
NeuroImage xxx (2011) xxx–xxx

YNIMG-08579; No. of pages: 9; 4C:

Contents lists available at SciVerse ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r.com/ locate /yn img
Electrophysiological signatures of intentional social coordination in the 10–12
Hz range

Muhammad Naeem a,⁎, Girijesh Prasad a, David R. Watson a, J.A. Scott Kelso a,b

a Intelligent Systems Research Centre, School of Computing and Intelligent Systems, University of Ulster, Magee Campus, Londonderry BT487JL, Northern Ireland, UK
b Human Brain and Behavior Laboratory, Center for Complex Systems and Brain Sciences, Florida Atlantic University, Boca Raton, FL 3343 1, USA
⁎ Corresponding author. Fax: +44 28 71375570.
E-mail addresses: m.naeem@ulster.ac.uk (M. Naeem

(J.A.S. Kelso).

1053-8119/$ – see front matter © 2011 Elsevier Inc. Al
doi:10.1016/j.neuroimage.2011.08.010

Please cite this article as: Naeem, M., et
NeuroImage (2011), doi:10.1016/j.neuroim
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 May 2011
Revised 18 July 2011
Accepted 7 August 2011
Available online xxxx

Keywords:
Social coordination
Action-observation
Intent-perception
Mirror neuron system
ERD/ERS
Hemispheric predisposition
This study sought to investigate the effects of manipulating social coordination on brain synchroniza-
tion/de-synchronization in the mu band. Mu activation is associated with understanding and coordinating
motor acts and may play a key role in mediating social interaction. Members of a dyad were required to
interact with one another in a rhythmic finger movement coordination task under various instructions:
intrinsic where each member of the dyad was instructed to maintain their own and ignore their partner's
movement; in-phasewhere they were asked to synchronize with their partner's movement; and anti-phase
where they were instructed to syncopate with their partner's movement. EEG and movement data were
recorded simultaneously from both subjects during all three tasks and a control condition. Log power ratios
of EEG activity in the active conditions versus control were used to assess the effect of task context on
synchronization/de-synchronization in the mu spectral domain.
Results showed clear and systematic modulation of mu band activity in the 10–12 Hz range as a function of
coordination context. In the left hemisphere general levels of alpha-mu suppression increased
progressively as one moved from intrinsic through in-phase to anti-phase contexts but with no specific
central–parietal focus. In contrast the right hemisphere displayed context-specific changes in the central–
parietal region. The intrinsic condition showed a right synchronization which disappeared with the in-phase
context even as de-synchronization remained greater in the left hemisphere. Anti-phase was associated
with larger mu suppression in the right in comparison with left at central–parietal region. Such
asymmetrical changes were highly correlated with changing behavioral dynamics.
These specific patterns of activation and deactivation ofmu activity suggest that localized neural circuitry in right
central–parietal regionsmediates how individuals interpret themovements of others in the context of their own
actions. A right sided mechanism in the 10–12 Hz range appears to be involved in integrating the mutual
information among the members of a dyad that enables the dynamics of social interaction to unfold in time.
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Introduction

We humans live in a complex and dynamic social environment. As
a result, we need to be able to rapidly recognize meanings and predict
outcomes of interactions with others in a context-dependent fashion.
Indeed it is suggested that we are all born with an innate desire and
ability for social interaction (Meltzoff and Moore, 1997). Such
communication relies upon mutual information exchange where our
own behavior changes in response to the other while at the same time
our actions modify the behavior of the other (Oullier and Kelso, 2009;
Schmidt and Richardson, 2008; Tognoli et al., 2007; Tomasello et al.,
2005). Current theories argue that the ability of humans to interpret
the actions of others is supported in part by neural mechanisms
through which perceived actions are directly matched with their
corresponding representations within the observer's own motor
experience (Rizzolatti and Craighero, 2004). This common coding
mechanism is often referred to as the mirror neuron system (MNS)
located in bilateral regions of the premotor and parietal cortices
(Cheng et al., 2008; Iacoboni et al., 1999). However, the question of
which neural processes and dynamics underlie social coordination
and joint action (Sebanz and Knoblich, 2009) may not be answered by
resort to the hypothetical MNS alone. What is needed in addition is to
isolate consistent unambiguous signatures, so-called neuromarkers of
dynamical brain changes that occur during social coordination
(Tognoli, et al., 2007).

One consistent signature of social coordination is the mu rhythm
(Cochin et al., 1998; Oberman et al., 2007; Rizzolatti and Craighero,
2004). The mu rhythm is a spontaneous characteristic feature of the
electroencephalogram (EEG)/magnetoencephalogram (MEG) pattern
that occurs typically within a frequency band of 8–12 Hz (Pfurtscheller
and Lopes da Silva, 1999) appearingmaximally over the central rolandic
ional social coordination in the 10–12 Hz range,
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or sensory-motor area during a relaxed state. Mu is present in the
majority of healthy subjects (Arroyo et al., 1993) and is generally
accepted to be an idling rhythm that arises from the synchronized
activity of neurons involved in the thalamo-cortical loop (Pfurtscheller
and Lopes daSilva, 1999; Suffczynski et al., 2001). The attenuation ofmu
referred to as event-related desynchronization (ERD) (Arroyo et al.,
1993; Kozelka and Pedley, 1990; Kuhlman, 1978) is observed in tactile
stimulation, movement execution and/or observation and motor
imagery. Such ERD of mu is interpreted as the engagement of neural
populations required to process information about externally or
internally paced events (Pfurtscheller and Lopes da Silva, 1999).

The phenomenology of mu suppression has often been studied in
paradigms measuring effect of action observation (Cochin et al., 1998,
1999; Oberman et al., 2005). The primary thesis is that observation of
action activates similar populations of neurons as inmotor execution.As
early as 1954Gastaut and Bert found that the amount ofmu suppression
was correlated to the degree to which the observer relates to the
observed action (Gastaut and Bert, 1954). Subsequently, this functional
correlationwas confirmed byother studies (Babiloni et al., 2002; Cochin
et al., 1998). Physiological and anatomical evidence has tended to favor
the relationship between mu suppression and operation of the MNS
(Cheng et al., 2008; Dum et al., 2002; Muakkassa and Strick, 1979;
Muthukumaraswamy et al., 2004; Oberman and Ramachandran, 2007;
Shimazu et al., 2004). That is, the mu rhythm may reflect the mirror
mechanism's involvement in the process of observation of an action
(Pineda, 2005). As a neural correlate, mu rhythm may be plausibly
associated with the common coding of action of self and observation of
another's action.

Typical experimental paradigms used to study action-observation
processes are static in nature (Hari et al., 2010). That is, the observer is
presented with a stimulus and their response recorded and analyzed
(Cochin et al., 1998; Muthukumaraswamy et al., 2004). Real-time
social coordination is a dynamic, fluid process and requires to be
studied in an active interaction paradigm. For example, in many
everyday social interactions onemember of a pair changes behavior in
response to the other while at the same time producing actions that
alter the first's behavior (Hamilton et al., 2006; Tognoli et al., 2007). A
fundamental question is what are the processes that bind the CNS of
participants as an integrated information processing network and
allow the dynamics of interaction to unfold? Action has (at least) two
aspects: the observed kinematics of the movements produced and the
context within which such movements occur. Awareness of the
context affords the intent of the action to be directly inferred (Hari
et al., 2010; Kelso and Tuller, 1981). It seems plausible that the
perception of intent rather than (or in addition to) action-observation
drives the wheel of coordination betweenmembers of a dyad. Specific
neural circuits have been implicated in the processes of intent
(Fogassi et al., 2005) and action-understanding (Rizzolatti and
Luppino, 2001).

To investigate the behavioral and neural dynamics of social
coordination, the electroencephalogram is often the preferred
modality (Dumas et al., 2010; Tognoli et al., 2007). In the present
research, a specially designed dual-EEG system (Tognoli et al., 2007)
was employed in an experimental paradigm that allows both
individual and social (interpersonal) tendencies to be quantified
continuously in time. The experimental paradigm differs from similar
previous studies which studied the spontaneous emergence of
coordination as a result of visual coupling (Oullier et al., 2008;
Tognoli et al., 2007). The difference lies in the instructions to each
member of the interacting dyad to either try and maintain their own
independent intrinsic rhythmic movement regardless of the other's
behavior or adapt them according to specific task instructions to
couple in-phase or anti-phase. This difference thus provides an
opportunity to explore the neural-dynamics of intentional social
coordination across a range of contexts. Because of its established
significance, our specific focus is the mu spectral domain (8–12 Hz)
Please cite this article as: Naeem, M., et al., Electrophysiological sig
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studied here in a simple social interaction paradigm that affords
properties of the interaction to be systematically varied.

Materials and methods

Subjects

Twelve subjects (7 males and 5 females; aged between 22 and
43 years, mean 30 years) participated in the experiment. They
constituted six pairs: 3 gender-mixed; 2 male–male; and 1 female–
female. All were right-handed on the basis of self-report. They had
normal or corrected-to-normal vision and reported no history of
neurological disease. All the subjects were task naïve and did not
receive any prior training. The protocol was approved by the Florida
Atlantic University ethical board and was in agreement with the
Declaration of Helsinki. Informed consent was obtained from all
subjects. Subjects enrolled in the experiment for educational credits.

Data acquisition

Acquisition of the EEG signals was conducted in a sound-proof
Faraday chamber. Dual-EEG was recorded by using two 60-channel
EEG caps with Ag–Ag Cl electrodes (Falk Minow Services, Germany)
arranged according to the 10% system (Chatrian et al., 1985) including
midline and rows 1–8. The cap signals were fed to a single amplifier
(Synamp2; Neuroscan, TX) equipped with two distinct referential
montages. This specially designed dual-EEG system (Tognoli et al.,
2007) ensured no delays between the EEGs acquired from each
subject and allowed precise analyses of cortical activity. EEG signals
were measured with the respective grounds located at FPz sites and
the references at the corresponding linked mastoids. Impedances
were maintained below 10 kΩ (Picton et al., 2000). 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
digitized at 1000 Hz with a 24-bit ADC in the range+/−950 μV
(vertical resolution of 0.11 nV).

Each subject's movement profile was also collected simultaneous to
EEG recording. For this purpose angular change bymeans of light single-
axis goniometers attached to the right index finger was recorded. These
signals were amplified (Neuroscan Synamp2 bioamplifier) on-line and
band pass filtered at a common EEG analog filter setting (0.05–200 Hz).

The length of the experiment was 3 h which included 1–1.5 h
preparation/instruction, 0.5 h electrode removal and clean-up. The
remaining timewas utilized for data acquisition. Emphasis was placed
on collecting high quality data. If, on occasion, impedances were poor
or muscular/ocular/alpha noise required intervention, less time was
available for data collection resulting in a smaller number of trials.

Experimental design

Pairs of subjects sat in front of each other while executing self paced
rhythmic finger movements over trials lasting 40-s. A liquid crystal (LC)
screen (Alumi-glass, FL) with switchable opacity (switching time-
1.2 ms) was placed between subjects to control vision of the other's
fingermotion.A trial consisted of two successive phases each lasting20 s
—firstly a control period with the LC screen opaque (Fig. 1A—left panel)
followed by an active periodwith the LC screen transparent (Fig. 1B—left
panel). The LC screen was electronically controlled by means of the
Experimental Run Time System software (ERTS; Berisoft, Germany) for
optimal timing accuracy. During the control period, subjects were
instructed to adopt the movement frequency that they felt most
comfortable with and to maintain their visual fixation on a central
spot on the LC screen. The spot was in the same azimuth as the hand
position of the other participant. EEG artifacts induced by posture or
finger movements wereminimized before each trial. A trial started with
two auditory cues presented in succession, one to each subject, signaling
natures of intentional social coordination in the 10–12 Hz range,

http://dx.doi.org/10.1016/j.neuroimage.2011.08.010


Fig. 1. During the control period, visibility of the other participant's finger motion is obscured (left panel). During the vision period the screen becomes transparent and the finger
movements of the other participant become visible (middle panel). The subjects interact according to the instructions given for each trial. The EEG montage (10%) showing the
electrode pairs utilized in the analysis (right panel).
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the respective recipients to commence rhythmically moving their right
index fingers at their preferred frequency and amplitude. The auditory
warning cueswere delivered through separate ear pieces 2 s (+/−0.5 s,
random distribution) and 1 s (+/−0.5 s, random distribution) before
the onset of the first 20 s period. The variable delay was set at a random
initial relative phase between subjects and prevented common phase
priming in the movements.

Task structure

Three different categories of trials were specified for the vision
periods, based on different instructions. In the intrinsic trials subjects
were instructed to maintain their own rhythms (and disregard
interpersonal influence). In in-phase trials the subjects were
instructed to synchronize their finger movements with the other
participant. In anti-phase trials each subject was requested to
maintain finger movements 180° out of phase with respect to the
other participant. For 2 pairs (4 subjects) 20 trials per category were
successfully collected. For three other pairs (6 subjects), 10–20 trials
were collected per category. In the case of one pair, 5–10 trials were
collected per category. The test sequence contained a random
ordering of trial types. In each case a chosen task condition was
always preceded by a control period. The resting period between trials
was at least 30 s. None of the subjects or trials successfully collected
was excluded from the study.

Signal processing

EEG data analysis
For each 20 s segment of the trial, a 3 s period at the onset and a

0.5 s at the end were clipped to ensure EEG stability and remove non-
stationarity due to transients. The 16.5 s segments remaining (both
control and vision periods) were tapered with a Tukey window (10%),
and fast Fourier transformed (FFT) to estimate power spectra. Finally,
sets of trial spectra for each condition were averaged and the log
power ratio was calculated (see below).

For each experimental condition, the suppression (ERD)/enhance-
ment (ERS) index was estimated as the log of the power ratio (LPR)
between the active and control periods. This is common practice to
estimate mu attenuation as it corrects for variability in absolute mu
power as a result of individual differences such as scalp thickness,
electrode placement, and impedance, as opposed to differences in brain
activity (Pineda and Oberman, 2006; Pineda andHecht, 2009; Ulloa and
Pineda, 2007). Since ratio data are inherently non-normal due to lower
bounding, a log transform was implemented. More specifically, the
control period spectrawere averaged across all three conditions in order
to provide a smooth estimate of the denominator. LPR is defined as:

LPR = log A= Rð Þ;

‘A’ represents the task period and ‘R’ the control (common base-line)
period. The LPR in this context removes the influence of the subjects'
Please cite this article as: Naeem, M., et al., Electrophysiological sign
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motor activity so that EEG behavior uniquely attributable to social
coordination conditions can be assessed. We additionally note that in
thisway control periods (composite baselinenon-interactive condition)
are built-in to the present study providing a means to assess task
conditions that involvedifferent kinds of intentional social coordination.
A log ratio of less than zero indicates suppression, whereas a value of
zero indicates no suppression and a value greater than zero indicates
enhancement. The LPRwas estimated for each channel of each row from
the mid-line (see Fig. 1).

A repeated measures analysis of variance was performed to
investigate relationships between LPR data and experimentally manip-
ulated factors. Three factors were used for this purpose: Condition
(Intrinsic; In-phase; Anti-phase); Hemisphere (Left, Right) and Channel
with seven levels each representing electrode location (Anterior
Frontal; Frontal; Frontal–Central, Central; Central–Parietal; Parietal;
Parietal–Occipital) on montage rows 3 (AF3, F3, FC3, C3, CP3, P3 and
PO3) and 4 (AF4, F4, FC4, C4, CP4, P4 and PO4). Greenhouse–Geisser
(GG) correctionswere applied in caseswhere sphericitywas found tobe
violated. Post-hoc analysis employed one sample and paired sample t-
tests as appropriate.

Themu bandwas split into upper (10–12 Hz) and lower (8–10 Hz)
components and analyzed separately in line with other studies (e.g.,
Pineda and Oberman, 2006). However, the brunt of the analysis was
performed in the upper mu band. The analysis of control period (Log
Power) was also performed and included with lower band analysis
(Log Power Ratio) in the ‘Preliminary analysis’ sub-section of the
Results section.

Movement data analysis
Raw data from the subject's movement profiles were preprocessed

by applying a digital low pass filter (Butterworth, 10 Hz) in a recursive
manner to ensure zero phase-shift. The instantaneous phase of the
each subject was computed using a continuous Hilbert transform on
the mean-centered data. Phase locking value (PLV) of each pair's
movement profile was then estimated by employing correlation
measures for each trial. These estimates of individual trials were
averaged for each pair and across conditions. Therefore, every
condition constitutes six PLV variables each belonging to a pair of
subjects. Clearly, PLV is a paired variable that varies in the range of
[−1, 1]. For the control period this estimate would be expected to
yield values closer to zero. Coordinated behaviors in the task period
were anticipated to show distinct positive and negative shifts
respectively for in-phase and anti-phase conditions. A one-way
repeated measure analysis of variance was employed (control;
Intrinsic; In-phase; Anti-phase) to confirm behavioral differences.
Differences in conditions were confirmed by one sample and paired
sample t-tests as appropriate.

EEG-movement correlations
The purpose of this analysis was to verify modulations of brain

oscillatory activity with changing task contexts. To this end composite
LPR of each ‘pair’ (pLPR) of subjectswereutilized. These paired variables
atures of intentional social coordination in the 10–12 Hz range,
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of all conditions for an individual channel were aligned in a column
vector—six variables each belonging to respective active conditions
(Intrinsic; In-phase; Anti-phase). Correlations were estimated between
these vectors and a similarly arranged vector of PLV. This analysis was
performed for each of the channels in the centro-parietal region. Effects
of channel vectors irrespective of hemisphere (pLPR sum of CP4+CP3
etc.) with PLV were also estimated. Finally, correlations of PLV with
hemispheric difference vectors (pLPR difference of CP4−CP3 etc.)were
also calculated.

Results

Preliminary analysis

Control period
In the control period repeated measures analyses of variance

were performed in lower (8–10 Hz) and upper (10–12 Hz) mu
bands with Log Power as the dependent variable and Condition,
Hemisphere and Channel as independent factors. Condition failed to
appear as a main effect in either sub-band, confirming no general
variation of control period band power as a result of the context to
which it was attached. However, there was a Hemisphere main
effect in both lower [F (1, 11)=13.80, pb0.01] and upper, [F (1, 11)
=14.25, pb0.01] sub bands. This was expected as it confirms the
consistency of the effects of the right sided motor movement
(greater left sided mu suppression). In addition the Hemisphere by
Channel interaction was significant (F (6, 66)=6.14, pb0.05, GG
corrected) in the uppermu band consistentwith its associationwith
limb movement execution (e.g., Pfurtscheller and Lopes da Silva,
1999). There were no other significant interactions in either sub-
band. The lack of a Condition related main effect indicates that
averaging the control period spectra across conditions for the LPR
calculations was appropriate.

Effects of interaction conditions and LPR in lower mu band (8–10 Hz)
The 3-way repeatedmeasures ANOVAperformed for LPR in 8–10 Hz

range did not find any significant main effects. Only Condition by
Channel was significant [F (12, 132)=5.48, pb0.05, GG corrected]
Fig. 2. Influence of task conditions on mu modulation (log power ratio). From left to right th
Dotted lines represent a state of no change from control period. Channel key: af anterior fr
occipital.
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among interactions, confirming that there was power variation in
channel(s) across conditions. To ascertain the specific location of this
effect, 1-way repeated measures ANOVA were conducted for each
composite Channel irrespective of hemisphere (e.g. AF3–4, F3–4). This
analysis series revealed a significant effect only at parieto-occipital
electrode [F (2, 22)=5.95; pb0.05, GG corrected at PO]. However,
parietal as well as centro-parietal electrodes showed trends. Post hoc
paired-sample-t-tests showed significantly increased ERD in the anti-
phase in comparisonwith intrinsic (meandifference=−0.213; pb0.05)
and in-phase (mean difference=−0.199; pb0.05) contexts at parieto-
occipital electrodes. Interestingly, no difference was found between
intrinsic and in-phase conditions.

The results clearly show that the power variations in conditions
across channels – independent of hemispheres – increased from
anterior to posterior channels eventually becoming significant at
parieto-occipital electrode locations. This effect may well be attributed
to alpha de-synchronization due to increased visual processing: both
thenature of the anti-phase condition aswell as topographyof this effect
supports this conclusion.
Effects of interaction conditions and LPR in upper mu band (10–12 Hz)

Main effects
Condition [F (2, 22)=14.59, pb0.001] and Channel [F (6, 66)=9.43,

pb0.005, GG corrected] appeared as significant main effects. Condition
displayed a systematic increase in mu suppression (ERD) from the
intrinsic, through in-phase to anti-phase conditions (Fig. 2—center panel).
Post-hoc one-sample t-tests confirmed that for in-phase (mean=
−0.119; pb0.05), and anti-phase (mean=−0.297; pb0.001) contexts,
ERD was less than zero indicating suppression compared to the control
period. Therewasnoevidenceof ERD in the intrinsic context. Additionally,
the anti-phase context demonstrated significantly increased ERD com-
pared to the in-phase context (pb0.01). Taken together, these results
suggest systematic changes in mu suppression across conditions.

The Channel main effect indicates that posterior channels were
typically associated with smaller power ratios (more suppression)
than anterior channels (see Fig. 2—right). This effect at least in part
e main effect of hemisphere (left), condition (center) and channel (right) is displayed.
ontal, f frontal, fc frontal–central, c central, cp central–parietal, p parietal, po parietal–

natures of intentional social coordination in the 10–12 Hz range,
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can be attributed to visual stimulation in occipital regions that
typically accompany alpha de-synchronization.

Notably, the Hemisphere main effect (see Fig. 2—left) was non-
significant in contrast to the control period. This clearly indicates that
power asymmetry due to movement execution alone as found in the
control period (greater de-synchronization in the left) has been
minimized in the LPR analysis.

Two-way interactions
The Hemisphere by Condition [F (2, 22)=6.21, pb0.01] and

Condition by Channel [F (12, 132)=4.13, pb0.05, GG corrected]
interactions reached significance. It is apparent that mu ERD for each
condition was hemisphere dependent (see Fig. 3—left panel). ERD is
convergent (intrinsic and in-phase in comparison with anti-phase) in
the left hemisphere and divergent in the right. The Condition by
Channel interaction is driven by the fact that greater suppression is
seen in the anti-phase condition in central–parietal channel regions
(i.e. over the Central, Central–Parietal and Parietal channels) than
elsewhere on the scalp (Fig. 3—right panel).

The Hemisphere by Channel effect remained insignificant again
compared to control as was the case with the Hemisphere main effect.

Three-way interaction
The Condition by Hemisphere by Channel interaction was also

significant [F (2, 132)=4.36, pb0.05, GG corrected]. Variations in
experimental condition have differential effects on the measured EEG
power ratios across channels and hemispheres. This fact is further
demonstrated in Fig. 4 where the hemisphere differences aremaximal
in centro-parietal regions. Interestingly error bars show progressive
variation across conditions suggesting greatest individual variation
with the most difficult interaction condition.

To explore which channels were the main contributors to the
observed inter-hemispheric differences across conditions, 2-way
repeatedmeasuresANOVAwereconducted (Condition andHemisphere
as independents) for each Channel. In these analyses Condition
appeared as a main effect at central [F (2, 22)=14.61; pb0.001],
centro-parietal [F (2, 22)=14.54, pb0.001] and parietal [F (2, 22)=
14.33, pb0.001] locations. Hemisphere did not occur as amain effect for
Fig. 3. Influence of hemisphere and channel position on mu attenuation induced by the diff
(right panel)]. Dotted lines represent unchanged behavior from control period.
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any channel. A Condition by Hemisphere interaction was also found at
central [F (2, 22)=5.57, pb0.05, GG corrected], centro-parietal [F (2,
22)=6.95, pb0.01] and parietal [F (2, 22)=6.18, pb0.01] channels.
These results confirm not only the effect of condition on the degree of
mu suppression but also that the effects are exclusively located over
centro-parietal regions (see Fig. 4).

Post-hoc t-tests comparing ERS/ERD levels in left and right
hemispheres in each condition for centro-parietal electrodes are
shown in Table 1 indicating a well-localized phenomenon in the right
hemisphere that is modulated by social interaction. This effect is most
evident in the anti-phase condition where the power asymmetry
between left and right hemispheres present in the intrinsic and in
phase situations is completely reversed. A further observation is the
low hemispheric correlation in the intrinsic condition (see Table 1).

The data set shows that changes in mu relative to control are
modulated not only by social interaction conditions but are strongly
influenced by hemisphere and electrode position. Finally a series of
one sample t-tests was performed for each hemisphere and condition
for the centro-parietal electrode to test if consistent ERS/ERD changes
actually occurred relative to the control period.

For the left hemisphere the intrinsic condition showed no evidence
of significant ERD (mu suppression) for centro-parietal locations. In
contrast both in-phase (pb0.05 all sites) and anti-phase (pb0.01 all
sites) displayed significant ERD effects for the left hemisphere. In the
right hemisphere a trend toward mu enhancement was observed at
centro-parietal (p=0.08) for the intrinsic condition. Also for the right
hemisphere no sites showed significant mu changes compared to
control for the in-phase condition (isolated trend at parietal electrode,
p=0.06). In contrast for the anti-phase condition ERD at all sites was
highly significant (pb0.001).

Movement classification and correlation with ERD/S patterns of EEG

One-way ANOVA conducted to categorize task performance on a
quantitative basis revealed a significant difference in phase coupling
across conditions [F (3, 15)=33.60, pb0.001]. Control as well as all
the active conditions displayed distinct differences (Fig. 5). Post-hoc
one-sample t-tests confirmed that in the Control condition participant
erent social interaction conditions [displayed by hemisphere (left panel) and channels

atures of intentional social coordination in the 10–12 Hz range,
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Fig. 4. Patterns of mu modulations for each task context, showing influence of hemisphere and channel. Left panel—Intrinsic: Synchronization at right centro-parietal region. Center
panel—In-phase: Relatively little suppression at right centro-parietal region. Right panel—Anti-phase: Greater de-synchronization at right centro-parietal region. Note the similar
pattern of changes across left hemisphere in all conditions. Dotted lines represent where modulations are unchanged from control period. Channel key: af anterior-frontal, f frontal,
fc fronto-central, c central, cp centro-parietal, p parietal, po parieto-occipital.
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displayed no phase correlation (mean=−0.017; ns). As expected in-
phase (mean=0.638; pb0.001), and anti-phase (mean=−0.297;
pb0.05) conditions displayed markedly different coordination pat-
terns—positive and negative phase locking behavior (PLV) respec-
tively. Intrinsic (mean=0.182; p=0.054) depicted a positive phase
locking trend. A further comparison revealed that intrinsic condition
was indeed different from control (pb0.05).

PLV measures clearly show distinct coordination behaviors. In the
preceding section ANOVA analysis demonstrated that the changes in
mu oscillatory activities are strongly influenced by social interaction
at centro-parietal regions. However, this qualitative display needed
verification. To this end, correlation between PLV in the active
conditions and pLPR was estimated.

These data clearly show that the changing level of mu suppression
across conditions in the left hemisphere (see Fig. 4) was not
correlated to variation in social interaction. The general changes in
conditions – irrespective of hemisphere – were found to be
uncorrelated to task manipulations. However, right hemisphere data
demonstrated marked trends [p=0.073 at C, p=0.069 at CP and
p=0.096 at P] along with comparatively much improved overall
statistics. This provides indication that distinct de-/synchronization
Table 1
Comparison of left and right hemisphere mu suppression at central (C), centro-parietal
(CP) and parietal (P) electrode sites for each social interaction context. Bold depicts
correlation statistics of intrinsic condition.

Channel Conditions LPR difference
(right – left)

p-value Correlation
coefficient

p-value

Central (C) Intrinsic +0.079 =0.06 0.515 =0.089
In-phase +0.064 b0.05 0.827 b0.001
Anti-phase −0.126 =0.05 0.711 b0.010

Centro
-parietal (CP)

Intrinsic +0.104 b0.05 0.222 ns
In-phase +0.074 b0.05 0.820 b0.001
Anti-phase −0.161 b0.05 0.746 b0.010

Parietal (P) Intrinsic +0.067 =0.05 0.452 ns
In-phase +0.042 =0.11 0.918 b0.001
Anti-phase −0.098 b0.05 0.911 b0.001

Please cite this article as: Naeem, M., et al., Electrophysiological sig
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patterns noted in conditions in the right hemisphere (see Fig. 4) were
related to task manipulations.

Finally, pLPRhemispheric differences in centro-parietal regionswere
found to be correlatedwith variation in social interaction [pb0.050 at C,
pb0.050 at CP and p=0.059 at P]. This resultmay be seen in the context
of our preceding analysis (especially Table 1) which clearly depicts
systematic variation of LPR difference (R–L) from intrinsic to in-phase to
anti-phase at all electrodes in the centro-parietal regions. Here, we show
that this systematic variation across conditions is a function of changing
coordination contexts.

Discussion

This study investigated the differential effects of social coordination
context on brain synchronization/de-synchronization in the alpha-mu
Fig. 5. Coordination (PLV) estimates between participants' movement in control and
task conditions. The dotted line depicts zero phase locking tendencies between the
participants.

natures of intentional social coordination in the 10–12 Hz range,
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(8–12 Hz) band of the EEG spectrum. Changes in mu are thought to
provide a non-invasive correlate of a mechanism responsible for the
common coding of action and perception (Cheng et al., 2008;
Muthukumaraswamy et al., 2004; Oberman et al., 2005) and may be a
reliable cortical indicator of social engagement and interaction (Yang et
al., 2009). Previous studies have shown that degree of social
involvement (Oberman et al., 2007) and social relevance (Kilner et al.,
2003) of observed actionsmodulatesmu suppression. The results of the
present study show that social coordination context dramatically affects
degree of mu suppression/enhancement.

It is important to elucidate essential differences between the present
work and previous research in which spontaneously occurring interper-
sonal coordination was investigated at both behavioral (Oullier et al.,
2008) and neural levels (Tognoli et al., 2007). In the latter research
synchronized (in-phase as well as anti-phase) and un-synchronized
(intrinsic) behaviors were found a posteriori and their specific neuro-
markers identified. However, a clear distinction between the neural
signatures of in-phase and anti-phase could not be made due to the
nature of the spontaneous interaction which allowed little anti-phase
coordination to occur persistently over the whole trial. The present
experimental design enables us to specifically focus on the effects of
manipulating social coordination across conditions (intentional inter-
action). This clearly helped in differentiating coordination signatures—
especially in anti-phase where the most dramatic modulations were
observed relative to other conditions. Another important aspect of the
present study is the brain-behavior mapping analysis performed to
ascertain the relevance of changing coordination context on modula-
tions of brain oscillatory activity. The overall analysis was performed
from the perspective of de-/synchronization in the mu spectral domain,
an aspect of social interaction that has remained largely unexplored. The
use of the log power ratio (LPR) precisely allowed us to systematically
remove the spectral effects of motor activity from the EEG signals. By
parsing out the consequences on EEG of the subject's movements we
were able to analyze the effects of the degree of mutual information
exchange during observation and perception of movement rather than
the movement execution itself. In view of these considerations, the
present experiment and analysis may be considered as complementary
to previous works (Kelso and Engstrom, 2006).

The data in the present study clearly show that the level of mu
suppression (ERD) increases with task difficulty (from intrinsic through
in-phase to anti-phase contexts) and is particularly systematic in the left
hemisphere. This suggests that the underlying cell assemblies became
progressively desynchronized as processing load increased (Pfurtscheller
and Neuper, 1997) predicting increased activity throughout the cortex in
areas related to sensori-motor processing (Craighero et al., 1999;
Rizzolatti et al., 1999). In keeping with this interpretation other work
has failed to find parietal-premotor circuit activation in circumstances
with insufficient behavioral demand (Grafton et al., 1996)—paralleling
our findings in the intrinsic condition. In contrast, the explicit re-
quirements to coordinate during in-phase and particularly anti-phase
contexts likely augment sensory-motor awareness (Blakemore et al.,
2005; Gastaut, 1951; Muhlau et al., 2005) of the other's actions, a factor
reported to increase processing load and engage more resources in both
hemispheres (Dujardin et al., 1995; Virji-Babul et al., 2008). However,
both behavioral (Temprado et al., 2002) and imaging studies (De Luca et
al., 2010; Jantzen et al., 2009) suggest less sensory-motor engagement in
mutual synchronization compared to more complicated behavioral
interactions such as syncopation. The greater level of de-synchronization
in anti-phase in comparison to in-phasemay well be explained from this
perspective.

Despite the broadly similar changes across conditions in both
hemispheres the present data also suggest that region and hemisphere-
specific processes play a prominent role. A recruitment of centro-
parietal circuitry in the right hemisphere was clearly evident, in sharp
contrast to the absence of localized modulation in the left hemisphere.
This result differs from classic static action-observation paradigms
Please cite this article as: Naeem, M., et al., Electrophysiological sign
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where bilateralmu suppression has been typically reported (Babiloni et
al., 1999; Cochin et al., 1998; Muthukumaraswamy et al., 2004)
implying similar activation in both hemispheres. In real time social
interactions, however, where perception of another's actions is
combined with self-generated motor behavior, localized recruitment
of right centro-parietal regions in the mu domain has been reported
(Tognoli et al., 2007) and confirmed (Dumas et al., 2010). Moreover,
across different social involvement scenarios, the data reported by
Oberman et al. (2007; see also Perry and Bentin, 2009) are suggestive of
increased mu suppression in the right hemisphere. The topographically
distinct lateralized signatures found in the currentparadigm, thoughnot
without precedence; still need understanding in light of the topograph-
ically un-specific patterns usually found in static action-observation
paradigms. It has been argued, for example, that the mirror neuron
system(MNS) is not lateralizedbut that asymmetriesmayappearon the
basis of task-dependent functions (Miller and Cummings, 2007). Our
findings suggest that processes exclusive to simple social interactions, in
addition to sensory-motor processes, utilize functional resources of the
MNS particularly in the right hemisphere. Such functional recruitment
not only relates to systematic increases in mu suppression associated
with behavioral demand but also the different asymmetries observed
across social interaction conditions.

Social interaction is a dynamic process that places continuous
demands on interactive communication in which each member of the
pair is an emitter as well as a receiver of task-relevant information
(Dumas, et al., 2010; Oullier and Kelso, 2009; Tognoli et al., 2007). This
simultaneous emit~receive mode of operation requires continuous
mutual information exchange. Such interactional dynamics differs from
a ‘receive only’ mode typical of many action-observation paradigms.
Therefore neural signatures such as bilateral mu suppression present in
simple static action-observation paradigms may not fully represent
those found in fluid social interactions.

In the current experiment, the discriminating aspect of the
conditions was to ignore (intrinsic), follow (in-phase) or to oppose
(anti-phase) the movement pattern of the partner. The movement data
clearly showed that each aspect of coordination resulted in phase-
locking tendencies clearly distinct from control periods in which
bidirectional information exchange was not possible. In the coordina-
tion conditions, each participant of the pair had to continuously predict
the intention of the other in order to regulate their own corresponding
action (Iacoboni et al., 1999). Clearly, intent-perception represents a
somato-sensory or kinesthetic process which should be differentiated
from sensory-motor processes implicated in action-observation. Such a
separation is supported by evidence from primates showing response
differences for action-observation (Lacquaniti et al., 1995; Mountcastle,
1975) and intent-perception (di Pellegrino et al., 1992; Gallese et al.,
1996; Rizzolatti et al., 1996). Not surprisingly, the intent-perception
process also exists in humans as well. PET imaging research has
demonstrated a predominantly right sided parietal activity in response
to encoding and repetition of observed gestures or pantomimes (Decety
et al., 1997;Grezes et al., 1998) andan fMRI studyhas reported that right
parietal cortex is primarily activated while repeating an exact
movement (Iacoboni et al., 1999). A link between the right hemisphere
and the capacity to judge another individual's intentions has also been
proposed (Happe et al., 1999). Consistent with the foregoing, the
dramatic increase in right hemisphere de-synchronization observed in
centro-parietal regions during anti-phase compared to in-phase condi-
tionsmay be interpreted as a response to the importance of the inferred
movement patterns and their (differential) processing demands.

Differences between processes underlying synchronized (in phase)
and syncopated (out of phase) interactions are well-known within
individuals. Synchronization is known to be a more stable form of
coordination and places fewer demands on neural resources than
syncopation (Kelso, et al., 1992; Mayville et al., 2001). It is plausible
that the matching of movement patterns becomes somewhat straight-
forward requiring little monitoring once harmonization is established.
atures of intentional social coordination in the 10–12 Hz range,
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The relatively automated behavior of in-phase may result in lesser
suppression or perhaps removal of specific de-synchronization in right
centro-parietal regions. On the other hand, syncopation is particularly
error prone: even at low rates syncopation appears to be easily lost and
difficult to reinstate (Mayville et al., 2002). In the anti-phase condition
subjects not only need tomonitor current actions and predict future ones
to maintain correct interaction but they must also counter tendencies to
fall into more natural synchronized activity. The need for continuous
monitoring to successfully coordinate anti-phase suggests almost a
constant top-down recruitment of intent-perception processing and may
explain the dramatic net suppression effect at right centro-parietal
electrodes.

In the present intrinsic task context the introduction of visible motor
activity of the other was not expected to produce changes in sensori-
motor neural processing, since the instruction was to ignore the
movements of the other and persist in performing one's own intrinsic
rhythm. Although no significant effects were observed in the left
hemisphere, somewhat counter intuitively, increased mu synchroniza-
tion was observed in right centro-parietal regions. This effect may be
interpreted in light of the behavioral data where surprisingly positive
phase-locking tendencies were evident. Event related synchronization
(ERS) in the alpha domain is often related to an inhibitory response
mechanism due to visual stimulation (Muthukumaraswamy and Singh,
2008; Pfurtscheller and Klimesch, 1990,Walsh and Haggard, 2010). Such
strengthening of alpha band oscillations in centro-parietal regions has
been previously associated with suppression of sensori-motor informa-
tion (Ray and Cole, 1985). ERS is elicited when subjects withhold/control
or reject their response to a stimulus, a process that is probably under top-
downcontrol (Klimeschet al., 2007). In thepresent intrinsic condition this
implies that a natural coordination predilection has to be ignored in order
for individual behavior to predominate (Kelso, 1995; Tognoli et al., 2007).
Such an interpretation is compatible with arguments that MNS output is
constantly available but can be actively inhibitedwhennot needed (Brass
et al., 2005). Therefore the intrinsic context may have induced increased
mu synchronization as a consequence of the requirement to ignore task
irrelevant motor activity generated by the observed partner. This active
inhibition process appears to engage the right hemisphere, a finding
consistent with previous studies (Klimesch, 1996; Klimesch et al., 2007;
Walsh andHaggard, 2010) andwith currentwork implicating right sided
mechanisms in processing aspects of social interaction. A further
difference lies in the inter hemispheric correlation which is low for the
intrinsic condition, implying a lack of relationship between hemispheres
in contrast to highly correlated effects in the in phase and anti-phase
conditions.

The changing oscillatory dynamics observed in response to
varying phase locking features in the behavioral data may be
indicative of the emergence of “we-centric” space in social interac-
tion situations. In line with this theme, pLPRs were mapped with
PLVs to uncover brain-behavior correlations. However, only the
hemisphere difference effect showed clear correlation with varying
phase locking across conditions though the right hemisphere showed
distinct trends. These results may best be understood from the
finding that mu suppression is related to the degree to which the
observer relates to observed actions (Gastaut and Bert, 1954). Such
an interpretation is consistent with a number of other works
involving simple action-observation tasks (e.g. Babiloni et al., 2002;
Cochin et al., 1999; Muthukumaraswamy et al., 2004; Oberman and
Ramachandran, 2007). Importantly, the characteristic patterns in the
latter studies were bilateral in nature, increasing with greater
behavioral demands or task difficulty whereas the difference effect
observed here is predominantly in the right hemisphere over centro-
parietal regions.

In conclusion, our results reveal core information processing
activities that change systematically with simple coordination contexts
and are successfully indexed by changes in mu activity in the 10–12 Hz
range. Right hemisphere mu activity is particularly sensitive to task
Please cite this article as: Naeem, M., et al., Electrophysiological sig
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context. Clear increases inmusuppression accompanied changes in task
conditions, and a marked right sided mu suppression asymmetry was
observed in the most demanding context — an asymmetry reversed in
other conditions. The asymmetrical changes observed are consistent
with the implementation of an intent-perception process and are
correlated with changing behavioral dynamics. In future work, it may
be interesting to studynon-social interaction conditions, such as a visual
metronome, to further pinpoint the social nature of task dependent mu
modulations. Though beyond the scope of the present study other
aspects, such as leader-follower differences as well as inter-brain phase
synchronization, are clearly open to further investigation in the real-
time interaction paradigm employed here. The present research shows
that the intent of action (of the other) and perception (by self) are
needed to integrate the mutual information exchange necessary for the
dynamics of this simple social interaction to unfold. Remarkably, a right
sided mechanism involving centro-parietal regions proves to be
extremely sensitive to elementary forms of intentional social
coordination.
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