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To assess the similarity between cortical activities observed during actual and imaginary motor tasks, we evaluated
electroencephalography–electromyography (EEG–EMG) coherence during motor task execution (ME) and the same taskrelated EEG power increase (TRPI) during kinesthetic motor imagery (MI). EEGs recorded at the vertex and EMGs recorded
at the right tibialis anterior muscle (TA) were analyzed in 13 healthy subjects. Subjects were requested to perform: (1)
isometric TA contraction, (2) imagery of the same movement without overt motor behavior, and (3) rest without MI. The
results show significant EEG–EMG coherence during ME, as well as TRPI during both ME and MI tasks within a similar
14–30 Hz band. The magnitude of EEG–EMG coherence and TRPI varied among the subjects. Intersubject analysis revealed
a significant correlation between EEG–EMG coherence and TRPI. These results support the hypothesis that ME and MI
tasks involve overlapping neural networks in the perirolandic cortical areas.
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INTRODUCTION
It is broadly accepted that synchronized work of neurons results in the generation of oscillatory activities. The
frequency of these activities may reflect both intrinsic
membrane properties of single neurons and the organization and interconnectivity of neural networks (Lopes da
Silva 1991). As revealed by Jasper and Penfield (1949),
beta-range synchronization (18–30 Hz) is the most characteristic of the sensorimotor cortex during motor execution (ME). A similar beta-range (15–30 Hz) has been used
since the early 1990s to investigate the coherence between
neurons in the sensorimotor cortex and motor units in the
effector muscle by electroencephalography (EEG) or
magnetoencephalography (MEG), and electromyography
(EMG) (Conway et al. 1995, Halliday et al. 1998, Mima
and Hallett 1999). These researchers interpreted corticomuscular coherence as evidence of the involvement of
cortical neurons in motor unit synchronization.
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Both actual ME and kinesthetic motor imagery
(MI), a mental process by which an individual
rehearses or simulates a movement, induce changes in
cortical synchronization. Increased magnitude of
beta-range synchronization in the EEG and MEG can
be observed during MI by power spectral analysis
(Schnitzler et al. 1997, Neuper et al. 2005, Pfurtscheller
et al. 2005, Pfurtscheller and Solis-Escalante 2009).
Although beta-range synchronization involving foot
MI has been used successfully as a trigger for external devices (Pfurtscheller et al. 2003), large intersubject variability limits the practical application of this
technology.
One of the possible reasons for this intersubject
variability is the varied capability of neurons to work
in synchrony in the sensorimotor cortex. Intersubject
variability has been reported in previous studies of
ME. Mima and coauthors (2000) reported that only
four of nine subjects who participated in their experiments showed stable EEG–EMG coherence. Baker and
Baker (2003) also reported a lack of coherence between
EEG and EMG signals in the beta band of their subjects. GABA-mediated intracortical inhibition in the
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sensorimotor cortex may be the key mechanism supporting the beta-range synchronization during ME
(Jackson et al. 2002, Baker and Baker 2003).
Several functional magnetic resonance imaging
(fMRI) studies have pointed out a similarity between
ME and MI in the neural process (Porro et al. 1996,
Roth et al. 1996, Ersland et al. 1996). Therefore, we
hypothesized that the magnitude of the beta-range
synchronization during MI also shows a subject-dependent tendency for corticomuscular coherence during ME. The magnitude of synchronization in the two
conditions may be determined by the capability of
neuronal networks to work in synchrony.
To assess the intersubject variability, we investigated isometric contraction of the tibialis anterior (TA)
muscle focusing on the relationship between EEG–
EMG coherence during ME and the same task-related
EEG power increase (TRPI) during MI.
METHODS
Subjects
Thirteen healthy young subjects (2 females, 11 males:
21–30 years of age) participated in this study. No participant had a history of neuromuscular disorder. The
study protocol was approved by the local ethics committee of the Faculty of Science and Technology, Keio
University, Kanagawa, Japan. Informed consent was
obtained from all subjects. The experiments were conducted in accordance with the Declaration of Helsinki.
Subjects were seated in an armchair. Their right leg
was semi-flexed at the hip (120°), the knee was flexed
to 40°, and the ankle in 10° dorsal flexion. The foot
was mounted to a plate during all measurements. The
plate was connected to a torque meter to measure dorsal flexion force.
Tasks
Subjects were requested to perform the following:
(1) isometric contraction of the right TA muscle (“ME
task”); (2) imagery of same movement without any
overt motor behavior (“MI task”); and (3) rest without
any MI (“REST task”). Each task lasted 28 s. During
the ME task, the dorsal flexion force was displayed on
the computer screen and the subjects were instructed
to keep the force constant at 30% of maximum voluntary contraction (MVC). During the MI task, the sub-

jects were asked to generate a kinesthetic image, but
not a visual image, of the ME task. One session consisted of one of these three tasks (ME, MI, and REST)
executed in a random order, thus, a total of 4 sessions
were conducted. The sessions were separated by
20–60 s breaks to prevent fatigue.
Data acquisition
Ag/AgCl electrodes (diameter 9 mm) were placed
close to the foot representation area (FCz, C1, Cz, C2,
and CPz) according to the guidelines for the standard
electrode position nomenclature (Sharbrough et al.
1991) to record surface EEG. All 5 channels were referenced to the right ear lobe. The data were first converted to a reference-free form by a Laplacian algorithm
(Hjorth 1975) that used the set of four nearest neighbor
electrodes [for electrode Cz, these were FCz (anterior),
C1 (left), C2 (right) and CPz (posterior)] at offline processing. The EEG was calculated by taking the difference between the potentials at the Cz electrode and the
mean of the four nearest neighbor electrodes. EEG electrode impedances were kept below 5 kΩ during the
experiment. EMG was simultaneously recorded from
the right TA muscle by surface bipolar electrodes placed
2 cm apart and centered over the right TA muscle belly.
By using a biosignal amplifier (NeuropackMEB-2200,
Nihon-Koden, Japan), EEG and EMG were amplified
and filtered (EEG: 5–100 Hz; EMG: 2–500 Hz), digitized at 1 000 Hz (12-bit AD converter, PCI-6071E,
National Instruments Corp., US), and stored on a personal computer for offline analysis.
Data analysis
Analysis of the EEG power spectrum and EEG–
EMG coherence was conducted following segmentation of the data stream into 112 segments of 1-s duration (28-s data from 4 sessions). Because of the segment length of 1 s, frequency resolution was 1 Hz. The
power of a signal as a function of frequency was calculated as:

Pxx( f ) =

1 112
∑ X j ( f )X j *( f )
112 j =1

(1)

where X j ( f ) refers to the Fourier transform of the
jth segment for EEG at a given frequency f. * indicates
complex conjugation.
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Fig. 1. Dataset obtained from two representative subjects, one with high and one with low EEG–EMG coherence. The panels in the left column are for a subject in the COH+ group, and those in the right column are for a subject in the COH- group.
(A)–(L) shows 1-second EEG and EMG records. (M)–(N) shows power spectra of EEG during the ME, MI, and REST tasks.
Subjects contracted the right tibialis anterior (TA) muscle during the ME task but only imagined contraction of the TA
muscle during the MI task. (O)–(P) shows the coherence spectra between EEG and rectified TA muscle EMG. The horizontal line denotes the 99% confidence limit.
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The coherence between EEG and EMG was calculated as:

1 112
∑ X j ( f )Y j * ( f )
112 j =1
Cxy ( f ) =
Pxx( f ) ⋅ Pyy( f )

(2)

where Y j ( f ) refers to the Fourier transform of the jth
segment for rectified EMG recorded from the TA
muscle, and Pyy ( f ) is its power calculated in the
same manner as Equation 1. EMG was rectified before

coherence analysis but not integrated. Coherence was
considered to be significant if the value exceeded the
α % confidence limit, which can be calculated by the
following equation (Rosenberg et al. 1989):

CL(α
α ) = 1 − (1 −

1

αα 112−1
)
100

(3)

with α of 99% and 99.9% corresponding in our experimental design to the confidence limits of 0.041 and
0.060, respectively.

Fig. 2. The logarithm to base ten of the power of EEG and rectified EMG in successive 1-s intervals for the entire 28 segments of the ME, MI, and REST tasks. The panels in the left column are for Subject 3 in the COH+ group, and those in the
right column are for Subject 13 in the COH- group during the ME [(A)–(D)], MI [(E)–(H)], and REST tasks [(I)–(L)].
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The percentage changes of EEG power during ME
and MI tasks were calculated relative to EEG power
during REST as follows:

 PxxMT ( f ) − PxxREST ( f ) 
 × 100 (4)
%TRPI ( f ) = 
PxxREST ( f )


where Pxx REST ( f ) and Pxx MT ( f ) are the power
spectrum of a given frequency f obtained during
REST and motor tasks (ME or MI), respectively. The
same analysis was used in a previous study of TRPI
(Manganotti et al. 1998) to investigate steady-state
changes associated with tasks. We did not use the
analysis for event-related synchronization/desynchronization (ERS/ERD), which is generally used to analyze phasic changes associated with events (Pfurtscheller
and Lopes da Silva 1999). Statistical differences
between Pxx REST ( f ) and Pxx MT ( f ) were calculated
using a Wilcoxon rank sum test.
The individual maximum values of EEG–EMG
coherence and TRPI within 14–30 Hz were plotted for
assessing the correlation between them. We limited
our analysis to one frequency range because significant EEG–EMG coherence and TRPI were observed
in this range both in our records and in previous studies (Neuper and Pfurtscheller 1996, Baker et al. 1997,
Pfurtscheller et al. 2003).
All analyses were carried out using MATLAB software (The MathWorks, US) with custom-developed
programs.
RESULTS
We observed significant power increases in the beta
band (14–30 Hz) during both ME and MI, and considerable intersubject variability, as reported previously
(Doppelmayr et al. 1998, Neubauer et al. 2004, Pfurtscheller
et al. 2005). EEG measurements during ME correlated
with EMG activity. Our novel finding is that the degrees
of TRPI during ME and MI are strongly associated with
the magnitude of EEG–EMG coherence in ME.
During ME task, 8 of 13 subjects showed significant
coherence between EEG and rectified EMG in the frequency range of 14–30 Hz. We categorize these subjects as COH+ group (n=8), and the remaining as COHgroup (n=5). A dataset obtained from a representative
subject in the COH+ group (Subject 3), i.e., raw EEG
and EMG signals, and the power spectrum of EEG and
EEG–EMG coherence are shown in the left column of

Fig. 1. For comparison, the same dataset obtained from
a representative subject (Subject 13) in the COH- group
is shown in the right column of Fig. 1. One-second
EEG and EMG signals in an arbitrarily chosen segment
are displayed in the top eight traces. In EEGs during
ME (Fig. 1A,B) and MI (Fig. 1E,F), periodic EEGs
were observed with a frequency of approximately 20
Hz in the COH+ group (Fig. 1A,E), whereas no clear
irregularity was seen in the COH- group (Fig. 1B,F).
EMG in the COH+ group tended to show recurrent
bursts separated by silent periods (Fig. 1C). Significant
EEG–EMG coherence in the beta band (Fig. 1O) suggested that the frequency of this EMG waning was
correlated with EEG. On the other hand, EMG in the
COH- group showed a stable pattern with mostly constant amplitude (Fig. 1D), and EEG–EMG coherence
showed no obvious peaks (Fig. 1P). In the COH- group,
EEG power during ME and MI tasks increased to the
14–30 Hz frequency range compared to that during rest
(REST: Fig. 1M), whereas no obvious increase was
observed in the COH- group (Fig. 1N). The frequency
band of this TRPI was equivalent to that of significant
peak in EEG–EMG coherence.
To obtain a better sense of the pattern of records
over the entire duration of each task, Fig. 2 shows the
power spectra using short-term Fourier transform of
EEG and rectified EMG in successive 1-s intervals for
the entire 28 segments of the three tasks performed by
the same subject as those in Fig. 1. Figure 2 also shows
that the pattern of records at Fig. 1 is uniformly apparent over the entire duration of the tasks.
To show whether there were differences at various
percentage of MVC between the COH+ and COHgroups, two typical subjects (Subject 3 and Subject 13)
participated in an additional experiment on a separate
day. The subjects were instructed to keep the force
constant at 5%, 10%, 20%, and 30% of MVC. Other
conditions were same as that of the main experiment.
One-second EMG signals in an arbitrarily-chosen
segment are displayed (Fig. 3). At 30% of MVC,
Subject 3 (COH+) again showed the periodic EMG
signal with a frequency of approximately 14–30 Hz.
The amplitude of EMG gradually decreases as the
contraction level decreases (30%>20%>10%>5% of
MVC); this was identical to Subject 13, classified as
belonging to COH-. Identical single motor unit action
potential was observed at 5% of MVC and was only
100 μV from peak to peak. In contrast to Subject 3,
Subject 13 showed no periodic EMG signal at 30% of
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MVC. Identical single motor unit action potential was
also observed at 5% of MVC same as in Subject 3.
Details of the association between EEG–EMG coherence and TRPI during ME and MI in both groups are
summarized in Table I. In the COH+ group, peaks of
EEG–EMG coherence were seen at 23 ± 3 Hz in ME,
and the peak value varied among the subjects from
0.474 to <0.060. The TRPI magnitude varied among the
subjects from 22% to 184%, with a dominant frequency
of 24 ± 4 Hz during ME. During MI, TRPI varied
among the subjects from 16% to 208% with a dominant
frequency of 24 ± 3 Hz. Although some subjects did not
show any significant coherence or TRPI at most frequencies, data from such subjects were analyzed within
the same beta frequency range where coherence and
TRPI were highest in the COH+ group (14–30 Hz).
We observed significant TRPI in the beta band during both ME and MI tasks. The intra-subject comparison of TRPI during ME and MI is shown in Fig. 4 (the
correlation was significant: r=0.636, P<0.05). Subjects
had similar TRPI levels during both tasks. Figure 5

represents the correlation between peak values of
EEG–EMG coherence and TRPI for all subjects.
Strong correlations were observed both for ME
(r=0.934, P<0.001) and for MI (r=0.821, P<0.001).
The stronger the EEG–EMG coherence peaks a subject showed, the larger was the TRPI during ME and
MI. Subjects in the COH- group did not show any
obvious EEG–EMG coherence and had low TRPI values.
DISCUSSION
We found that beta-band TRPIs during both ME and
MI correlated with EEG–EMG coherence during ME.
This implies that activity of the sensorimotor cortex
during MI involves neural assembly similar to that
which is activated during actual ME.
Common features of ME and MI
The coherence peak value varied among the sub-

Fig. 3. Raw EMG signals (2–500 Hz) in Subject 3 (left column) and Subject 13 (right column) during 5%, 10%, 20%, and
30% of MVC. The data is showed in successive 1-s intervals.
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jects from 0.01 to 0.47. Such a large intersubject variability was also reported in previous studies. Mima
and colleagues (2000) reported that only four of their

nine subjects showed stable EEG–EMG coherence.
Baker and Baker (2003) also reported the existence of
subjects who showed no EEG–EMG coherence in the

Table I

Summary of the maximum TRPI value and EEG-EMG coherence value in 14–30 Hz frequency range
%TRPow (14−30 Hz)

EEG-EMG
coherence
Group

Subject
number

Max.

COH+

1

0.474

2

COH−

ME task
Hz

Max.

**

20

257

0.456

**

15

3

0.386

**

4

0.192

5

MI task
Hz

Max.

**

20

106

**

25

132

**

19

302

**

16

22

162

**

22

185

**

23

**

28

104

27

123

*

22

0.182

**

25

65

27

49

*

27

6

0.165

**

25

50

26

101

**

25

7

0.150

**

26

54

26

26

**

27

8

0.060

*

23

−1

22

8

27

Mean

0.258

23

103

24

112

24

SD

0.157

4

81

3

96

4

9

0.039

28

13

28

47

28

10

0.029

15

2

16

37

24

11

0.023

18

12

23

15

24

12

0.016

14

21

28

15

22

13

0.012

26

12

15

35

27

Mean

0.024

20

12

22

30

25

SD

0.011

6

7

6

14

2

*P<0.01; **P<0.001

**

*

*

*

Hz
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Fig. 4. The maximum TRPI value during the ME and MI
tasks in 14–30 Hz frequency range. The solid line shows
linear regression with a correlation coefficient (r) of 0.636
(P<0.05).

beta band. This implies that the competence of neurons
for synchronized interaction of distinct neural sites in
the sensory-motor nervous system varies among individuals. Correlation of TRPI during MI in EEG–EMG
coherence suggests that individual differences in the
magnitude of TRPI during MI depend on the ability of
neurons to work in synchrony.
Common features of ME and MI were also observed
in fMRI studies. Primary motor cortex activity during
MI was observed both in healthy subjects (Porro et al.
1996, Roth et al. 1996) and in a subject with a phantom
limb (Ersland et al. 1996), with the weaker signal during MI rather than ME. The activity identified in the

primary motor cortex was similar to ME. These findings suggest involvement of the primary motor cortex
in both ME and MI.
Not only motor output but also afferent input is
important for enhancement of the degree of TRPI
and corticomuscular coherence. A MI experiment
employing tourniquet-induced ischemia showed that
afferent input from the limbs is not required to dampen the beta rhythm in the motor cortex (Schnitzler et
al. 1997). This result implies that sensory inputs
influence TPRI magnitude. Another study revealed
that coherence strength was also reduced during
ischemia (Pohja and Salenius 2003). Although it is
unclear whether the neural sites responsible for TRPI
and corticomuscular coherence operate on the motor
or sensory side, our results suggest a common neural
mechanism for both ME and MI. Specifically, we
believe that such a mechanism can synchronize the
magnitude of EEG–EMG coherence during ME and
the TRPI during MI.
Difference of EMG patterns between COH+
and COH- group
Subject 3 (COH+ group) showed the periodic EMG
signal with a frequency of approximately 14–30 Hz.
Such an EMG pattern with steep peaks resembles single motor unit action potentials, thus one may think
that EMG was incorrectly recorded. However, the
amplitude of EMG gradually decreases as the contraction level decreases, and identical single motor unit

Fig. 5. The maximum TRPI value in the frequency range of 14–30 Hz versus the maximum EEG–EMG coherence value in
the same frequency range. The left and right panels indicate intra-subject correlations between EEG–EMG coherence during
the ME task and TRPI during the ME (left) and MI (right) tasks, respectively. The linear regressions (solid lines) were significant (P<0.001 for both), and the correlation coefficients (r) were 0.934 for the ME task and 0.821 for the MI task.
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action potential was finally observed at 5% MVC and
was only 100 µV from peak to peak. Thus, spiky EMG
observed during 30% MVC is a superimposed waveform of synchronized motor unit action potentials, not
single motor unit action potentials. From this evidence,
we believed that the recording was correctly done.
The recorded EMG activity seems different in
amplitude between these two subjects. Subject 3
(COH+ group) showed much larger amplitude of
EMG than Subject 13 (COH- group). We considered
that the degree of synchrony among activated motor
units results in such differences in amplitude in surface EMG. In 2000, Yao and coworkers suggested
that motor unit synchronization increased the amplitude of EMG in their simulation study (Yao et al.
2000). They clearly showed how synchrony can
minimize cancellation and generate differences in
surface EMG. Our data agrees with their findings. In
Subject 3, EMG showed larger amplitude of superimposed waveforms of synchronously activated motor
units. The silent period in EMG also implied that
activated motor units were strongly synchronized. In
contrast, in Subject 13, EMG showed lower amplitude without a silent period, implying that activated
motor units were out of phase.
The periodic EMG observed in the case of Subject 3
has also been reported in other papers in the field of
corticomuscular coherence. For example, Salenius and
others (1997) reported a subject who showed a periodic EMG signal and a high magnitude of MEG–EMG
coherence. In addition, Gross and coauthors (2000)
also reported similar EMG bursts with a frequency
band centered at 20 Hz. These studies show that
grouped discharges of EMG can be observed in a subject who shows strong corticomuscular coherence during isometric contraction.
CONCLUSIONS
We have further characterized the interaction
between beta-band activity of the sensorimotor cortex
and coherent activity between the sensorimotor cortex
and EMG signal. Power spectrum and EEG–EMG
coherence analysis revealed that the stronger the
EEG–EMG coherence peaks shown by a subject were,
the larger was the TRPI during ME and MI. The
results support the hypothesis that the sensorimotor
cortex is active during MI tasks and that ME and MI
share common functional neural networks.

ACKNOWLEDGEMENT
This research was supported by the Strategic
Research Program for Brain Sciences of MEXT.
REFERENCES
Baker MR, Baker SN (2003) The effect of diazepam on
motor cortical oscillations and corticomuscular coherence
studied in man. J Physiol 546: 931–942.
Baker SN, Olivier E, Lemon RN (1997) Coherent oscillations in monkey motor cortex and hand muscle EMG
show task-dependent modulation. J Physiol 501 : 225–
241.
Conway BA, Halliday DM, Farmer SF, Shahani U, Maas P,
Weir AI, Rosenberg JR (1995) Synchronization between
motor cortex and spinal motoneuronal pool during the
performance of a maintained motor task in man. J Physiol
489: 917–924.
Doppelmayr M, Klimesch W, Pachinger T, Ripper B (1998)
Individual differences in brain dynamics: important
implications for the calculation of event-related band
power. Biol Cybern 79: 49–57.
Ersland L, Rosén G, Lundervold A, Smievoll AI, Tillung T,
Sundberg H, Hugdahl K (1996) Phantom limb imaginary
fingertapping causes primary motor cortex activation: an
fMRI study. Neuroreport 8: 207–210.
Gross J, Tass PA, Salenius S, Hari R, Freund HJ, Schnitzler
A (2000) Cortico-muscular synchronization during isometric muscle contraction in humans as revealed by magnetoencephalography. J Physiol (Lond ) 527: 623–631
Halliday DM, Conway BA, Farmer SF, Rosenberg JR (1998)
Using electroencephalography to study functional coupling
between cortical activity and electromyograms during voluntary contractions in humans. Neurosci Lett 241: 5–8.
Hjorth B (1975) An on-line transformation of EEG scalp
potentials into orthogonal source derivations.
Electroencephalogr Clin Neurophysiol 39: 526–530.
Jackson A, Spinks RL, Freeman TC, Wolpert DM, Lemon
RN (2002) Rhythm generation in monkey motor cortex
explored using pyramidal tract stimulation. J Physiol 541:
685–699.
Jasper HH, Penfield W (1949) Electrocorticograms in man:
effect of the voluntary movement upon the electrical
activity of the precentral gyrus. Arch. Psychiat. Z Neurol
183: 163–174.
Lopes da Silva F (1991) Neural mechanisms underlying
brain waves: from neural membranes to networks.
Electroencephalogr Clin Neurophysiol 79: 81–93.

Coherence during motor execution and imagery 85
Manganotti P, Gerloff C, Toro C, Katsuta H, Sadato N,
Zhuang P, Leocani L, Hallett M (1998) Task-related
coherence and task-related spectral power changes during
sequential finger movements. Electroencephalogr Clin
Neurophysiol 109: 50–62.
Mima T, Hallett M (1999) Corticomuscular coherence: a
review. J Clin Neurophysiol 16: 501–511.
Mima T, Steger J, Schulman AE, Gerloff C, Hallett M
(2000) Electroencephalographic measurement of motor
cortex control of muscle activity in humans. Clin
Neurophysiol 111: 326–337.
Neubauer AC, Grabner RH, Freudenthaler HH, Beckmann
JF, Guthke J (2004) Intelligence and individual differences in becoming neurally efficient. Acta Psychol
(Amst) 116: 55–74.
Neuper C, Scherer R, Reiner M, Pfurtscheller G (2005)
Imagery of motor actions: Differential effects of kinesthetic and visual-motor mode of imagery in single-trial
EEG. Cogn Brain Res 25: 668–677.
Neuper C, Pfurtscheller G (1996) Post-movement synchronization of beta rhythms in the EEG over the cortical foot
area in man. Neurosci Lett 216: 17–20.
Pfurtscheller G, Lopes da Silva FH (1999) Event-related
EEG/MEG synchronization and desynchronization: basic
principles. Clin Neurophysiol 110: 1842–1857.
Pfurtscheller G, Müller GR, Pfurtscheller J, Gerner HJ,
Rupp R (2003) ‘Thought’--control of functional electrical
stimulation to restore hand grasp in a patient with tetraplegia. Neurosci Lett 351: 33–36.
Pfurtscheller G, Neuper C, Brunner C, da Silva FL (2005)
Beta rebound after different types of motor imagery in
man. Neurosci Lett 378: 156–159.
Pfurtscheller G, Solis-Escalante T (2009) Could the beta
rebound in the EEG be suitable to realize a “brain
switch”? Clin Neurophysiol 120: 24–29.

Pohja M, Salenius S (2003) Modulation of cortex-muscle
oscillatory interaction by ischaemia-induced deafferentation. Neuroreport 14: 321–324.
Porro CA, Francescato MP, Cettolo V, Diamond ME, Baraldi
P, Zuiani C, Bazzocchi M, di Prampero PE (1996)
Primary motor and sensory cortex activation during
motor performance and motor imagery: a functional magnetic resonance imaging study. J Neurosci 16: 7688–
7698.
Rosenberg JR, Amjad AM, Breeze P, Brillinger DR, Halliday
DM (1989) The Fourier approach to the identification of
functional coupling between neuronal spike trains. Prog
Biophys Mol Biol 53: 1–31.
Roth M, Decety J, Raybaudi M, Massarelli R, Delon-Martin
C, Segebarth C, Morand S, Gemignani A, Décorps M,
Jeannerod M (1996) Possible involvement of primary
motor cortex in mentally simulated movement: a functional magnetic resonance imaging study. Neuroreport 7:
1280–1284.
Salenius S, Portin K, Kajola M, Salmelin R, Hari R
(1997) Cortical control of human motoneuron firing
during isometric contraction. J Neurophysiol 77:
3401–3405
Schnitzler A, Salenius S, Salmelin R, Jousmäki V, Hari R
(1997) Involvement of primary motor cortex in motor
imagery: a neuromagnetic study. Neuroimage 6: 201–
208.
Sharbrough F, Chatrian GE, Lesser RP, Lüders H, Nuwer M,
Picton W (1991) American Electroencephalographic
Society guidelines for standard electrode position nomenclature. J Clin Neurophysiol 8: 200–202.
Yao W, Fuglevand RJ, Enoka RM (2000) Motor-unit synchronization increases EMG amplitude and decreases
force steadiness of simulated contractions. J Neurophysiol
83: 441–452

