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Brussels, Belgium

2Environmental and Occupational Physiology Laboratory, Haute Ecole Paul Henri Spaak,
Brussels, Belgium

3Department of Neurology, Hopital Universitaire des Enfants reine Fabiola,
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Abstract: Evoked potential modulation allows the study of dynamic brain processing. The mechanism
of movement gating of the frontal N30 component of somatosensory evoked potentials (SEP) produced
by the stimulation of the median nerve at wrist remains to be elucidated. At rest, a power enhance-
ment and a significant phase-locking of the electroencephalographic (EEG) oscillation in the beta/
gamma range (25–35 Hz) are related to the emergence of the N30. The latter was also perfectly identi-
fied in presence of pure phase-locking situation. Here, we investigated the contribution of these rhyth-
mic activities to the specific gating of the N30 component during movement. We demonstrated that
concomitant execution of finger movement of the stimulated hand impinges such temporal concentra-
tion of the ongoing beta/gamma EEG oscillations and abolishes the N30 component throughout their
large topographical extent on the scalp. This also proves that the phase-locking phenomenon is one of
the main actors for the N30 generation. These findings could be explained by the involvement of neu-
ronal populations of the sensorimotor cortex and other related areas, which are unable to respond to
the phasic sensory activation and to phase-lock their firing discharges to the external sensory input
during the movement. This new insight into the contribution of phase-locked oscillation in the emer-
gence of the N30 and in its gating behavior calls for a reappraisal of fundamental and clinical interpre-
tation of the frontal N30 component. Hum Brain Mapp 30:1568–1579, 2009. VVC 2008 Wiley-Liss, Inc.
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CP 640, 50 Av F Roosevelt, Brussels, Belgium.
E-mail: gcheron@ulb.ac.be

Received for publication 20 December 2007; Revised 11 April 2008;
Accepted 15 May 2008

DOI: 10.1002/hbm.20624
Published online 25 July 2008 in Wiley InterScience (www.
interscience.wiley.com).

VVC 2008 Wiley-Liss, Inc.

r Human Brain Mapping 30:1568–1579 (2009) r



INTRODUCTION

Dynamic gating is a key aspect of neural processing
allowing to select and enhance integration of stimuli and
events that are most relevant to keep the focus on specific
goals in the face of numerous environmental distractions
[O’Reilly, 2006]. For example, it was recently demonstrated
that sensory integration during reaching movement is a
dynamic process driven by the task computational demands
[Sober and Sabes, 2005]. It is generally accepted that gating
mechanisms involve multiple parallel circuits including
loops between the cortex, the basal ganglia, and the thala-
mus. Disinhibition and dopamine modulation play central
roles in these neural networks [Durstewitz et al., 2000].
A possible way for noninvasive investigation of these

processes in human resides in the analysis of the spectral
content of neuronal oscillatory activity recorded in electro-
encephalographic (EEG) signals. This provides brain-state
measure reflecting thalamo-cortical and cortico-cortical func-
tioning [Buzsáki and Draguhn, 2004; Steriade, 2001]. As sub-
cortical nuclei such as the thalamus are involved in the
active gating of different sensory influx [Steriade et al., 1997]
and contribute to change in EEG rhythms, the electrical me-
dian nerve stimulation provides a convenient and easily
quantified sensory input for the study of the gating process.
Recent technological advances allow concomitant analy-

sis of spontaneous ongoing EEG activity and evoked
potentials [Delorme and Makeig, 2004; Makeig et al., 2002;
Saunseng et al., 2007]. Relevant measures include the
quantification of power changes in different frequency
bands of the EEG signals with respect to stimulation.
Among them, event-related spectral perturbation (ERSP)
measure corresponds either to a narrow-band of event-
related synchronization (power increase) or desynchroniza-
tion (power decrease) of ongoing EEG activity. Another
relevant measurement evaluates the level of phase-locking
in different frequency bands of the ongoing EEG with
respect to stimulation. This phase-locking factor [Tallon-
Baudry et al., 1996] is here quantified by an intertrial co-
herence (ITC) measure. ERSP and ITC thus reflect physio-
logical modifications of neural activity induced by external
stimulation. This approach has led to a more comprehen-
sive understanding of the origin of evoked potentials
[Makeig et al., 2002; Sauseng et al., 2007 for a review].
The frontal or precentral N30 component of somatosen-

sory evoked potentials (SEP) is known to be highly sensi-
tive to interference or gating from concomitant involve-
ment of the brain in sensory, motor, and mental activities
[Cheron and Borenstein, 1987, 1991, 1992; Rossini et al.,
1999; Rushton et al., 1981]. The amplitude of the frontal
N30 significantly decreases when the stimulated hand per-
forms an actual movement or during movement imagery
[Cheron and Borenstein, 1991, 1992; Cheron et al., 2000].
Conversely, the observation of the same motor act by the
subject at rest increases N30 amplitude [Rossi et al., 2002].
This wave is specifically modulated by electrical stimula-
tion of the internal part of the globus pallidus or the sub-

thalamus nuclei of Parkinsonian patients [Pierantozzi
et al., 1999], suggesting that it may represent a reliable
physiological index of the dopaminergic motor pathways
[Cheron et al., 1994; Cheron, 1999]. Investigation of the
frontal N30 component has increasingly been used in a
host of clinical conditions [Fukuda et al., 2003; Murase
et al., 2000; Pierantozzi et al., 1999; Tinazzi et al., 2004].
Recently, we have demonstrated that the N30 SEP com-

ponent was accompanied by an increase of the power
spectrum of beta/gamma rhythm peaking at 30 Hz and by
a concomitant increase of the intertrials coherence at this
frequency band [Cheron et al., 2007]. Pure phase-locking
of the beta/gamma rhythm was found in a large percent-
age of the trials. We also demonstrated that a reorganiza-
tion of the spontaneous phase of the ongoing beta rhythm
contributed to the production of N30 component.
Here, we investigated the behavior of this pure phase-

locking during the gating produced by movement of the
stimulated hand. A major hypothesis of the present study
is that the decrement in N30 amplitude during movement
gating was mainly due to an alteration in the beta/gamma
phase-locking mechanism.

METHODS

Subjects and Conditions

The data were collected from 14 normal volunteers
(seven females and seven males, mean age: 26 6 3.2
years). They were in good health and free from neurologi-
cal disease. The procedures were approved by the local
ethics committee of the University and conformed to the
Declaration of Helsinki.
Somatosensory evoked potentials (SEP) were recorded at

rest with the eyes closed and during a movement interfer-
ence task. During this task the subjects were asked to flex
and extend four fingers of the stimulated hand (not the
thumb) together. Finger movements were unrelated to the
stimulation.

SEP Stimulation and Recording Parameters

The stimuli were 0.2 ms square electrical pulses deliv-
ered through a pair of Ag–AgCl electrodes cup to the left
median nerve at the wrist. The intensity was adjusted for
eliciting visible small thumb twitches. Random stimuli
intervals (0.5–2 s range) were used throughout the experi-
ment. In the first group of seven subjects, the standard
electrode positions corresponded to F3, F4, a contralateral,
and an ipsilateral parietal site situated 70 mm from the
midline and 30 mm behind C4–C3 [these loci correspond
to the site where the N20 component was maximally
recorded when the contralateral wrist was stimulated
[Desmedt and Cheron, 1980]; all electrodes were referred
to the contralateral earlobe. The on-line SEP averaging was
performed using a four-channel NihonKohden averager
(Neuropack, MEB-9100). The overall band-pass was 0.5
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Hz–1.5 kHz and the analysis time was 100 ms with a sam-
pling rate of 5 kHz. Scalp electrodes impedances were
kept below 5 kX. Two series of 500 potentials were
checked for reproducibility. After ocular artefact reduction,
any remaining artefacts were rejected by visual inspection.
As the averager used does not permit the spectral analysis
of the single sweep data and to independently analyze the
ongoing rhythmic EEG activity from the evoked response,
the raw (unaveraged) EEG data were transferred in paral-
lel to a Pentium III personal computer with analog-to-digi-
tal converter boards (Digidata Axoscope). This analysis
was only performed on the F4 channel. Off-line analysis
and illustrations were then performed using the EEGLAB
software [Delorme and Makeig, 2004].
To perform topographical analysis of SEP gating, SEPs

were recorded using 128 channels EEG recorder (ANT sys-
tem, The Netherlands) in a second group of seven subjects.
This system uses full-band DC amplifier including active-
noise cancellation process, worked at a sampling frequency
of 2,048 Hz, and with a resolution of 22 bit (71.5 nV per
bit). An active-shield cap using 128 Ag–AgCl sintered ring
electrodes and shielded coaxial cables (5–10 electrode sys-
tem placement) was comfortably adjusted to subject head.

Event-Related Spectral Perturbation

The EEGLAB software enables the analysis of the event-
related average dynamics changes in amplitude of the
broad band EEG frequency spectrum and to decipher the
ongoing EEG processes that may be partially time- and
phase-locked to experimental events [Delorme and
Makeig, 2004]. The event-related spectral perturbation
measure (ERSP) may correspond to a narrow-band of
event-related desynchronization (ERD) or synchronization
(ERS). Briefly, for this calculation, EEGLAB computes the
power spectrum over a sliding latency window on each
epoch and normalizes each of them by its respective mean
baseline spectra and then performs averaging across data
trials. Each trial consists of samples from 2400 ms before
up to 400 ms after the stimulus. The size of the sliding
window was of 512 data points. ERSP image provides a
color code where each template pixel indicates the power
(in dB) at a preset frequency f and latency t relative to the
stimulation onset. Typically, for n trials, if Fk(f, t) is the
spectral estimate of trial k at frequency f and time t,

ERSPðf ; tÞ ¼ 1

n

Xn
k�1

��Fkðf ; tÞ��2 ð1Þ

To compute Fk(f, t), EEGLAB uses the short-time
Fourier transform that provides a fixed time and frequency
resolution.

Intertrial Coherence

Intertrial coherence (ITC) is a frequency-domain mea-
sure of the partial or exact synchronization of activity at a

particular latency and frequency to a set of experimental
events to which EEG data trials are time-locked. This mea-
sure corresponds to the ‘‘phase-locking factor’’ [Tallon-
Baudry et al., 1996]. The term ITC refers here to its inter-
pretation as the event-related phase coherence (ITPC),
which is defined by

ITPCðf ; tÞ ¼
����� 1n

Xn
k�1

Fkðf ; tÞ��Fkðf ; tÞ��
����� ð2Þ

where |�| represents the complex norm. The ITC measure
takes values between 0 and 1. A value of 0 represents
absence of synchronization between EEG data and the
time-locking events; a value of 1 indicates their perfect
synchronization.
The significance levels of the ITC and ERSP were fixed

at 0.001 and assessed using surrogate data by randomly
shuffling the single-trial spectral estimates from different
latency windows during the baseline period (EEGlab boot-
strap method).

Selection of Trials With Pure Phase Resetting

The single sweep selection aims to conserve only the tri-
als for which the EEG amplitude of the filtered signal (e.g.
25–35 Hz) measured around the N30 latency remained
similar compared to the prestimulus amplitude. For this,
we compared in each filtered single-sweep the root-mean-
square (RMS) amplitude of the pre- and post-stimulus
periods ([2200, 0 ms] and [0, 160 ms], respectively)
according to the following equation:

DRMS ¼ ðRMSpost � RMSpreÞ
ðMax AmplÞ ð3Þ

where Max Ampl, the maximal amplitude of the filtered
single sweep signal, is measured for the period ([2200, 0
ms]). Then, we selected only the trials for which the fol-
lowing criterion was respected:

DRMSstim�free � 1SD � DRMSdata � DRMSstim�free þ 1SD

ð4Þ

where DRMSdata was compared to DRMSstim-free for two
periods free of stimulus ([2350, 2150 ms] and [2150, 290
ms]). After that, it was verified that the selected DRMSdata
distribution was included inside the DRMSstim-free distribu-
tion. This means that no significant amplitude enhance-
ment or decrement were present in these selected trials.

Phase Histogram Analysis

The degree of synchronization of the ongoing EEG oscil-
lation was assessed by means of histograms of the instan-
taneous phase of the components across an ensemble of
the selected trials [Jansen et al., 2003]. Phase histograms of
the components found in the beta (25–35 Hz) band in the
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selected trials were generated every 5 ms, starting 60 ms
before stimulus up to 150 ms after stimulus. The Kuiper
statistic j coefficient, expressed as a ln, was used to evalu-
ate differences in empirical distribution functions [Press
et al., 1992] and to quantify the degree with which the
phase histograms resembled a uniform density function. j
is defined as

j ¼ ln 2
X1
j¼1

ð4j2V2 � 1Þe�2j2V2

* +
; ð5Þ

with

V ¼
ffiffiffiffi
N

p
þ 0:155þ 0:24ffiffiffiffi

N
p

� �

3 max
i¼1;...;L

½SNðxiÞ � F0ðxiÞ� þ max
i¼1;...;L

½F0ðxiÞ � SNðxiÞ�
� �

; ð6Þ

where F0(xi) and SN(xi) are the mean pre-stimulus refer-
ence period [260, 25 ms] and the actually observed cumu-
lative distribution function, respectively; N is the effective
number of data points, L the number of bins in the histo-
gram and xi the upper bound of bin i.
The more the observed SN(xi) is different from the refer-

ence F0(xi), the more j will be negative. Z-score of j was
used to provide further evidence of reliability of the effect
across subjects. As the Z scores are defined through indi-
vidual subject mean and SD, it results in different statisti-
cal levels at rest and during movement gating.
Data were analyzed using a one-way ANOVA test and

Bonferroni’s post-hoc test after assessing their normality
by a Kolmogorov–Smirnov test (Statistica 7.1, Statsoft). Dif-
ferences were considered significant at P < 0.05. Results
are expressed as means 6 SD.

RESULTS

To highlight the extent of movement gating on the frontal
N30 component, we performed topographical studies by
mean of a 128 channels recording (ANT system) in seven
subjects. Figure 1 illustrates topographical differences for
each subject, at rest (Fig. 1A) and during movement gating
(Fig. 1B). Response amplitude changes between both condi-
tions were compared by means of MANOVA test (P � 0.05)
for the 128 channels in the seven subjects (Fig. 1C).
At rest, the negativity at 30 ms spreads mainly on the

whole frontal and central areas with more extension to-
ward ipsilateral parietal area, as classically described. A
concomitant positivity was present on the contralateral pa-
rietal area. During movement gating, the frontal negativity
is significantly decreased on the whole extent of the frontal
and central areas (Fig. 1C).

ERSP and ITC Analysis in Grand Averaged Data

Figure 2 illustrates the movement gating in a grand av-
erage display representing the relationship between the

frontal N30 component and the related ERSP and ITC at
rest (Fig. 2A–C) (3,000 trials, n 5 7 subjects, F4 channel,
NihonKhoden system) and during the movement gating
(Fig. 2D–F) (3,039 trials, n 5 7 subjects). At rest, a signifi-
cant phase-locking in the beta/gamma band oscillation
(mean frequency: 33.1 6 1.3 Hz) peaking at a latency of
34.9 6 5.2 ms and expressed by a maximal ITC value of
0.53 6 0.17 is accompanied by an ERSP cluster (peaking at
35.2 6 6.3 ms) with a maximal value of 2.4 6 1.5 dB. Con-
cerning alpha rhythm, cluster with smaller ITC maximal

Figure 1.

Topographical extent of the movement gating of the N30 com-

ponent. Potential scalp distribution for seven subjects with 128

channels, at rest (A) and during gating (B) of the N30 compo-

nent. (C) Response amplitude changes between both conditions

calculated by MANOVA test (P � 0.05) on the 128 channels for

the seven subjects: red circles represent electrodes with significant

values of change in amplitude. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
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value (0.29 6 0.10) at the latency of 54.8 6 40.5 ms was
not accompanied by significant ERSP cluster value. Faster
rhythms than 30 Hz were not systematically present in all
the subjects; there are not on the scope of the present
study.
The conservation of the same amount of the afferent

drive during the movement gating was demonstrated by
the absence of significant modification of the amplitude of
the subcortical P14 far-field (1.1 6 0.5 lV at rest vs. 0.84 6
0.5 lV during movement, P 5 0.34) and of the parietal
N20 component reflecting the first cortical activation (1.8
6 0.7 lV at rest vs. 1.7 6 0.6 lV during movement). The
main effect of the movement gating was a very strong
reduction in N30 amplitude [4.8.6 1.8 lV at rest (Fig. 2A),
vs. 0.7 6 0.5 lV during the movement gating (Fig. 2D)],
while the amplitude of the following N60 component
remained unchanged. The gating of the N30 amplitude
was accompanied by a significant reduction of the ITC
cluster value at 30 Hz (0.53 6 0.17 at rest vs. 0.26 6 0.07
during movement P < 0.001) (Fig. 2F). In this condition,
the diffuse alpha ITC cluster and the beta/gamma ITC
cluster were also shifted toward longer latency (112.0 6
35.3 ms and 56.2 6 14.6 ms for alpha and beta/gamma
and rhythms, respectively). The ERSP plot also showed the
disappearance of beta ERSP cluster for all the poststimulus
period analyzed (Fig. 2E). This disorganization of the
beta/gamma oscillation phase-locking by the movement
gating is illustrated by the comparison of the superimposi-
tion of the filtered (25–35 Hz) EEG trials at rest (Fig. 3A)
and during the gating movement (Fig. 3B). At rest, sponta-
neous beta oscillations were reorganized in relation to the
stimulus. In this case, the negative part of single beta oscil-

lation peaked at the latency of the N30 component. Con-
versely, during the movement gating such temporal reor-
ganization was absent and beta waves were not phase-
locked to the median nerve stimulation.
As identification of phase resetting of spontaneous EEG

activities in certain frequency bands requires the demon-
stration of the presence of these EEG oscillations in the ab-
sence of stimulus, we measured the power spectrum of the
spontaneous beta oscillation in each single trial excluding
the periods of evoked activity both in rest and movement
conditions. For all the recorded trials, the mean of the
beta/gamma power spectrum represented a value of 17.1
6 4.9 dB at rest and 17.2 6 2.5 during movement gating.
For comparison, the mean power spectrum of the domi-
nant a-mu rhythm (�10 Hz) during the same period was
26.4 6 5.3 dB at rest and 26.5 6 3.3 during movement gat-
ing. This suggests that the beta/gamma oscillation (repre-
senting about 65% of the alpha rhythm power both at rest
and during movement gating) may be involved in a
phase-locking process in both conditions.
As it was demonstrated that in case of phase-locking with

enhancement, which corresponds to the present situation at
rest, it was impossible to distinguish the possible contribu-
tion of EEG phase-resetting from phasic activity [Shah
et al., 2004; Yeung et al., 2004], we restricted our analysis
on the trials of individual subjects for which the power
spectrum remained unchanged after the stimulation.
For each of the seven subjects, we identified at rest a

large percentage of trials (62 6 16%) for which the power
spectrum remained unchanged (pure phase-locking situa-
tion) within the whole frequency range spanning 1–50 Hz.
Figure 4 illustrates results of this selection in one subject.

Figure 2.

Grand average analysis of N30 component at rest and during

movement gating. (A, D) Grand average of the frontal N30

component recorded from F4 during median nerve stimulation

at the wrist at rest and during movement gating conditions,

respectively. Little open triangle peaking at P14. (B, C, E, F)

Grand average of time/frequency template from ERSP and ITC

analysis, for both conditions. Note that the peak of ERSP and

ITC value in the beta range (25–35 Hz) coincided with the N30

latency peak at rest. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]
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When all the recorded trials were taken into account, a
clear ERSP cluster appeared in the beta/gamma band (Fig.
4A) concomitantly accompanied by a significant ITC clus-
ter in the same frequency band (Fig. 4B). After the selec-
tion, although no more ERSP cluster could be found (Fig.
4D), a significant ITC cluster in the beta/gamma band was
still present (Fig. 4E). A decrease of power in a large fre-
quency band occurred around 100 ms meaning that it may
thus not participate in the N30 generation. The maximal
ITC value (0.51 before vs. 0.55 after selection), peak latency
(42 ms before vs. 41.4 ms after), and frequency band (19–
44 Hz before vs. 23–44 Hz after) of the ITC cluster were
not significantly changed by the trial selection (Fig. 4B–E).
Conversely, the N30 amplitude was significantly reduced
by the selection [mean amplitude of 4.5 6 1.7 vs. 3.6 6 1.2
lV, P < 0.02 (Fig. 4C, F)]. In spite of this amplitude reduc-
tion, the N30 component conserved its initial morphology
and peaked at the same latency (mean value 31.3 6 0.9 ms
before selection vs. 31.1 6 0.9 ms after). After the selection
procedure the relative percentage of the 30 Hz power, in

the period excluding the stimulation, remained the same
(66.6%).
For comparison, the same subject is illustrated during

the movement gating (Fig. 4G–I). In this case, no signifi-
cant ERSP change was observed after the stimulation (Fig.
4G) and the pure phase-locking selection procedure was
thus not necessary. During movement gating, the ITC clus-
ter in the beta range around 30 ms was dramatically
decreased and diluted (from 0.51 to 0.24 ITC max val-
ue).The ITC surface in the beta band is centered in this
case at 68.5 ms (Fig. 4H). The mean latency of the beta/
gamma ITC peak was 34.9 6 5.2 ms at rest versus 56.25 6
14.66 ms during the gating. As shown in the illustrated
subject, this new ITC picture accompanied the important
reduction of the N30 amplitude from 4.2 to 1.12 lV (Fig. 4I).

Figure 3.

Superimposition of single-filtered (25–35 Hz) EEG trials with

respect to median nerve stimulation at rest (A) and during

movement gating (B). For each condition, 10 (upper traces

group) and 100 (lower traces group) trials are superimposed.

Note that at rest the phase rearrangement involves concentra-

tion of negative wave at the latency of the N30 component.

Figure 4.

Selection of pure phase-locking and movement gating effect illus-

trated for one subject. (A–C) ERSP, ITC, and N30 evoked

potentials, respectively, recorded when all the trials were taken

into account. Note that this situation corresponds to phase-

locking with amplitude enhancement, where the N30 component

was accompanied by significant ERSP (A) and ITC (B) cluster in

the b-gamma frequency range. (D–F) ERSP, ITC, and N30

evoked potentials, respectively, recorded when only the trials

for which no amplitude enhancement were taken into account.

This situation corresponds to pure phase-locking where the N30

component was only accompanied by the ITC cluster in the b-
gamma range. Note the reduction of the N30 amplitude in the

pure phase-locking situation (F). (G–I) ERSP, ITC, and N30

evoked potentials, respectively, recorded during movement

gating. Note the absence of ERSP and ITC clusters at the N30

latency and the major reduction of this evoked component.

[Color figure can be viewed in the online issue, which is available

at www.interscience.wiley.com.]
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Phase-Locking Analysis

To compare the temporal reorganization of beta oscilla-
tions following median nerve stimulation in the resting
and movement gating conditions, the instantaneous phase
of each selected trial recorded in each condition was calcu-
lated along time for each subject. Figure 5 shows relative
cumulative histograms of instantaneous phase of the
selected trials of all the subjects at rest (n 5 1,739) (upper
part black colored histograms) and during gating (lower
part grey colored histograms). Before the stimulus, both at
rest and during gating condition, the histogram of phase
distribution corresponds to uniform density function (Fig.
5A). In the resting condition, a phase alignment occurred
after the stimulus and the phase distribution became grad-
ually more peaked so that the distribution presents a maxi-
mum of trials with an instantaneous phase value of 0
radian at the latency of the N30 component (upper part of
Fig. 5E). The comparison between the mean histogram cal-
culated for the prestimulus reference period (Fig. 5A) and
the 30 ms poststimulus time (Fig. 5E) showed a clear dis-
tinction between uniform and peaked distribution at 0
radian, in the resting condition. In contrast, during the

movement gating, the phase distribution remained practi-
cally the same and no clear peaked distribution emerges at
the latency of the N30 component.
Figure 6 illustrates in both resting and gating conditions

the mean Z score of the Kuiper’s statistic j. The phase dis-
tribution difference between the prestimulus reference pe-
riod ([260 ms, 25 ms]) and the poststimulus times was
significant (P < 0.05) below a Z score value of 0.68 and
0.047 for both conditions, respectively. In the resting condi-
tion, significant threshold was reached for each analyzed
time after the stimulus and became highly significant
around the N30 latency, reaching a value of 21.44 6 0.28.
In contrast, the mean Z score did not reach significant
value around 30 ms during movement gating. The most
significant Z score value (20.85) in this condition corre-
sponded to the least peaked distribution observed at 60
ms in Figure 5H.

DISCUSSION

Our findings demonstrate that the N30 component
results from two different mechanisms. One is related to a

Figure 5.

Reorganization of the spontaneous phase of beta oscillation at

rest and during movement gating. Cumulative histograms of the

spontaneous phase of single trials beta band oscillation (25–35

Hz) recorded in all the subjects (pooled as a single set) and

selected with respect to the pure phase-locking criteria. Upper

black colored histograms and Lower gray colored histograms

correspond, respectively, to the data recorded at rest and during

the movement gating. Horizontal phase axis ranges from 2p to

p. Vertical axis corresponds to the relative number of trials. (A)

Histograms for the prestimulus reference period ([260 ms, 25

ms]). (B–H) Histograms from 0 to 60 ms with respect to the

stimulation time (illustrated at every 10 ms). Note the progres-

sive reorganization of phase distribution peaking at 0 radian at

30 ms at rest and the absence of reorganization during the

movement gating.
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phasic process that produces by its inherent properties
(stimulus locked) an evoked potential accompanied by a
b-gamma power increase. The other is related to a pure
phase-locking mechanism. As the gating produces a com-
plete and specific suppression of both b-gamma ERSP
increase and ITC occurring at the N30 latency, we may
propose that the gating interference affects both the phasic
and the oscillating generator mechanisms. Nevertheless, it
is only when the ITC is suppressed that the N30 is gated.
In this context, the relative functional independence of an
oscillating generator mechanism with respect to a phasic
generator mechanism plays in favor of a dual nature of
the N30 component. This physiological characteristic may
be supported by more than one single generator model. It
is interesting to note that phase-locking phenomenon is
often supported by long range neuronal synchronization
implicating communication between distinct areas [Singer,
1999 for a review]. This could corroborate the findings of
Kanovsky et al. [2003] describing separate generators
within the frontal cortex (BA6 and BA8). These intracorti-
cal N30 recordings performed in epileptic patients also
reproduced the gating protocols [Cheron and Borenstein,
1987, 1992]. In particular, the mental movement paradigm
inducing a blood flow increase in the SMA (BA6) [Roland
et al., 1980] produced a specific gating of the N30 without
affecting the postcentral components [Cheron and Boren-
stein, 1992]. This N30 suppression was reproduced by
intracortical SMA recordings [Kanovsky et al., 2003] indi-
cating that this region at least could be a source of the
N30 component. The current debate concerning the inter-
pretation of the intracortical N30 recording comes from
the difficulties to record polarity-reversal potentials in the
frontal lobe [see Barba et al., 2001, 2003, 2005; Barba and

Valeriani, 2004]. Taking into account the convolutional
anatomic conformation of the cortex, the polarity-reversal
recording may be highly difficult if not impossible. Never-
theless, in addition to the gating approach a large set of
evidence has been accumulated in favor of a frontal origin
of the N30, namely (1) the N30 amplitude depends on
motor cortex excitability [Rossini et al., 1991], (2) apomor-
phine injection or electrical stimulation of the basal ganglia
induced selective increase of N30 amplitude in Parkinsonian
patients [Cheron et al., 1994; Pierantozzi et al., 1999; Rossini
et al., 1995], (3) transcranial magnetic stimulation (TMS) of
the premotor cortex at very low frequency rate produced a
specific N30 amplitude increase [Urushihara et al., 2006].
These latter authors hypothesized that this effect may be
due to an increase in premotor cortex inhibition. As we
demonstrate here that N30 is supported by b-gamma oscilla-
tion, the inhibition-timing hypothesis [Klimesch et al., 2007]
may explain a N30 amplitude increase in presence of
increasing inhibition produced by TMS and conversely a
N30 decrease in presence of increasing excitation of premo-
tor and motor areas produced by movement execution.
Although, gating during active movement may be due

to a combination of both central and peripheral factors, in
agreement with earlier gating studies [Cheron and Boren-
stein, 1987, 1991; Cohen and Starr, 1987; Jones et al., 1989],
the present study showed no gating of the SEP wave at
subcortical levels below the thalamus [indexed by the con-
servation of the far-field P14, originating in the median
lemniscus [Desmedt and Cheron, 1981] and between the
thalamus and the first parietal activation [indexed by the
conservation of the parietal N20, generated by a tangen-
tially oriented dipole located in area 3b of the posterior
bank of the central sulcus [Allison et al., 1989]. However,
there are some controversies concerning the gating of the
parietal N20. A small but significant decrease has been
found during vibration interference [Ibanez et al., 1989],
passive and active movements [Huttunen and Hömberg,
1991]. A similar N20 gating has been described by Gobbelé
et al. [2003], where they also studied the high-frequency
oscillation (HFO � 600 Hz) of very low voltage (<500 nV)
accompanying the low frequency N20 component [Curio
et al., 1997]. Interestingly, the reported N20 gating was
accompanied by attenuation of the late HFO, while the
early HFO remained unaffected. Although HFO are gener-
ated by different mechanisms than the low frequency com-
ponent of the N20 [Gobbelé et al., 2004; Urasaki et al.,
2006], the comparison with the present b-gamma oscilla-
tion sustaining the N30 is difficult because of major meth-
odological differences. In addition to the major difference
in frequency band, HFO have been observed and analyzed
after the averaging of digitally band-pass filtering (450–750
Hz) of the EEG, and no ERSP and ITC analysis have been
performed yet on single trials. In addition, HFO remains
temporally limited between the N20 onset and fades before
the parietal P27 peak (mean duration of 7 ms) [Nakano
and Hashimoto, 1999] and thus occurs early before the
more widespread N30 component.

Figure 6.

Statistical analysis of the beta phase distribution at rest and dur-

ing movement gating. Evolution of the Z score (mean and SD) of

the Kuiper’s statistic j. Z score is significant (P < 0.05) below

0.68 and 0.047, and the highest significant values are reached

around a poststimulus time of 30 and 60 ms, for the resting and

gating conditions, respectively.
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The plausible physiological contribution of b-gamma os-
cillation phase-locking to the N30 component is reinforced
by intracerebral recordings of spontaneous beta rhythm in
the pre- and postcentral gyrus and in the frontal medial
cortex of humans [Szurhaj et al., 2003, 2005]. Magnetoence-
phalographic (MEG) studies of the hand sensorimotor
areas have showed that finger stimulation induced incre-
ment of beta (20–32 Hz) and gamma (36–46 Hz) synchroni-
zation. Tecchio et al. [2003, 2004] and Palva et al. [2005]
have demonstrated that as early as 30 ms after electrical
stimulus given on the finger tip, neural activity phase-
locked more strongly and persistently to the consciously
perceived stimuli than to the unperceived stimuli. In par-
ticular, they reported a phase-locking of the beta (14–28
Hz) and low-gamma (28–40 Hz) oscillation in the contra-
lateral sensori-motor region. Beta EEG oscillations (14–35
Hz) have also been reported in the hand sensory motor
area 1 s after termination of a self-paced voluntary move-
ment [Pfurtscheller et al., 1997]. It was previously shown
that median nerve stimulation was able to trigger an
increase in the power of the 10 and 20 Hz oscillations
[Pfurtscheller et al., 1997], but only after a delay of 300 ms,
which is ten times later than the occurrence of the present
beta oscillation. The same type of stimulation evoked an
increase in the power of beta oscillation peaking around
500 ms with a latency onset of 300 ms [Pfurtscheller et al.,
2002]. These authors showed a decrease in beta oscillation
during hand manipulation whereas the amplitude of
P140/N200 SEP components was increased. However, the
behavior of early SEP components was not the focus of
these studies. In monkeys, field-potential oscillations in the
20–30 Hz range have been reported [Baker et al., 1999] and
were supported by synchronous oscillatory activity in a
large number of cortical neurons [Murthy and Fetz, 1992]
providing synchronization of neuronal firing between
somatosensory and motor areas [Wheaton et al., 2005].
It is important to emphasize that the presence of pure

phase-locking in resting condition does not exclude that
evoked phasic activity occurs when all the trials were
taken into account. Indeed, when the trials presenting
power enhancement were rejected, we found that the N30
amplitude was significantly decreased. As ITC values
remained the same, this amplitude reduction indicates the
contribution of phasic activation to the N30 amplitude. As
proposed in the case of many ERP components [Basar,
1980], in addition to this phase-resetting effect, the rest of
the evoked component may be generated by coherent pha-
sic activation of pyramidal neurons via thalamo-cortical
input, as predicted by the additive model.
Resonance in the basal ganglionic-thalamo-cortical loop

could be implicated in EEG oscillation triggered by sen-
sory stimulation. Neuronal activity in the 30–80 Hz band
is associated with motor function in the presence of nor-
mal dopaminergic drive [Brown et al., 2001, 2002; Cassidy
et al., 2002; MacKay, 1997] and acts as pacemaker for sen-
sorimotor integration [Humphries et al., 2006]. Although
their precise functional role remains an open question, it

may provide a temporal window for the processing of sen-
sory information [MacKay, 1997]. This rhythmic activity is
replaced by slower oscillations in the off-state of Parkinso-
nian patients [Brown et al., 2001], and could be related to
the N30 alteration in the Parkinsonian off-state [Cheron
et al., 1994; Rossini et al., 1993]. Recently, Kühn et al.
[2006] suggested that the 30 Hz oscillation in the subthala-
mic nucleus that is suppressed during finger actual move-
ment or mental imagery in Parkinsonian patients could be
physiological and present in normal subjects. In this theo-
retical framework, the present time frequency behavior of
the N30 component could be viewed as resulting from the
phase-locking of the basal ganglionic-thalamo-cortical loop
activity resonating around 30 Hz. In the absence of move-
ment, this loop may be activated by the sensory stimula-
tion triggering the phase alignment of the 30 Hz EEG oscil-
lation. Conversely, during active movement the loop is
involved in movement control and unable to response to
the external stimulation.
As described for the auditory 40 Hz oscillation [Ribary

et al., 1991], the N30 related beta/gamma rhythm may be
viewed as a more global mechanism working in parallel to
the stimuli processing of the somatosensory pathway. The
phase-locking of this rhythm allows the placement of the
sensory signal in the temporal context taking into account
the intrinsic functional state of the brain at the arrival time
of the stimulus.
Phase resetting of both local field potential and single-

unit activity representative of the ongoing motor cortical
beta (15–30 Hz) rhythms has been demonstrated in pyram-
idal tract stimulation in monkeys [Jackson et al., 2002].
This view is also supported by in vitro and in vivo physio-
logical studies [Hughes et al., 2004] showing enhanced os-
cillation when neurons fire in-phase with the oscillation
field. This could explain at a cellular level how the depola-
rization induced by the sensory stimulus is able to reset
the oscillating phase and bring the system into a synchro-
nous attractor basin at the latency of the N30 component.
In contrast, during the finger movement the neuronal pop-
ulations of the sensory motor cortex and other related
areas are involved in the ongoing motor cortical beta
rhythms assuming the cortico-muscular coherence and the
action goals [Baker et al., 1999]. In this active context, it is
likely that these neuronal populations could be not respon-
sive to the phasic sensory activation and unable to phase-
lock their firing discharges to the external sensory input.
Further experimental works will be necessary to dissociate
the rhythmic activities linked to motor action from those
involved in sensory integration and help to resolve the
complex behavior of the N30 component.

CONCLUSION

The important reduction of the frontal N30 occurring
throughout its wide topographical extension on the scalp
was mainly due to disorganization of the phase-locking of
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the beta/gamma EEG oscillations, which normally
occurred when the sensory input was not in competition
with movement production.
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Buzsáki G, Draguhn A (2004): Neuronal oscillations in cortical net-
works. Science 304:1926–1929.

Cassidy M, Mazzone P, Oliviero A, Insola A, Tonali P, Di Lazzaro
V, Brown P (2002): Movement-related changes in synchroniza-
tion in the human basal ganglia. Brain 125:1235–1246.

Cheron G (1999): Is the frontal N30 component of the somatosen-
sory evoked potentials a reliable physiological index of the do-
paminergic motor pathways? Clin Neurophysiol 110:1698–1699.

Cheron G, Borenstein S (1987): Specific gating of the early somato-
sensory evoked potentials during active movement. Electroen-
cephalogr Clin Neurophysiol 67:537–548.

Cheron G, Borenstein S (1991): Gating of the early components of
the frontal and parietal somatosensory evoked potentials in dif-
ferent sensory-motor interference modalities. Electroencepha-
logr Clin Neurophysiol 80:522–530.

Cheron G, Borenstein S (1992): Mental movement simulation
affects the N30 frontal component of the somatosensory evoked

potential. Electroencephalogr Clin Neurophysiol 84:288–
292.

Cheron G, Piette T, Thiriaux A, Jacquy J, Godaux E (1994): Soma-
tosensory evoked potentials at rest and during movement in
Parkinson’s disease: Evidence for a specific apomorphine effect
on the frontal N30 wave. Electroencephalogr Clin Neurophy-
siol 92:491–501.

Cheron G, Dan B, Borenstein S (2000): Sensory and motor interfer-
ing influences on somatosensory evoked potentials. J Clin Neu-
rophysiol 17:280–294.

Cheron G, Cebolla AM, De Saedeleer C, Bengoetxea A, Leurs F,
Leroy A, Dan B (2007): Pure phase-locking of beta/gamma os-
cillation contributes to the N30 frontal component of somato-
sensory evoked potentials. BMC Neurosci 18:8–75.

Cohen LG, Starr A (1987): Localization, timing and specificity of
gating of somatosensory evoked potentials during active move-
ment in man. Brain 110:451–467.

Curio G, Mackert BM, Burghoff M, Neumann J, Nolte G, Scherg
M, Marx P (1997): Somatotopic source arrangement of 600 Hz
oscillatory magnetic fields at the human primary somatosen-
sory hand cortex. Neurosci Lett 234:131–134.

Delorme A, Makeig S (2004): EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent
component analysis. J Neurosci Methods 15:9–21.

Desmedt JE, Cheron G (1980): Central somatosensory conduction
in man: neural generators and interpeak latencies of the far-
field components recorded from neck and right or left scalp
and earlobes. Electroencephalogr Clin Neurophysiol 50:382–
403.

Desmedt JE, Cheron G (1981): Prevertebral (oesophageal) record-
ing of subcortical somatosensory evoked potentials in man: the
spinal P13 component and the dual nature of the spinal gener-
ators. Electroencephalogr Clin Neurophysiol 52:257–275.

Durstewitz D, Seamans JK, Sejnowski TJ (2000): Dopamine-medi-
ated stabilization of delay-period activity in a network model
of prefrontal cortex. J Neurophysiol 83:1733–1750.

Fukuda C, Tomita Y, Maegaki Y, Kubota N (2003): Frontal N30 of
median nerve SSEPs for evaluation of movement disorders
with destructive basal ganglia deficits. Neuropediatrics 34:205–
210.
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