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� Spectral separation of sub-bands in the mu domain was used to identify neural processes in tasks requir-
ing real-time social interaction: changes in the lower mu band were diffuse and non-specific; changes in
the upper mu band were highly related to coupling measures of intentional social coordination.
� In the upper mu-band event-related synchronization was associated with uncoupled behavior whereas
event-related de-synchronization denoted coupled behaviors.
� Coupled coordinated behavior displayed clear hemisphere predispositions: L > R in the in-phase and
R > L in the anti-phase tasks.

a b s t r a c t

Objectives: The goal of this research was to investigate sub-band modulations in the mu domain in dyads
performing different social coordination tasks.
Methods: Dyads of subjects performed rhythmic finger movement under three different task conditions:
intrinsic – maintain self-produced movement while ignoring their partner’s movement; in-phase –
synchronize with partner; and anti-phase – maintain syncopation with partner. Movement profiles of
the dyads were used to estimate a synchronization index (SI) to verify differences in coordination accord-
ing to each task. EEG was recorded during task performance and at baseline (partner’s actions hidden
from view). Log power ratios of mu band activity (active against baseline) were used to assess the relative
levels of synchronization/de-synchronization in both the upper and lower mu bands.
Results: Results confirm a functional dissociation of lower (8–10 Hz) and upper (10–12 Hz) mu bands in
social coordination tasks. Lower mu band activity was independent of specific modulations across tasks
and hemispheric preferences. Upper mu band activity was sensitive to coordination tasks and exhibited
marked differences between the hemispheres. Accentuated de-synchronization of right relative to left
hemisphere in the anti-phase task appeared related to the greater demand of perceptual-motor discrim-
ination. Left hemisphere de-synchronization in both in-phase and anti-phase coordination was inter-
preted in terms of successful production of imitation. Right hemisphere synchronization in the
intrinsic task was interpreted as inhibition of an imitative response tendency.
Conclusions: Functional dissociation of lower and upper mu band and hemispheric preferences exists in
real-time social coordination.
Significance: This research attests to the merit of analyzing sub-band activity in the alpha-mu domain in
order to identify neural correlates of social coordination. Such ‘neuromarkers’ may be relevant for brain
disorders such as apraxia and autism.
� 2012 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The ability to understand the actions of another person and to
be able to interact in a reciprocal manner is a central element in
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human social cognition. Perceptual-motor coupling is believed to
be an important aspect of the neuro-physiological processes that
permit interaction to proceed smoothly. Neuroimaging studies
suggest that a network including the superior temporal sulcus,
the inferior parietal lobule and inferior frontal gyrus is fundamen-
tal to action understanding (Rizzolatti and Luppino, 2001) and imi-
tation (Iacoboni et al., 1999). In the broader context, imitation is a
particular form of social interaction which depends upon the abil-
ity to infer or perceive the other’s intentions (Kilner and Frith,
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2008). Such perception may be crucial for harmonizing with the
actions of others. General motion as well as detailed properties
of limb dynamics acquires importance in interactive motor coordi-
nation for learning and reproducing motor skills (Decety et al.,
2002).

Motor activity in the brain is often studied from the perspective
of modulations of mu oscillations in the alpha range (8–12 Hz) in
EEG/MEG based paradigms. Changes in the mu spectral domain
are associated with a wide range of motor events such as observa-
tion of movement, imagination of movement as well as performing
an action (Pineda, 2005). The topography of modulations in move-
ment-related processes is usually isolated to scalp areas over the
sensori-motor cortex in the full mu range. However, the phenome-
nology of de-/synchronization in the mu band is not considered to
be a unitary phenomenon: sub-bands within the mu domain are
known to exhibit different modulations. The distinctive effect of
sub bands in the alpha domain was reported in an extensive power
spectral study (Lopes da Silva, 1993). Topographically widespread
de-synchronization in lower mu band in conjunction with topo-
graphically specific changes in the upper mu band has been re-
ported in cognitive and memory tasks (Klimesch et al., 1992;
Klimesch, 1999). Pfurtscheller and colleagues (Pfurtscheller, 1989;
Pfurtscheller et al., 2000) have demonstrated that de-synchroniza-
tion of the upper mu (10–12 Hz) component reflects somatotopic
and movement-specific processes, whilst de-synchronization of
lower mu (8–10 Hz) is related to general levels of expectancy,
engagement or attention (see also Matousek, 1973). Topographi-
cally distinct de-synchronization in upper and lower mu sub-bands
has also been reported in tasks involving imitation learning
(Marshall et al., 2009) at frontal and central sites, respectively.

The preferential employment of hemispheric resources has
been noted in imitation and coordination-based processes. Golden-
berg and colleagues (Goldenberg et al., 2001; Goldenberg and
Strauss, 2002) have shown that the two hemispheres are responsi-
ble for different aspects of imitation or gesture generation. The
inability to imitate gestures, a defining feature of Apraxia, has been
correlated with lesions in the left hemisphere (Muhlau et al., 2005)
whereas impairment in the right hemisphere is often associated
with unilateral neglect or body awareness disorders (Decety
et al., 2002). Some EEG investigations in the mu-domain have also
shown hemispheric preferences in imitation paradigms. The dom-
inance of the left hemisphere has been demonstrated in manual
motor imitation tasks in the mu-range (Dawson et al., 1985). In
contrast, a greater modulation of mu in the right hemisphere has
been noted in tasks requiring body awareness (Perry and Bentin,
2009). However, the relevance of topographically specific spectral
separation for imitation/coordination tasks has largely remained
unexplored.

Previous studies have shown that spontaneous forms of social
coordination between two people may occur as participants visu-
ally exchange information with each other through the medium
of real-time movements and postures (Kelso, 1995; Oullier et al.,
2008a,b; Oullier and Kelso, 2009; Schmidt and O’Brien, 1997;
Schmidt and Richardson, 2008; Tognoli et al., 2007a). For example,
various kinds of phase- and frequency-locking behavior have been
observed. These behaviors tend to persist even after visual expo-
sure to the other’s movements have been blocked, suggesting a
kind of social memory (Oullier et al., 2008a). Parallel electrophys-
iological studies identify a novel brain rhythm, a ‘neuromarker’ of
spontaneous social interactions in the 10 Hz frequency range lo-
cated over right centro-parietal cortex which modulates with the
emergence/dissolution of coordinated behavior between the inter-
acting individuals (Tognoli et al., 2007a). The present experiment
follows previous work but asks a different question: what are the
neural counterparts of intentional social coordination? (see also
Tognoli et al., 2007b). Here, the degree of social coordination was
manipulated experimentally by instructing subjects in a dyad to
coordinate (in-phase or anti-phase) or ignore their partner’s move-
ments while maintaining their own self-produced movements.
Relative levels of synchronization/de-synchronization in both the
upper (10–12 Hz) and lower (8–10 Hz) mu bands were assessed.
Currently, little is known about the effects of modifying the prop-
erties of social coordination on alpha band mu activity. For exam-
ple, do the demands of imitation/social interaction modulate the
way hemispheric processes are engaged? If they do, what are their
particular signatures in the alpha-mu spectral domain? Based on
previous literature, we hypothesized that upper, but not lower
band modulations in the alpha–mu spectral domain may be sensi-
tive to intentional social coordination which may be viewed as a
form of imitation.
2. Materials and methods

2.1. Subjects, recording and tasks

Twelve subjects (mean = 30 and standard deviation = 6.5 years)
in six pairs were instructed to interact in a simple motor task (rais-
ing and lowering of the right index finger in the frontal plane) in
three different coordination tasks. The pairs consisted of 3 gen-
der-mixed, 2 male–male and 1 female–female. All were right-
handed with correct vision and reported no neurological disorder.
Both finger movement and EEG data were recorded.

Simultaneous EEG was recorded with Ag–Ag Cl electrodes
mounted on a whole head elasticated electrode cap (EasyCap, Ger-
many) from each member of the dyad using 60 channels arranged
following the 10% system (Chatrian et al., 1985). The signals from
each EEG cap (measured with the respective grounds located at
FPz sites and the references at the corresponding linked mastoids)
were fed to a single amplifier (Synamp2; Neuroscan, TX) with
impedances maintained below 10 kX. The signals were analog
filtered (Butterworth), band pass from 0.05 Hz (�12 dB per octave)
to 200 Hz (�24 dB per octave), amplified (gain of 2010) and digi-
tized (24-bit) at 1 kHz in the range ±950 lV (vertical resolution
of 0.11 nV). For finger movement data, the angular change at
the metacarpophalangeal joint was recorded by means of light
single-axis goniometers affixed to the right index finger of each
subject, amplified (Neuroscan Synamp2 bioamplifier) on-line and
band pass filtered at a common EEG analog filter setting of
0.05–200 Hz (Tognoli et al., 2007a).

Multiple trials were collected in pseudo random order with a
resting period between trials of at least 30 s. A typical trial con-
sisted of a ‘baseline’ segment followed by one of the ‘active’ coor-
dination tasks. During the baseline partner’s actions were obscured
(opaque LC screen) from the field of view whereas in active seg-
ments dyads were instructed to visually couple their movement
patterns (transparent LC screen) according to the tasks (Fig. 1).
Tasks were labeled as: intrinsic (I) where subjects were required
to produce their own movements at their preferred frequency
and amplitude while ignoring their partner’s self-paced move-
ments; In-phase (Ip) where subjects were required to synchronize
their finger movements; and Anti-phase (Ap) where subjects were
required to syncopate with their partner’s movement. Thus, if one
member of the dyad extended his/her finger, the other flexed and
vice versa. Total trial length was 40 s with baseline and active seg-
ments contributing 20 s each. Since the tasks were randomized
across trials the subjects were unaware which trial type was up-
coming at the time of the baseline period.

The beginning of each trial was indicated by auditory cues (pure
tones) presented independently to each subject. This signaled
dyads to initiate rhythmic right index fingers movements at their
preferred frequency and amplitude while maintaining visual



Fig. 1. Left panel: top during the control period visibility of the other participant’s finger motion is obscured. Middle and bottom – during coordination tasks the screen
becomes transparent and finger movements of the other participant are visible. Middle depicts the snapshot of in-phase and Bottom represents anti-phase as required by task
instructions. Right panel: EEG montage (10%) – Fpz is used as ground; T9 and T10 served as linked mastoid references. Iz was not used for signal recording. Only composite
power averages for central and centro-parietal electrodes (C3 + Cp3 and C4 + CP4) were used in the analysis.
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fixation on a central spot on the LC screen. The auditory warning
cues were delivered through separate ear pieces 2 s (±0.5 s) and
1 s (±0.5 s) before the onset of the baseline period (Tognoli et al.,
2007a). The time window available for data acquisition was lim-
ited. On occasions intervention was needed on technical or other
grounds resulting in a smaller number of trials collected. For 2
pairs (4 subjects) 20 trials per task were successfully collected.
For three other pairs (6 subjects), 10–20 trials were collected per
task. In the case of one pair, 5–10 trials were collected per task.
None of the subjects or trials successfully collected was precluded
from the study.

2.2. Behavioral analysis

Movement data during coordination tasks were preprocessed
using a digital low-pass filter (Butterworth; 10 Hz) applied in a
two-pass recursive manner to achieve zero-phase shift. The instan-
taneous relative phase between the fingers movements of the dyad
was computed by using the continuous Hilbert transforms of the
mean centered time series. The instantaneous phases calculated
this way can take any value and typically exceeds the range [�/,
/]. In cases where the phase exceeds this range, it will be wrapped
so that it stays within the normal range [�/, /]. In such cases the
wrapped phase will contain one, or more 2�/ jumps. This issue be-
comes quite crucial in the case of anti-phase due to the nature of
this task. Therefore, an unwrapping procedure was performed on
the instantaneous phases and a synchronization index (SI) esti-
mated for each trial (Tognoli et al., 2007a; Kelso et al., 2009). For
N data points the index is defined as,

SI � 1
N

XN

j¼1

ei/j

�����

�����

where /j is the Hilbert phase difference for a pair at time j. The
range of SI therefore varies from 0 to1. For trials showing synchro-
nization SI should tend to be 1 and closer to 0 for unsynchronized
behavior. For gross estimation, SI values of each pair were averaged
across trials in tasks. A one-way repeated measure analysis of var-
iance was performed to ascertain differences in behavioral mea-
sures across tasks and baseline.
The SI reflects stability of the behavioral pattern. It does not,
however, identify which pattern is performed. In the syncopation
condition, for example, the same SI would be generated by a mod-
erately stable syncopation pattern or a moderately stable synchro-
nization pattern. The latter could emerge spontaneously if
participants were unable to maintain syncopation (Kelso et al.,
1990). To circumvent this potential ambiguity (even though social
interactions were intentional), the behavioral results were supple-
mented by including a description of the relative phase in cycles.

Similarly, because the dynamics of coordination can be influ-
enced by parametric manipulation of rate, it was considered
important to provide a description of the cycling rate of the partic-
ipants. For this purpose a simple zero-crossing criterion was em-
ployed. This way rate of oscillations of each trial was estimated
and averaged over all the trials separately for each active task.

2.3. EEG spectral analysis

Power spectra from the lower (8–10 Hz) and upper (10–12 Hz)
mu ranges were calculated over the centro-parietal regions of each
hemisphere by creating a composite power average for central and
centro-parietal electrodes (C and CP) in line with Pfurtscheller
et al., 2000. For each subject spectral estimates were calculated
for each of the coordination tasks and baseline control periods by
averaging individual trial spectra. The suppression/enhancement
or Event related de-/synchronization (ERD/S) effects of the coordi-
nation tasks were estimated in line with previous studies by divid-
ing the power value of each task with the power value of the
baseline control period (of all tasks) and the log taken (e.g., Pineda
and Hecht, 2009; Ulloa and Pineda, 2007). Specifically, the follow-
ing procedure was adopted: a 3 s period at the beginning and a
0.5 s at the end were eliminated from each 20 s segment of the
trial. These segments were removed to ensure stability and also
to minimize the surprise element expected at the onset of active
periods. The remaining 16.5 s segments (both baseline and active
periods) were tapered with a Tukey window (10%), and fast fourier
transformed (FFT) to estimate power spectra. The trial spectra
were averaged to calculate average power for each task. This value
was then divided by the averaged base line period (of all tasks) and
logged to homogenize variances or normalize the distribution. The
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log power ratio, in the present paradigm, can essentially be consid-
ered a measure of the perceptual-motor coupling within each coor-
dination task:

log power ratio ¼ logðA=BÞ;

where ‘A’ represents power of the active period averaged across tri-
als in either upper or lower mu band at centro-parietal regions. The
corresponding composite baseline period is denoted by ‘B’ which
remains unchanged for each of the active tasks. A log power ratio
thus indicates suppression, no suppression or enhancement effects
with respect to the common baseline. A repeated measures analysis
of variance was performed to investigate the effects of coordination
tasks on the ERS/ERD measure of log power ratio. Hemisphere
(Right/Left); task (I/Ip/Ap) and mu band (Low/High) were entered
as independent factors. Greenhouse-Geisser corrections were ap-
plied in cases where sphericity was violated. Post-hoc comparisons
were performed using paired-sample t-tests when appropriate. In
order to demonstrate spectral and regional specificity of the preced-
ing statistical analysis averaged power spectra of mu using multiple
overlapping waveforms (8–10 Hz, 9–11 Hz and 10–12 Hz) at a num-
ber of electrode sites were calculated. From anterior to posterior re-
gions electrodes in the row 3 (f3, fc3, c3, cp3, p3, po3), row z (fz, fcz,
cz, cpz, pz, poz) and row 4 (f4, fc4, c4, cp4, p4, po4) were chosen for
this demonstration.

In the current experimental paradigm mutual influence be-
tween brain activities in subject pairs was anticipated and (indi-
rectly) investigated. This may raise some concern about the
assumption of independence in the presented ANOVA analysis.
However, here we explore effects within individual subjects/brains
as a function of behavioral interaction that could cause them to be
interdependent. In other words the behavioral dependence in the
tasks (subject pairs viewed one another’s actions) may not neces-
sarily imply that associated neural activity is also mutually influ-
enced – an issue which needs to be explored. Moreover, we are
using a repeated measures design in which each individual is
essentially compared with themselves across the three task scenar-
ios. To alleviate any doubts in this respect, the entire analysis was
repeated from the perspective of paired log power ratio – that is, by
considering data from pairs (composite log power ratio of each
subject in dyad) which ensures statistical independence though
potentially compromising the power of the analysis.

One important aspect of the current study is the analysis of EEG
changes in conjunction with the relative stability of in-phase and
anti-phase patterns. For this purpose trials were first thresholded
(SI > 0.7) and then among this subset one trial closest to the task
instruction was selected. This way the selected trial depicted a
phase difference either closer to zero (in-phase) or pi (anti-phase)
– ensuring correct performance with marked stability. Paired
(averaged) power of the corresponding trials at composite cen-
tro-parietal regions from each member of the dyad in the vision
period was calculated. Paired power ratio of anti-phase compared
to in-phase was measured to show relative power suppression
when the two tasks were stable.
3. Results

3.1. Behavior

3.1.1. SI index
The grand average of the synchronization index (SI) of each task

was estimated by averaging across all the trials and subjects. The
mean and standard deviation for each active task and baseline
was: I (Mean = 0.42 and SD = 0.30), Ip (Mean = 0.81 and SD = 0.20),
Ap (Mean = 0.57 and SD = 0.28) and baseline (Mean = 0.23 and
SD = 0.22). Despite instructions to ignore the other’s movements,
the task I displayed a clear tendency of the dyads to fall into coordi-
nated behavior – dominant peak in the range of 0.85–0.90 in com-
parison with relatively smaller peak in the range of 0.05–0.10. The
task Ap also displayed notably instable behavior but dominant peak
still occurred in 0.85–0.90 range. In contrast, task Ip was clearly the
most stable form of coordination as the largest number of trials clus-
tered around the peak occurring in the range 0.95–1.0 with very lit-
tle errors (Fig. 2 – baseline not shown).

A one-way ANOVA revealed significant difference in SI across
tasks and base-line [F (3, 15) = 16.04, p < 0.001]. However, post
hoc paired-sample t-tests confirmed this effect only for Ip with re-
spect to other active tasks [Ip vs. I, p < 0.01; Ip vs. Ap, p < 0.01].
Importantly, all the active tasks showed coordination with respect
to the baseline [p < 0.05 (I), p < 0.001 (Ip) and p < 0.05 (Ap)].

3.1.2. Phase difference and rate of finger oscillation
The foregoing results were verified by estimating relative phase

(in radians) in each task. The gross statistics were as follows: I
(Mean = 1.37 and SD = 0.69), Ip (Mean = 0.53 and SD = 0.39) and
Ap (Mean = 2.40 and SD = 0.73). These results showed clear distinc-
tion between tasks especially Ip in comparison with Ap – indicating
that dyads, in general, were performing the tasks in accordance
with instructions (Fig. 3 – left). Notably, task I showed some incli-
nation towards the more stable in-phase pattern even in this gross
analysis.

The analysis of the rate (in Hz) of oscillation (Fig. 3 – right)
exhibited relative slowing in the case of Ap (Mean = 1.54 and
SD = 0.37) in comparison with other tasks: I (Mean = 1.76 and
SD = 0.56) and Ip (Mean = 1.72 and SD = 0.51). Interestingly, little
difference was found between I and Ip. Overall, the range of rates
in all tasks was between 1.5 Hz and 1.8 Hz, below the tipping point
at which switching typically occurs.

3.2. Brain-EEG

3.2.1. Baseline period
In the baseline period only, a separate repeated measures analy-

sis of variance was performed with ‘log power’ as the dependent
variable and task, hemisphere and mu bands as independent factors.
Hemisphere appeared as significant main effect [F (1, 11) = 14.11,
p < 0.005]. Similarly, hemisphere by mu band interaction was also
significant [F (1, 11) = 7.75, p < 0.05]. These results are consistent
with earlier findings of left sided suppression in right hand move-
ment execution that predominantly manifest in the upper mu-band
(Pfurtscheller et al., 2000). Importantly, task did not appear as a
significant main effect nor did it interact with other factors. This
validates the employment of a common baseline to measure sup-
pression/enhancement effects during the active period.

3.2.2. Modulations of social interaction tasks as measured by log
power ratio

The 3-way ANOVA revealed several significant statistical ef-
fects. First, the Task main effect was significant [F (2, 22) = 8.91,
p < 0.01] revealing progressive attenuation of power as one moved
from I to Ip towards Ap. Other main effects remained non-signifi-
cant. However both the task by mu band [F (2, 22) = 8.22,
p < 0.005] and task by hemisphere [F (2, 22) = 4.97, p < 0.05] inter-
actions were significant. These interactions indicate that the effects
of coordination tasks were not equivalent in the two mu bands or
in the two hemispheres. Finally, the task by mu Band by hemi-
sphere interaction was significant [F (2, 22) = 6.18, p < 0.01] dem-
onstrating that task effects on mu behavior in each hemisphere
were simultaneously influenced by the mu band chosen (see
Fig. 4).

To investigate the 3-way interaction separate post hoc 2-way
ANOVAs were performed to ascertain mu band differences across



Fig. 2. Percentage of trials for each bin (range: 0.05) of the synchronization index (SI). Peaks display strong synchronization tendencies for in-phase and less so for anti-phase.
The intrinsic task also exhibits some tendency towards synchronization.

Fig. 3. Left panel: relative phase difference (in radians) showing clear distinction in each task condition. Right panel: rate of finger oscillations (in Hz); anti-phase is clearly
slower in comparison with other tasks.
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tasks and hemispheres. The lower mu band depicted no significant
main effects or interactions. In contrast, the upper mu band
showed a significant task main effect [F (2, 22) = 14.77, p < 0.001]
as well as a Task by Hemisphere interaction [F (2, 22) = 6.56,
p < 0.05].

Fig. 4 shows the quite dramatic modulation in upper mu in
comparison with lower mu as a function of changing coordination
task. These effects are more evident in the right hemisphere, where
upper mu displays an enhancement in the I task (p < 0.05) which
contrasts with a marked suppression in the Ap task (p < 0.05) in
comparison to lower mu. The changes in mu sub-bands in the left
hemisphere were not statistically significant for either of these
tasks. A pattern reversal was observed in the case of Ip – significant
suppression of upper mu relative to lower in the left hemisphere
(p < 0.05) but no differences in the right hemisphere.

Table 1 provides a summary of hemisphere differences as they
appear at various levels of factor description. There are several
important features to note in these data. Firstly hemisphere effects
are clearly differentiated only in the upper mu band. Secondly the
most marked hemisphere differences appear with the anti-phase



Fig. 4. Patterns of mu band modulation for each hemisphere as a function of coordination task: intrinsic – I (left panel), in-phase – Ip (center panel) and antiphase – Ap (right
panel). Dotted line represents where modulations would be unchanged from control period. Error bars represents the standard error of measurement.

Table 1
Summary of post hoc analysis: effects of tasks (Cond.) and mu sub bands on hemisphere ERS/ERD differences. Log power ratio values are mean (Standard error), p-values
represent right–left comparisons.

Cond. Lefta Righta p-Value Leftb Rightb p-Value Band (Hz) Left Right p-Value

I �0.049 (0.03) �0.001 (0.04) <0.10 8–10 �0.075 (0.04) �0.072 (0.06) ns
10–12 �0.022 (0.03) +0.070 (0.04) <0.05

Ip �0.123 (0.04) �0.126 (0.04) ns �0.094 (0.04) �0.068 (0.05) ns 8–10 �0.056 (0.04) �0.072 (0.05) ns
10–12 �0.133 (0.05) �0.063 (0.05) <0.05

Ap �0.225 (0.08) �0.310 (0.09) <0.05 8–10 �0.194 (0.1) �0.221 (0.11) ns
10–12 �0.255 (0.07) �0.400 (0.09) <0.05

a Average across bands and tasks.
b Average across bands in each task.

1794 M. Naeem et al. / Clinical Neurophysiology 123 (2012) 1789–1797
task which is suggestive of widespread de-synchronized spectral
processes.

The significance of the foregoing spectral and topographically
specific results can be fully comprehended in the context of log
power ratios of other locations in overlapping sub-bands. Log
power ratios of three overlapping sub-bands (8–10/9–11/10–
12 Hz) were plotted at various locations (Fig. 5). This analysis con-
firmed that the different lateralization effects observed across
tasks were more pronounced at central and central parietal loca-
tions in the upper mu band. The general level of suppression in-
creased both across tasks and from anterior to posterior regions.

The preceding analysis was repeated for paired log power ratio.
Importantly, the results remained essentially unaffected indicating
that our a priori assumption of independence was reasonable.

3.2.3. Paired power modulations of anti-phase vs. in-phase task in
stabilized trials

In Fig. 6 each bar represents paired power ratio of Ap to Ip for
each dyad. The trials chosen were comparably stable as revealed
by SI index: Ip (Mean = 0.90 and SD = 0.04) and Ap (Mean = 0.86
and SD = 0.07). The corresponding statistics of phase difference
confirmed that dyadic performances in the selected trials were in
accordance with task instructions: Ip (Mean = 0.34 and SD = 0.13)
and Ap (Mean = 3.0 and SD = 0.32). With comparable behavioral
stability, the paired power ratio clearly depicted greater suppres-
sion in the case of Ap in the upper mu band (with the exception
of the pair 2), again more pronounced in right centro-parietal
regions.

4. Discussion

Functional dissociation of the lower and upper mu bands has
been described previously in cognitive and memory (Klimesch
et al., 1992) as well as motor execution tasks (Pfurtscheller et al.,
2000) leading to the recommendation that sub-bands within the
alpha-mu domain be examined independently (Pfurtscheller
et al., 2000). The relevance of such spectral separation has largely
remained obscure in imitation and coordination based paradigms.
To this end, EEG signals were collected from pairs of participants
under three differing coordination tasks. Upper and lower mu band
enhancement/suppression was then analyzed for each task and
compared to baseline. In addition movement profiles of the dyads
were used to estimate the degree of coordination in each task.

The behavioral data (SI index and phase difference) revealed
marked differences between in-phase and anti-phase tasks. How-
ever, intrinsic behavior still exhibited some tendency toward the



Fig. 5. Averaged power spectra illustrating the prevalence and spectral specificity of mu using multiple overlapping waveforms at a number of defined electrode sites (see
text for details). The zero horizontal line represents where modulations would be unchanged from control period.

Fig. 6. Relative power of anti-phase compared to in-phase in matched stable trials. Composite power of the corresponding trials from each member of the dyad during the
vision period (Middle and Bottom panels of Fig. 1) is plotted.
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more stable in-phase pattern. From this perspective dyadic perfor-
mance in the intrinsic task can be seen as deviating from task
instruction. Previous work (e.g., Schmidt and O’Brien, 1997) has
shown that synchronized coordinative patterns emerge in dyads
even with explicit instructions to each member to maintain their
own rhythm and resist interpersonal influence. This is similar to
the present intrinsic task which showed inclination toward
in-phase coordination despite instructions to ignore the other’s
visible motor activity. In-phase and anti-phase are two forms of
stable bimanual (Kelso et al., 1981; Kelso, 1984), sensorimotor
(Kelso et al., 1990) and interpersonal coordination. At low cycling
rates (as was the case across tasks in this study) both patterns
are more or less stable and can be quantified with relative phases
near zero (in-phase) and pi (anti-phase). However, beyond a criti-
cal cycling rate the anti-phase mode is known to collapse into
in-phase coordination which represents a natural or ‘ground’ state
(Kelso, 1992; Kelso et al., 2001): tasks requiring coordination
opposing the natural inclination to synchronize increase the possi-
bility of errors (Mayville et al., 2002) and may reduce the success
rate. Two important features of dyadic coordination with respect
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to the present experiment should be noted: one represents the
intentions of the dyads in the tasks and the other the natural pre-
disposition of the dyad to fall into in-phase coordination. When the
intention harmonizes with the natural inclination, coordination
improves (in-phase). When the intention conflicts with the natural
inclination, coordination declines (anti-phase). When the intention
is to remain uninfluenced in the presence of social stimuli pre-
sented by the other, coordination still tends to occur – suggesting
it may be difficult to remain asocial despite one’s intention.

These behavioral manipulations and their corresponding cogni-
tive effects are expected to reflect differentially in brain rhythms in
the mu domain. However, to the extent that lower mu band activity
did not show specific attenuation across tasks (and hemispheres) it
may be considered largely independent of behavioral differences.
Such diffuse task non-specific modulation in the lower mu band
may be best labeled under the umbrella term ‘attention-set’ (Klim-
esch et al., 1998; Pfurtscheller, 2003). A lack of task as well as soma-
totopic specificity in central-parietal topography in the lower mu
band has also been reported in movement-related tasks (Babiloni
et al., 1999; Pfurtscheller et al., 2000). In the current paradigm this
may reflect the activation of a distributed neural network triggered
by the onset of visible motor activity of the partner irrespective of
different task contexts. A related possibility is that it represents
the somato-sensory-motor priming or presetting of neurons
(Pfurtscheller et al., 2000) prior to specific coordination tasks.

In contrast to the lower band, upper mu band activity appears
to reflect processes sensitive to coordination tasks, displaying both
general changes as well as differential lateralized patterns as a
function of task context. Such topographically distinctive electro-
physiological signatures in different coordination tasks were found
to be strongly associated with our behavioral manipulation. Specif-
ically, right hemisphere synchronization in the intrinsic task can be
seen as a signature of dyadic members’ intent to un-couple whilst
distinct de-synchronization patterns (that is, L > R in Ip and R > L in
Ap) may well be neuromarkers of coupled behavior (cf. Tognoli
et al., 2007a). Remarkably, spectral separation of the processes
and differential modulation of upper mu band activity with respect
to social coordination tasks are highly compatible with Pfurtschel-
ler and colleagues’ motor execution findings (Pfurtscheller et al.,
2000; Pfurtscheller, 2003).

Hemispheric predisposition in (especially hand) gestures is a
much researched area (Dawson et al., 1985; Della Sala et al.,
2006). The left hemisphere is proposed to be specialized for the
production of imitation whereas additional right hemisphere con-
tributions acquire increasing importance when demands on per-
ceptual discrimination arise (Goldenberg et al., 2001; Goldenberg
and Strauss, 2002). Consistent with this hypothesis, homologous
regions of the brain are shown to be differentially activated when
producing imitation compared to when one’s own actions are imi-
tated by another (Decety et al., 2002). Greater activation in the
right hemisphere has been observed when the imitative task re-
quires greater perceptual-motor discrimination (Iacoboni et al.,
1999; Iacoboni, 2005). In contrast, only left sided activation has
been found when producing imitation that places little demand
on perceptuo-cognitive processes (Muhlau et al., 2005). In EEG
studies de-synchronization in the mu-domain in sensori-motor
areas is known to increase with explicit learning of motor se-
quences and decrease with more automated task performance
(Zhuang et al., 1997). A greater de-synchronization of mu in the
right hemisphere has been reported in tasks requiring more vi-
sual-spatial discrimination: observation of different non-repetitive
versus similar repetitive grasps produces greater de-synchroniza-
tion at right centro-parietal regions (Perry and Bentin, 2009). Such
EEG changes in the mu-domain have clearly demonstrated sensi-
tivity to perceptuo-cognitive processes much in line with fMRI
findings in imitation paradigms. In fact, for optimal performance
of goal directed activity it has been argued that processes related
to cognition or perception must be integrated with movement-spe-
cific properties (Georgopoulos, 2000, 2002; Pineda, 2005). Such
integrative processing or perceptual-motor coupling seems to be
a pre-requisite for successful performance in motor imitation/coor-
dination paradigms.

The foregoing perspective offers a framework within which to
interpret the differential de-synchronization effects found here in
coupled tasks (Ip and Ap). In the anti-phase task it seems reason-
able to suggest that dyads need more fine-grained discrimination
of each other’s finger postures and movements to remain in synco-
pation and to simultaneously resist the natural tendency to fall
into the more stable state of in-phase coordination. The greater
overall de-synchronization in the anti-phase task (more pro-
nounced in the right hemisphere) may thus primarily be attributed
to greater demands on perceptual-motor discrimination. In con-
trast, left hemisphere de-synchronization in both tasks (Ip and
Ap) may be associated with the encoding of simple gestures and
the successful production of imitation (Goldenberg et al., 2001;
Goldenberg and Strauss, 2002).

In the intrinsic task, the visible motor act of the other partner
may be considered a source of interference, the behavioral signa-
ture of which is an imitative tendency to fall into a more stable pat-
tern of coordination. To persist in one’s own rhythm requires
suppression of externally induced interference and is associated
with inhibition of neuronal activity (Bryce et al., 2011). The inhibi-
tion of an imitative response tendency appears to engage mecha-
nisms in the right temporal-parietal junction (Brass and Derrfuss,
2003; Brass et al., 2005). More pertinently, the suppression of sen-
sory-motor information has been shown to enhance power in the
alpha band at centro-parietal locations (Ray and Cole, 1985). Taken
together, hemispheric power asymmetry can be attributed to topo-
graphically specific right hemispheric inhibition of imitative re-
sponses in the intrinsic task—an interpretation consistent with
previous findings (Tognoli et al., 2007a).

Evidence that ipsilateral mu de-synchronization occurs during
auditory-motor syncopation and is reduced when syncopation is
stabilized through practice (Jantzen et al., 2001) is suggestive of
a more generic role for the right hemisphere in coordination. This
may have particular relevance here as syncopation (anti-phase)
was not performed as well as in-phase coordination. However,
analysis of highly synchronized closely matched trials (as per SI in-
dex) in these tasks revealed clear and gross de-synchronization in
the anti-phase relative to the in-phase task particularly in the right
hemisphere in the upper mu band (Fig. 6). It is plausible that sta-
bility achieved via practice (Jantzen et al., 2001) may also have
an effect on cognitive factors such as intention allowing the dyads
to perform syncopation in a more automated fashion. Additionally,
it should also be emphasized that the effects observed here are pri-
marily located in the upper band rather than the full mu range. An
overarching sense of the data suggests that emerging differential
patterns in tasks might be reflective of the interplay of cognitive
operations (different intent in each task) and the natural predispo-
sition of coordination to fall into the in-phase mode. Though it is
difficult to delineate the relative contributions of each factor in
the present paradigm, intention rather than actual coordination
may be more responsible for the observed effects – at least in
the case of the intrinsic task.

Three overall conclusions may be drawn from the present data.
First, spectral separation of processes in sub-bands seems highly
warranted. Upper mu band activity was highly sensitive to tasks
and displayed marked hemispheric asymmetry. In contrast,
changes in the lower mu band were diffuse hence not task-specific
likely reflecting generalized attention-related processes. Second,
de-/synchronization in the upper band were associated with dis-
tinct coordination tendencies. Synchronization in the intrinsic task
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observed in the right hemisphere mapped onto uncoupled behav-
ioral intent- suggestive of inhibition of an imitative response
tendency. Distinct de-synchronization patterns in the in-phase
and anti-phase tasks were associated with coupled coordination
and imitation. Third, the coupled coordination displayed clear
hemisphere predispositions: L > R in in-phase and R > L in anti-
phase tasks. The greater de-synchronization of the right relative
to the left hemisphere in the anti-phase task was ascribed to the
essential requirement of perceptual-motor discrimination, a factor
considered less important in the in-phase task. The de-synchroni-
zation in left hemisphere for both tasks was interpreted in terms
of successful imitation. Taken overall, the present findings have
uncovered a functional dissociation of lower and upper mu bands
and hemispheric preferences in real time social coordination.
Though beyond the focus this work EEG changes in other bands
are potentially open to investigation. That said, the present results
attest to the continued merit of analyzing sub-band activity in the
alpha-mu domain in EEG studies of imitation and social
coordination.
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