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A B S T R A C T

Humans coordinate their movements with one another in a range of everyday activities and skill domains.
Optimal joint performance requires the continuous anticipation of and adaptation to each other’s movements,
especially when actions are spontaneous rather than pre-planned. Here we employ dual-EEG and frequency-
tagging techniques to investigate how the neural tracking of self- and other-generated movements supports
interpersonal coordination during improvised motion. LEDs flickering at 5.7 and 7.7 Hz were attached to par-
ticipants’ index fingers in 28 dyads as they produced novel patterns of synchronous horizontal forearm move-
ments. EEG responses at these frequencies revealed enhanced neural tracking of self-generated movement when
leading and of other-generated movements when following. A marker of self-other integration at 13.4 Hz (inter-
modulation frequency of 5.7 and 7.7 Hz) peaked when no leader was designated, and mutual adaptation and
movement synchrony were maximal. Furthermore, the amplitude of EEG responses reflected differences in the
capacity of dyads to synchronize their movements, offering a neurophysiologically grounded perspective for
understanding perceptual-motor mechanisms underlying joint action.
1. Introduction

Humans extend everyday action capabilities by coordinating their
actions with one another. Heavier and more distant objects can be moved
or reached when two or more people cooperate (Sebanz et al., 2006;
Schmidt and Richardson, 2008; Keller et al., 2014). Creative possibilities
in music and dance increase when involving multiple co-performers
(Phillips-Silver and Keller, 2012; D’Ausilio et al., 2015). The capacity
for coordinating with each other develops at an early age, supports
feelings of interpersonal connectedness, communication, and pro-social
behavior (Richardson et al., 2007a; Hove and Risen, 2009; Marsh
et al., 2009; Wiltermuth and Heath, 2009; Valdesolo et al., 2010; Cirelli
et al., 2014). Coordination skills are often impaired in social pathologies
such as autism or schizophrenia, and, conversely, can be enhanced with
expertise (Charman et al., 1997; Varlet et al., 2012; Marsh et al., 2013;
Keller et al., 2014). Optimal coordination in time and space requires
individuals to continuously anticipate and adapt to each other’s ongoing
actions (Sebanz et al., 2006; Knoblich et al., 2011; Coey et al., 2012;
Keller et al., 2014). Here we investigate the advanced neural mechanisms
that allow humans to engage in efficient self-other anticipation and
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adaptation and the production of highly coordinated cooperative
behaviors.

Amongst the multimodal sensory arrays that are typically available
during joint action, visual information is often crucial when precise
spatiotemporal coordination with others is required (e.g., dancing or
team sports). In such situations, vision allows access to information about
others’ movements in relation to one’s own movements with high reso-
lution in space and time, allowing movement trajectories to be antici-
pated and joint action outcomes to be monitored (Schmidt and
Richardson, 2008; Knoblich et al., 2011; Keller et al., 2014). Visual in-
formation often plays an influential role even in activities that are pri-
marily driven by auditory information, such as ensemble musical
performance, where visual cues support the coupling of musicians’
expressive body movements and thereby facilitate the interpersonal
synchronization of tempo fluctuations used to convey affective and
aesthetic intentions (D’Ausilio et al., 2015; Chang et al., 2017;
MacRitchie et al., 2017).

The need for anticipation and adaptation is heightened in joint tasks
that are improvised and require ongoing planning, as is often the case in
everyday activities, than for fully pre-planned and rehearsed tasks. Noy
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and colleagues recently developed the ‘mirror game’ paradigm to
examine interpersonal coordination dynamics during joint improvisation
(Noy et al., 2011). In this seminal study, dyads were asked to produce
creative and synchronized upper-limb body movements together with
and without a designated leader. The results revealed that, when leader
and follower roles were given, adaptation to each other’s movement
trajectories became asymmetrical and interpersonal synchrony tended to
degrade, in contrast with conditions in which no leadership instruction
was given to the dyads. The benefits of no leadership instruction were
found in expert improvisers (actors and musicians with over 10 years of
experience in joint improvisation) andwere interpreted as indicating that
the task was being performed in the manner of two leaders in implicit
agreement about their future motion patterns, possibly attaining a sub-
jective state that corresponds to the state of ‘togetherness’ often experi-
enced by ensemble musicians and actors.

Previous research has suggested that leadership roles can influence
the degree to which individuals monitor self- and other-generated
movements, as well as the degree to which these two sources of infor-
mation are integrated (Keller et al., 2016; Novembre et al., 2016). It has
been proposed that adopting the role of follower encourages greater
monitoring of other actions and self-other integration, whereas adopting
the role of leader encourages greater monitoring of self actions and
self-other segregation (Keller et al., 2016). Therefore, undesignated
leadership roles might be key to achieving an optimal balance in joint
improvisation by favoring self-other integration, and thus, enhancing
mutual adaptation and the experience of a state of ‘togetherness’. How-
ever, the neural mechanisms underlying the tracking of self- and
other-generated movements and their integration remain unclear. A
particular challenge is to disentangle responses related to self versus
other in recordings of brain activity, to examine their dynamics sepa-
rately and how they are integrated to support dyadic coordination
performance.

Here, in order to investigate these mechanisms and their role in
interpersonal coordination, we combined dual-EEG recording with
Fig. 1. Illustration of the joint movement improvisation task, and movement and E
movement time series exhibited by paired participants instructed to produce novel m
along the horizontal axis. The left and right panels represent the EEG frequency-dom
leadership conditions, and dyads (Person 1 and 2 separately). Spectra indicate larg
corresponding harmonics) evoked by the 5.7 Hz and 7.7 Hz flickering LEDs attached
raphies represented above the EEG spectra generally show medial occipital distribu
tribution for self responses than other and inter responses. Other, self and inter resp
significant frequency peaks at the group level (see method section for further det
fundamental and its first 3 harmonics for self and amplitude at 13.4 Hz (fundamenta
other, self, and inter to the maximal value.
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frequency-tagging techniques in a joint improvisation scenario inspired
by the ‘mirror game’ paradigm. Participants in dyads were required to
create novel movement patterns by producing horizontal forearm oscil-
lations in synchrony as leadership instructions were manipulated.
Frequency-tagging techniques were employed because they allow the
neural processing of multiple stimuli presented concomitantly in the vi-
sual environment to be disentangled in the EEG signal, based on different
frequencies associated uniquely with each stimulus (Di Russo et al.,
2007; Ales et al., 2012; Painter et al., 2014; Norcia et al., 2015; Renton
et al., 2018). A light-emitting diode (LED) was attached to each partici-
pant’s index finger within a dyad as they synchronized their movements
together (see Fig. 1). The LEDs continuously flickered at a specific fre-
quency that differed for each participant within a dyad – 5.7 Hz (Person
1) and 7.7 Hz (Person 2). The neural tracking of self- and other-generated
movements could be indexed with high signal-to-noise ratio by the
amplitude of the responses at those specific frequencies (and respective
harmonics) in participants’ EEG (i.e., Steady State Visual Evoked Po-
tentials). The amplitude of self and other responses was expected to be
selectively modulated depending on leadership instructions, with par-
ticipants exhibiting larger other responses when following and larger self
responses when leading. Self and other responses were expected in pri-
mary visual areas, as indicated by different topographical distributions
for self and other responses reflecting the relative positions of self- and
other-generated movements in the lower or upper parts of participants’
visual fields, respectively, due to our task setup, and their projection onto
the superior and inferior lips of the calcarine sulcus (due to the inversion
of the visual field).

An advantage of implementing this method is that it allows neural
responses related to the integration of multiple sources of environmental
information to be measured. Indeed, previous research has revealed EEG
responses not only at the fundamental frequencies of flickering stimuli
but also at inter-modulation frequencies. These responses occur as a result
of nonlinear interactions between separate fundamental frequencies
(Zemon and Ratliff, 1982, 1984; Regan and Regan, 1988; Norcia et al.,
EG responses of paired participants. The panel at the center represents typical
ovement patterns in synchrony by varying forearm motion speed and amplitude
ain amplitude spectra (with baseline subtracted) averaged across all channels,

e EEG responses at other, self and inter (self-other integration) frequencies (and
to participants’ right index fingers. The corresponding grand-averaged topog-
tions for the other, self and inter responses, with a more superior, parietal dis-
onses for the topographies correspond to the sum of the amplitude of all the
ails): sum of the fundamental and its first 5 harmonics for other, sum of the
l only) for inter. The color-scales of the topographies are adjusted separately for
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2015; Alp et al., 2018) and have been recently reported as markers of
integration in the context of face and biological motion perception
(Boremanse et al., 2013, 2014; Alp et al., 2017). We hypothesized that
inter-modulation frequencies at 13.4 Hz [5.7 þ 7.7] and/or 2 Hz
[7.7–5.7] (and respective harmonics) will occur in the EEG as markers of
self-other integration, with maximal amplitude in the Joint condition
where no leader was designated.

2. Material and methods

2.1. Participants

Twenty-eight dyads (56 participants in total) volunteered to take part
in the experiment (36 females and 20 males aged from 18 to 45 years;
M¼ 24.70, SD¼ 5.63). Eleven female-female, three male-male and
fourteen female-male dyads were composed by random assignment. All
participants were right handed, had normal or corrected-to-normal
vision, and provided written informed consent prior to the experiment,
which was approved by the Human Research Ethics Committee at
Western Sydney University.

2.2. Stimuli

Flickering lights (‘flickers’) attached to each participant’s right index
finger were Kingbright LEDs (L-7104ZGCK 3mm Green [525 nm] InGaN
Solid State Lamps, Kingbright, Taipei, Taiwan). The flickers were
attached to the finger facing upwards using Velcro cuffs. The LEDs were
powered by a 9 V alkaline battery and driven at a constant current of
approximately 13mA, producing a luminous intensity of 5 cd. The tops of
the LEDs were ground down, leaving a flat matt surface, in order to more
uniformly scatter the light and to increase the viewing angle. The LEDs
were driven by a Microchip ATmega32U4 microcontroller to flicker at
5.70 Hz for Person 1 and 7.70 Hz for Person 2 (with accuracy better
than� 4.2mHz and period uniformity better than� 63 ns) with a 50%
duty cycle (i.e., turned on for half of the time and turned off for half of the
time) square-wave. The flickering lights were manually turned on by the
experimenter at the beginning of the experiment and turned off at the
end.

2.3. Procedure

On arrival, the participants were provided with an information sheet
that described the joint movement synchronization task, and the EEG and
motion capture equipment used. Written informed consent was then
invited and in all cases obtained.

Participants were then fitted with the EEG caps and electrodes before
being asked to sit in two chairs positioned in front of each other. Par-
ticipants were asked to point their right index finger (hand positioned
horizontally and index finger extended) in front of each other as close as
possible without contact. The position of the chairs was adjusted to have
participants seated comfortably with their right index finger positioned
at upper-abdomen height with the right elbow bent at approximately
90–120�, in order to remain still and relaxed while producing horizontal
forearm oscillations.

Motion capture sensors and flickers were then attached on the Distal
phalanx of each participant’s right index finger (between the Distal inter-
phalangeal joint and the fingernail with the LED facing up) and the
participants were asked to perform continuous forearm oscillations
together along the horizontal axis with minimum distance between their
fingers and minimal deviations along the other axes (see Fig. 1). Partic-
ipants were told to keep their movement amplitude within a comfortable
80 cm range (limits were shown visually by the experimenter at the
beginning of the experiment). They were asked to do their best to pro-
duce movements that were synchronized (mirrored each other) and
novel by varying their speed and amplitude along the horizontal axis. The
experimenter monitored participants’movements to make sure that they
3

followed these instructions and produced novel motion patterns contin-
uously throughout the trials.

The participants were instructed to perform the task in three different
conditions – the Follower-Leader condition, in which Person 2 was asked
to lead the joint performance; the Leader-Follower condition, in which
Person 1 was asked to lead the joint performance; and the Joint condi-
tion, in which no leader or follower roles were given and participants
were asked to perform together. Participants were allowed one practice
trial for each of the three conditions. They then performed 12 trials of
180 s in total (i.e., 4 trials in each condition), which were presented in a
randomized order. The total duration of the experiment, including EEG
preparation and breaks, was approximately 100min.

2.4. Movement recording and analyses

Index finger movements of the two participants were recorded at a
sampling rate of 240Hz with 0.01mm spatial resolution via a Polhemus
LIBERTY motion tracker (Polhemus Ltd., VT, USA) and saved on a PC
computer for off-line analyses. The recorded movement time series were
bandpass filtered between 0.1 and 15Hz using a bidirectional Butter-
worth filter to remove very slow and high frequency fluctuations.
Different dependent variables were then computed to assess movement
synchronization performance of the dyads.

We first computed the 3D distance between the index fingers of the
two participants and calculated its mean and standard deviation to assess
the accuracy and stability of the synchronization in each trial. We also
computed the continuous phase of participants’ horizontal movements
using a Hilbert transform, and then calculated the relative phase angles
between the two participants (phase of Person 1 – phase of Person 2)
(Kelso, 1995; Pikovsky et al., 2003). Negative relative phase angles
indicated that Person 2 led in time, and positive relative phase angles
indicated that Person 1 led in time. Using circular statistics, we then
computed the mean and standard deviation of the relative phase angles to
assess leader-follower phase relations and their stability throughout each
trial (Batschelet, 1981; Pikovsky et al., 2003). Although the mean and
standard deviation of relative phase both constitute measures of syn-
chronization performance, these measures can reflect different mecha-
nisms underlying movement synchronization. Mean relative phase (or,
alternatively, asynchronies as computed in traditional finger-tapping
studies) mainly varies as function of global temporal parameters such
as the period of internal timekeepers or oscillatory processes (i.e., period
matching), whereas the standard deviation of relative phase (or asyn-
chronies) varies as a function of noise in the system and error correction
processes that counteract it locally (Schulze and Vorberg, 2002;
Richardson et al., 2007b; Repp and Keller, 2008; Varlet et al., 2012).
Finally, individual continuous phase time series were used to compute
the directionality of the coupling between the two participants using the
evolution map approach (Rosenblum and Pikovsky, 2001; Novembre
et al., 2015; Richardson et al., 2015). This technique provides a measure
of the directionality of the coupling between two self-sustained oscilla-
tors by estimating the ratio of the coupling terms from the phase time
series. The aim of this method is to model the phase dynamics of the two
oscillators to determine how much the phase of one oscillator predicts
the phase of the other oscillator and vice versa (see Rosenblum and
Pikovsky (2001) and Rosenblum et al. (2002) for further details). The
coupling asymmetry index d(1, 2) obtained with this method varies be-
tween�1 and 1, with�1 and 1 corresponding to perfectly unidirectional
coupling and 0 corresponding to perfectly symmetrical bidirectional
coupling. Negative values indicated greater adaptation of Person 1 to-
wards Person 2, while positive values indicated the opposite.

2.5. EEG recording and analyses

EEG signals were recorded at a sampling rate of 2048Hz using a
Biosemi Active-Two system (Biosemi, Amsterdam, Netherlands) with 64
Ag-AgCl electrodes placed over the scalp of the two participants
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according to the international 10/20 system. All electrodes were refer-
enced to the Common Mode Sense (CMS) and their magnitude was kept
below 50 μV. Four additional electrodes placed above and below the
right eye and the external corner of the left and right eyes were used to
record ocular movements and eye blinks.

Data were first high-pass filtered using a 4th order Butterworth filter
with a cut-off frequency of 0.1 Hz, notch filtered to remove 50 Hz (and
corresponding harmonics) electrical power contamination, and then
downsampled to 1000Hz and segmented into 180 s trials, thus corre-
sponding to the 180 s sequences of joint movement. Channels containing
excessive artifact or noise were then interpolated with the neighbouring
channels (i.e., an average of 1.7 [SD¼ 1.41] interpolated electrodes per
participant and never more than 5 electrodes). An independent compo-
nents analysis (FastICA), as implemented in Fieldtrip (Oostenveld et al.,
2011), was then used to remove eye blink artifacts. Based on visual in-
spection of the topography and time-course, one single component
related to eye blinks was removed per participant (no such component
was identified and removed for 8 participants). Lateralized eye move-
ments were observed for most participants due to visual-tracking
behavior but these components were not removed from the data. EEG
data were then re-referenced to the average of all scalp electrodes.

At the next stage of data processing, we used a Fast Fourier Trans-
formation (FFT) on each trial to compute the amplitude spectra up to
50 Hz with a frequency resolution of 0.0056Hz (i.e., 1/180). In order to
examine the occurrence of significant EEG responses at specific fre-
quencies, we pooled the spectra of all EEG channels together and
computed Z-scores at each frequency bin as the difference in amplitude
between that frequency bin and the mean of the 20 neighbouring fre-
quency bins (excluding the two immediately adjacent frequency bins),
divided by the standard deviation of those 20 neighbouring bins. Z-scores
were computed at the group-level (amplitude spectra averaged across
conditions and participants [Person 1 and 2 separately]) and individual-
level (amplitude spectra averaged across conditions). EEG responses at
specific frequency bins were considered to be significant when the Z-
score value was greater than 3.1 (p< .001, one-tailed), in line with
previous studies that used frequency-tagging techniques (Jacques et al.,
2016; Quek et al., 2018), which indicated signal amplitude significantly
larger than the noise background.

In order to control for the effect of background noise (including
muscular artifacts) on participants’ EEG responses, we subtracted at each
frequency bin of the amplitude spectra the average amplitude of the 20
neighbouring frequency bins excluding the two immediately adjacent
frequency bins (Nozaradan et al., 2011; Jacques et al., 2016; Lenc et al.,
2018). The baseline subtraction allowed background noise and muscular
artifacts to be controlled for, as such irregularities affect amplitude
spectra over a large range of frequency bins around those of interest.
Finally, amplitude spectra averaged across all EEG channels with
noise-subtraction were computed for each participant and condition, and
used for further statistical analyses in order to compare the amplitude of
participants’ EEG responses across the different conditions and to
calculate correlations with movement synchronization performance.
Topographies presented in Figs. 1 and 3 were made using Letswave6
(Mouraux and Iannetti, 2008) (www.nocions.org/letswave).

2.6. Statistical analyses

All statistical analyses were conducted using R version 3.4.3 (Team,
2017) and graphics were made with the package ggplot2 (Wickham,
2016). Repeated-measures ANOVAs were performed with the package
“afex” version 0.19–1 (Singmann et al., 2015) with Greenhouse-Geisser
correction applied when the assumption of sphericity was violated.
Pairwise contrasts were used to examine the significant effects further,
with Bonferroni adjustment for multiple comparisons.

To compare movement synchronization performance across the
different conditions, one-way repeated-measures ANOVAs with the fac-
tor Leadership (Follower-Leader, Joint, and Leader-Follower) were
4

conducted on themean and standard deviation of the distance and relative
phase angles between participants’ fingers, and the coupling asymmetry
index values. Follower-Leader and Leader-Follower conditions were kept
separate because mean relative phase values and coupling asymmetric
index values could not be averaged, as they were either positive or
negative. One-sample t-tests were also used on the mean relative phase
and directionality index values for the different leadership conditions,
with Bonferroni adjustment to test for differences from 0.

To compare the amplitude of individual EEG other and self responses
across the different conditions, two-way repeated-measures ANOVAs
were performed with the factors Leadership (Leader, Follower and Joint)
and Harmonic (which included harmonics that were significant at the
group level, i.e., the fundamental and the 1st-5th harmonics for other and
fundamental and 1st-3rd harmonics for self). A one-way repeated-mea-
sures ANOVA with the factor Leadership (Leader, Follower and Joint)
was used to analyze the amplitude of inter responses, as only the 13.4 Hz
response that was significant at the group-level was examined. Note that
the factor Leadership for these ANOVAs was different from the experi-
mental conditions (i.e., Follower-Leader, Joint and Leader-Follower) and
corresponded to the individual role of the participants – whether they
were instructed to lead, follow, or perform jointly. To examine differ-
ences in topography, two-way ANOVAs with the factors Leadership
(Leader, Follower and Joint) and Electrode (Oz and POz) were conducted
on other, self, and inter responses to test the occipital-parietal (inferior-
superior) distribution of these responses.

To examine the links between the amplitude of EEG responses and
movement synchronization performance, multiple linear regressions
analyses were conducted on the dependent variables mean and standard
deviation of the distance and relative phase angles between paired par-
ticipants’ fingers. Absolute mean relative phase values were used in these
analyses in order to obtain an actual measure of performance – the
amount of deviation from perfect synchrony. Multiple regression ana-
lyses (i.e., twelve in total) were conducted separately for each of the four
dependent variables and the three experimental conditions with Person
1’s other, self, and inter, and Person 2’s other, self, and inter amplitudes as
independent variables (i.e., six in total) to examine possible interactions
between individual roles and EEG responses. Four multiple regression
analyses on the same dependent variables were subsequently conducted
with the sum of Person 1 and 2 (dual EEG) other, self, and inter responses
averaged across conditions as independent variables (i.e., three in total)
to examine more general links between EEG responses and movement
synchronization performance across dyads.

3. Results

Amplitude spectra for EEG responses with baseline subtraction,
averaged across the three Leadership conditions and all participants
(Person 1 and 2 separately), are presented in Fig. 1. The results indicated
significant EEG responses at the targeted frequencies that were, together
with dyadic movement synchronization, modulated by the leadership
roles assigned to the participants. The results related to movement dy-
namics, neural dynamics, and the link between the two, are presented in
the following sections.

3.1. Movement dynamics

Analyses of participants’ forearm movements recorded with the 3D
motion tracking system as they produced novel movement patterns
together, revealed different dynamics depending on leadership in-
structions. Paired participants’ movements were more closely synchro-
nized in the Joint condition, with no assigned leader, compared with the
Follower-Leader and Leader-Follower conditions, in which each partici-
pant within a dyad was instructed in turn to lead or follow (see Fig. 2).

A one-way repeated-measures ANOVA conducted on the mean dis-
tance between participants’ fingers revealed a statistically significant
effect of Leadership, F(1.95, 52.78)¼ 9.07, MSE¼ 0.27, p¼ .0005,

http://www.nocions.org/letswave


Fig. 2. Mean interpersonal finger-finger distance, relative phase, and coupling
asymmetry as a function of the different leadership conditions, showing greatest
movement synchrony when Person 1 and Person 2 adapt to equivalent degrees
in the Joint (no assigned leader) condition. Negative relative phase angles
indicate Person 1 lagging behind Person 2, and positive relative phase angles
indicate the inverse. Negative coupling asymmetry index values indicate Person
1 adapting more to Person 2 than Person 2 adapting to Person 1, and positive
coupling asymmetry index values indicate the inverse. Error bars represent
1� SD of the mean (computed for within-subject designs (Morey, 2008)), and
asterisks represent statistically significant differences (p< .05).
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ηg
2¼ 0.04. Pairwise comparisons with Bonferroni correction indicated
that the interpersonal finger-finger distance was significantly larger in
the Follower-Leader condition, t(54)¼ 4.12, p¼ .0004, d¼ 0.49, and
Leader-Follower condition, t(54)¼ 3.00, p¼ .01, d¼ 0.38, compared to
the Joint condition, and that there was no significant difference between
the Follower-Leader and Leader-Follower conditions, t(54)¼�1.21,
p¼ .80, d¼ 0.13 (see Fig. 2). This effect was corroborated by the ANOVA
conducted on the mean of the relative phase angles between the hori-
zontal displacements of participants’ fingers, which also yielded a sig-
nificant effect of Leadership, F(1.23, 33.20)¼ 79.23, MSE¼ 70.27,
p< .0001, ηg

2¼ 0.64. Pairwise comparisons indicated that the mean
relative phase values exhibited in the three conditions were all signifi-
cantly different from each other: t(54)¼ 12.54, p< .0001, d¼ 0.29, for
the difference between Follower-Leader and Leader-Follower;
5

t(54)¼�5.73, p< .0001, d¼ 0.15, for the difference between
Follower-Leader and Joint; and t(54)¼ 7.25, p< .0001, d¼ 0.19, for the
difference between Leader-Follower and Joint. As seen in Fig. 2, a sig-
nificant negative phase shift occurred in the Follower-Leader condition,
t(27)¼�8.35, p< .0001, d¼ 1.58, and a significant positive phase shift
occurred in the Leader-Follower condition, t(27)¼ 7.03, p< .0001,
d¼ 1.33, while the mean relative phase in the Joint condition was not
significantly different from 0, t(27)¼�1.98, p¼ .17, d¼ 0.37. These
results indicate that participants were better synchronized in the Joint
condition with no assigned leader compared to the other conditions in
which the follower lagged behind the leader (Noy et al., 2011).

A one-way repeated-measures ANOVA conducted on the standard
deviation (variability) of the distance between paired participants’ fingers
revealed no significant effect of Leadership, F(1.89, 50.97)¼ 2.75,
MSE¼ 0.24, p¼ .08, ηg2¼ 0.02. The ANOVA conducted on the standard
deviation of relative phase angles confirmed this result with no significant
effect of Leadership, F(1.83, 49.40)¼ 0.03, MSE¼ 38.45, p¼ .97,
ηg
2¼ 0.0002, indicating that there was no clear evidence of modulation of
the synchrony variability exhibited by dyads depending on leadership
instructions.

The movement analyses also revealed that leadership instructions
modified the directionality of the coupling between the two participants,
that is, the degree of mutual adaptation. A one-way repeated-measures
ANOVA performed on coupling asymmetry index values yielded a sig-
nificant effect of Leadership, F(1.75, 47.31)¼ 37.59, MSE¼ 0.02,
p< .0001, ηg2¼ 0.45. Index values in the three leadership conditions all
differed significantly from one another: t(54)¼ 8.66, p< .0001, d¼ 2.44,
for the difference between Follower-Leader and Leader-Follower;
t(54)¼�4.73, p< .0001, d¼ 1.16, for the difference between
Follower-Leader and Joint; and t(54)¼ 3.93, p¼ .0007, d¼ 0.93, for the
difference between Leader-Follower and Joint. The index values were
significantly negative in the Follower-Leader condition, t(27)¼�7.05,
p< .0001, d¼ 1.33, significantly positive in the Leader-Follower condi-
tion, t(27)¼ 5.90, p< .0001, d¼ 1.11, and not significantly different
from 0 in the Joint condition, t(27)¼ 0.19, p¼ 1, d¼ 0.04. This indicates
the occurrence of symmetric coupling – that is, the same degree of mutual
adaptation for each participant within a dyad – in the Joint condition and
asymmetric coupling in the other conditions, where the follower adapted
more to the leader than the inverse.

3.2. Neural dynamics

The EEG data revealed neural responses at other, self, and inter (self-
other integration) frequencies (Fig. 1) that (i) were present in both par-
ticipants within dyads, (ii) were selectively modulated depending on
leadership instructions (Fig. 3), and (iii) were correlated with dyadic
movement synchronization (Fig. 4).

3.2.1. Other responses
Individual’s EEG responses specific to their co-performer’s forearm

movements were observed in the form of large significant peaks
(revealed by group-level significance tests conducted on Z-scores) at the
other fundamental frequency – 7.7 Hz for Person 1 (whose own flicker
frequency was 5.7 Hz) and 5.7 Hz for Person 2 (whose own flicker fre-
quency was 7.7 Hz) – and the corresponding harmonics – 15.4, 23.1,
30.8, 38.5, and 46.2 Hz for Person 1 and 11.4, 17.1, 22.8, 28.5, 34.2,
39.9, and 45.6 Hz for Person 2 (see Fig. 1). Reliable peaks at these fre-
quencies were observed in the majority of the participants. Individual-
level significance tests indicated significant peaks at the other funda-
mental frequency for all 56 participants, and at the first five harmonics
for 52, 38, 36, 21, and 21 participants, respectively.

Comparisons of other responses across the leadership conditions
revealed selective amplitude modulation depending on whether partici-
pants led, followed, or synchronized jointly. A 3� 6 repeated-measures
ANOVA with the factors Leadership (Leader, Follower and Joint) and
Harmonic (Fundamental and 1st-5th harmonics) indicated a significant
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main effect of Harmonic, F(2.31, 126.93)¼ 77.46, MSE¼ 0.005,
p< .0001, ηg2¼ 0.40, showing a large response at the fundamental fre-
quency that decreased with higher harmonics. The analysis also yielded a
significant main effect of Leadership, F(1.68, 92.40)¼ 25.29,
MSE¼ 0.0006, p< .0001, ηg

2¼ 0.02, and a significant interaction be-
tween Leadership and Harmonic, F(2.86, 157.29)¼ 8.39,MSE¼ 0.0008,
p< .0001, ηg2¼ 0.01. This interaction indicates that the amplitude of
other responses at the fundamental frequency and first harmonic was
larger when following compared to when leading or doing the task
jointly without assigned leader, as seen in Fig. 3. Pairwise comparisons
conducted for each Harmonic level (18 tests in total) with Bonferroni
correction indicated significantly larger other responses when partici-
pants followed compared to when they led at the fundamental frequency,
t(571.39)¼ 9.44, p< .0001, d¼ 0.44, and first harmonic,
t(571.39)¼ 6.86, p< .0001, d¼ 0.46; when they performed jointly
compared to when they led at the fundamental frequency,
t(571.39)¼�6.28, p< .0001, d¼ 0.36, and first harmonic,
t(571.39)¼�6.46, p< .0001, d¼ 0.44, and when they followed
compared to when they performed jointly at the fundamental frequency,
t(571.39)¼ 3.16, p¼ .03, d¼ 0.14. Pairwise comparisons did not reveal
any other significant differences between leadership conditions (all p
values> .05).

As shown in Fig. 3, grand-averaged topographies revealed that EEG
other responses were centered on medial occipital regions, with larger
amplitude at Oz compared to POz for all leadership conditions. A two-
way ANOVA with the factors Leadership (Leader, Follower and Joint)
and Electrode (Oz and POz) on the amplitude of other responses
(fundamental þ first harmonic) indicated a significant main effect of
Leadership, F(1.88, 103.44)¼ 19.90, MSE¼ 0.04, p< .0001, ηg2¼ 0.03,
of Electrode, F(1, 55)¼ 24.12, MSE¼ 0.10, p< .0001, ηg2¼ 0.05, and a
significant Electrode� Leadership interaction, F(1.91, 104.84)¼ 14.37,
MSE¼ 0.005, p< .0001, ηg

2¼ 0.003. Pairwise comparisons on each
Leadership level (3 tests in total) with Bonferroni correction indicated
significantly larger other response for Oz compared to POz for Follower,
t(64.47)¼ 5.30, p< .0001, d¼ 0.46, Joint, t(64.47)¼ 5.50, p< .0001,
d¼ 0.53, and Leader, t(64.47)¼ 3.22, p¼ .006, d¼ 0.38.

3.2.2. Self responses
EEG responses associated with participants’ own forearm movements

were indicated at the group-level by significant peaks at the self fre-
quency, that is, at 5.7 Hz for Person 1 and 7.7 Hz for Person 2 – and the
Fig. 3. Amplitude of EEG other, self, and inter responses as a function of the differe
whether participants led, followed, or improvised jointly. The data represented corre
and the fundamentals only for self and inter, averaged across all channels. All 56 p
significant responses at 13.4 Hz are represented for inter. Error bars represent 1� SD
represent statistically significant differences (p< .05). The corresponding grand-avera
other, self, and inter responses and held constant across the different leadership cond

6

first three corresponding harmonics – 11.4, 17.1 and 22.8 Hz for Person 1
and 15.4, 23.1 and 30.8 Hz for Person 2. The majority of the participants
exhibited reliable peaks at these frequencies. The fundamental frequency
and first three harmonics were significant at the individual-level for 43,
34, 9, and 9 participants out of 56, respectively.

The amplitude of self responses was found to be selectively modulated
as a function of leadership instructions. A 3� 4 repeated-measures
ANOVA with the factors Leadership (Leader, Follower and Joint) and
Harmonic (Fundamental and 1st-3rd harmonics) conducted on self re-
sponses yielded a significant main effect of Harmonic, F(1.70,
93.70)¼ 73.31, MSE¼ 0.0005, p< .0001, ηg2¼ 0.39, indicating a large
response at the fundamental frequency decreasing with higher harmonics
(see Fig. 1). No significant main effect of Leadership was found, F(1.91,
105.29)¼ 1.63, MSE¼ 0.00008, p¼ .2, ηg

2¼ 0.002, but the ANOVA
indicated a significant interaction between Leadership and Harmonic,
F(3.89, 213.77)¼ 4.45, MSE¼ 0.00009, p¼ .002, ηg2¼ 0.01. These re-
sults show that the amplitude of self responses was maximal when par-
ticipants led the improvisation, as seen in Fig. 3. Pairwise comparisons at
each Harmonic level (12 tests in total) with Bonferroni correction yielded
significantly larger self responses when participants led compared to
when they followed at the fundamental frequency level, t(431.98)¼ -
5.03, p< .0001, d¼ 0.35, and a difference between Leader and Joint that
was close to significance, t(431.98)¼ 2.82, p¼ .06, d¼ 0.19. No other
differences were significant (all p values> .05).

As shown in Fig. 3, grand-averaged topographies indicated that self
responses were in medial occipital regions, as was the case for other re-
sponses, but with a more superior, parietal localization. A two-way
ANOVA with the factors Leadership (Leader, Follower and Joint) and
Electrode (Oz and POz) on the amplitude at the fundamental frequency of
self responses indicated a significant main effect of Leadership, F(1.76,
96.80)¼ 5.56,MSE¼ 0.005, p¼ .007, ηg2¼ 0.02, but no significant effect
of Electrode, F(1, 55)¼ 1.08, MSE¼ 0.01, p¼ .3, ηg2¼ 0.003, and Elec-
trode� Leadership interaction, F(1.84, 100.94)¼ 2.10, MSE¼ 0.0007,
p¼ .13, ηg2¼ 0.001. Thus, the amplitude of self responses measured at
POz and Oz did not differ in any of the three leadership conditions in
contrast to other responses that were larger at Oz.

3.2.3. Inter-modulation responses: self-other integration
EEG responses at 13.4 Hz, corresponding to the inter-modulation

frequency of 5.7 and 7.7 Hz, and thus indexing the occurrence of neural
integration of self and other information, were significant at the group
nt leadership conditions, showing specific selective enhancement depending on
spond to the sum of the fundamental frequency and its first harmonic for other,
articipants are represented for other and self and only the 31 participants with
of the mean (computed for within-subject designs (Morey, 2008)), and asterisks
ged topographies are represented with color-scales adjusted to the amplitude of
itions.
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level and for 31 participants in total at the individual level. Significant
responses at the group-level were also found at 21.1 Hz for Person 1 and
19.1 Hz for Person 2, corresponding to the sum of the first harmonic of
other and the fundamental of self. These responses were not included in
further analyses because of their small amplitude and the fact that they
occurred in only a small number of participants (10 out of 56 participants
exhibited significant peaks at these frequencies). No responses were
observed at other inter-modulation frequencies (i.e., harmonics of
13.4 Hz or lower inter-modulation frequency – 2 Hz and corresponding
harmonics).

A one-way repeated-measures ANOVA with the factor Leadership
(Leader, Follower and Joint) on the 13.4 Hz amplitude revealed an effect
of Leadership that was close to significance when conducted on all par-
ticipants, F(1.95, 107.40)¼ 2.88, MSE¼ 0.00006, p¼ .06, ηg

2¼ 0.009.
This effect reached significance when conducted on the 31 participants
who exhibited a significant response at 13.4 Hz, F(1.98, 59.52)¼ 5.37,
MSE¼ 0.00008, p¼ .007, ηg2¼ 0.04. Pairwise comparisons with Bonfer-
roni correction revealed significantly larger inter responses when par-
ticipants were instructed to perform the task jointly compared to when
they were instructed to lead, t(60)¼ - 3.19, p¼ .007, d¼ 0.49. The dif-
ference between Follower and Leader did not reach significance,
t(60)¼ 2.26, p¼ .08, d¼ 0.34 and the difference between Follower and
Joint was likewise not significant, t(60)¼�0.92, p¼ 1, d¼ 0.12, indi-
cating that self-other integration was maximal when mutual adaptation
was required.

As with other and self responses, inter responses were centered on
medial occipital regions with grand-averaged topographies most similar
to those of the other responses for the different leadership conditions (see
Fig. 3). A two-way ANOVA with the factors Leadership (Leader, Follower
and Joint) and Electrode (Oz and POz) was conducted on the EEG
amplitude at 13.4 Hz of the 31 participants who exhibited significant
response at this frequency. This analysis indicated a significant main
effect of Electrode, F(1, 55)¼ 25.25,MSE¼ 0.0035, p< .0001, ηg2¼ 0.05,
Fig. 4. Relationship between the amplitude of EEG other, self, and inter responses,
showing that larger dual EEG responses correlate with better synchronization pe
(fundamental and first harmonic for other and fundamentals for self and inter, average
fit with the corresponding R-squared values.
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and no significant effect of Leadership, F(1.94, 106.57)¼ 0.67,
MSE¼ 0.0015, p¼ .51, ηg2¼ 0.001, and Electrode� Leadership interac-
tion, F(1.97, 108.48)¼ 0.48, MSE¼ 0.0003, p¼ .62, ηg

2¼ 0.0002,
showing larger inter responses for Oz than POz in the three leadership
conditions.

3.3. Neural-movement dynamics

Multiple linear regression analyses examining the relationship be-
tween EEG responses and dyadic movement synchrony revealed that
movement synchronization was high to the extent that the two partici-
pants within a dyad exhibited relatively large EEG responses at other, self,
and inter frequencies. The separate regression analyses included mean
distance, standard deviation distance, absolute mean relative phase, and
standard deviation relative phase as dependent variables, and dual EEG
other, self, and inter responses (sum of the amplitude [fundamentalþ first
harmonic for other and fundamentals for self and inter] of Person 1 and 2)
as independent variables. Results are displayed in Fig. 4 for the linear
regressions between dual EEG other, self, and inter responses and themean
and standard deviation of finger-finger distance.

The regression analyses revealed significant (or near-significant)
models for mean distance, F(3, 24)¼ 4.86, p¼ .009, R2¼ 0.38; standard
deviation of distance, F(3, 24)¼ 5.07, p¼ .007, R2¼ 0.39; mean relative
phase, F(3, 24)¼ 2.82, p¼ .06, R2¼ 0.26; and for standard deviation of
relative phase, F(3, 24)¼ 3.28, p¼ .038, R2¼ 0.29, but no significant
predictors (all p values> .05). These results indicate that other, self, and
inter were correlated with measures of movement synchronization, but
were also highly correlated with one another and none explained a
uniquely greater amount of variance.

Multiple regressions with the same dependent variables but with
Person 1 and 2’s other, self, and inter responses as independent variables
were conducted separately for each of the three Leadership conditions.
These analyses also revealed significant models (all models significant for
and the mean and standard deviation of the finger-finger distance for all dyads,
rformance. Dual EEG responses correspond to the sum of the EEG responses
d across all channels) of Person 1 and 2. The diagonals represent the lines of best
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themean and standard deviation of the distance [all p values< .05] and 2/
6 models significant [p values< .05] for the mean and standard deviation
of the relative phase angles) but no significant predictors (all p
values> .05). This confirms that it was the global EEG response in gen-
eral and not the specific other, self, or inter responses in particular that
predicted dyads’ movement synchronization performance, indepen-
dently of leadership instructions.

4. Discussion

This study employed dual-EEG and frequency-tagging techniques to
investigate the neural mechanisms underlying the capacity of humans to
synchronize their movements with one another accurately in time and
space. EEG recordings of dyads producing novel forearm movements in
synchrony revealed the neural tracking and integration of self- and other-
generated information, and showed that the magnitude of these brain
responses predicted dyads’ behavioral synchronization performance.

The results revealed that, consistent with previous behavioral work
(Noy et al., 2011), dyadic movement synchronization during joint
improvisation was superior when no leader was assigned than when one
individual within a pair served as leader. Going beyond behavior, how-
ever, we show that this superior interpersonal coordination is associated
with enhanced neural integration of self- and other-generated move-
ments. This advance was made possible by EEG frequency-tagging
techniques allowing us to identify a neural marker of self-other integra-
tion in the form of a 13.4 Hz response corresponding to the result of a
nonlinear integration of unique self and other frequencies (i.e., 5.7 and
7.7 Hz) (Boremanse et al., 2013, 2014; Norcia et al., 2015; Alp et al.,
2017, 2018). This inter-modulation frequency response was observed in
medial-occipital areas, suggesting that information related to self- and
other-generated movements is integrated at early stage in visual regions,
possibly in the primary visual cortex. The maximal amplitude of this
response observed in the joint condition when no leader was assigned
supports the hypothesis that self-other integration is key for successful
joint improvisation, supporting mutual adaption and anticipation (Keller
et al., 2016; Novembre et al., 2016). Self-other integration captured here
in the form of enhanced EEG amplitude at the inter-modulation frequency
might also underlie the subjective state of ‘togetherness’ often experi-
enced by expert improvisers (e.g., actors andmusicians, Noy et al., 2011).

The results also revealed that self, other, and inter responses were
largest under different leadership conditions, showing that these re-
sponses exhibit independent amplitude modulations, and thus, might
have specific functions in establishing and maintaining joint movement
synchronization. Other responses were larger when participants followed
compared to when they performed jointly or when they led, and next
largest when they performed jointly compared to when they led. This
demonstrates that the neural tracking of a partner’s movement is strong
to the extent that adaptation to the other’s movement is required, which
is in line with recent magneto-encephalography results reported with
hand-opening and closing actions (Zhou et al., 2016).

Self responses were also selectively modulated depending on leader-
ship instructions. The neural tracking of self-generated movements was
strongest when participants led, which is consistent with leaders exhib-
iting enhanced attention to their own movements in the context of joint
action. Importantly, self responses showed a more superior, parietal
distribution compared to the other responses, compatible with activity
originating from the primary visual cortex, where the lower position of
an individual’s own finger in the visual field under our task setup projects
to the superior lip of the calcarine sulcus (Clark et al., 1994; Wandell
et al., 2007). The difference in the amplitude of self responses observed in
the different leadership conditions, together with their more superior
distribution, suggests that the neural tracking of an individual’s own
movements is modulated at the earliest visual cortical stage and rela-
tively independently of eye movements. This finding is noteworthy
because it suggests that the selective modulation of self responses based
on leadership instructions is functional and not simply the consequence
8

of greater eye fixations or smoother pursuit of one’s own movements
when leading, as such processes would have led to changes in topogra-
phies across conditions. Instead, our result shows that participants use
visual feedback of their own movement when coordinating with others,
especially when leading, which is remarkable given that it could be
argued that somatosensory feedback should be sufficient for efficient
motor control on a simple horizontal armmovement task (Proteau, 1992;
Vidoni and Boyd, 2008).

Of particular interest is the finding that dyadic synchronization per-
formance was correlated with the amplitude of self, other, and inter re-
sponses exhibited by the paired participants. The larger the self, other,
and inter EEG responses of the dyads, the more synchronized their
behavioral performance. This result demonstrates the robustness of the
frequency-tagging approach used here in providing a direct measure of
the strength of the perceptual coupling within the dyads and their ca-
pacity to synchronize, regardless of the numerous sources of variability
inherent to EEG measurements (e.g., anatomical, noise, and artifact dif-
ferences) (Nunez and Srinivasan, 2006). EEG in this study captured in-
dividual differences in neural tracking capacity of human movements in
general, including self- and other-generated movements. This observa-
tion paves the way for a new avenue of research to determine the degree
to which individual differences specific to the neural tracking capacity of
either self- or other-generated movements explain differences in syn-
chronization performance across leadership conditions. The significant
correlations between frequency-tagged EEG responses and both mean
and standard deviation synchronization measures also encourage future
examination of whether these neural responses are linked to specific
mechanisms that support movement synchronization, such as global
period matching and local error correction mechanisms (Schulze and
Vorberg, 2002; Repp and Keller, 2008; Varlet et al., 2012, 2014).

Previous dual EEG studies examining the role of neural oscillations in
joint action have demonstrated that the amplitude of oscillations in the
alpha (8–12 Hz) frequency band was linked to the form and stability of
interpersonal coordination displayed by co-actors (Tognoli et al., 2007;
Dumas et al., 2010; Naeem et al., 2012; Konvalinka et al., 2014;
Novembre et al., 2016; Goldstein et al., 2018). This suggests that
alpha-band oscillations play a role in establishing and maintaining co-
ordinated movements with others, which may be part of the broader
capacity for alpha oscillations to function generally in facilitating
cognitive, perceptual, and motor processes in a wide variety of tasks
(Klimesch, 1999; Jensen and Mazaheri, 2010; Hanslmayr et al., 2011).
With regard to functions specifically related to interpersonal coordina-
tion, previous dual-EEG studies have found evidence for inter-brain
synchrony, especially in the alpha-frequency band, when participants
interact together (Dumas et al., 2010; Goldstein et al., 2018). However,
the precise nature of links between the coordination exhibited at the
behavioral level and the alpha modulation occurring at intra-brain level
remain unclear (Burgess, 2013). Moreover, measures of alpha-band
neural oscillations alone do not allow neural activity specific to the
perceptual tracking of self- and other-generated movements to be
dissociated, thus stopping short of clarifying their functional relevance to
dyadic coordination. Here, we extend this previous work by identifying
robust markers of the neural tracking and integration of self- and
other-generated movements, and by showing how these markers are
modulated according to leadership conditions and how they correlate
with coordination performance.

It could be particularly fruitful in future research to investigate the
links between the neural markers revealed in the current study and those
revealed in the alpha-frequency band literature. Amplitude modulation
of frequency-tagged responses might be selectively associated with spe-
cific features in activity pattern and response magnitude in the alpha-
frequency band. For instance, differences in intrinsic alpha neural ac-
tivity (e.g., mean, amplitude) could explain inter-individual differences,
especially in the occurrence of 13.4 Hz self-other integration responses
that we observed in most, but not all participants. Indeed, finding that
only a subgroup of our participants exhibited significant responses at this
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frequency could be related to differences in intrinsic alpha activity such
as higher frequency and/or larger amplitude (Tognoli et al., 2007;
Konvalinka et al., 2014; Novembre et al., 2016). Exploring links with
other frequency ranges, such as beta (13–30Hz) and gamma (30–70Hz),
could also be a promising avenue, as there is evidence showing the
relevance of neural activity in these ranges in the context of self- and
other-generated actions (Press et al., 2011; Dumas et al., 2012). There-
fore, combining frequency-tagging techniques with measures used in
previous dual-EEG studies could help the field in advancing toward a
broader and deeper understanding of the neural mechanisms underlying
interpersonal coordination.

To conclude, this study revealed evidence for the neural tracking of
self- and other-generated movements and their integration during joint
performance on a task requiring improvised motion. The magnitude of
the neural tracking responses and the integration of information related
to themovements of self and otherwere found to be selectively modulated
depending on leader-follower relations, and also to provide a robust
marker of individual differences in the capacity to synchronize with
others. Neural self-other integration was reflected in participants’ EEG
with maximal amplitude under conditions where no leader was desig-
nated for the joint task, suggesting that self-other integration occurring at
early stages in the visual system might be key in supporting enhanced
mutual adaption and anticipation, and the subjective state of ‘together-
ness’ often experienced by expert improvisers. Finally, our findings
provide proof-of-concept for the combined use of dual-EEG and
frequency-tagging techniques for the investigation of the perceptual-
motor processes underlying joint performance in humans in
ecologically-valid contexts. Extending the technique to naturalistic
everyday scenarios could be a promising strategy to further under-
standing of how these processes develop and change along the life span.
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