, we address the question of delay by
employing a tool for the detection of phase synchronization
in non-stationary, noisy data; this tool was recently
introduced to MEG signal analysis (Tass et al. 1998). Using
this approach, the delay between MEG and EMG signals is
estimated from mutual phase relationships. The analysis is
based on a separation of amplitude and phase information
by means of the Hilbert transform (Panter, 1965) which
works successfully even in the case of chaotic oscillators
(Rosenblum et al. 1996; Rosenblum & Kurths, 1998). In
contrast to the classical coherence, which depends both on
the phase and the amplitude dynamics of the two signals, this
approach allows us to study phase and amplitude dynamics
separately.

METHODS

Six healthy right-handed subjects (3 females, 3 males; 22—34 years
old) participated in the study and gave their informed consent
before the experiments. The study was performed according to the
Declaration of Helsinki and approved by the local ethics committee
(Heinrich-Heine University, D�usseldorf). The data derive in part
from the study of Salenius et al. (1997b). The subjects were asked to
perform isometric contraction of four different muscles in separate
runs: abduction of the index finger (•20 deg), extension of fingers
II—IV (•30 deg), elevation of the foot (•30 deg) and flexion of the
big toe (•30 deg). Each run lasted 4—5 min. Before each run the
contraction force was optimized for all muscles to reveal distinct
motor unit potentials in the surface electromyogram. The estimated
strength was very weak (•10% of maximum voluntary contraction,
MVC) for the interosseus muscle and slightly higher (•20% MVC)
for the foot, tibialis anterior and index finger extensor muscles. No
quantitative force measurements were made.

Recording procedure

Cortical signals were recorded with a whole scalp neuromagneto-
meter in a magnetically shielded room simultaneously with surface
EMG from the contracting muscle. The subject’s head was supported
against the helmet-shaped lower surface of the Neuromag-122
magnetometer (Ahonen et al. 1993). MEG and EMG signals were
recorded with passbands of 0·03—330 Hz and 3—300 Hz,
respectively, and stored on magneto-optical disks for off-line
analysis. The exact position of the head with respect to the sensor
array was determined by measuring magnetic signals from three
indicator coils placed on the scalp. The position of the indicator coils
relative to anatomical landmarks was determined beforehand.

Analysis

The coherence between the rectified EMG and all MEG channels
was calculated with a frequency resolution of about 1 Hz by
averaging the Fourier transforms across the whole contraction
period (Halliday et al. 1995). A Hanning window was used and
windows were overlapped by half the window length. The frequency
range of coherence above the 99% confidence level was identified.
The 99% confidence level was determined by calculating both the
coherence with the EMG signal shifted by the width of the fast
Fourier-transform (FFT) window (mean, 0·018; standard deviation
(s.d.), 0·0037) and according to Halliday et al. (1995) (mean, 0·012;
s.d., 0·0015). The first method resulted in higher confidence limits
in all cases and was used for further analysis.

In addition to classical coherence, the synchronization index (ñ) was
computed according to the procedure described in Tass et al.
(1998). ñ quantifies the phase synchronization between two
oscillatory signals, where phase synchronization means that two
oscillators are able to maintain a preferred phase difference
irrespective of perturbing influences like noise. The extent of phase
synchronization is quantified by characterizing the distribution of
the phase difference. With this aim in view the separation of phase
and amplitude of the signal s(t) was achieved by employing the
analytical signal concept a(t) = s(t) + ĩs(t) = A(t)exp(iÖ(t)), where
a(t) denotes the analytical signal and ˜ s(t) the Hilbert transform of
s(t) which results in an unambiguous definition of the instantaneous
phase Ö(t) and amplitude A(t) (Gabor, 1946; see also Rosenblum &
Kurths, 1998). The Hilbert transform was computed with a
256_point linear-phase finite-duration impulse response (FIR) filter
which was designed using the Parks-McClellan algorithm
(Mathworks, 1998). Computation of the Hilbert transform using the
FFT instead of the FIR filter did not change the results
significantly. The Hilbert transform was applied to the MEG signals
and to the rectified EMG signal. Since Ö(t) and A(t) are only
meaningful for a narrowband signal s(t), MEG and EMG signals
were bandpass filtered in the frequency range of significant
coherence before applying the Hilbert transform. For the phase
detection of a signal generated by a number of oscillatory sub-
systems like an EMG or MEG signal a narrowband signal
corresponding to the dominant frequency peak is typically not a
sufficient approximation of the signal provided the frequency
components vary rapidly in time. In this case one has to take into
account higher harmonics too (Tass, 1999). However, as will be
shown in the Results section (Fig. 1), a narrowband signal is a
sufficient approximation for the signals analysed here.

The Hilbert transform provides an instantaneous phase that allows
a preferred phase in the histogram of the phase differences (modulo
2ð) between EMG and MEG signals to be identified. The histograms
were computed for 5 s long, non-overlapping windows with number
of bins N = exp(0·626 + 0·4ln(M − 1)) (Otnes & Enochson, 1972),
where M is the number of samples. This results in a bin-width of
•0·1 rad. Depending on the total recording time, 60—80 histograms
were obtained. Results were robust against changes of window
length and bandwidth of the filter. If the phases evolve
independently from each other, the histogram converges to a
uniform distribution with increasing number of phase differences.
In the case of phase locking, a peak is apparent in the histogram,
indicating a preferred phase difference. This peak is identified after
smoothing the histogram with a median filter of the order 9. The
corresponding phase can be translated to a delay between the EMG
and MEG signals (with an ambiguity of 2ð due to the modulus
operation). The deviation of the distribution of the phase difference
of the actual data from a uniform distribution is quantified by an
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entropy measure and yields ñ. Surrogate data were used to
establish the significance level (Tass et al. 1998). Delays were
computed for the 50% of windows with the highest synchronization
index. In addition, the 20% highest local maxima of the M1
amplitude in the 20 Hz frequency band were identified and
M1—EMG phase differences were computed for the 30 samples
closest to each maximum. Since the synchronization index was
found to correlate with the M1 amplitude, this delay estimate is
based on phase differences at times of strongest cortico-muscular
synchronization.

The MEG—EMG delay was computed from the MEG signals
displaying the highest synchronization index as well as from the
underlying source activity in the motor cortex. The locations and
orientations of the source currents were estimated by fitting a
single dipole to phase-triggered averages of the MEG signal, i.e. the
MEG signal averaged timelocked to the onset of motor unit
potentials in the EMG. The onsets and thus the trigger points were
identified in the instantaneous EMG phase Ö as local maxima of
the function −sinÖ which was checked by visual inspection. The
average number of trigger points was 6115 (s.d., 1325). A dipole
was also fitted to the real part of the EMG—MEG cross-spectral
density in the frequency band of maximum coherence. The dipole
positions obtained from both methods differed by only a few
millimetres (consistent with the uncertainty expected from the
signal-to-noise ratio of the data) and no systematic differences were
observed.

The MEG signal is invariant against a simultaneous change of the
sign of the dipole orientation and the dipole time course which
would nevertheless lead to a ð-phase shift between dipole time
course and EMG signal. The sign of the dipole orientation was
chosen due to the following argument. Simultaneous recordings of

local field potentials (LFPs) and single or multiple unit discharges in
monkeys have revealed a tendency of the unit firing to occur at the
negative LFP peak in the depth of the cortex (Murthy & Fetz,
1996; Baker et al. 1997, 1999; Donoghue et al. 1998). The pattern
of surface-positivity and depth-negativity corresponds to an intra-
cellular current flow from the depth to the surface of M1. The MEG
signal is mainly sensitive to postsynaptic currents and to a
negligible extent to cortical action potential-related currents
(H�am�al�ainen et al. 1993). Thus the MEG signal is a representation
of synchronized (also subthreshold) membrane potential fluctuations
of a large number of neurons and resembles the spatially integrated
LFPs. Consequently the M1 activation was estimated for backward
pointing dipoles (see also Brown et al. 1998; Hari & Salenius, 1999).

A spatial filtering method was used to estimate the time course of
the source (Robinson & Vrba, 1997; Gross & Ioannides, 1999). This
method is based on a linear transformation of the data. The
transformation vector A is designed by constrained optimization in
order to pass signals from the desired source with unit gain while
suppressing contributions from all other sources. Specifically A is
computed as:

(R + áI)¢L(rÑ,qÑ)
A = ––––––––––––,

L
T

(rÑ,qÑ)(R + áI)¢L(rÑ,qÑ)

where R is the moment matrix of the zero-mean data matrix M

(R = E (MM
T

) where E(x) denotes the statistical expectation of x
and x

T

denotes the transpose of x), á is a regularization parameter,
I is the unit matrix and L(rÑ,qÑ) is the solution of the forward
problem of the dipole with position rÑ and orientation qÑ. The
estimate of the source activation is finally computed as the linear
combination of the sensor signals weighted by the coefficients A. The
coherence between rectified EMG and the estimated M1 activation
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Figure 1. An arbitrary 1 s segment of rectified EMG recorded from the left tibialis anterior

muscle before (A) and after (B) filtering with a bandpass of 17—23 Hz

For the sake of clarity just the positive part of the filtered signal is shown in B. C, scalogram of the signal
shown in A. This time—frequency representation is based on Morlet wavelets and displays the distribution
of power in the time—frequency plane (Auger et al. 1999).
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Table 1. Comparison of delays

––––––––––––––––––––––––––––––––––––––––––––––
M. extensor M. interosseus M. tibialis M. flexor
indicis dorsalis I anterior hallucis brevis

––––––––––––––––––––––––––––––––––––––––––––––
Phase spectra 21·0 ± 1·9 42·1 ± 3·7 41·0 ± 6·9 63·6 ± 6·7
Phase-triggered averages 16·0 ± 2·6 23·0 ± 0·8 29·0 ± 1·9 47·0 ± 4·0
Phase differences 16·0 ± 2·7 26·8 ± 5·1 32·0 ± 2·9 49·5 ± 5·0
Phase differences at
strongest synchronization 15·7 ± 1·6 23·6 ± 1·6 26·7 ± 2·3 41·7 ± 6·6

Cortico-muscular
conduction times 15·2 ± 0·9 † 23·0 ± 0·6 * 27·4 ± 1·2 * 41·2 ± 3·4 *

––––––––––––––––––––––––––––––––––––––––––––––
Comparison between delays (given as means ± s.d. in ms) obtained from phase spectra, phase-triggered
averages, phase differences and phase differences at times of strongest synchronization and cortico-
muscular conduction times. Conduction times are taken from magnetic stimulation studies with tonic
preinnervation of target muscle (*Rothwell et al. 1991; †Kloten et al. 1992).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 2. Coherence and synchronization index ñ between EMG and MEG signals

Coherence as function of frequency (A) and ñ as function of time (B) between rectified EMG recorded from
the left tibialis anterior muscle and all MEG signals. Only values exceeding the 99% confidence level are
shown. The sensor array is viewed from above. Traces are plotted in pairs corresponding to the two
orthogonal planar gradiometers at each sensor location. C, coherence as function of frequency between EMG
and M1 (continuous line) and between EMG and the MEG signal with the highest coherence (dashed line).
D, ñ as function of time between EMG and M1 (continuous line) and between EMG and the MEG signal
with the highest coherence (dashed line). The horizontal lines in C and D mark the 99% confidence level.



increased on average by 34% compared with coherence between
rectified EMG and the signal of the sensor above the contralateral
primary motor cortex.

RESULTS

Figure 1 illustrates that the unfiltered rectified EMG signal
(A) is sufficiently represented by the EMG signal filtered
around 20 Hz (B). Peaks in the filtered EMG signal generally
coincide with the centre of mass of the EMG bursts. Figure 1
also demonstrates the necessity to employ techniques which
are not based on the assumption of stationarity. The

scalogram (C, the distribution of power in the time—
frequency plane, Auger et al. 1999) of an arbitrary 1 s EMG
trace shows clear variations of power. Nevertheless both
MEG and EMG signals showed distinct frequency bands
typically centred on 10 Hz and 20 Hz containing most of the
power. Since cortex—muscle coherence is almost exclusively
restricted to the 20 Hz band, we focus our analysis on this
part of the signal.

The coherence and ñ between the estimated source and the
rectified EMG exceeded the 99% confidence level in all data
sets. The distribution across channels was similar for
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Figure 3. Averaged MEG signals timelocked to the onsets of the motor unit potentials of the

right extensor indicis muscle

A, unfiltered averaged MEG signals timelocked to onsets of the motor unit potentials (phase-triggered
average). The channels are arranged in the same way as in Fig. 2 (viewed from the top). The dashed vertical
line at −15 ms in the inset marks the minimum in the signal and the dashed trace shows the part of the
signal that is accounted for by the dipole. B, the isocontour map of the estimated magnetic field component
normal to the sensor surface at −15 ms. The contour lines are separated by 0·2 fT. The arrow represents
the dipole that explains the magnetic field best in the least-squares sense. C, the dipole superimposed on the
subject’s brain.



coherence and ñ (Fig. 2A and B). In contrast to classical
coherence, ñ is a function of time and thus allows observation
of variations in the phase synchronization between both
non-stationary signals.

Figure 2C and D shows the increase of coherence and ñ
between EMG and the source in the primary motor cortex
(continuous lines) compared with the sensor signal (dashed
lines). Variations over time are clearly evident for ñ indicating
a variable degree of phase locking between M1 and the
muscle.

Table 1 summarizes the delays between M1 maxima and the
onset of motor unit potentials for M. extensor indicis, M.
interosseus dorsalis I, M. tibialis anterior and M. flexor
hallucis brevis. Delays were computed with different methods.
Values in the first row of Table 1 correspond to estimates
obtained from the phase spectrum calculated according to
Halliday et al. (1995). The values in the second row were
obtained from the phase-triggered average of the M1
activation. The point of zero phase in the 20 Hz band (as
calculated by the Hilbert transform) preceding the EMG
peak was taken as the onset of the motor unit potential. The
third row contains values computed from phase differences
in 5 s windows and the fourth row shows estimates from
phase differences at times of strongest synchronization. The

rows are ordered according to their expected sensitivity to
periods of weak synchronization (with the fourth row being
least sensitive to these periods). The phase spectrum is
computed over the whole data set as is the phase-triggered
average. The third estimate is obtained on a selection of 5 s
windows with the highest synchronization index. The fourth
estimate specifically relies on phase differences at times of
M1 amplitude maxima (with associated high synchronization)
and agrees best with conduction times.

Figure 3A shows the unfiltered averaged MEG signal
timelocked to the motor units of the right extensor indicis
muscle (phase-triggered average). Clearly damped oscillations
are evident in the channels above the hand area of the left
hemisphere. The spatial distribution of the magnetic field at
the time of the first negative peak preceding the EMG onset
(−15 ms) shows a dipolar field pattern (Fig. 3B) that can be
modelled by a single dipole in the hand area of the left
primary motor cortex (Fig. 3C).

Amplitude dynamics

ñ was computed in a 20 s window that was moved in 5 s
steps. To study the amplitude dynamics and its possible
interactions with the phase dynamics we used the same
windows to compute the mean amplitudes for the EMG
signal and the M1 activation. Figure 4A shows recordings
from the tibialis anterior muscle. The patterns were similar
in the amplitude and the ñ modulations. The correlation is
0·79 between EMG and M1 amplitude, 0·77 between MEG
amplitude and ñ and 0·86 between EMG amplitude and ñ.

These correlations were computed for all data sets. The
different correlations were not independent from each other.

Figure 4B shows the dependence between M1—EMG
coherence and M1—ñ correlation together with a linear fit
and the corresponding 95% confidence region.

DISCUSSION

By separating phase and amplitude information we have
shown that in addition to coherence, significant phase
locking is present between oscillatory •20 Hz activity of
the rectified EMG signal and the activity of the contralateral
primary motor cortex (M1) during voluntary isometric
contraction. The delay between the EMG and motor cortex
signals, computed from the phase difference and phase-
triggered averages of the MEG signal, is consistent with the
conduction time from M1 to the corresponding hand or leg
muscle. In addition, slow amplitude variations of the 20 Hz
motor cortex activity were correlated with amplitude
variations in the EMG.

The results of previous studies reporting on delays between
motor cortex and coherent EMG oscillations are controversial.
Conway et al. (1995), who were the first to report on the
coupling between human motor cortex and spinal moto-
neuronal pool, found a zero-phase lag using the cumulant
density.
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Figure 4

A, amplitudes of M1 activation and rectified EMG, and the
synchronization index ñ as a function of time. All traces
show mean values in a 20 s window moving across the signal
in 5 s steps. B shows the dependence of the M1—ñ correlation
on the M1—EMG coherence, together with the linear fit with
the 95% confidence region (r Â = 0·30 and P < 0·0005).



However, Salenius et al. (1997b) found non-zero delays by
averaging MEG signals timelocked to the onset of motor unit
potentials. The differences between the delays to foot and
hand muscles were consistent with differences of conduction
times. However, the absolute delays between motor cortex
and EMG signal could not readily be reconciled with the
respective conduction times. Non-zero delays were also found
by using cross-correlograms (Brown et al. 1998).

Using similar methods Halliday et al. (1998a) were unable
to derive a consistent delay at all. They observed a constant
phase spectrum in the frequency region of significant
coherence which leads to a physiologically meaningless
frequency-dependent delay between motor cortex and EMG
signal. A potentially meaningful delay requires a linear
frequency dependence (of non-zero slope) of the phase.
Although such a relation has been demonstrated in some
subjects with strong coherence (Salenius et al. 1997b; Brown
et al. 1998, 1999; Marsden et al. 1999; Mima & Hallet,
1999), the assumption of a broad region with a linear
dependence of phase difference on frequency is not always
valid. Furthermore, the results are sensitive to the width of
the frequency region chosen for the linear fit and the degree
of linearity in that region.

In addition, coherence and delay estimates depend on how
well the oscillatory outflow from M1 is represented by the
time series used in the computation. For example, in EEG
recordings it has been shown that coherence and phase
spectra crucially depend on commonly applied signal
transformations such as spatial derivatives (Mima & Hallet,
1999). Thus it is critical to obtain the best possible
representation of the M1 activity to study its inter-
dependence with the EMG signal. EEG derivations have a
rather broad sensitivity profile leading to a possibly poor
representation of the underlying activity. Together with the
problematic choice of the reference electrode position this
could lead to less reliable delay estimates.

Our finding of temporal variations in the synchronization of
EMG and M1 activity may also help to explain the conflicting
reports on delays between motor cortex and EMG. Since the
final phase spectrum consists of the averaged cross-
spectrum of the full data set it is also affected by the periods
of weak synchronization. In our approach, phase differences
are computed from epochs of strongest synchronization
which probably improves the delay estimation. This effect
can be clearly seen in Table 1 where rows are ordered
according to their expected sensitivity to segments of weak
synchronization. The temporal variability of coherence and
phase spectra is also noted and discussed in McAuley et al.
(1999).

In addition to possible differences in the execution of the
experimental task, these points are likely to account for the
inconsistent results on delays between motor cortex and
EMG in different studies.

We addressed the above-mentioned problems in the analysis
of both EEG and MEG signals in relation to EMG activity

by optimizing the M1 activity estimate, by calculating the
delays with methods that are not based on the FFT and by
analysing segments of strong synchronization for the delay
estimation. First, we recorded MEG with planar
gradiometers (as did Salenius et al. 1997b and Brown et al.
1998) which have a more focused sensitivity than EEG
electrodes or a magnetometer. Second, the representation of
the M1 activity was improved by applying a spatial filter
resulting in a further attenuation of unrelated interferences.
The subsequent analysis was carried out on the source
activation, thus avoiding problems originating from the
complex sensitivity profile of the sensors. Third, and most
important, we used instantaneous phases from the Hilbert
transform to calculate delays between EMG and MEG signals
in two different ways, which are more appropriate than
FFT-based techniques since they do not require stationarity
of the signals: delays were determined from the phase
differences between EMG and MEG signals and from the
latency of M1 activity peak to EMG onset calculated from
signals averaged with respect to zero phase of the EMG
(phase-triggered average).

The resulting delays are in good agreement with absolute
cortico-muscular conduction times (Rothwell et al. 1991;
Kloten et al. 1992). Delays computed in patients with cortical
myoclonus support these results (Brown et al. 1999).

By using the instantaneous phase we also demonstrated
variations in the synchronization index ñ that correlate with
the M1 amplitude and the EMG amplitude in the 20 Hz
frequency range. Since the M1—EMG coupling is known to
be due to a modulation of the motor unit firing rate our
observations are consistent with the view that the
modulation strength correlates with the amplitude of the
rhythmic motor commands. Variations in the modulation
strength are reflected in the time course of ñ. A contribution
of the signal-to-noise ratio (SNR) of the two time series on ñ
can also not be excluded. If we assume that the M1
activation estimate consists of the MEG correlate of the
descending oscillatory motor commands plus interfering
noise, then an increase of the M1 power results in a higher
coherence and synchronization index due to the increased
SNR. A dependence of MEG—EMG coherence on MEG power
in the 20 Hz range was also reported by Salenius et al.
(1997a) (see also Hari & Salenius, 1999).

Although the functional role of the coherent cortico-
motoneuronal interaction is still unclear, our results support
the view of a rhythmic drive from motor cortex to
motoneuron pool (Salenius et al. 1997b; Hari & Salenius,
1999). Conway et al. (1995) suggested that cortico-muscular
coherence is a manifestation of motor binding due to a zero-
phase loop incorporating descending motor activity and
peripheral feedback. In contrast, our results, specifically the
time delay and the M1—EMG amplitude correlation, suggest
a cortical drive mechanism which may be relatively
independent of peripheral feedback. This is in line with
findings of McAuley et al. (1997) who suggested a central
origin of peripheral 20 Hz oscillations which were shown to
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be at least partly independent of peripheral feedback.
Further support comes from Marsden et al. (1999) who
found coherence between electrocorticographic signals and
contralateral EMG during tonic contraction in a subject with
hemianaesthesia and from Farmer et al. (1993) who reported
a 16—32 Hz motor unit synchronization in a deafferented
patient.

These arguments seem to be compatible with a different
type of motor binding where cortical oscillations reflect the
selection and coordination of specific neuronal populations
within the motor system. It is known that the multitude of
possible movements is realized through a flexible and
dynamic grouping of spinal motoneurons which requires a
likewise dynamic representation in the cortical motor system.
Since the observed coherence reflects the cortical drive to
the muscle we can identify this representation with the
generator of the coherent 20 Hz oscillations which is localized
in the primary motor cortex representation of the muscle.
Different co-activated muscles show a coherent EMG at the
same frequency of about 20 Hz suggesting a common
oscillatory drive from their motor cortex representations.
This has been shown in normal subjects (Farmer et al. 1993;
Gibbs et al. 1995; Conway et al. 1998) and in patients with
cortical myoclonus (Brown et al. 1999). The representations
of the different co-activated muscles which have shown to be
organized in a mosaic like, distributed fashion within the
primary motor cortex (Sanes et al. 1995) may be connected
or bound together by common 20 Hz oscillations.

One might speculate that the 20 Hz motor cortex oscillations
arise under stationary conditions. For example, during
isometric contraction no dynamics of motor control need to
be encoded. Thus, such a task can be achieved by the motor
cortex continously sending the same motor commands at
regular time intervals to the muscle leading to an
oscillatory signal. Similarly, approaching the problem from
an information-theory point of view, Baker et al. (1999)
suggested that whenever the required information to be
transferred is low enough, oscillatory motor commands are
sent yielding an efficient recruitment of motoneurons (see
also Hari & Salenius, 1999).

Another interesting issue which needs further investigation
is the functional significance of other frequency components.
Although strong 10 Hz components are evident in the power
spectra of EMG and M1, the coherence is restricted to the
20 Hz range. This supports the findings of different
functional roles of the 10 and 20 Hz components (Salmelin &
Hari, 1994). Nevertheless the absence of coherent 10 Hz
oscillations does not imply the absence of any influence of
cortical 10 or 20 Hz oscillations on peripheral 10 Hz
oscillations. Although the preferred firing rate of most motor
units during weak isometric contraction is at about 10 Hz
(Freund et al. 1975), an at least partly central origin of
10 Hz EMG oscillations during finger muscle contraction has
been reported (McAuley et al. 1997) as well as possibly
centrally induced movement discontinuities at about 10 Hz

during slow finger movements (Vallbo & Wessberg, 1993).
More sophisticated algorithms may be needed to describe
the interdependencies of these oscillations.

In summary, we have further characterized the interaction
between oscillatory 20 Hz activity of M1 and contralateral
limb muscles using instantaneous phase and amplitude. Our
analysis revealed a consistent phase difference between M1
and EMG signal, agreeing well with known conduction
times. In addition, we found temporal variations in the
synchronization index that correlated both with the 20 Hz
power in M1 and the 20 Hz power of the EMG signal. These
results suggest a hierarchical organization of the 20 Hz
interaction, with the motor cortex leading or driving the
spinal motoneuron pool.
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