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Feige, Bernd, Ad Aertsen, and Rumyana Kristeva-FeigeDynamic  encephalogram (EEG) (Halliday et al. 1998; Mima et al. 2000)
synchronization between multiple cortical motor areas and musglgring sustained voluntary muscle contraction was interpreted
activity in phasic voluntary movementsNeurophysio4: 2622-2629, a5 g sign of neural coordination, similar to the synchronization

2000. To study the functional role of synchronized neuronal activit . .
in the human motor system, we simultaneously recorded cortic%served in monkeys (Baker et al. 1997; Murthy and Fetz

activity by high-resolution electroencephalography (EEG) and elet992, 1996; Riehle et al. 1997; Sanes and Donoghue 1993).
tromyographic (EMG) activity of the activated muscle during a phasithese studies (Conway et al. 1995; Halliday et al. 1998; Mima
voluntary movement in seven healthy subjects. Here, we preseftal. 2000; Salenius et al. 1997) investigated the synchroniza-
evidence for dynamic beta-range (16—28 Hz) synchronization hi#gen between human cortical activity and EMG of the active
tween cortical activity and muscle activity, starting after terminatiomuscle during maintained isometric muscle contraction. Con-
of the movement. In the same time range, increased tonic activ_ityv'\yhy et al. (1995) and Salenius et al. (1997) found the coher-
the activated muscle was found. During the movement executionagce largely confined to cortical activity in the beta-range
e cxae o ip5-30 H2)- They hypothesized hal ihis coherence migh
coherent EEG maps for both, low- and high-frequency beta ran lect binding between synchronized cortlcallactlvny in t_he
synchronization. The electrical source reconstruction of the EM rmary m‘?tor areas and,mo,tor output at the Spln{:\I level. S,'nce
coherent EEG maps was performed with respect to the individfiese studies used a maintained muscle contraction task, it was
brain morphology from magnetic resonance imaging (MRI) usingiprSSime to assess the dynamical properties of the synchro-
distributed source model (cortical current density analysis) andnization. Another open question is the localization of the
realistic head model. The generators of the beta-range synchronizagonirces of cortical synchronization. Both MEG studies located
were not only located in the primary motor area, but also in premotife generators of the beta synchronization in the primary motor
areas. The generators of the low-frequency synchronization were al¢ftex. However, since MEG recordings are only sensitive to
located in the primary motor and in premotor areas, but with addiyngential current components of active neuronal populations
tional participation of_ the medial premotor ar_ea._These findings SU8illiamson and Kaufman 1981), as is the case in the primary
gest that the dynamic beta-range synchronization between multigic tor area, possible contributions from sources having mostly
cortical areas and activated muscles reflects the transition of . ' .
collective motor network into a new equilibrium state, possibly relatd@dial components, such as in the premotor area (PMA), may
to higher demands on attention, while the low-frequency synchroflave been overlooked (Kristeva et al. 1991). The two studies
zation is related to the movement execution. aiming at investigating the EEG/EMG synchronization (Halli-
day et al. 1998; Mima et al. 2000) were not able to locate such
sources, due to the lack of spatial resolution with only two
electrodes overlying the contralateral hand area (Halliday et al.
1998) or because no source reconstruction technique was ap-
Synchronization between distributed neuronal activity paplied (Mima et al. 2000).
terns on a fine temporal scale has been proposed as a candidat® study whether beta-range and other synchronization be-
mechanism for integration in the visual system (Eckhorn et &lveen cortical activity and EMG in the human motor system
1988; Engel et al. 1992; Gray and Singer 1989; Singer aatso occurs under dynamic conditions and, if so, to examine the
Gray 1995), in frontal areas (Abeles et al. 1993a,b; Prut et apectro-temporal properties of this synchronization and its
1998), and in the visuomotor areas (Roelfsema et al. 199mlation to the onset and offset of muscle contraction, we
Little, however, is known about synchronization processes @mployed a phasic motor task. Subjects performed a voluntary
the motor system (Baker et al. 1999; Brown 2000; Farmeght index finger movement every 12-25 s [Bereitschaftspo-
1998). The coherence in the beta frequency range observedeintial paradigm (Kornhuber and Deecke 1965)]. We simulta-
the human motor system between the electromyogram (EM@ously recorded the cortical activity by high-resolution EEG
and cortical activity measured by the magnetoencephalogramd the EMG of one of the activated muscles (the prime mover;
(MEG) (Conway et al. 1995; Salenius et al. 1997) or electré-g. 1). Since the EEG is sensitive to tangential as well as to
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Fic. 1. Experimental paradigm. Electrode layout for 61 scalp electrodes superimposed on the digitized head contour for one of
the subjectstop lef). Thebottom left panelllustrates the movement investigated. The electroencephalogram (EEG) from the C3
electrode, overlying the contralateral primary motor cortex, is shown for 3 consecutive movement-related EE@®griasty.

The bottom right panelllustrates the EMG recorded from m. flexor digitorum for 3 movement-related trials (for more details, cf.
METHODS). The movement onset is marked by a dotted line.

radial sources, we could test whether other cortical areas b®uroScan, Herndon, VA). Electrode Cz was used as common re-
sides the primary motor cortex become engaged in the s)qqrding referenc_e; the ground was on the forehead. The surfgce_ I_EMG
chronization between cortical activity and EMG. Moreover, thwas recorded using Ag-AgCl electrodes placed over the pars indicis of
combination of a dynamic task paradigm and EEG recordinH§, 1ght flexor digitorum muscle (one of the prime mover muscles)

also allowed us to address another important issue in the st recorded with the same filters and sampling rate as the EEG. The

f t trol: th lation bet th tico-EMG ow frequencies were included to investigate whether there was also a
of motor control. the relation between the cortico- Syr]E).W-frequency synchronization between EEG and EMG. The EMG

chronization and movement-related spectral power changeg,fidet was used as a trigger for further analysis. The electro-oculogram
the EEG/MEG. It is well known that a phasic voluntary moveEoG) was recorded to exclude trials with eye movement artifacts.
ment is preceded by cortical desynchronization mostly in thEG, EMG, and EOG were digitally stored and analyzed off-line. The
mu-frequency range (10-13 Hz), whereas it is followed Iynalysis time was set fro 5 s beforea 3 s after EMG-onset. Two
postmovement synchronization mostly in the beta-ranjgndred to 250 artifact-free trials per subject were used for further
(15-30 Hz) (Feige 1999; Feige et al. 1996; Pfurtscheller 199malysis. After each recording session, the electrode positions and the
Salmelin and Hari 1994). The question whether this excedgad contour of the sgbject were digitized using a three-dimensional
postmovement beta-activity is actually synchronized with tg D) ultrasound localizing device (ZEBRIS).
EMG has not yet been addressed in other studies. ) o

Analysis of phase synchronization and phase reference

METHODS analysis

Subjects The synchronization between the EEG and the EMG of the agonist
muscle as a function of frequency and time was quantified by aver-

The experiment was run with seven healthy, right-handed subjeatging the complex difference phase facters*c=G" ¢EMC) repre
(mean age 28.2= 3.2 yr): six males and one femal&3, who had senting the phase difference between EEG and EMG in every single

previously given their informed consent. trial. The amplitude of the resulting average represents a measure of
the nonuniformity of the distribution of phase differences, i.e., a
Experimental paradigm measure ophase coherendeetween the EEG and EMG, by means of

the Rayleigh test (cf. Ltkenhmer 1991; Mardia 1972; we used

During the experimental session, subjects were sitting in an eldRayleigh’s asymptotic formula for the probability distribution given
trically shielded, dimly lit room and performed abrupt, self-paceldy Strutt 1905, cited after Greenwood and Durand 1955). Therefore in
“pulse” movements (rapid flexion followed by extension of the righthe following, ¢ will be called phase coherencélhe statistical sig-
index finger), starting from light extension position, at irregular inrificance of the phase coherenzédetermined fromN trials can then
tervals of 12-25 s (cf. Fig. 1). They were instructed to be completehe calculated as ™. Note that the usual definition of coherence
relaxed and to avoid any other movement and to fix their gaze oringludes amplitude covariation in addition to the stability of phase
light-emitting diode in front of them. The subjects were instructed tdifference and corresponds to the square of this value in the case of
pay attention to finish the rapid pulse movement in the same positi@onstant amplitudes (cf. Bendat and Piersol 1971; Whalen 1971).
from which the movement had started. Each subject was given severalo localize the sources of EMG-coherent EEG activity, we
practice trials prior to the experiment until they reached a consistathployed a new variant of this phase coherence analysis: phase
EMG pattern for the pulse movement. Electric potentials were resference analysis (Feige 1999)aiff) is the complex Fourier coef-
corded from 61 electrode positions equally distributed over bofitient at frequencyf, we havea(f) = |a(f) e '®. For each fre-
hemispheres on the scalp (band-pass 0—100 Hz; sampling rate 500di®ency, the difference phase factor is multiplied with the corre-
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sponding spectral EEG amplitude and then averaged across trigli$ferent spectro-temporal properties (Figh)2an early, low-
laceq(f) [e7'[¥FECO-YEMEOL The EMG thereby acts as a phasgrequency coherence (demarcated by a dotted white frame) and
referonce: its pha_se is subtracted from the EEG phaso, while the quater, high-frequency coherence (solid white frame). The
amplitude is retained. Thus phase reference analysis measuress%ctro—temporal properties of these two successive instances

fraction of the EEG that is reliably synchronized to the EMG. Sinc _ . : .
this measure, unlike conventional coherence analysis, preserves bgtﬁEG EMG coherence for all seven investigated subjects are

amplitude and phase information of the EEG, the sources of EM ummarized in Table 1. The low-frequency coherence ranged

coherent EEG activity can be localized by applying source reconstrdt@m 2 to 14 Hz (with a maximum at 5 Hz) and started
tion methods to the scalp distributions (or maps) of the extracté@mediately after EMG onset. Probably, this low-frequency

EMG-coherent electrical potentials. coherence between cortical activity and EMG represents a
functional state of the oscillatory network related to the pulse
Electric source reconstruction movement execution. Following the movement, there is a

functional change in the network state, characterized by the

Source reconstruction of the EMG-coherent EEG maps was pgigh-frequency coherence. This beta-range coherence lasted
formed on the ba5|§ of the |nd|y|dual oram morphology as obtaingd o s, ranged from 16 to 28 Hz (with a maximum between 19
fron‘].MRI. To establish the spat!al relationship between the electro fd 24 Hz), and started after the “pulse” movement, which
positions and the MRI, the digitized head contour was matched Wil e g approximately 400 ms. This coherent beta-rangé activity

the head-contour as obtained from MRI by means of a surface- . ft tt inati in fact. be ob d
matching algorithm (Huppertz et al. 1998). For structural MRI, th@CCUIring aiter movement tlermination can, in fact, be observe

3-D dataset with full head coverage and 1 frvoxels was acquired N single trials, as is demonstrated in the_ three trials shown in
using a volume-encoded fast low angle shot pulse sequence (FLASHY. 3. Note that coherent beta-range activity was present only
with TR/TE/alpha= 40 ms/60 ms/40°. The source reconstruction waafter (Fig. ), but not before the movement (FigCB Inter-
performed using cortical current density analysis (CCD) (llmoniengistingly, the increased tonic EMG after movement termination
1991; Wagner 1998). The CCD maps obtained in this way show tias not described in previous Bereitschaftspotential studies.
current flow distribution on the cortex, which can account for theossibly, this activity is related to the active muscles reaching
potentials measured on the head surface. The ambiguity in the Cg new equilibrium state after conclusion of the active move-
model was removed by thariinimum norm constrairit This con- ent (Wachholder 1928)
straint uses a model term that is proportional to the square of tﬂ]e;l'he postmovement hig.h-frequency coherence between cor-
te

strength of the reconstructed currents. The regularization param A . .
was determined according to th@-criterion. No assumptions about%c"JII activity and EMG should be distinguished from the well-

the number and location of cortical sources were made, except thatqlPWn postmovement cortical beta-synchronization that has
sources were constrained to a surface representing the cortical ?8¢N described extensively in the EEG (Pfurtscheller 1992) and
matter. For each individual subject, the segmented cortex with MIEG (Feige et al. 1996; Salmelin and Hari 1994) literature.
individual gyri and sulci at about 50,000 sampled locations was usélhis becomes apparent from a comparison betweerfréie

To account for the shapes of liquor, skull and scalp, a realistiuency X time distributions of EEG-EMG phase coherence
three-compartment Boundary Element Method model was used asfgy. 2A) and movement-related EEG spectral power differ-
volume conductor head model. Only sources with at least 75% of tBfces (Fig. B). The EEG spectral power distributions indeed

strength at the maximum current density itself were considered. Undg{,\, the well-known cortical postmovement beta-synchroni-
these circumstances (sensor distribution, source model used, and . : B ) . .
scale) the drop from 100 to 75% happens within a volume & 3x Cf!ﬂfon, i.e., the elevation of beta-range EEG-power immedi

3 cm (Fuchs et al. 1999). Image segmentation, volume conduc ply after movement termination. In al! subjects th? area (in
modeling, source reconstruction, and visualization were performB@QUeNCyX time) over which this elevation extends included
using the CURRY software (CURRY 3.0, Philips Research, HarfPe patch of EEG-EMG coherence (solid white frames in Fig.
burg, Germany). 2, A and B), but was distinctly larger (especially covering
higher frequencies). Similarly, Fig2demonstrates that also
the EMG exhibits beta-range spectral power enhancement im-
mediately after the voluntary movement. As in the EEG, this
Since movement-related EEG rhythms occurring at fixezhhancement includes the spectral band of EEG-EMG coher-
locations and in a defined functional situation can have a broace, but it is also distinctly broader, especially toward higher
or a narrow spectrum, depending on the subject (Feige etfatquencies. Therefore only part of the spectral power enhance-
1996), we examined for each individual subject the entireent known as postmovement beta-synchronization is actually
frequency range between 0 and 45 Hz over a time windawherent to part of the postmovement EMG.
running fran 5 s before to 3 s after EMG onset (Fig. 2). This To localize the cortical sources of EMG-coherent EEG ac-
frequencyx timeplane approach differs from the conventionalivity, we employed a new variant of phase coherence analysis:
method of examining only the data filtered in the most respophase reference analysis (Feige 1999)nefHobs). Since this
sive frequency bands (Pfurtscheller 1992; Salmelin and Haneasure, unlike conventional coherence analysis, preserves
1994). The synchronization between the EEG and the EMG lodth amplitude and phase information of the EEG, the sources
the agonist muscle as a function of frequency and time was EMG-coherent EEG activity can be localized by applying
guantified by the phase coherence. Figufeshows thefre- source reconstruction methods to the scalp distributions (or
guencyXx timedistributions of EEG-EMG phase coherence fomaps) of the extracted EMG-coherent electrical potentials (Fig.
two (of 7) investigated subjects. To facilitate the interpretatiodA). Thus we reconstructed for all subjects the EMG-coherent
the movement-relatefitequencyx time distributions of base- EEG map at the maximum postmovement high-frequency co-
line-relative spectral power changes in EEG (Fi) 2and herence (i.e., the peak in the solid white frame in Fi§j) @nd
EMG (Fig. ) are shown for comparison. Observe that eacit the maximum of the low-frequency coherence during the
subject exhibited two patches of EEG-EMG coherence withovement (i.e., the peak in the dotted white frame in FA). 2

RESULTS
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FIG. 2. FrequencyX time plots of EEG-electromyographic (EMG) phase cohereAgeald movement-related EE®)(and
EMG (C) spectral power changes. Data, taken from repeated trials for 2 (of 7) subjects investigated. Time winuévs frefore
to 3 s after EMG onset (vertical white dotted line at 0 ms). Phase coherence values were coded according to the shown color bars,
with the values above indicating the phase coherence value, and the values below denoting the probability of observing this phase
coherence by chance (Rayleigh test). The color bar for the spectral power changes applies to both subjects. Frequency analysis was
performed using a sliding time window of width 768 ms, in which 2 512-ms fast Fourier transforms (FFTs) overlapping by half
were calculated (for this reason, the figure only shows values starting at 4.2 s prior to the movement). The data in each FFT window
were demeaned and detrended prior to FFT analysis. The resulting frequency resolution was 1.9 Hz. The analysis window was
shifted in steps of 42 ms across each epoch for each of the channels. All reported latencies refer to the delay between EMG onset
and the end of the analysis time windatv.movement-relatefrequencyx timedistributions of the EEG-EMG phase coherence.
The EEG channel shown is the one with the maximum 16-28 Hz postmovement coherence with the EMG, as measured against
common average reference. Observe that subjects exhibited 2 patches of strong EEG-EMG coherence (cf. Tjabbsvi):
frequency (2-14 Hz) coherence, starting immediately at EMG onset. This coherence (demarcated by a dotted white frame) most
likely reflects the movement-related EEG potentials, found by EMG-onset triggered averaging of the EEG; they show up in the
phase coherence analysis because the EMG-burst contains components of practically all frequencies, synchronized to movement
onset (cf.C). 2) High-frequency (23+ 3 Hz) coherence, starting after the movement (which lasted approximately 400 ms) and
peaking at 964+ 283 ms after EMG onset. This high-frequency coherence (demarcated by a solid white frame) after a phasic
voluntary movement was not previously described. The spectro-temporal properties and statistical significance of the 2 successive
instances of movement-related EEG-EMG coherence for all 7 subjects are summarized in Bafiegliencyx timedistributions
of movement-related EEG spectral power changes, measured as the reliability of difference relative to a reference interval between
5 and 4 s before movement onset [relative gajr(Feige 1999; Feige et al. 1996}}, is —1 for fully reliable power decrease, 0
for no change, and 1 for fully reliable power increase. Both subjects showed a clear increase in spectral power, covering a wide
frequency range from 10—45 Hz (details depending on the subject), which started about 800 ms after EMG onset (i.e., beginning
after movement termination). Note that the excess spectral power in the EEG, reflecting the well-known postmovement cortical
beta-synchronization, includes the patch of beta-range EEG-EMG coherence, but covers a distinctly wider frequency range (cf.
solid white frames, copied from). C: movement-relateftequencyx time distributions of the EMG, computed in the same way
as done for the EEGB). The postmovement EEG/EMG synchronization (solid white frames, copied Apwotcurred after
termination of the movement-related EMG burst (dark vertical strip between 0 and 1 s). Observe, however, that the EMG spectral
power does not return to baseline levels immediately, but exhibits a residual enhancement that (like the EEG) includes, but clearly
extends beyond the beta-band EEG-EMG coherence.

by applying cortical current density analysis (efeTHops), (CPA). In fact, never before were so many motor areas shown
using the individual brain anatomy derived from the subject&d engage in coherent activity so late after termination of an
magnetic resonance imaging (MRI). All seven subjects exhibetive movement. The finding that multiple motor areas are
ited extended cortical current density sources for the higbimultaneously involved is supported by the original high-
frequency coherence comprising tangential activity in the cofiequency EMG-coherent EEG maps as shown for one of the
tralateral primary motor cortex (cMI) but, in contrast to earliesubjects in Fig. A: the electric field distribution suggests
reports, the extended source area included additional radiahtributions not only from a tangential source (within cMl)
activity in the contralateral premotor area (cPMA; Fighdand but also from a radial source (within the cPMA). This activa-
B). Besides the tangential activity in Ml and the radial activityion of multiple motor areas can be explicitly seen also in the
in cPMA, in two of the subjects the source area includedngential (cMI) and radial (cPMA) orientation of the individ-
additional radial activity in the contralateral parietal areaal current vectors (Fig.B). To compare the sources of the
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TABLE 1. Spectro-temporal properties of coherent population activity in motor cortical areas and EMG in relation to voluntary finger
movements

EEG-EMG Coherence |: During Movement, Low-Frequency EEG-EMG Coherence II: Post-Movement, High-Frequency
Number  Latency, Frequency, Maximal phase Significance, Latency, Frequency, Maximal phase Significance,
Subject of Trials ms Hz coherence Rayleigh test ms Hz coherence Rayleigh test
S1 171 20-750 2-10 0.476 1:50°% 1,000-2,200 16-26 0.182 3403
S2 163 100-800 2-14 0.601 2:710%¢ 1,100-2,400 18-25 0.221 3404
S3 100 100-650 2-8 0.498 1710 1,450-2,300 22-25 0.144 0.12
S4 338 150-750 2-14 0.419 1:7102¢ 850-2,800 18-28 0.268 2:80
S5 246 75-800 2-12 0.602 2:2103° 800-2,100 20-25 0.141 7:80°3
S6 211 75-800 2-8 0.639 3:910°3%8 870-2,100 25-26 0.162 3:50°°
S7 272 150-900 2-8 0.616 1:310 %° 1,535-1,900 23-25 0.098 0.07

The statistical significande of a given coherence valuedetermined fronN trials can be calculated aSN'CZ, describing the probability of observing a phase
coherence of this or larger amplitude by chance (Rayleigh test, using the asymptotic formula given by Strutt 1905). We used these phase catgemence valu
order to identify the latency and frequency ranges with the statistically most reliable EEG-EMG synchronization (cf. white dotted and solial Figmsy.i
EEG, electroencephalogram; EMG, electromyogram.

beta-range coherence with those of the low-frequency cohpremotor areas are simultaneously involved is also supported
ence during the movement, a source reconstruction of the the complex pattern of the original EMG-coherent EEG
EMG-coherent EEG map at the maximum low-frequency coraps shown in Fig. @.

herence (i.e., the peak in the dotted white frame in Fig.\2as

also performed. The reconstruction of the low-frequency cg; SCUSSION

herence maps showed an extended source area including again

the primary motor cortex and the premotor area (cf FI9).4  The present results are the first to show that motor cortical
However, in the low-frequency EMG-coherent EEG maps, @reas and the EMG synchronize their joint activity in a dy-
addition more medial parts of the premotor area were engagedmic fashion in systematic relation to phasic voluntary move-
The finding that the primary motor, premotor, and mediahents. Low-frequency~5 Hz) synchronization, starting at

EEG (18-28Hz) T souy
| 50u

A
31.81uV 29.51uv
C D
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Fic. 3. EEG and EMG traces filtered in the beta-frequency range. The BEén@l EMG B), filtered between 18 and 28 Hz,
from the same 3 consecutive movement-related trials as shown in Fig. 1. The movement onset is marked by a dotted line. Note that
short periods of enhanced beta-range activity in both EEG and EMG occurred durirtglabatter movement onset in each of
the 3 trials. The insetsd) and O) show the EEG and EMG signals plotted against each other for time intervals (indicated by
frames) before and after the movement onset in the 2nd tridlandB. Observe that there is no phase relationship between EEG
and EMG in the premovement interval), whereas a clear phase relationship is present in the postmovement inBrval (

-5s Ols 3$I
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FIG. 4. Sources of the high- and low-frequency EMG-coherent EEG activity for one of the subjects. Top view of the MRI
reconstruction of the cerebral cortex for this subject (nose pointing upward). CMI, contralateral primary motor area; cPMA,
contralateral premotor area; cmPMA, contralateral medial premotor Argaotential distribution of the high-frequency EMG-
coherent EEG activity superimposed onto MRI reconstruction. Complex potential distribution pattern, suggesting activation of
multiple areasB: magnification of the reconstructed cortical current density (CCD) map underlying the potential distribuaion in
The CCD map is displayed with individual current vectors. Scaling according to color bar. Extended CCD source in cMI and
cPMA. The tangential currents are consistent with activation of the cMI in the anterior bank of the central sulcus; the radial currents
are consistent with activation of the cPM@&: potential distribution of the low-frequency EMG-coherent EEG activity superim-
posed onto MRI reconstruction. Complex potential distribution pattern, suggesting again activation of multipleDareas.
magnification of the reconstructed CCD map underlying the potential distributidnTine CCD map is displayed with individual
current vectors. Scaling according to color bar. Extended cortical current density source in cMI, cPMA, and cmPMA. The tangential
currents are consistent with activation of the cMI in the anterior bank of the central sulcus, the radial currents are consistent with
additional activation of the medial cPMA.

movement onset, is followed by high-frequency23 Hz) composed of at least two components: one that is coherent with
synchronization after movement termination, lasting for 1-2 the EMG (cf. Fig. ) and one that is not (the remainder).
This synchronization dynamics may reflect changes in funktoreover, the two components cover different frequency
tional network state related to phasic voluntary movementsinges. This finding that the postmovement cortical beta-syn-
Beta-range synchronization between cortical activity and EM&hronization is of a composite nature implies that the notion
had previously been observed during maintained motor tagkst it reflects idling motor cortex (Pfurtscheller 1992) or
(Brown 2000; Conway et al. 1995; Halliday et al. 1998; Mimanhibition (Salmelin and Hari 1994) needs to be revised. In-
et al. 2000; Salenius et al. 1997), but never before undgead, it lends support to our earlier hypothesis that postmove-
dynamic conditions with a phasic motor task. The close tunimgent cortical beta-synchronization plays an active role in mo-
of the EEG-EMG synchronization in all investigated subjectsr control, possibly integrating distributed activity between
around~23 Hz, a frequency at which also coherence betwe#me cortex and the muscle (Brown 2000; Feige et al. 1996;
human single motor unit spike trains was reported (Farmerkitner et al. 1999).
al. 1993), suggests that this may be a preferred frequency foiThe high-resolution EEG used in this study enabled us to
integration of distributed activity in the motor system. localize generators of the beta-range EMG-synchronized cor-
Comparison between thfeequencyX time distributions of tical activity not only in the contralateral primary motor areas
EEG-EMG coherence (Fig.A and movement-related EEGMI but also in the PMA. The contribution of the premotor areas
spectral power difference (FigB2 revealed clear differencesto the generation of the EEG-EMG synchronization was over-
in the spectro-temporal extent of the two postmovement sylooked in earlier MEG studies, presumably because the sensi-
chronization phenomena. This indicates that the postmovemstvwity of the MEG is restricted to tangential sources. The
beta-synchronization of the EEG/MEG, presumably reflectirtynamic synchronization of the premotor areas and muscle
the internal synchronization of relatively large cortical areas, &tivity may be important for postural stabilization after move-
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ment. One possible mechanism for this may be related to tg@way BA, HALLIDAY DM, FARMER SF, SiaHANI U, MAas P, WEIR Al, AND
predominantly inhibitory action of premotor areas on pyrami- RosenBerRGJIR. Synchronization between motor cortex and spinal motoneu-

| pool during the perf f intained motor task i .
dal tract neurons as recently shown (Tokuno and Namb@ogﬁyggf’(Lofg)‘fsg.egff_gozrznalnggso a maintained motor faskin man

2000)- . L o ) EckHORN R, BAUER R, JrRDAN W, BroscH M, KrRuse W, Munk M, AND
In all subjects we observed a joint participation of the Rersoeck HJ Coherent oscillations: a mechanism of feature linking in the

contralateral MI area and the PMA. In two of the subjects, thevisual cortex? Multiple electrode and correlation analyses in theBiat.
contralateral PA engaged in the coherent EEG-EMG activati%gybemw 121-130, 1988.

I ti th ist finter-individual diff EL AK, KONIG P, KREITER AK, ScHILLEN TB, AND SINGER W. Temporal
as well, suggesting the exisience ot Inter-individual di erencescoding in the visual cortex: new vistas on integration in the nervous system.

in the human motor system. Trends Neuroscl5: 218-226, 1992.
The contralateral primary motor and premotor areas wefgrMer SF. Rhythmicity, synchronization and binding in human and primate

_ i~ _motor systemsJ Physiol (Lond)509.1: 3—-14, 1998.
found to generate also the low frequency CortI(_:O I.EMG Cth'-rARMER SF, BREMNER FD, HALLIDAY DM, ROSENBERGJR,AND STEPHENSJA.
ence during the voluntary movement. The activation of theSerne frequency content of common synaptic inputs to motoneurones studied

two areas with the additional participation of the more medialduring voluntary isometric contraction in mahPhysiol (Lond)470: 127—

parts of the premotor area may represent a functional state di55é1(9)93;” torv Brain Activity and lts Analveis o the Basis of MEG and
. _IGE . Osclllatory Brain Activity an S Analysis on the basis 0 an
t_he oscillatory motor network related to the movement execElEEEG New York: Waxmann, 1999.
tion. FeiGE B, KRISTEVA-FEIGE R, RossI S, RzzeLLA V, AND Rossini PM. Neuro-
It is interesting to note that the beta-range EEG/EMG syn-magnetic study of movement-related changes in rhythmic brain activity.
chronization occurred during the transition of the motor systelgnBra'” Res734: 252-260, 1996.

int ilibri tat h th ttenti ld d LfHS M, WAGNER M, KoHLER T, AND WiSCHMANN HA. Linear and nonlinear
INto a new equilibrium state wnhen the attentional aemands Ol yrent density reconstruction$.Clin Neurophysioll6: 267—295, 1999.

the motor tasks are higher because the subjects were instrudied CM anp SINGer W. Stimulus-specific neuronal oscillations in orienta-
to pay special attention to finish the rapid pulse movement intion columns of cat visual corteroc Natl Acad Sci USA&6: 1698-1702,

" . 1989.
the same position from which the movement has started. D REENWOODJA AND DURAND D. The distribution of length and components of

ing this transition, there was an increased tonic activity in theéne sum of n random unit vectorann Math Sta@6: 233—246, 1955.
active muscle (cf. Fig.B). Also Baker et al. (1997) and Kilner HaLLibay DM, Conway BA, FARMER SF,AND RoSENBERGJR. Using electro-

et al. (1999) presented evidence for beta-range CortiCO_EM@ncephalographytgs_tudy fl:nctional coupling be;wehen cortical activity and
coherence during a stationary phase of a movement paradigrgfﬁtrggyoféggs uring voluntary contractions in humateurosci Lett

(a hold phase after a precision grip task), but not during acti¥@ereertz JH, Orte M, Grim C, KRISTEVA-FEIGE R, MERGNER T, AND
movement periods. Likewise, Conway et al. (1995), Salenius etickine CH. Estimation of the accuracy of a surface matching technique for

; registration of EEG and MRI dat&lectroencephalogr Clin Neurophysiol
al. (1997),_ a_md Ha_1II|day et a]. (1998) demonstrgted such €O 06: 409415, 1998,
herent activity during maintained motor contraction and su@swonew RJ. Estimates of neuronal current distributiosta Oto-Laryngol

gested that it might reflect a low-effort contraction mainte- Suppl491: 80-87, 1991.
nance rhythm. These findings suggest that the dynamic bet&yEr JM, BAKER SN, S\ENIUS S, busmaki V, HARI R, AND LEMON RN.

P : . ask-dependent modulation of 15-30 Hz coherence between rectified EMGs
range synchronlzatlon between multlple cortical areas ancIom human hand and forearm musclés?hysiol (Lond)516.2: 559-570,

activated muscles reflects the transition of the collective motorggg.
network into a new equilibrium state, possibly related to high&ornHuserH anD Deecke L. Hirnpotentiainderungen bei Willirbewegun-
demands on attention. gen und passiven Bewegungen des Menschen: Bereitschaftspotential und
reafferente Potential@fligers Arch284: 1-17, 1965.
KRisTEVA R, CHEYNE D, AnD Deecke L. Neuromagnetic fields accompanying

We thank Prof. C. H. Laking for helpful discussions and C. Sick and T. unilateral and bilateral voluntary movements: topography and analysis of
Ball for experimental and analysis help. We are indebted to Drs. Leonardgcortical sourcesElectroencephalogr Clin Neurophysi8l: 284-298, 1991.
Cohen, Bernhard Conway, Manfred Fuchs, Alexa Riehle, Jerome Sanes, AHTKENHONER B. Theoretical considerations on the detection of evoked re-
drew Schwartz, and Mario Wiesendanger for constructive comments on arsponses by means of the Rayleigh testta Otolaryngol (Stockh#91:
earlier version of the manuscript. 52-60, 1991.

This work was Supported in part by grants from the Deutsche Forschun@éARDlA K. Statistics of Directional DataNew York: Academic, 1972.
gemeinschaft and the Research Fund of the Albert-Ludwigs-Universi§IMA T, STEGERJ, SSHULMAN AE, GERLOFF CH, AND HALLETT M. Electroen-
Freiburg. cephalographic measuremnent of motor cortex control of muscle activity in

humansClin Neurophysioll11: 326—-337, 2000.
MurTHY VN AnD FeTz EE. Coherent 25- to 35-Hz oscillations in the senso-
REFERENCES rimotor cortex of awake behaving monkey&oc Natl Acad Sci USA9:
5670-5674, 1992.
ABELES M, BERGMAN H, MARGALIT E, AND VAADIA E. Spatiotemporal firing MurTHY VN anp FeTz EE. Oscillatory activity in sensorimotor cortex of

patterns in the frontal cortex of behaving monkeysNeurophysiol70: awake monkeys: synchronization of local field potentials and relation to
1629-1643, 1993a. behavior.J Neurophysiol76: 3949-3967, 1996.

ABELES M, PrUT Y, BERGMAN H, VaaDIA E, AND AERTSEN A. In: Brain  PFURTSCHELLERG. Event-related synchronization (ERS): an electrophysiolog-
Theory: Spatio-temporal Aspects of Brain Functiedjted by Aertsen A. ical correlate of cortical areas at relStectroencephalogr Clin Neurophysiol
New York: Elsevier, 1993b. 83: 62—-69, 1992.

Baker SN, KiLNEr JM, PNcHES EM, AND LEMON RN. The role of synchrony Prut Y, VaaDIA E, BERGMAN H, HAALMAN |, SLOovIN H, AND ABELES M.
and oscillations in the motor outpuExp Brain Resl28: 109-117, 1999. Spatiotemporal structure of cortical activity: properties and behavioral rel-

Baker SN, Quivier N, aND LEMoN RN. Coherent oscillations in monkey motor  evance.J Neurophysiol79: 2857—-2874, 1998.
cortex and hand muscle EMG show task-dependent modulati®mysiol RIEHLE A, GRUN S, DESMANN M, AND AERTSENA. Spike synchronization and

(Lond)501.1: 225-241, 1997. rate modulation differentially involved in motor cortical functioBcience
BENDAT JS AND PiERsoL AG. Random Data. Analysis and Measurement 278: 1950-1953, 1997.
ProceduresNew York: Wiley, 1971. RoELFSEMA PR, ENGEL A, KONIG P, AND SINGER W. Visuomotor integration is

Brown P. Cortical drives to human muscle: the Piper and related rhythms.associated with zero time-lag synchronization among cortical akzdare
Prog Neurobiol60: 97-108, 2000. 385: 157-161, 1997.



EEG/EMG SYNCHRONIZATION IN VOLUNTARY MOVEMENT 2629

ROSENBERGJR, AMJAD AM, BREEZE P, BRILLINGER DR, AND HALLIDAY DM.  StruTT JW. The problem of the random walkature 72: 318, 1905.
The Fourier approach to the identification of functional coupling betweefokuno H aND NamBu A. Organization of nonprimary motor cortical inputs

neuronal spike traind?rog Biophys Mol Biob3: 1-31, 1989. on paramidal and nonpyramidal tract neurons of primary motor cortex: an
SALENIUS S, PoRTIN K, KajoLA M, SALMELIN R, AND HARI R. Cortical control electrophysiological study in the macaque monkégreb Cortex10: 58—

of human motoneuron firing during isometric contractidniNeurophysiol 68, 2000.

77: 3401-3405, 1997. WacHHoLDER K. Willkiirliche Haltung und Bewegung. Ergebnisse der Physi-

SALMELIN R AND HARI R. Spatiotemporal characteristics of sensorimotor ologie. Munich, Germany: Von J. F. Bergmann, 1928, p. 568—645.
neuromagnetic rhythms related to thumb movemieuroscienc&0: 537— WAaGNER M. Rekonstruktion neuronaler $ime aus bioelektrischen und bio-
550, 1994. magnetischen Messungen auf der aus MR-Bildern segmentierten Hirnrinde.

Sanes JN anp DonocHUE JP. Oscillations in local field potentials of the Aachen, Germany: Shaker Verlag, 1998.
primate motor cortex during voluntary movemeRtoc Natl Acad Sci USA WHALEN AD. Detection of Signals in NoiséNew York: Electrical Science,

90: 4470—-4474, 1993. Academic, 1971.

SINGER W AND GRAY CM. Visual feature integration and the temporal correWiLLiamsoN SJ AND KAuFMAN L. Biomagnetism.J Magn Magn Mat22:

lation hypothesisAnnu Rev Neurosd8: 555-586, 1995. 129-201, 1981.



