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Since the first descriptions of sensorimotor rhythms by Berger (1929) and by Jasper and Penfield (1949), the
potential role of beta oscillations (~13–30 Hz) in the brain has been intensely investigated. We start this re-
view by showing that experimental studies in humans and monkeys have reached a consensus on the facts
that sensorimotor beta power is low during movement, transiently increases after movement end (the
“beta rebound”) and tonically increases during object grasping. Recently, a new surge of studies exploiting
more complex sensorimotor tasks including multiple events, such as instructed delay tasks, reveal novel
characteristics of beta oscillatory activity. We therefore proceed by critically reviewing also this literature
to understand whether modulations of beta oscillations in task epochs other than those during and after
movement are consistent across studies, and whether they can be reconciled with a role for beta oscillations
in sensorimotor transmission. We indeed find that there are additional processes that also strongly affect sen-
sorimotor beta oscillations, such as visual cue anticipation and processing, fitting with the view that beta oscilla-
tions reflect heightened sensorimotor transmission beyond somatosensation. However, there are differences
among studies, which may be interpreted more readily if we assume multiple processes, whose effects on the
overallmeasured beta power overlap in time.Weconclude that beta oscillations observed in sensorimotor cortex
may serve large-scale communication between sensorimotor and other areas and the periphery.

© 2012 Elsevier Inc. All rights reserved.
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and oscillatory signals in motor areas, two fields for which there is
increasing evidence of a connection. In the present work, we focus on
beta frequency-band oscillations (~13–30 Hz) in sensorimotor cortex,
which have been intensely investigated since their first descriptions
by Berger (1929) and by Jasper and Penfield (1949). Beta oscillations
in scalp electroencephalographic (EEG) and intra-cortical local field
potential (LFP) signals are primarily observed over the central 'Rolandic'
areas (sensorimotor cortex). They are more prominent during sensori-
motor processes than relaxed states (MacKay and Mendonça, 1995;
Takahashi et al., 2011), and duringmotor behavior they displayminimal
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power during movement periods and high power during postural
maintenance, such as during stable object hold (e.g., Baker et al.,
1997; Conway et al., 1995; Spinks et al., 2008).

In general, powermodulations in brain oscillationsmay be related to
the degree of spike synchronization (Denker et al., 2011) and/or the
overall level of activity in neuronal populations (Nauhaus et al., 2009).
Furthermore, the oscillation frequency may be related to the extent of
neuronal networks (Kopell et al., 2000; Miller, 2007; von Stein and
Sarnthein, 2000) or the underlying excitation-inhibition balance
(Brunel and Wang, 2003; Buzsáki, 2006; Jensen et al., 2005; Ray and
Maunsell, 2010; Whittington et al., 2000). Oscillations at different
frequencies may therefore reflect different neuronal populations and/
or network states. Beta oscillations are no exception and they can syn-
chronize over large networks, spanning multiple cortical (Brovelli et
al., 2004; Murthy and Fetz, 1992, 1996; Roelfsema et al., 1997) and
sub-cortical (Courtemanche and Lamarre, 2005; Courtemanche et al.,
2003) areas.

Despite the ubiquitouspresence of brain oscillations, it is still disputed
whether they are merely a by-product of brain activity or rather serve
specific functions. Indeed, several functional roles are proposed for beta
oscillations. On the one hand, beta oscillations have been linked to
top-down control (Buschman and Miller, 2007; Siegel et al., 2012) and
heightened visuomotor attention (Classen et al., 1998; Roelfsema et al.,
1997). On the other hand, it has been proposed that beta oscillations
reflect an active process promoting the existingmotor or cognitive states
(i.e. “status quo”) (Engel and Fries, 2010), a notion partly inspired by a
previous hypothesis viewing the beta rhythm as a marker of an “idling”
state of the motor system (Jasper and Penfield, 1949; Pfurtscheller et
al., 1996).

How can these notions be reconciled with the well-described be-
havior of beta oscillations in sensorimotor cortex during movements
and stable postures? We suggest that recent neurophysiological stud-
ies using novel sensorimotor task designs in human and non-human
primates provide original experimental evidence that may lead to a
better understanding of the functional role of beta oscillations. Over-
all, these studies introduced previously unexplored task epochs, such
as those preceding and following a cue presentation and leading up
to the GO signal (see Fig. 1A), as well as introducing additional task re-
quirements beyond movement execution, such as signal processing
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Fig. 1. Schema of a generic sensorimotor instructed delay task. A) Instructed delay tasks typic
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provides temporal information about the time of E1 occurrence; the post-cue epoch (Ep2)
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and short-term memory (Fig. 1B). In the present review, we will first
describe how beta oscillatory power in sensorimotor cortex modu-
lates during and following movement, and during stable object hold.
In a second part, we will seek to understand whether modulations
in sensorimotor beta power in task epochs other than during and
after movement are consistent across studies, and discuss how these
complementary experimental approaches support or contradict
different hypotheses regarding the role of beta oscillations in sensori-
motor cortex and beyond.

While we restrict this review to the sensorimotor cortex, it is clear
that important subcortical structures, including the basal ganglia, are
functionally interconnected with the cortex and intimately involved in
sensorimotor integration and motor control. Consistent with this,
many of these structures feature beta oscillations that modulate with
sensorimotor behavior and are coherent with cortical beta oscillations
(e.g. Alavi et al. 2013-this issue; Cassim et al., 2002; Courtemanche et
al., 2003; Fogelson et al., 2006; Jenkinson and Brown, 2011;
Klostermann et al., 2007; Lalo et al., 2008; Litvak et al., 2011; Marsden
et al., 2001; Tsang et al., 2010, 2012). The cortico-subcortical loops during
sensorimotor behavior,whichmay be reinforced by coherent beta oscilla-
tions cover a field of research and would clearly exceed our review topic.

Beta power during and following active movements

Beta power during movement

Beta power in sensorimotor tasks is lowest during movement ex-
ecution and during changes in isometricmuscle contraction (e.g., Alegre
et al., 2006; Cassim et al., 2000; Crone et al., 1998; Doyle et al., 2005;
Kilavik et al., 2012; Omlor et al., 2011; Stančák et al., 1997; Tzagarakis
et al., 2010; van Wijk et al., 2009). It is reported for both self-paced
and stimulus-triggered movements (Alegre et al., 2003a; Gaetz et al.,
2010) as well as for different effectors such as fingers (Gaetz et al.,
2010), wrist (Alegre et al., 2006), shoulder (Stančák et al., 2000), foot
(Pfurtscheller and Lopes da Silva, 1999a) and tongue (Crone et al.,
1998). The drop in beta power lasts as long as the effector is moving
(Stančák and Pfurtscheller, 1996; Erbil and Ungan, 2007; Wheaton et
al., 2009) and during continuous changes in muscle contraction
(Omlor et al., 2011). The beta power increases rapidly if a prepared
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ail multiple, temporally overlapping behavioral requirements. For instance, while pro-
he cue is shown only briefly, it must be kept in short-term memory until movement



17B.E. Kilavik et al. / Experimental Neurology 245 (2013) 15–26
movement is not performed, for example after presentation of a NO-GO
signal (Alegre et al., 2004; Leocani et al., 2001; Wheaton et al., 2009;
Zhang et al., 2008). Furthermore, beta power increases as soon as the
contraction or posture become stable (Baker et al., 1999; Spinks et al.,
2008; van Elk et al., 2010).

Interestingly, no study showed differences in the drop of beta
power during the execution of different types of upper-limb move-
ments. In particular, no difference has been found between rapid
and slow index finger movements (Stančák and Pfurtscheller, 1995,
1996), index and four-finger flexion (Salmelin et al., 1995a), ballistic
and sustained wrist movements or muscle relaxation (Alegre et al.,
2003b), different types of praxis movements (Wheaton et al., 2009),
different grip types used to grasp an object or the amount of force
used for its manipulation (Pistohl et al., 2012; Stančák et al., 1997).
In addition, there was no difference in beta power during the move-
ment whether the subjects focused more on movement speed than
on accuracy (Pastötter et al., 2011). Moreover, for stimulus-triggered
movements, some studies showed that the time course of the beta
power during movement execution and the preceding reaction time
(RT) period is not different between simple and choice RT tasks,
meaning that the beta power is rather insensitive to the type or
amount of information about the forthcoming movement that is
provided by the GO signal (Leocani et al., 2001). Even though this
observation is consistent for the execution phase, it is more
ambiguous for the RT period (Doyle et al., 2005; Tzagarakis et al.,
2010). Finally, age has been associated with a consistent decrease in
movement-related power, being maximal in adults, suggestive of a
maturational phenomenon (Gaetz et al., 2010).

Themovement-related power decrease is typically observed bilater-
ally over sensorimotor areas (e.g. Alegre et al., 2003b; Bai et al., 2005;
Doyle et al., 2005; Erbil and Ungan, 2007; Leocani et al., 1997, 2001;
Pfurtscheller et al., 1996; Rau et al., 2003; Salmelin and Hari, 1994;
Stančák and Pfurtscheller, 1996). In a few cases, its amplitude has a
contralateral preponderance (Jurkiewicz et al., 2006; Salmelin et al.,
1995a), but there appears to be a consensus on a somatotopic organiza-
tion of the movement-related power decrease (Crone et al., 1998;
Salmelin et al., 1995b; Stančák et al., 2000). The power decrease in-
duced by a foot movement is more medial than the power decrease in-
duced by an index finger movement. However, the precise cortical
localization is still not clear. Beta oscillatory activity was found to be
mainly attenuated either in the anterior bank of the precentral sulcus
(Jasper and Penfield, 1949; Salmelin and Hari, 1994), in the posterior
bank of the central sulcus (Jurkiewicz et al., 2006), or both
(Papakostopoulos et al., 1980; Sochůrková et al., 2006; Szurhaj et al.,
2003).

A change inmuscle activity is sufficient, but not necessary, to induce
a beta power decrease. It can be elicited, although with reduced ampli-
tude, during motor imagery (McFarland et al., 2000; Nakagawa et al.,
2011), movement observation (Babiloni et al., 2002; Koelewijn et al.,
2008), passive movement and kinesthetic illusion (Keinrath et al.,
2006). During tactile stimulation a power decrease is also observed
over the sensorimotor cortex (Cheyne et al., 2003; Gaetz and Cheyne,
2006). Finally, it was confirmed that sensorimotor beta oscillations are
functionally related to motor control by showing altered oscillatory ac-
tivity with motor impairments (for a review, see Leocani and Comi,
2006), and by inducing changes inmotor performancewith transcranial
alternating current stimulation in the beta range above motor cortex
(Pogosyan et al., 2009; Joundi et al., 2012).

In summary, the drop in beta power during movement is observed
bilaterally, sometimes with a contralateral preponderance. It originates
from the sensorimotor cortex and is somatotopically organized, but its
exact cortical origin (whether post- or pre-central) is still disputed.
Decrease in beta power also occurs when no active muscle contraction
is required as during action observation or passive movement. For an
active movement, the amplitude of the beta power is insensitive to
many experimental factors such as movement type.
The question then arises: what does the decreased beta power dur-
ing movement execution reflect? Many authors argue that it indicates
the activation of the sensorimotor network (Pfurtscheller and Lopes
da Silva, 1999b) associated with an increase in corticospinal excitability
(Chen et al., 1998) as well as an increase in the fMRI BOLD signal
(Formaggio et al., 2008; Stevenson et al., 2011; Yuan et al., 2010).
Here, we propose that this hypothesis should be revisited for several
reasons. First, it is not clear why the beta power decrease is widespread
and sometimes stronger during single-joint movements than during
multi-joint reach-to-grasp movements (Stančák et al., 2000), even
though converging evidence supports that complexmovements require
more cortical resources (Ehrsson et al., 2002; Zaepffel and Brochier,
2012). Second, it is not clear why the force parameter does not affect
the amplitude of the movement-related power decrease (Pistohl et al.,
2012; Stančák et al., 1997), since high forces induce stronger cortical ac-
tivity than low forces (Cramer et al., 2002; Keisker et al., 2009). To com-
plicate things even more, Rau et al. (2003) showed that the ipsilateral
power decrease corresponds to an increase in cortical excitability, con-
sistent with findings that ipsilateral motor cortex is also involved (acti-
vated) in unilateralmovement execution (Lecas et al., 1986; Vaadia and
Cardoso de Oliveira, 2005; van den Berg et al., 2011). However, the ipsi-
lateral power decrease was also interpreted, somewhat paradoxically,
as a suppression of mirror movement activity (Jurkiewicz et al., 2006).

To conclude, a clear functional role of the movement-related power
decrease cannot be determined from the current literature. Neverthe-
less, the drop in beta power during movement execution may reflect
the conjunction of multiple factors associated with sensory and cogni-
tive aspects of motor control rather than pure motor processes per se
(e.g., Müller et al., 2003).

Post-movement beta ‘rebound’

A second consistent modulation is the post-movement beta re-
bound, which is characterized by a transient and prominent increase
in beta power occurring 300 to 1000 ms after movement end. The
magnitude of the beta rebound seems to parallel the speed of the pre-
ceding movement (Parkes et al., 2006), although some investigators
have reported no difference between slow and rapid movements
(Stančák and Pfurtscheller, 1995, 1996). The clearest relationship
appears to be with ongoing static EMG activity. In fact, the power of
the beta rebound in the arm zone of sensorimotor cortex has been
shown to be negatively correlated with static arm EMG activity dur-
ing the post-movement rebound period (Demandt et al., 2012). How-
ever, the beta rebound is also seen in subjects imagining to perform a
movement (Pfurtscheller and Solis-Escalante, 2009; Solis-Escalante et
al., 2012).

In general, the post-movement beta rebound does not have the
same spatial distribution as the preceding beta power decrement
(Gaetz et al., 2011). Its cortical generators have been localized in
motor areas including primary motor cortex and supplementary
motor area (Brovelli et al., 2002; Jurkiewicz et al., 2006; Koelewijn
et al., 2008; Neuper and Pfurtscheller, 1996; Salmelin et al., 1995b;
Stančák et al., 2000). However, interpretations drawn from electro-
corticographical (ECoG) studies seem to converge on the idea that
the beta rebound does not arise from a discrete cortical focus, but
rather from a distributed cortical network including the whole senso-
rimotor and premotor area (Crone et al., 1998; Ohara et al., 2000;
Pfurtscheller et al., 2003; Sochůrková et al., 2006; Szurhaj et al.,
2003; Toro et al., 1994). These results are derived from human exper-
iments. Unfortunately, in monkey studies, the beta rebound would be
hard to dissociate from processes related to the post-movement re-
ward and the co-occurrence of these two events greatly compromises
the interpretation of beta oscillatory activity during this time period.

One proposal is that the beta rebound reflects an active inhibition
of the motor network (Solis-Escalante et al., 2012). The movement-
evoked potentials in the EMG elicited by transcranial magnetic
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stimulation (TMS) reveal a significant decrease in corticospinal excit-
ability towards the end of the typical rebound period, specifically
around 700–1000 ms after movement end (Chen et al., 1998). Several
lines of evidence suggest that somatosensory activity is responsible
for the postulated inhibition (Cassim et al., 2001; Houdayer et al.,
2006; Reyns et al., 2008). Moreover, a treatment with benzodiaze-
pines, known to increase GABA-A receptor-mediated inhibition, in-
creases the resting level of beta oscillations in human sensorimotor
cortex (Jensen et al., 2005) and the GABA-level in the motor cortex
correlates with the rebound magnitude (Gaetz et al., 2011). Howev-
er, the net effect of cortical GABA-mediated currents cannot be
known with certainty; they can be either depolarizing or hyperpo-
larizing (Sauer et al., 2012), and disinhibitory as much as inhibitory
on corticospinal neurons. The results reported by Feige et al.
(2000) are also incompatible with a purely inhibitory function for
the beta rebound; they demonstrated a significant increase in
corticomuscular coherence in the beta frequency range between
motor cortical EEG activity and the flexor digitorum muscle EMG after
a phasic finger flexion. The generator of this beta cortico-muscular co-
herence was localized in primary motor and premotor cortices. The
time interval of the enhanced cortico-muscular coherence
corresponded to that of the rebound, although the latter comprised a
broader range of frequencies. These results indicate that part of the
beta spectrum may mediate sensorimotor transmission of signals. This
conclusion is also supported by the finding that, following passive
limb displacement, the beta rebound disappeared when subjects were
functionally deafferented by an ischemic nerve block (Cassim et al.,
2001). Certainly, facilitation of sensory influx could proceed in superfi-
cial layers of motor cortex with either a net excitation or inhibition oc-
curring concomitantly in deep-layer corticospinal neurons. If this is
indeed the case, then beta oscillations could have quite an indirect
and rather arbitrary relationship with corticospinal excitability.

An alternative hypothesis is that the post-movement period may
be used by the sensorimotor cortex to recalibrate or reset the motor
system to new conditions, in order to prepare for a subsequent move-
ment. The remarkable finding of Gaetz and Cheyne (2006), that the
beta rebound shows up in the hand motor area after tactile stimula-
tion of lip or toe could reflect a preparatory process for a subsequent
hand movement. These authors suggest that the beta power rebound
following tactile stimulation may be an OFF response. However, al-
though tactile OFF responses are often observed in the somatosensory
cortex, their latencies for finger stimulation do not exceed 140 ms
(Onishi et al., 2010) and they precede by far the beta rebound. To
use the words of Gaetz and Cheyne (2006), the primary role of the
beta rebound could well be “the ongoing coordination of sensory
input and motor output maintained by continuous input from the pe-
riphery via somatosensory afferents.”

Beta power during static hold

During episodes of static postural maintenance, especially stable ob-
ject holding, beta oscillations display a relative increase in power (Baker
et al., 1997; Conway et al., 1995; Donoghue et al., 1998; MacKay and
Mendonça, 1995; Rougeul et al., 1979; Sanes and Donoghue, 1993),
starting at about 300 ms after stable grasp onset (Spinks et al., 2008).
This is not necessarily a net increase over the resting level of beta
power as seen in the beta rebound, but a significant increase relative
to the decrement observed during the dynamic phase of movement
(van Elk et al., 2010). Regarding selectivity, simple 'hook' grips are asso-
ciated with greater beta power than a precision grip involving the
thumb (Spinks et al., 2008), similar to the finding of larger power for
meaningless compared to meaningful end posture of the hand holding
an everyday-life object (Van Elk et al., 2010).

During static hold, beta oscillations are shown to be significantly
coherent and phase synchronized with the EMG of the tonically
contracting muscles (Baker et al., 1997). Also, the firing of motor
cortical neurons (including pyramidal tract neurons) is partially
phase-locked to the beta oscillation (Baker et al., 1997; Denker et
al., 2011; Murthy and Fetz, 1992). This suggests that the beta rhythm
in motor cortex synchronizes with motor unit activity during static
postural maintenance and may partly drive the tonic muscle con-
traction. However, it is equally possible that muscle reafference is
driving cortical activity. Indeed, an analysis using a Granger causality
measure revealed directed coherence in both directions, with phase
delays close to expected conduction times (Witham et al., 2011). Ac-
cordingly, the beta frequency band is compatible with the facilitation
of somatosensory-motor loops (i.e., loop times in the general range of
50 ms), and the data of Witham et al. (2011) support this possibility.
Corticomuscular coherence is also observed during phasic movements,
but in a lower frequency range, namely 2–14 Hz (Feige et al., 2000).

Baker and Baker (2003) found that benzodiazepine administration,
which increases GABA-A receptor mediated inhibition in sensorimotor
cortex and the power of beta oscillations, reduced beta-band
corticomuscular coherence, albeit by a small amount. They interpreted
their results as indicating that corticomuscular coherence was
maintained at a relatively constant level compared to the large fluctua-
tions in motor cortical beta power. They suggest that the beta-band os-
cillation “mediates some form of sensorimotor integration between the
cortex and the periphery of which coherence is, fortuitously, the appro-
priate measure” (Baker and Baker, 2003). Spinks et al. (2008) showed
an inverse relationship between grasp-type tuning of spiking activity
(including pyramidal tract neurons) and beta power during active ob-
ject hold and postulated that beta oscillations may regularize
corticospinal discharge through inhibitory interneurons. At the
large-scale cortical level, beta oscillations can synchronize over multiple
cortical areas during motor maintenance and carry directional influ-
ences as determined by using Granger causality measures from primary
somatosensory to inferior posterior parietal cortices and motor cortex
(Brovelli et al., 2004). Overall, current literature suggests that beta epi-
sodes may allow momentary coupling across multiple cortical areas in-
volved in sensorimotor integration (Lalo et al., 2007; Spinks et al., 2008).

It is easily forgotten that LFP beta power is not continuously high, but
usually occurs in bursts (“spindles”) at different times during the hold
period of grasping tasks (Baker et al., 1997; Murthy and Fetz, 1992,
1996). This property again points toward a sensorimotor ‘refreshment’
function, rather than a tonic motor drive. Moreover, the inverse
LFP-beta/firing-rate correlation demonstrated by Spinks et al. (2008)
has a “broad temporal relationship rather than one reflecting a
moment-to-moment coupling.” These episodes of beta oscillation (and
increased corticomuscular coherence) during a stable object hold have
been shown to be associatedwith both enhanced sensory evoked poten-
tials (SEPs), tomedian nerve stimulation in sensorimotor cortex (Lalo et
al., 2007) and enhanced transcortical stretch reflexes (Gilbertson et al.,
2005). Seki and Fetz (2012) also showed a relative increase of cutaneous
SEP amplitude in sensorimotor cortex during intervals of active holding.

Beta power in earlier epochs of delay tasks

Pre-cue peak in beta power

Several recent studies used delay tasks in which a warning cue (E1)
is followed by an instructed delay before the imperative GO signal (E2,
see Fig. 1). Such task designs introduce additional and distinct task
epochs: (Ep1) the pre-cue epoch possibly entailing signal expectancy,
(Ep2) the post-cue epoch in which the information provided by the
cue is processedwhilewithholding an immediatemovement execution,
and (Ep3) the final epoch preceding the GO signal (or movement onset
in self-paced tasks) in which the movement is prepared. Beta oscilla-
tions in sensorimotor cortex are clearly modulated during all these
epochs. In this section we discuss pre-cue modulations of beta power,
while post-cue and pre-GO/move modulations will be addressed in
the following sections.
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It has been shown that sensory cues are preceded by anticipatory ac-
tivity in motor cortical neurons (Mauritz andWise, 1986; Confais et al.,
2012). It is evident that such activity relies on timing processes, and the
moment of cue occurrence can only be efficiently timedwhenever there
is a relatively short and predictable interval between the cue and the
preceding event (scalar property of timing, Gibbon, 1977). In some
studies, the subject self-initiated trials bymoving to a specified start po-
sition, such that there was a well-defined event (E0, see Fig. 1) before
cue presentation (Saleh et al., 2010; Takahashi et al., 2011; van Wijk
et al., 2009). Two other studies used more complex task designs. In
Haegens et al. (2011) two vibrotactile cues were presented in sequence
(here denoted E0–E1) to one hand and the monkey had to compare
them (during/after E1) in order to determine the correct motor re-
sponse performed with the other hand after GO (E2). Here we will
only consider their recordings from motor cortex contralateral to the
active hand. In Kilavik et al. (2012), the event that may best be defined
as E0 was a time cue (see Fig. 2C), informing about the duration of the
intervals between E0 and the spatial cue (E1), and between E1 and E2
(GO signal). In yet other task designs, the event immediately preceding
the warning cue in trial n was the end of the movement in trial n−1,
such that the E0–E1 interval corresponded to the inter-trial-interval
(Alegre et al., 2004, 2006; Doyle et al., 2005).

Although cued delay tasks are frequently used, only a handful of
studies have specifically addressed the pre-cue beta power in
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or no information about the upcoming grasp (NO). E2 (GO) always provided complete inf
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sensorimotor areas (Kilavik et al., 2012; Saleh et al., 2010; Takahashi
et al., 2011), with a few additional papers showing enough data for us
to infer the pre-cue beta power modulations (Alegre et al., 2004,
2006; Doyle et al., 2005; Haegens et al., 2011; van Wijk et al., 2009).
Three of the latter portray unmodulated and relatively low beta
power in the pre-cue period with respect to other moments in the
task (Alegre et al., 2004, 2006; Doyle et al., 2005). They used very long
and variable inter-trial-intervals ranging from 6 to 10 s, with the last
event (E0) preceding the warning cue being the end of the previous
trial. This might be the reason for the flat pre-cue beta power (see, for
instance, Fig. 2 in Alegre et al., 2004). The other studies all show beta
power to bemaximal in the pre-cue epoch, either inmost of the interval
before the cue (Kilavik et al., 2012; see Fig. 2C), or clearly peaking short-
ly before or at cue onset (Haegens et al., 2011; Saleh et al., 2010;
Takahashi et al., 2011; van Wijk et al., 2009; see Figs. 2A).

An important issue is whether the pre-cue peak in beta power is
related to the information provided by the cue. In some studies the
subjects knew in advance that the warning cue (E1) essentially only
indicated when the imperative GO signal (E2) would be presented.
For instance, van Wijk et al. (2009) used blocks of conditions with
either 100% or 50% (non-predictive) warning cue validity regarding
hand selection. They showed that beta power peaked bilaterally
shortly before the warning cue also when the cue was known to be
non-informative about hand selection. They did not, however, specify
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were not yet studied in monkeys, so the proposed modulation is purely speculative,
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whether there was an absolute difference in the pre-cue beta power
in the predictive vs. non-predictive conditions. For the purpose of
this review, we specifically tested this in the EEG data presented in
Fig. 2A, in which the active hand was always the same, but different
amounts of information about the upcoming grasp was given in the
warning cue from trial to trial. We found no significant difference in
the contralateral beta power at cue onset when comparing the block
in which the warning cue contained no information about the upcom-
ing grasp (NO condition) with the other block having an informative
warning cue (ALL condition; analyzed in a window from –150 ms to
+50 ms around cue onset; paired t-test across subjects, p>0.05).
However, Saleh et al. (2010) found that the pre-cue beta power
started to increase earlier (already before E0) in a more complex
color-association task compared with a simpler spatial cueing task,
even if the peak power at the relevant warning cue onset was similar
for the two tasks (their Fig. 5). Indeed, in the color-association task,
E0, which marked the end of a movement placing the cursor at the
center of the screen, consisted in the presentation of eight differently
colored peripheral targets, thereby providing task-relevant informa-
tion. This could explain why beta power increased earlier in this
task (Saleh et al., 2010). In Kilavik et al. (2012), E0 contained tempo-
ral information about E1 (two possible delay durations between E0
and E1). This might be the reason why beta power increased already
prior to E0, reaching its maximum just after it (see Fig. 2C). Along this
line, a recent study using rhythmic streams of auditory stimuli
(Fujioka et al., 2012; see also Arnal, 2012) found beta power in
motor areas (as well as in several other areas including auditory cor-
tex) to peak just before each sound event, even if the subjects were
only required to passively listen to the rhythmic streams. They pro-
pose that this distributed pre-cue increase in beta power provides a
mechanism for maintaining predictive timing. It follows that the sub-
sequent increase in beta power also in the epoch preceding the GO
signal described in some studies (see below) might have the same or-
igin, reflecting event timing.

As suggested in Fig. 1, additional processes may explain the pre-cue
peak in beta power. Could it simply be a beta rebound after E0, since E0
often marks the start of postural maintenance after a movement to ini-
tiate the trial? Saleh et al. (2010) provide the most convincing argu-
ment that the pre-cue peak in beta power is not merely a post-E0 beta
rebound, by showing that the power at the start of the trial modulates
differently in the two tasks that differ in complexity, but not in task
timing or movement type. Furthermore, it was proposed that increased
beta power might reflect the expected maintenance of the current cog-
nitive state, or a low likelihood for needing to process new actions
(Engel and Fries, 2010; Jenkinson and Brown, 2011). But according to
this view onemight rather expect a decrease in beta power in anticipa-
tion of warning cues that contain information that can be used for
movement planning, which is however rather opposite to what is
observed.

Importantly, some studies used the pre-cue epoch as ‘baseline’
(e.g. van Wijk et al., 2009). According to the specific task design, the
baseline beta oscillations might thereby reflect multiple processes,
such as post-movement sensorimotor updating, postural mainte-
nance, signal expectancy or more general task timing (see Fig. 3).
We would like to stress that the potential complexity of the baseline
epoch must be taken into account when interpreting relative modula-
tions in beta power in other task epochs.

Overall, current literature suggests that whenever it is possible to
predict the timing of visual cues, the pre-cue beta power in sensori-
motor cortex is elevated. This supports previous studies implicating
beta oscillations in large-scale visuomotor attentional networks
(Roelfsema et al., 1997; Classen et al., 1998), and suggests that beta
oscillations can reflect an anticipatory up-regulation of sensorimotor
processing beyond somatosensation. Further targeted studies are re-
quired to determine whether pre-cue beta increase in sensorimotor
cortex reflects the anticipated information content of the cue, its
temporal predictability and the overall effect of performing a motor
task or rather the passive perception of cues.

Post-cue decrease in beta power

The sensorimotor beta power changes after the presentation of warn-
ing cues. First, a few papers describe a short-latency (50–200 ms) tran-
sient increase in beta power (O'Leary and Hatsopoulos, 2006; Rubino et
al., 2006; see alsoWilliams et al., 2003 for the basal ganglia). This transient
increase is phase-locked to the cue (O'Leary and Hatsopoulos, 2006), and
generally comparable in timing anddurationwith themotor cortical visu-
al evoked potentials described by others (Asher et al., 2010; Kilavik et al.,
2010; Ledberg et al., 2007). Here we will not discuss further this
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phase-locked transient increase, since it seems distinctly different to the
induced changes in beta oscillations.

Rather, a prominent decrease in contralateral sensorimotor beta
power (see Fig. 2) is observed in many studies about 300–500 ms
after the onset of a warning cue (Alegre et al., 2006; Doyle et al.,
2005; Haegens et al., 2011; Kilavik et al., 2012; Klostermann et al.,
2007; Pastötter et al., 2011; Saleh et al., 2010; Tzagarakis et al., 2010;
van Wijk et al., 2009; see also Klostermann et al., 2007; Williams et
al., 2003 for the basal ganglia). This power decrease is distinct and sep-
arated from the pre-movement power decrease (described below) by
an intervening return towards pre-cue power levels (see Fig. 2A) or
even beyond (e.g. Alegre et al., 2006) (see next section). Furthermore,
the post-cue power decrease has a relatively fixed timing after the
cue, even though not being phase-locked to it, rather than beingmodu-
lated in timing or magnitude by the duration of the interval preceding
the subsequent task event (Fujioka et al., 2012; Kilavik and Riehle,
2010; Kilavik et al., 2012).

The decrease in beta power follows the directionally selective visu-
ally evoked responses to the cue (O'Leary and Hatsopoulos, 2006;
Kilavik et al., 2010). Thus, beta power remains high (close to the
pre-cue level) during the initial visuomotor processing, which is consis-
tent with the proposition that beta oscillations reflect communication
within visuomotor networks (Roelfsema et al., 1997; Classen et al.,
1998, see previous section). The subsequent power decrease might
then reflect early movement preparatory processes, and it is there-
fore interesting to evaluate whether it is affected by the information
content of the warning cue. Indeed, some studies found that the beta
power in sensorimotor areas decreasedmuch less after warning cues
that contained no useful information for movement preparation
(van Wijk et al., 2009, see also Fig. 2A). Williams et al. (2003)
recorded from the sub-thalamic nucleus using a similar task than
the one used in van Wijk et al. (2009), and found as well that beta
power decreased less following non-predictive than predictive warn-
ing cues. Furthermore, Tzagarakis et al. (2010) found that the post-cue
power decrease scaled with directional uncertainty, being more prom-
inent when uncertainty was minimal. However, Doyle et al. (2005)
found a similar post-cue decrease for non-predictive and predictive
warning cues in the sensorimotor cortex. Finally, Saleh et al. (2010)
found that the post-cue beta power decrease in motor cortex was
more prominent in the more complex color association task than in
the simpler spatial cueing task (while the pre-cue peak powerwas rath-
er similar in the two tasks, asmentioned above). This suggests a depen-
dency on the complexity of the sensorimotor transformation process.

We conclude that, whereas a consensus seems to emerge on the
existence of a post-cue beta power decrease in sensorimotor cortex,
there are still controversies regarding the influence of validity or
type of the information provided by the cue (e.g., time until the GO
cue, limb selection and/or more specific movement parameters),
and whether or not the cue is linked to a subsequent motor act
(Fujioka et al., 2012). Finally, even if beta power is low in this
epoch, there is still a clear power spectral peak in the beta range, at
a somewhat higher peak frequency compared to the pre-cue epoch,
which was significant in both the human EEG and monkey LFP data
(Figs. 2B, D; see Kilavik et al., 2012 for statistical tests on the monkey
LFP data; for the human EEG data we performed a paired t-test across
subjects, comparing pre- and post-cue peak frequency, epochs Ep1
and Ep2, p=0.006). This may suggest a slightly more restricted or
local origin of the beta oscillations during cue processing and early
movement preparation than during cue anticipation, if oscillations
of higher frequencies reflect smaller and/or more local networks
(Kopell et al., 2000; Miller, 2007; von Stein and Sarnthein, 2000).

Frontal increase in beta power during the delay

Following the post-cue sensorimotor beta power decrease, the sub-
sequent part of the post-cue epoch is characterized by an increase in
beta power. It peaks at about 800 ms after cue onset, and is distributed
enough to be seen not only over sensorimotor cortex (Alegre et al.,
2004, 2006; Fischer et al., 2010; see Fig. 2A), but also over the entire
frontal lobe (Alegre et al., 2004, 2006; Fischer et al., 2010; Molnár et
al., 2008). It seems to be independent of whether there is a preceding
post-cue beta power decrease (Alegre et al., 2006; van Wijk et al.,
2009; see also Fig. 2A). It is mainly observed bilaterally (Alegre et al.,
2006; vanWijk et al., 2009) whereas the preceding post-cue power de-
crease ismainly contralateral (Doyle et al., 2005; Alegre et al., 2006; van
Wijk et al., 2009). Moreover, the post-cue power decrease spans a
broader range of frequencies within the beta band than the following
power increase (Alegre et al., 2006). Taken together, this novel beta
component seems to be distinct, and not merely a ‘rebound’ back to
the pre-cue state subsequent to the post-cue decrease. However, only
a few studies have focused so far on this beta modulation, currently
making it difficult to interpret its possible functional role.

Pre-movement beta power

The time epoch that immediately precedes themovement or GO sig-
nal is, in most cases, characterized by a gradual decrease in beta power
starting approximately 1–2 s before movement onset (e.g. Alegre et al.,
2003a; Doyle et al., 2005; Stančák and Pfurtscheller, 1996; van Elk et al.,
2010). This gradual decrease reaches a maximum around GO or move-
ment onset (e.g. Doyle et al., 2005). For stimulus-triggeredmovements,
when the GO signal is hardly predictable, the pre-GO power decrease
is only weak or absent (Alegre et al., 2003a, 2006; Gaetz et al., 2011;
Spinks et al., 2008; but see Alegre et al., 2004). As observed during
movement execution (discussed above), the pre-GO/move beta ampli-
tude is rather insensitive to the type of movement for a given effector.
There is no difference in amplitude between rapid and slow index
finger movements (Stančák and Pfurtscheller, 1995, 1996), ballistic
and sustained wrist movements as well as muscle relaxation (Alegre
et al., 2003b; Cassim et al., 2000; Toma et al., 2000), different types of
praxis movements (Wheaton et al., 2009).

Some factors still influence the amplitude of the pre-GO/move
power decrease, in contrastwith the power decrease duringmovement.
First, Stančák et al. (1997) showed that the pre-movement power
decrease is modulated by load changes opposing a self-paced index
movement. Second, Tzagarakis et al. (2010) showed that the pre-GO/
move power decrease is modulated by the uncertainty about the
direction of the forthcoming movement. Third, the pre-GO/move
power decrease is strongerwhen the subjects focusmore onmovement
speed than accuracy (Pastötter et al., 2011). Altogether, the pre-GO
power decrease seems to be more sensitive to experimental factors
than the movement-related power decrease, even though further
investigations are still needed, especially to elucidate the conditions in
which the amplitude of the pre-GO/move power decrease is correlated
with behavioral performance (Perfetti et al., 2011; Tzagarakis et al.,
2010).

The precise cortical sources of both the movement-related power
decrease and the pre-GO/move power decrease are still uncertain. Nev-
ertheless, both beta components have been localized in the sensorimo-
tor areas (Pfurtscheller et al., 2003; Szurhaj et al., 2003) and have a
somatotopic organization (Neuper and Pfurtscheller, 2001; Stančák et
al., 2000; Tombini et al., 2009; Wheaton et al., 2008). For upper limb
movements, the pre-GO/move power decrease is not as symmetrically
distributed between the contralateral and ipsilateral sensorimotor cor-
tices as the movement-related power decrease, but shows a contralat-
eral preponderance. However, this contralateral preponderance occurs
only when the moving hand is known in advance (Doyle et al., 2005;
Kilner et al., 2005; van Wijk et al., 2009) or once it is selected (Donner
et al., 2009). For self-paced movements, the power decrease becomes
bilateral right before movement onset, but only for the non-dominant
hand (Stancák and Pfurtscheller, 1996). Moreover, it has to be noted
that some studies still showed a symmetrical power decrease during
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the entire preparatory period for a non-dominant handmovement (Bai
et al., 2005; Nakagawa et al., 2011). In these studies, rather complex
movements were performed by the subjects, which may explain the
discrepancies with other findings. However, this issue remains to be in-
vestigated in more detail.

The pre-GO/move power decrease is considered to reflect an in-
creasing activity in the sensorimotor cortex related to movement prep-
aration (e.g., Kilner et al., 2005; Wheaton et al., 2008). This power
decrease seems to be specific for the preparation of a limb movement
since it is absent for gaze tracking (Tombini et al., 2009). Movement
preparation is a complex operation comprisingmany physiological pro-
cesses with different time courses (Jennings and van der Molen, 2005;
Requin et al., 1991; Riehle, 2005). The pre-GO/move power decrease
may be related to one or several of these processes such as stimulus
identification, stimulus–response association (i.e., selection) and
motor planning. In tasks where a GO is preceded by a warning cue pro-
viding prior information about one or several parameters of the forth-
coming movement (e.g., effector, grip type, required force), it has
been shown that the contralateral power decrease during this latter
part of the preparatory delay is stronger when the moving hand is
known in advance. Therefore, this power decrease was attributed to re-
sponse selection (Doyle et al., 2005; vanWijk et al., 2009), which likely
start as early as a few hundred milliseconds after cue presentation and
may also be reflected in the cue-related power decrease (see above).
Attributing the gradual power decrease before GO to motor planning
processes only may be problematic however. First, the type of effector
(e.g., left or right hand, foot, shoulder) is themain source of modulation
of the pre-GO/move power decrease. Beyond this, the decrease is rather
insensitive to the manipulation of other movement parameters in
contrast with slow event-related potentials (ERPs) observed during
the preparatory delay such as the contingent negative variation (CNV)
(see Leuthold et al., 2004 for a review; Zaepffel and Brochier, 2012).
Second, the gradual power decrease is still observed when there is
uncertainty about the nature of the forthcoming response, i.e. when
full and efficient motor planning is not possible (Doyle et al., 2005;
van Wijk et al., 2009).

Despite the differences in modulation between the beta power
during movement execution and the pre-GO/move power decrease
that remain to be clarified, we suggest that both components might
be influenced by a common underlying process. Indeed, the beta
power decrease is strikingly reminiscent of the long-established dec-
rement in somatosensory responsiveness during movement (Cohen
and Starr, 1987; Coquery et al., 1972; Seki and Fetz, 2012). The
movement-related decline in the gain of sensory-evoked potentials
(SEP) does by far not block sensory responses in sensorimotor cortex
(Chapman and Ageranioti-Bélanger, 1991). It may, however, serve to
keep the large increase in reafference during movements from
‘overloading’ sensorimotor processing. The decline in SEP amplitude
starts prior to movement onset by about 100 ms for triggered move-
ments (Cohen and Starr, 1987), but during an instructed delay it
starts earlier (Seki and Fetz, 2012). The reduction in SEP amplitude
during the preparatory period is limited to the motor cortex (Seki
and Fetz, 2012). Self-paced movements have only been studied by
Hazemann et al. (1975). They reported a significant decline in SEP
amplitude starting about 400 ms prior to movement onset. Moreover,
they found that a volitional movement was associated with a
large-scale sensory dampening; both auditory and somatosensory
pathways were similarly affected (including stimulation of either side
of the body). A passivemovement also elicits a decline in SEP amplitude
(Coquery et al., 1972; Seki and Fetz, 2012), and a reduction in beta
power (Müller et al., 2003). Unfortunately, testing the SEP amplitude
has never extended through the time interval of the post-movement
beta rebound. However, the data of Cohen and Starr (1987) show a tan-
talizing increase of SEP amplitude at about 300 ms post-movement
compared to rest, in all three of their subjects. What is really lacking
is a systematic within-subject test of the putative correlation
between movement-related beta power decrease/rebound and SEP
amplitude.

Finally, while there is a consensus about the power decrease during
movement execution, the pre-GO/move power decrease is not system-
atically observed. In particular, in somemonkey studies the beta power
actually increases before GO (Haegens et al., 2011; Kilavik et al., 2012;
see also Hwang and Andersen, 2009 for the parietal reach region). In
others, the power remains rather unmodulated during the later parts
of the preparatory delay (Rubino et al., 2006; Spinks et al., 2008). Over-
all, none of the monkey data shows a convincing early pre-movement
decrease in beta power, up to 1–2 s before movement onset as in
humans. This cannot be due to a technical issue, e.g. a difference be-
tween EEG and LFP, since for instance Saleh et al. (2010) recorded
LFPs in their human patient, and still observed a pre-GO power decrease
(see also Sochůrková et al., 2006; Szurhaj et al., 2003).

It might be that the pre-GO/move power increase is mediated by
the same underlying process as the increase preceding the warning
cue, reflecting an anticipation of the GO signal. Thus, the pre-GO
power increase, which to our knowledge is only significantly ob-
served in somemonkey studies, might reflect enhanced event timing
in the over-trained animals, when they are confronted with a task
with predictable delay durations (e.g., Haegens et al., 2011; Hwang
and Andersen, 2009; Kilavik et al., 2012). The fact that the slope of
this increase in power preceding the GO signal depends on the
delay duration (Kilavik and Riehle, 2010) strongly argues for such a
relation to timing processes (see also Fujioka et al., 2012). Enhanced
timing may also explain the peak in parietal pre-movement beta
power during a self-paced task, in which the monkey self-adjusted
the movement onset to fall within a relatively strict temporal
window in order to optimize the amount of reward (Hwang and
Andersen, 2009).

Discussion

We reviewed the ups and downs of sensorimotor beta oscillations in
selected task epochs, identifying separate sensorimotor beta compo-
nents that are differently modulated by specific experimental factors.
Here we suggest that a given component may be the result of several
processes, which may overlap in time and affect in parallel the power
of the sensorimotor beta oscillations. In Fig. 3, we summarize the
resulting observed beta power modulations (lower black trace), which
may be produced by the combination of different functional processes.
Each contribution by such a process is illustrated by a separate line
(gray traces). For instance, we described above that the power increase
before or at cue onset might reflect timing processes (cue expectancy),
but this does not necessarily exclude other processes related, for in-
stance, to postural maintenance or those underlying the beta rebound.
Preceding GO or movement onset, a power increase can sometimes be
observed in monkeys. We suggest that this pre-GO power increase re-
flects more dominant timing processes related to GO expectancy. In
humans, however, a pre-GO/move power decrease is quite systematic
and is often, but not exclusively, related to selection and motor plan-
ning. Interestingly, it is also observed during motor imagery, tactile
stimulation, passive movements, and action observation. The main fac-
tor eliciting the power decrease both before and during movement
might be a functional decrease in somatosensory responsiveness for
the efficient unfolding of the movement (e.g. Seki and Fetz, 2012).
Also the rebound after themovement can be observed inmanydifferent
task protocols. Aswe discussed above, it may be related to a sensorimo-
tor resetting function, with heightened sensorimotor transmission and
integration.

Furthermore, the power increase at 800 ms after cue onset is some-
times above the baseline level (e.g., Alegre et al., 2006) or sometimes
the power remains at a low level until GO (e.g., Nakagawa et al., 2011;
Tzagarakis et al., 2010). Since this component is rather weak and
surrounded by the strong post-cue power decrease and pre-GO
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modulations, we suggest that it is particularly affected by the overlap of
different processes which is most prominent when the preparatory
delay is short (Nakagawa et al., 2011; Tzagarakis et al., 2010).

Several studies already illustrate the concept of overlap of various
functional processes constituting the beta components. For example,
Trenner et al. (2008) presented a vibrotactile stimulus preceding the
GO signal by a fixed delay. The typical pre-GO power decrease was
not observed but “overwritten” by a beta increase elicited by the tactile
stimulus, making the process(es) that usually elicit(s) a power decrease
in this task epoch invisible. Moreover, the beta rebound elicited by me-
dian nerve stimulation is reduced or absent when the stimulation is
made during different types of actual or imagined hand movements
(Pfurtscheller et al., 2002; Salenius et al., 1997; Schnitzler et al., 1997).
Finally, it has also been reported that within the beta band several
co-occurring beta rhythms might be distinguished in some subjects,
for instance in high beta (>20 Hz) and a low beta rhythm (b20 Hz)
(Kilavik et al., 2012; Salmelin et al., 1995a; Szurhaj et al., 2003). When
a broad frequency band is analyzed, these rhythms may be mixed to-
gether being a source of high variability and thus discrepancies between
studies.

It is noteworthy that the increase in beta power during a static
hold posture starts in parallel with the beta rebound after movement
end. Some aspects of both beta episodes would appear to be the
same. Indeed, we typically hold an object or maintain a posture
after terminating a given movement. In the framework of the hy-
pothesis that beta oscillations facilitate corticocortical transmission
to motor cortex, the common factor could be the upscaling of so-
matosensory responsiveness after a stable posture is achieved. In-
creased sensorimotor communication would serve the purpose of
resetting or updating the internal model of current body status. The
determinant of cortical sensory responsiveness appears to be both
the descending motor signal (“efference copy”) and the peripheral
afferent feedback itself (Chapman et al., 1988); together they sup-
press reafference at several stages, a self-regulating gain control
mechanism. If motor cortical beta power is indeed linked to sensori-
motor transmission, then different levels of beta power either during
a stable posture or after movement end could be dependent on the
current degree of such a gain control. This may explain the negative
correlation between beta power and EMG activity (Demandt et al.,
2012), and the different beta power magnitude for hook and preci-
sion grips (Spinks et al., 2008).

Finally, what should not be overlooked is that short-termmemory is
an implicit aspect of pre-cuedmotor tasks (see Fig. 1). In many task de-
signs the warning cue is only briefly presented, followed by a delay be-
fore a non-informative GO signal. We currently have no relevant
information from sensorimotor areas to assess relationships between
memory processes and beta power increases or decreases, and there-
fore did not attempt to include memory in our schema in Fig. 3.
Short-term memory has been associated with increases of beta power
in occipital, parietal, and (pre-)frontal areas (e.g., Deiber et al., 2007;
Onton et al., 2005; Pesaran et al., 2002; Tallon-Baudry et al., 2004). It
would be important to compare oscillatory activity in sensorimotor
areas, for instance, between conditions in which the cue was either
available during the whole delay until movement onset or turned off
after a short time, requiring short-termmemory during the preparatory
delay before GO.

In conclusion, we demonstrate the composite nature of beta oscilla-
tions in sensorimotor cortex. As illustrated in Fig. 3, the contribution of
different functional processes simulates the greatmajority of beta compo-
nents described in the current literature.We show that even though a de-
crease in beta power may be related to an activation state, this does not
imply that an increase is related to an “idling” state, as often proposed,
but rather to another mode of information transmission/processing.
After reviewing the large body of experimental literature, it becomes
obvious that many processes might influence the beta-band activity,
explaining why the functional significance of the different beta
components is still poorly understood. The main obstacle is the diffi-
culty in comparing data across studies since the experimental con-
text is often extremely different. We hope that this review provides
a guideline for future studies to better understand the multitude of
functional roles of sensorimotor beta oscillations, possibly under-
lying large-scale communication between sensorimotor and other
areas and the periphery.
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