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Intra-individual behavioural
and neural signatures of
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We often perform actions while observed by others, yet the
behavioural and neural signatures of audience effects remain
understudied. Performing actions while being observed has
been shown to result in more emphasized movements in
musicians and dancers, as well as during communicative
actions. Here, we investigate the behavioural and neural
mechanisms of observed actions in relation to individual
actions in isolation and interactive joint actions. Movement
kinematics and EEG were recorded in 42 participants
(21 pairs) during a mirror-game paradigm, while participants
produced improvised movements alone, while observed
by a partner, or by synchronizing movements with the
partner. Participants produced largest movements when
being observed, and observed actors and dyads in interaction
produced slower and less variable movements in contrast
with acting alone. On a neural level, we observed increased
mu suppression during interaction, as well as to a lesser
extent during observed actions, relative to individual actions.
Moreover, we observed increased widespread functional
brain connectivity during observed actions relative to both
individual and interactive actions, suggesting increased intra-
individual monitoring and action-perception integration as a
result of audience effects. These results suggest that observed
actors take observers into account in their action plans
by increasing self-monitoring; on a behavioural level, observed
actions are similar to emergent interactive actions, characterized
by slower and more predictable movements.
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1. Introduction
Audience effects, defined as ‘a change in behaviour caused by being observed by another person’ [1] are
widespread and provide insight into how we socially integrate others into our action plans and
outcomes. Audience effects can be distinguished from social facilitation, which are effects merely due
to the presence of another person, but do not require the observed person to know—or believe—that
he or she is actually being observed by this conspecific [2,3]. While a large body of research has
investigated the cortical mechanisms of action observation [4–7], the behavioural and neural
mechanisms underlying observed actions are heavily understudied and have not mechanistically been
compared with interactive social interaction (i.e. joint action). In this study, we investigate these intra-
individual mechanisms in relation to both individual actions and, importantly, interactive joint actions.

Performing actions under thewatching eyes of passive observers has been previously shown to result in
modulatedmotor behaviour. For example, dancers andmusicians produce more intensifiedmovements in
front of real or virtual audiences compared with rehearsal performances [8–10]. Similarly, people put more
emphasis on specific aspects of their actions when the intention of the action is to communicate
information, by adjusting the timing and amplitude of actions [11], which is further influenced by the
assumed age of the recipient [12]. Increased movement amplitudes have also been observed in
demonstrators of xylophone players when watched by a learner [13], and in communicative actions
[14]. Using communicative pointing, it was shown that motor plans of communicative, observed actions
are tuned to the addressee, by increasing the informational value of movements when seen from the
addressee’s point of view [15]. Audience effects on actions are not restricted to demonstrators, but also
to followers. Specifically, followers imitate demonstrated movements more accurately when they are
watched by the demonstrator [16].

In addition to motor actions, audience effects have also been shown repeatedly in mental and moral
judgement tasks. Specifically, performance (e.g. accuracy on a maths test) on easy tasks has been shown
to improve, whereas performance on difficult tasks has been shown to decrease when a task is solved
while the responder is observed [17]. Meanwhile, moral decisions (e.g. amount of donated money for
charity) tend to be more generous and prosocial when taken under observation [18–20]. These effects
have been explained by self-monitoring and self-regulatory processes related to the responder’s self-
image ([21,22]; for a review see [1]). The similarity of behavioural effects suggests that actors
incorporate observers into their action plans when performing actions in front of an audience.
However, the behavioural and neural mechanisms remain unclear.

Action observation and observed actions are thus central to social interaction and may be considered
unidirectional cases of joint actions. It is well established that joint action requires close coordination of
actions in space and time with those of the action partner [23]. Such coordination can be achieved by
making oneself more predictable by reducing variability in one’s actions [24] as well as predicting the
future actions of one’s partner and mutually adapting [25]. Integration of action partners is thought to
be achieved by internal simulation and co-representation of the partner’s actions [26–28], which has
been characterized by increased mu suppression during interaction [29–31]. Mu suppression refers to
the amplitude suppression of oscillations in the alpha (8–13 Hz) and beta (15–25 Hz) range over
sensorimotor areas [32]. Suppression of these oscillations reflects a disinhibition of the sensorimotor
system during planning, execution, perception and prediction of own and others’ actions [33–37].
Therefore, if we hypothesized integration and co-representation of the observer as an action partner
during observed action, we would expect to see increased mu suppression in the observed actor, as
well as during bidirectional interaction.

While coupled interaction increases interpersonal dependency [38,39], recent theoretical work suggests
that performance of independent actions in interaction with others requires increased self-monitoring, which
may be characterized by increased internal action-perception coupling during individual actions in a social
context [40]. Conversely, interpersonal coordination of actions requires mutual prediction and adaptation,
resulting in the increased between-personal coupling of action-perception loops and decreased within-
personal coupling (i.e. self-decoupling), presumably through a dynamic process of self–other integration
[40,41]. Previous work has shown that prefrontal, premotor and parietal cortices are increasingly involved
when participants attend to their own actions, as well as when they lead interactions [31,42]. Furthermore,
attention to one’s own actions has shown increased effective connectivity between prefrontal and premotor
regions [43]. Following from this, we speculate that increased monitoring of one’s own actions in a social
context is supported by higher fronto-parietal and prefrontal-premotor intra-brain connectivity, while self–
other integration in joint actions is supported by decreased intra-brain connectivity—the latter representing
evidence of self-decoupling during self–other integration on a neural level.
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Here, we investigate the intra-personal behavioural and neural dynamics underlying the performance of
observed actions, in relation to individual (unobserved) actions and (coupled) interactions. We employ a
mirror-game paradigm [44], which is an experimental paradigm mimicking theatre improvisation.
Participants produced improvised movements alone in an individual condition, while observed by a
partner in an observed action condition, or by synchronizing movements with a partner in an interactive
condition. We speculate that movement modulations by observed actors, to some extent, resemble the
surge for increased predictability and recognizability that can also be observed in social interactions.
Moreover, we expect increased mu suppression in the observed actor, relative to an unobserved one,
which would reflect either that the observer, despite not being overtly active, is represented in the
observed actor’s motor system; or increased attention to the task, in this case, attention to self-produced
actions. Finally, we hypothesize a need for increased self-monitoring when being observed, characterized
by increased functional connectivity between fronto-parietal and prefrontal-premotor regions, while
mutual interaction results in decreased self-monitoring and consequently decreased intra-individual
functional connectivity. This, we speculate, is a consequence of mutual coupling between two interacting
partners, pulling us into a mutual state of interaction, away from one’s own natural rhythms.
c.Open
Sci.9:211352
2. Methods
2.1. Participants
Fifty healthy, right-handed participants (13 female, 37 male), aged 20–33 (mean (M) = 24.36 years, standard
deviation (s.d.) = 2.71 years), gavewritten informed consent to participate in the study. Participants formed
25 dyads (11 mixed-sex, 14 same-sex, incl. 1 female–female, 13 male–male). Dyads consisted of strangers
(N = 9) or friends/partners (N = 16). Three dyads and two additional individual participants were
excluded for technical problems during the experiment and EEG data quality issues. Therefore, 42
participants were included in the study. All participants were recruited at the Technical University of
Denmark (DTU) using flyers at campus sites and online advertisement boards. The study was conducted
according to the Declaration of Helsinki and was approved by DTU Compute’s Institutional Review
Board (COMP-IRB-2020–02). Participants were financially compensated for their participation.

2.2. Task
The experimental task was based on the mirror-game paradigm [44]. Two participants were seated at a
table, facing each other. Each participant had a slider that could be moved laterally by approximately
20 cm on a fixed rail (figure 1a,b). Participants were asked to produce interesting and (depending on
the task condition) synchronized movements, in three different conditions. Specifically, in the
individual action condition, participants were asked to produce movements independently of their
partner; in the interactive action condition, participants were asked to produce synchronized
movements without a designated leader; and in the observed action condition, one participant was
asked to produce movements as in the individual action condition while the other participant
observed these movements without moving. The task included additional conditions (i.e. movement
control task, leader–follower), which are not part of the current report.

A separatorwall was placed between participants to block vision of their partners’ face and body. A liquid
crystal screen (Smart-film; CoolColour, Denmark) in the wall allowed vision of the partners’ slider and hand
depending on the condition requirements (i.e. closed during individual actions, otherwise open; figure 1a).
The screen could be switched between transparent and opaque, to allow or prevent vision of the partners’
movements. Additionally, a computer screen was inserted in the table to present instructions and
additional stimuli (for the unreported movement control task) to each of the participants separately.

To reduce movement artefacts on the EEG recordings, participants were asked to restrict movements
to wrist and finger movements, therefore limiting arm (and head/torso) movements. The slider was
approximately 3 cm wide and had a moulded cushion for comfortable and stable finger placement.
Ball bearings between the slider and rail ensured smooth and easy slider movements. The rail was
mounted onto the table, with rubber patches used to dampen vibrations between components.

The experiment consisted of a total of 80 trials across five conditions (two of which are not included in
the current report). Each condition was repeated 16 times; however, each participant produced
movements in eight trials and observed the other in eight trials, for the observed action condition.
Each trial lasted 25 s, during which participants performed the task. Between trials there were breaks
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Figure 1. Task set-up and movement examples. (a) Participants’ view on the task, with open (i) and closed (ii) vision of the
partner. (b) Full EEG task set-up. (c) Symbolic representation of conditions with individual (no inter-subject influence),
interactive (bidirectional influence) and observation condition (potential partial influence). (d ) Example movement trajectories
for individual (i) and interactive (ii) trials.
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of 10 s, with longer, self-paced breaks following trials after each quarter of the experiment (see below for
details, ‘Subjective measures’). Trial order was split over 16 blocks with five trials—one per condition—per
block. Trial order was pseudorandomized within each block, such that the first trial in each block could
not be the same condition as the last trial in the preceding block, preventing repetition of conditions in
succeeding trials. At the beginning and end of the experiment, resting-state EEG was recorded during
120 s resting periods. During these periods, participants were asked to fixate on a fixation cross
presented on the screen.

Each trial was preceded by a short instruction on the table screen, indicating the condition and role
for each participant where necessary (i.e. observer or observed actor). A countdown indicated the start of
the trial.

During the task, participants were not allowed to talk to each other or communicate in any other way
except through slider movements. To prevent auditory feedback and interference from the partner’s
slider movements, participants wore ear plugs. Additional white noise was played in the EEG booth
via room speakers.
2.3. Subjective measures
In every fourth block, participants were asked to rate their experienced togetherness of the preceding
trial, for each trial in that block (a total of four times/condition), based on previous mirror-game
experiments by Noy et al. [45]. Specifically, participants were prompted with the instruction ‘please rate
the experienced togetherness during the previous trial’. Responses were given on a 5-point scale (1 = low,
5 = high) using a keyboard and could not be seen by the partner. Following the experimental task,
participants provided information regarding their engagement with team sports, as well as dancing
and practising music. Furthermore, participants were asked to categorize their relationship with their
dyad partner (strangers, study acquaintances, friends/partner).
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2.4. Data acquisition and preprocessing
EEG was recorded using two synchronized, daisy-chained 64-channel Biosemi (Amsterdam, The
Netherlands) ActiveTwo EEG set-ups in a 10–20 system, at a sampling frequency of 2 kHz. Data were
recorded in ActiView (v. 806) from both participants simultaneously and stored for offline analyses.
EEG caps with 64 channels were positioned such that the Cz electrode was centred on the head, at
the midpoint between the nasion and inion, and the left and right ear. Conductive gel (SignaGel
Electrode Gel, Parker Laboritories, Farfield, NJ) was used to improve signal reception, and electrode
offset was kept below 20 mV.

EEG data were processed and analysed in FieldTrip (v. 20190107, [46]) using Matlab (R2018b; The
Mathworks, Natick, MA). First, EEG data were split into individual datasets. For each participant,
data were demeaned, filtered (high-pass: 1 Hz; low-pass filter: 40 Hz; Butterworth filter), segmented
into trials ((−3 to 25 s) relative to trial onset) and downsampled to 256 Hz. Bad channels were
detected visually and removed. Muscle artefacts and other artefacts were detected semi-automatically
on unfiltered data (using FieldTrip’s recommendations for muscle artefact removal in
ft_artifact_zvalue) and verified by visual inspection in FieldTrip. Independent component analysis
(ICA; runica method) was used to detect components corresponding to eye movements and eye blinks
as well as muscle artefacts. Data segments that contained artefacts were not included in the data used
for ICA. Those components were regressed out of the data. Channels that were removed prior to ICA
were interpolated using the average signal of neighbouring channels, and the resulting data were re-
referenced to the whole-brain average. Trials where participants did not follow the instructions as
indicated from the movement data were discarded from the analyses (3.3%; mostly when participants
moved the slider when instructed to observe their partner’s actions).

Movement data were recorded using the Polhemus LIBERTY system (Polhemus, Colchester, VT). For
each participant, a movement sensor (Polhemus Micro Sensor 1.8) was placed on the tip of the right index
finger (finger nail), recording the position of the finger at a sub-millimetre resolution (0.76 mm RMS).
Movement data were recorded at 240 Hz and stored for offline analyses. Data synchronization was
achieved via a BioSemi USB trigger interface. The distance between the source and sensors was kept
below 80 cm. Movement data were processed in Matlab using in-house scripts. For each participant,
missing samples were interpolated using shape-preserving piecewise cubic interpolation (‘pchip’
method in interp1, Matlab). Next, position over time was transformed into one-dimensional data, and
data were segmented into trials and smoothed using a 100 ms centred moving average.

2.5. Data analyses
Alpha levels for all comparisons and tests for assumptions for ANOVA tests were set to p < 0.05 unless
noted otherwise. It should be noted that data from both participants from all pairs (unless excluded for
other reasons as mentioned above) were included in all analyses. Given that, in the observed action
condition, all participants acted both as an actor and as an observer, respectively (i.e. across half of the
trials, participant A observed participant B, while in the other half of the trials participant B observed
participant A), each participant produced data as an observed actor in this condition, as well as an
interacting partner in the interactive condition. Consequently, no selection or averaging over partners in
dyads was required, and all participants were included as individual observations. No data from trials
in which a participant acted as an observer were included in the analyses presented here.

Movement properties were analysed in Matlab using in-house scripts. For each trial, we calculated the
movement amplitude, dominant movement frequency, movement frequency variance and jerk.
Specifically, movement amplitude was measured using average peak-to-peak envelopes estimated using
spline interpolation over local maxima separated by at least 3.5 s (Matlab function envelope, method:
peak). The time window was chosen to provide smooth estimates over all conditions. Time-frequency
analyses using the ‘wavelet method’ based on Morlet wavelets were used to obtain a time-frequency
representation for each participant and each trial. Wavelet analyses were performed for each sample
using wavelet widths of three cycles over frequencies between 0.25 and 20 Hz. The dominant movement
frequency was defined as the frequency with the highest power, averaged over the time windows.
Movement frequency variance was defined as the standard deviation of the dynamic dominant
frequency within each time window. Smoothness of movement trajectories was calculated as jerk, i.e. the
third derivative of the position signal (lower jerk = smoother trajectory); the root mean square was
taken for each time window. An initial analysis that included time as an additional independent
factor (based on three time windows of 7 s duration) showed no significant interactions between time
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and condition for any of the measures. Therefore, time was excluded as factor for the remaining analyses.
Movement parameters were compared between conditions using one-way ANOVAs and followed up
with Bonferroni-corrected paired t-tests where applicable (i.e. in the case of significant effects at p < 0.05).

To test assumptions for ANOVAs, normality was tested using Kolmogorov–Smirnov tests for all
movement parameters with an alpha level set to p < 0.01, given the moderate sample size [47]. The
lowest p-value among the three conditions was considered to evaluate normality for each parameter.
Values for the dominant movement frequency (lowest p < 0.001), movement frequency variability
(lowest p < 0.001) and smoothness of movement trajectories (lowest p = 0.002) were not normally
distributed for all conditions. Log transformation of these scores resulted in normal distribution for all
conditions (all p > 0.01). Sphericity could not be assumed for the dominant movement frequency
(Leven’s statistic; Lð2,123Þ ¼ 4:10, p = 0.019). Therefore, degrees of freedom were adjusted based on the
lower-bound estimate (ε = 0.5). For the remaining variables, sphericity could be assumed (all p > 0.1).

2.5.1. Frequency power modulations

Frequency analyses were applied to all trials using multi-taper time-frequency transformation based on
convolution in the frequency domain (mtmconvol), using Hanning windows over 1 s time windows.
Frequency power was estimated for frequencies ranging from 1 to 30 Hz, at every 500 ms over the
movement period, from −2 to 25 s relative to trial onset. Following frequency analysis, data segments
that contained artefacts (see preprocessing) were removed (rewritten to NaN), including extended
buffers of 1 s before and after each artefact onset/offset. Average time-frequency spectra were
calculated for each of the conditions.

Given our particular interest in modulations of mu and occipital alpha desynchronization, we
extracted frequency power from a set of predefined regions of interest reflecting sensorimotor and
occipital activity. Specifically, we extracted signals from electrodes over the left and right sensorimotor
cortex (C3/C4) and over the occipital cortex (average over Oz/O1/O2). Frequency power over specific
frequency bands (sensorimotor: 10 Hz (8–13 Hz), 20 Hz (15–25 Hz); occipital alpha: 8–13 Hz) were
calculated for the respective regions of interest in the time window of 2 to 23 s post-trial onset,
averaging over time. Edges at the beginning and end of each trial were removed to allow for
engagement of movements and interactions (trial onset), and to reduce noisy sections towards the end
of the trial. Modulations of mu suppression and occipital alpha across the three conditions were
analysed using one-way ANOVAs, and where applicable (in the case of significant F-test with p <
0.05), followed up using Bonferroni-corrected pairwise comparisons between the three conditions. Log
transformation was applied to all scores as the normality of the distributions could not be assumed
consistently. Following log transformation, normality could be assumed for all variables (all p > 0.10).
Sphericity could be assumed for all comparisons (all p > 0.10).

2.5.2. Source space analysis

Source space analyses were performed to localize cortical sources of potential differences. Linearly
constrained minimum variance beamformers with standard boundary element method headmodels and
10–20 electrode templates were used to estimate the time series for 70 cortical regions based on a
reduced automated anatomical labelling (AAL) atlas [48], excluding subcortical and cerebellar regions
(see electronic supplementary material, table S1 for full list of regions). Specifically, time series were
estimated for a 1 × 1 × 1 cm grid for all possible positions in the brain and summarized for each AAL
region using the largest eigenvalue. Subsequently, frequency analyses were performed using the same
settings as for sensor-space analyses (see above). One-way ANOVAs corrected for multiple comparisons
(Bonferroni) were used to identify regions with frequency power differences between conditions.

2.5.3. Functional connectivity

We analysed differences in EEG functional connectivity between conditions using the weighted phase lag
index (wPLI; [49]) in FieldTrip. Based on the preprocessed EEG data, we used a Laplacian spatial filter in
order to reduce volume conductance effects [50] and calculated the weighted phase lag index for all
channel combinations (64 × 64 channels) in the alpha frequency band over non-overlapping segments
of 3 s (i.e. seven evenly spaced segments per trial). Cluster permutation tests were applied to detect
clusters of neighbouring connections corresponding to significant differences between conditions,
using a cluster forming threshold of p < 0.05 and 10 000 permutations [51]. Connections were
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categorized as neighbours when both ends of the connection were among the neighbouring (or the same)
electrodes, adapted from the neighbourhood rules previously developed by Dumas and colleagues for
inter-brain analyses [38]. For example, the connection between C3 and Oz was considered a neighbour
of the connection C1-O1, since electrodes at both ends of the connection are neighbours (C3 is a
neighbour of C1 and Oz is a neighbour of O1); as well as of the connection C3-O1, since O1 is a
neighbour of Oz, and C3 is shared in both connections. However, Cz and Oz (or Cz-O1) is not a
neighbouring connection of C3-Oz, as Cz and C3 are not neighbours or the same electrode.
Consequently, if the differences between conditions passed the cluster forming threshold for multiple
neighbouring connections, these were grouped together in a cluster for subsequent permutation testing.
/journal/rsos
R.Soc.Open

Sci.9:211352
3. Results
3.1. Movement properties
Movement synchronization was high in the interactive condition and absent in the other conditions (see
electronic supplementary material), suggesting that participants succeeded in performing the task
together. In the following, we compared observed actions with interactive and individual actions in
terms of movement amplitude, dominant movement frequency and frequency variations, as well as
smoothness of movement trajectories. Observed actions had larger amplitudes than non-observed
actions. Observed actions and interactions had lower and less variable movement frequencies than
individual actions. No significant differences have been observed between dyads formed by friends
and dyads formed by strangers (electronic supplementary material, S5).

The movement amplitude (figure 2a) was affected by the type of social condition F2,82 = 38.908, p <
0.001; η² = 0.487; figure 2a). Specifically, movement amplitude was decreased for the interactive
condition (M = 2.57 cm, s.d. = 0.75 cm) relative to the individual condition (M = 3.04 cm, s.d. = 0.77 cm;
tð41Þ ¼ 4:634, p < 0.001) and increased for the observed action condition (M = 3.26 cm, s.d. = 0.77 cm)
relative to both individual tð41Þ ¼ �4:066, p < 0.001) and interactive conditions tð41Þ ¼ �8:942, p < 0.001).

Log-transformed dominant movement frequency (figure 2b) was affected by the type of social condition
F2,82= 15.497, p < 0.001, η² = 0.274). Specifically, dominant movement frequency was decreased in the
interactive condition (geometric mean (GM) = 0.53 Hz, geometric standard deviation factor (GSD) = 1.47)
compared with the individual (GM= 0.72 Hz, GSD= 1.42; tð41Þ ¼ 4:407, p< 0.001) and observed action
conditions tð41Þ ¼ �2:414, p = 0.020). It was also decreased for the observed action condition (GM= 0.61 Hz,
GSD= 1.28) compared with the individual condition (tð41Þ ¼ 4:992, p< 0.001).

Log-transformed movement frequency variation (figure 2c) was affected by the type of social
condition (Fð2:82Þ ¼ 32:751, p < 0.001, η² = 0.444). Specifically, movement frequency variability was
reduced for the interactive condition (GM= 0.19 Hz, GSD = 1.76 Hz) relative to the individual
condition (GM= 0.35 Hz, GSD = 1.54 Hz; tð41Þ ¼ 6:636, p < 0.001) and observed action condition
(tð41Þ ¼ 4:755, p < 0.001). It was also reduced for the observed action condition (GM= 0.29 Hz,
GSD = 1.50 Hz) relative to the individual condition (tð41Þ ¼ 4:881, p < 0.001).

The smoothness of movement trajectories (measured as jerk; figure 2d ) was affected by the type of
social condition (Fð2,82Þ ¼ 68:869, p < 0.001, η² = 0.627). Specifically, log of jerk was lower in the
interactive condition (GM= 0.024 cm s−3, GSD = 1.43) compared with the individual condition (GM=
0.037 cm s−3, GSD = 1.44; tð41Þ ¼ 8:683, p < 0.001) and observed action condition (GM= 0.036 cm s−3,
GSD = 1.43; tð41Þ ¼ 8:932, p < 0.001). There was no significant difference between the individual and
observed action conditions (tð41Þ ¼ 1:239, p = 0.222).
3.2. Experienced level of togetherness
Subjective ratings of ‘experienced togetherness’ were affected by the type of social condition
(Fð2,75Þ ¼ 18:04, p < 0.001, η² = 0.325), evaluated on a 5-point scale (1 = lowest, 5 = highest). Specifically,
rated togetherness was higher in the interactive condition (M = 4.05, s.d. = 0.70) compared with the
individual condition (M = 3.05, s.d. = 1.14; tð37Þ ¼ 5:76, p < 0.001) and observed action condition (M =
3.72, s.d. = 0.73; tð37Þ ¼ 3:84, p < 0.001). There was no significant difference between the individual and
observed action conditions (tð37Þ ¼ 1:52, p = 0.138). Moreover, there was no significant difference
between the actor and the observer within the observed action condition (actor: M = 3.11, s.d. = 1.31;
observer: M = 3.39, s.d. = 1.18; tð37Þ ¼ 0:71, p = 0.483).
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Figure 2. Raincloud plots of movement properties. (a) Movement amplitude, indicating the lateral extend of movements. (b)
Dominant movement frequency. (c) Smoothness of movement trajectory ( jerk, inverted). (d ) Variability (standard deviation) of
dominant movement frequency, indicating speed changes during trials. Dots indicate participant averages. All scores are
displayed as raw (non-transformed) values. Asterisks indicate level of significance (��� p < 0.001, ��p < 0.01, �p < 0.05); n.s.:
not significant. Plots created using RainCloudPlots v. 2 [52].
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3.3. EEG task effects
Mu suppression was observed during the individual, interactive and observed action conditions relative
to pre-trial baseline (figure 3). Occipital alpha increased for individual and observed action conditions,
and decreased for the interactive condition, relative to pre-trial baseline. No significant differences
have been observed between dyads formed by friends and dyads formed by strangers (electronic
supplementary material, S5).

3.4. EEG region of interest results

3.4.1. Sensorimotor mu (10 Hz centred component)

Weanalysed suppression of the 10 Hz centred sensorimotormu component by calculating frequency power
over electrodes C3 and C4 in the 8–13 Hz range (figure 4). Over the left central electrode C3, log frequency
power was significantly modulated by condition Fð2,82Þ ¼ 29:61, p < 0.001, η² = 0.419). Specifically, there was
stronger suppression in the interactive condition compared with the individual condition (tð41Þ ¼ 6:60,
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p < 0.001) and observed action condition (tð41Þ ¼ �2:96, p = 0.015). There was also a stronger suppression
during the observed action condition compared with the individual condition (tð41Þ ¼ 5:10, p < 0.001).
Frequency power was also modulated over the right central electrode, C4 (Fð2,82Þ ¼ 14:14, p < 0.001, η² =
0.256). It did not differ significantly between individual and interactive conditions (tð41Þ ¼ 2:01, p =
0.155), but was suppressed in the observed action condition when compared both with the individual
(tð41Þ ¼ 6:66, p < 0.001) and interactive conditions (tð41Þ ¼ 3:05, p = 0.012; all Bonferroni corrected).

3.4.2. Sensorimotor mu (20 Hz centred component)

Log frequency power in the 20 Hz centred sensorimotor mu component was affected by condition for the
left hemisphere (C3; Fð2,82Þ ¼ 6:87, p = 0.002, η² = 0.144; figure 5a), as well as the right hemisphere (C4;
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Fð2,82Þ ¼ 6:65, p = 0.002, η² = 0.140; figure 5b). Over the left central electrode, C3, frequency power was
more suppressed in the interactive condition compared with the individual condition (tð41Þ ¼ 3:99, p =
0.001). Frequency power in the observed action condition was in between individual and interactive
conditions, and did not differ significantly from either (individual: tð41Þ ¼ 2:30, p = 0.079; interactive:
tð41Þ ¼ �0:80, p = 1; all Bonferroni corrected). Over right central electrode, C4, frequency power was
more suppressed during the interactive condition compared with individual condition (tð41Þ ¼ 5:16,
p < 0.001) as well as observed action condition compared with individual condition (tð41Þ ¼ 4:73, p <
0.001). There was no significant difference between the observed action condition and the interactive
condition (tð41Þ ¼ 0:04, p = 1; all Bonferroni corrected).

3.4.3. Occipital alpha

Suppression of log frequency power of occipital alpha (8–12 Hz, averaged over Oz, O1 and O2; figure 6)
was significantly affected by condition (Fð2,82Þ ¼ 34:68, p < 0.001, η² = 0.458). Specifically, the suppression
of occipital alpha was stronger during the interactive compared with individual action condition
(tð41Þ ¼ 6:55, p < 0.001). Occipital alpha suppression in the observed action condition was at an
intermediate level between the individual and interactive conditions. Specifically, the suppression was
stronger relative to the individual condition (tð41Þ ¼ 5:64, p < 0.001) and weaker compared with
interactive condition (tð41Þ ¼ �4:39, p < 0.001; all Bonferroni corrected).

Whole-brain source space frequency analyses were conducted for cortical regions (based on the AAL
template, see Methods), in order to identify potential differences in other cortical regions. After
correction for multiple comparisons (Bonferroni, 70 regions), we observed significant effects of
condition on alpha-band power in frontal (precentral R, superior frontal R, supplementary motor area
(SMA) R), occipital (calcarine sulcus L/R, cuneus L/R, lingual gyrus L/R, occipital cortex sup/mid/
inf L/R, fusiform gyrus L/R), parietal (superior parietal L, angular gyrus L/R, precuneus L/R) and
temporal (temporal mid/inf L/R) regions (one-way ANOVA, all p < 0.05, Bonferroni corrected).
Specific differences between conditions are listed in the electronic supplementary material, S4. The
results suggest occipital sources (strongest suppression in interactive actions, followed by observed
actions), as well as temporal sources in the interactive and observed action condition (both stronger
suppression compared with the individual condition, but no differences between the interactive and
observed action conditions), as well as frontal suppression during individual and observed action
conditions compared with interactive condition.

In the beta band, only the right SMA showed reliable significant differences after correction for
multiple comparison (Fð2,82Þ ¼ 9:32, p = 0.016, η² = 0.185). Beta band power in SMA was higher in the
individual compared with the interactive action condition (Fð1,41Þ ¼ 14:56, p < 0.001, η² = 0.262) and
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observed action condition (Fð1,41Þ ¼ 6:52, p = 0.015, η² = 0.137). There were no significant differences
between the interactive and observed action conditions (Fð1,41Þ ¼ 3:49, p = 0.069, η² = 0.078).
3.5. EEG functional connectivity
A pairwise cluster permutation analysis of weighted phase lag index differences revealed significant
effects of the type of social condition on functional connectivity in the alpha-band. Specifically, the
individual action condition showed significant differences from the interactive condition ( p < 0.001),
with a corresponding cluster including occipital, parietal and temporal connections (figure 7a). The
observed action condition showed significant differences from both individual and interactive
conditions (both p < 0.001), with corresponding widespread clusters spanning most electrodes
(individual versus observed actions: 58.7% of all possible links between electrode pairs; interactive
versus observed actions: 81.4% of all possible links). The connectivity cluster of the observed action
condition relative to the individual condition was most pronounced between frontal and
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centro-parietal electrodes (figure 7b); functional connectivity in the observed action condition relative to
the interactive condition was most pronounced between frontal and occipital electrodes (figure 7c).
oyalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:211352
4. Discussion
In this study, we aimed to investigate the behavioural and neural mechanisms underlying observed
actions, corresponding to audience effects [1]. We observed that participants, when observed by a
partner, produced larger movements than during non-observed actions, as well as during interactions
where two partners strived to synchronize their movements. Both observed actors and interacting
partners produced slower and less variable movements in contrast with acting alone, with interacting
partners achieving high levels of synchronization. Using EEG, we observed stronger mu suppression
during interaction compared with individual actions, which was also present, albeit weaker, during
observed actions. Moreover, we observed an increase in widespread functional brain connectivity in
the alpha frequency range during observed actions.

Our results show that actions are performed differently when they are observed by another person,
even in the absence of a communicative task, following the framework of audience effects [1]. Specifically,
our results suggest that observed actions resemble emergent interactive actions in movement properties,
and that observed actors take observers into account in their action plans.

4.1. Changes in movement properties depending on the type of social condition
Observed actors produced larger and more regular movements than when acting alone. These
modulations fit largely with the idea that movements are intensified when performed under the
watching eyes of an observer [8–10]. Additionally, by reducing the variation in movement frequency
throughout a trial, as well as by reducing movement frequency overall, observed actors produced
actions that were more predictable to the observer, and thus easier to follow, despite the fact that
observers did not have the task of responding to or predicting the observed movements. Increased
predictability was also observed in coupled interactions (again by reduced frequency variation and
frequency); however, here the movements were smaller in terms of amplitude. Smaller movement
amplitudes allow for lower movement velocities at a constant frequency, which would allow both
partners to respond to changes in movements of their partners more easily. However, during coupled
interaction, the produced movements emerged from the interaction and were the consequence of
mutual adaptation [25], whereas observed actions were completely self-regulated. These differences
may allow observed actors to produce large movements (with necessarily higher peak velocities and
accelerations), resembling communicative actions [11], whereas mutual adaptation probably benefits
from slower velocities and lower acceleration rates. Modulations aimed at increased predictability,
however, are probably due to incorporation of the observer, in the same way as actions are made
more predictable during interactions [24].

4.2. Increased motor system engagement during interactive and observed actions
Mu suppression, especially over the left hemisphere (contralateral to the used effectors) in the 10 and
20 Hz component, was increased both during interaction and observed actions relative to individual
actions. Increased mu suppression has been found across a range of interactions including joint action,
joint attention and coordination [29–31,53,54], and has been associated with the integration of social
partners in neural ‘we-representations’ [28] during social interaction. More broadly, it has previously
been suggested that alpha oscillations have a functional role related to attention and prediction [37],
with the mu-rhythm reflecting a common coding mechanism of perception and action [36,55]. With
regard to the present study, increased mu suppression during the interactive condition may thus
reflect increased attention to self–other coupling of action-perception loops [31], reflecting the
integration of one’s own movements with those of the partner in order to achieve and sustain
synchronized movements. However, the role of increased mu suppression during the observed action
condition is less clear. One possibility is that observed actors focus more on their own movements,
resulting in more strictly planned and controlled movements, with mu suppression reflecting
increased action-perception coupling of intrinsic (self-related) loops. Alternatively, the observer may be
integrated into the action plans of the observed actor directly in ‘we-representations’ [28,56]. However,
in contrast with the interactive condition, the observer is not performing any overt actions him-/
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herself; therefore, it remains unclear what exactly would be integrated. One possibility may be that the
observed actor (implicitly) imagines the observer to ‘go along’ with his or her actions, that is, to mentally
synchronize their actions to the observed actor through mutual self-adaptation between the own and the
simulated movements. Another possibility is that the observation process itself is integrated. It has been
shown that, when observing other people’s actions, the observer internally simulates the observed
actions in the observer’s motor system [5,57], which has repeatedly been associated with mu
suppression in the observer [35,58,59]. Therefore, the observed actor may not only represent his or her
own actions, but also the observation process of the observer, resulting in increased mu suppression
relative to non-observed actions.

4.3. Increased intra-individual coupling during observed actions
We observed a decrease in functional connectivity during interactions relative to individual actions (in
isolation) with corresponding clusters of connections between occipital, parietal and temporal areas in
the alpha frequency range, as well as increased widespread functional connectivity during observed
actions. Notably, the strongest increases in functional connectivity (during observed actions) were
found between frontal and centro-parietal regions (figure 7b). Previous studies have shown
connectivity changes between similar regions when participants attended to their own actions [43],
and functional connectivity in the alpha-band has previously been tied to functions of cognitive
control [60]. The prefrontal cortex is also known to be involved in higher level cognitive control of
actions [61,62], suggesting an increased level of self-monitoring and, possibly, higher attention towards
own actions in the observed actor.

These results thus suggest that individual actions that do not rely on integration of actions of the other
result in stronger intra-individual coupling, presumably due to an increase in monitoring of own actions.
Interactions, on the other hand, require a tight coupling of self and other, hence a stronger interpersonal
coupling, which we speculate may result in weaker intra-individual coupling due to reduced monitoring
(and perhaps regulation) of own actions. This mechanism has recently been suggested following results
from a Kuramoto model of self–other integration applied to interpersonal finger tapping data [40].
Heggli and colleagues showed that interpersonal coordination strategies rely on the dynamic balance
between within- and between-person coupling of action-perception units. Namely, mutual adaptation
(interaction) exhibited higher interpersonal coupling and lower intra-personal coupling of action-
perception units. This was in contrast with ‘leader-leader’ behaviour, where two people interact but
do not adapt to one another—which was theoretically characterized by lower interpersonal coupling,
and higher intra-personal coupling. While this is in line with the functional connectivity results in the
present study, it should be noted that the functional connectivity differences here are generally
widespread, instead of localized to fronto-parietal and prefrontal-premotor connections as
hypothesized, which suggests intra-personal coupling effects that extend beyond action-perception
loops. We thus speculate that the widespread connectivity differences we see between the conditions
may also be related to other task-related differences, e.g. intensification of movement amplitudes.

4.4. Interpretational issues
Given the task dependency of audience effects, the results of the present study cannot be interpreted
independently of the task context. Specifically, observed actions in the current study were intermixed
with, among others, trials of coupled interaction and leader–follower interactions. Therefore, the
adaptations of the observed actor when there is no communicative intention may be affected by the
other conditions in which there was a communicative intention, or mutual adaptation. However, despite
this lack of separation, similar behavioural changes could be expected in the individual condition if the
observed effects during the observed action condition were merely carry-over effects from the other
conditions. Therefore, we are confident that the observed effects are proper audience effects.

Furthermore, it cannot be excluded that the finding of increased mu suppression during the
interaction and observed action conditions are related to attentional processes. As described by
Hamilton & Lind [1], the presence of an observer—which may have occurred in both conditions
equally—can affect the effort at which a task is executed. In turn, one interpretation could be that
participants were less motivated in the individual condition, compared with both the interactive and
observed action condition. This may have resulted in more variable, and thus less predictable
movements, and consequently, lower level of sensorimotor processing. Similarly, the observed mu
suppression effects could also be related to attention or cognitive demand [37], mechanisms related to
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reduction in power of alpha oscillations over occipital areas [63]. Such attention/demand-related
suppression of alpha oscillations may therefore be related to the increased demands on coordination
of one’s own movements with those of the partner in the interactive condition, as well as a perceived
need to produce ‘better’ movements (e.g. more interesting and creative, or less sluggish) in the
observed action condition. As such, these conditions would not necessarily require an integration of
the partner or observer, but may simply be more challenging, either explicitly (due to being instructed
to synchronize) or implicitly (due to a perceived pressure to produce ‘better’ movements).

Finally, most participants in the present study were improvisation novices. Improvisation novices have
been shown to produce less creative movements and lower peak velocities during interactions in the
mirror-game paradigm than improvisation experts, and generally perform better when one person is
declared the designated leader [44]. This may have limited performance and restricted movements
during the interactive condition, and possibly also during the observed action condition, resulting in
more predictive and less expressive movements compared with the individual and unobserved condition.

4.5. Observers are integrated in observed actions
The suggestion that observers are integrated into action plans is closely related to audience effects in
other situations and actions. A number of studies have shown that we adapt our behaviour and
responses when we are being observed by others [8–10,13–15,17–20], or during communicative actions
[11,12]. Specifically, actors adapt their communication style to the predicted needs of their partners.
Hamilton & Lind [1] suggest that audience effects, in the context of mental tasks and moral/prosocial
judgements and questions, are related to one’s self-concept, and intended towards keeping a positive
image and appearance in the observer, requiring that observed actors take into account the
perspective of the observer. In contrast with previous studies, however, here we provide evidence for
an integration of passive observers of manual actions, in the absence of communicative intentions.
These findings have in common that actions are adjusted in response to being observed, based on an
implicit simulation or consideration of the observer.
5. Conclusion
We have shown that when actions are performed under the watching eyes of an observer, more predictable
and more intense movements are produced, that would be easier to follow by an observer. Moreover, our
results suggest that these behavioural adaptations may be due to an integration of the observer into one’s
own action plans, as well as a stronger intra-individual neural coupling, potentially as a result of increased
self-monitoring and attention towards one’s own actions. These findings advance our understanding of the
mechanisms underlying audience effects in manual actions and provide a complementary approach to the
increasing number of research studies on inter-individual mechanisms.

Data accessibility. The (preprocessed) data analysed in this manuscript and the code used for data analysis are available in the
following OSF repository: https://osf.io/5nt8f. Full raw data are available via the DTU data repository (linked in OSF).
Authors’ contributions. M.Z.: conceptualization, data curation, formal analysis, investigation, methodology, project
administration, software, supervision, visualization, writing—original draft and writing—review and editing;
A.S.L.: data curation, investigation, writing—original draft and writing—review and editing; I.K.: conceptualization,
formal analysis, funding acquisition, investigation, project administration, resources, supervision, writing—original
draft and writing—review and editing. All authors gave final approval for publication and agreed to be held
accountable for the work performed therein.
Competing interests. We declare we have no competing interests.
Funding. This work is supported by the Villum Experiment grant (project no. 00023213).
Acknowledgements. We would like to thank DTU Skylab for providing technical support and the workspace needed
during the construction of the experimental set-up, Hearing Systems (DTU Health Tech) for use of the EEG
laboratory facilities, as well as Andrew King (DTU Health Tech) for technical support in the EEG laboratory.
References

1. Hamilton AFC, Lind F. 2016 Audience effects:

what can they tell us about social neuroscience,
theory of mind and autism? Cult. Brain 4,
159–177. (doi:10.1007/s40167-016-0044-5)
ttp://royalsocietypublishing.org/rsos/article-pdf/doi/10
gensburg (Universitaet Regensburg) user
6

2. Zajonc RB, Sales SM. 1966 Social facilitation of
dominant and subordinate responses. J. Exp.
Soc. Psychol. 2, 160–168. (doi:10.1016/0022-
1031(66)90077-1)
.1098/rsos.211352/996375/rsos.211352.pdf
3. Cottrell NB, Wack DL, Sekerak GJ, Rittle RH.
1968 Social facilitation of dominant
responses by the presence of an audience
and the mere presence of others. J. Pers.

https://osf.io/5nt8f
https://osf.io/5nt8f
https://doi.org/10.1007/s40167-016-0044-5
http://dx.doi.org/10.1016/0022-1031(66)90077-1
http://dx.doi.org/10.1016/0022-1031(66)90077-1


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:211352
15

Downloaded from h
by University of Re
on 24 February 202
Soc. Psychol. 9, 245–250. (doi:10.1037/
h0025902)

4. Van Schie HT, Mars RB, Coles MGH, Bekkering H.
2004 Modulation of activity in medial frontal
and motor cortices during error observation.
Nat. Neurosci. 7, 549–554. (doi:10.1038/
nn1239)

5. Neal A, Kilner JM. 2010 What is simulated in the
action observation network when we observe
actions? Eur. J. Neurosci. 32, 1765–1770. (doi:10.
1111/j.1460-9568.2010.07435.x)

6. Press C, Cook J, Blakemore SJ, Kilner J. 2011
Dynamic modulation of humanmotor activity when
observing actions. J. Neurosci. 31, 2792–2800.
(doi:10.1523/JNEUROSCI.1595-10.2011)

7. Tucciarelli R, Wurm M, Baccolo E, Lingnau A.
2019 The representational space of observed
actions. Elife 8, e47686. (doi:10.7554/eLife.
47686)

8. Moelants D, Demey M, Grachten M, Wu CF,
Leman M. 2012 The influence of an audience on
performers: a comparison between rehearsal
and concert using audio, video and movement
data. J. New Music Res. 41, 67–78. (doi:10.
1080/09298215.2011.642392)

9. Shikanai N, Hachimura K. 2014 The effects of
the presence of an audience on the emotions
and movements of dancers. Procedia Technol.
18, 32–36. (doi:10.1016/j.protcy.2014.11.008)

10. Schaerlaeken S, Grandjean D, Glowinski D. 2017
Playing for a virtual audience: the impact of a
social factor on gestures, sounds and expressive
intents. Appl. Sci. 7, 1321. (doi:10.3390/
app7121321)

11. de Ruiter JP, Noordzij ML, Newman-Norlund S,
Newman-Norlund R, Hagoort P, Levinson SC,
Toni I. 2010 Exploring the cognitive
infrastructure of communication. Interact Stud.
11, 51–77. (doi:10.1075/is.11.1.05rui)

12. Newman-Norlund SE, Noordzij ML, Newman-
Norlund RD, Volman IAC, de Ruiter JP, Hagoort
P, Toni I. 2009 Recipient design in tacit
communication. Cognition 111, 46–54. (doi:10.
1016/j.cognition.2008.12.004)

13. McEllin L, Knoblich G, Sebanz N. 2017 Distinct
kinematic markers of demonstration and joint
action coordination? Evidence from virtual
xylophone playing. J. Exp. Psychol. Hum.
Percept. Perform. 44, 885. (doi:10.1037/
xhp0000505)

14. Trujillo JP, Simanova I, Bekkering H, Özyürek A.
2018 Communicative intent modulates
production and comprehension of actions and
gestures: a kinect study. Cognition 180, 38–51.
(doi:10.1016/j.cognition.2018.04.003)

15. Winner T, Selen L, Murillo Oosterwijk A,
Verhagen L, Medendorp WP, van Rooij I, Toni I.
2019 Recipient design in communicative
pointing. Cogn. Sci. 43, e12733. (doi:10.1111/
cogs.12733)

16. Krishnan-Barman S, Hamilton AFDC. 2019
Adults imitate to send a social signal. Cognition
187, 150–155. (doi:10.1016/j.cognition.2019.
03.007)

17. Grant T, Dajee K. 2003 Types of task, types of
audience, types of actor: interactions between
mere presence and personality type in a simple
mathematical task. Pers. Individ. Dif. 35,
633–639. (doi:10.1016/S0191-8869(02)00241-6)
ttp://royalsocietypublishing.org/rsos/article-pdf/doi/10
gensburg (Universitaet Regensburg) user
6

18. Andreoni J, Petrie R. 2004 Public goods
experiments without confidentiality: a glimpse
into fund-raising. J. Public Econ. 88,
1605–1623. (doi:10.1016/S0047-
2727(03)00040-9)

19. Bereczkei T, Birkas B, Kerekes Z. 2010 Altruism
towards strangers in need: costly signaling in an
industrial society. Evol. Hum. Behav. 31, 95–103.
(doi:10.1016/j.evolhumbehav.2009.07.004)

20. Van Vugt M, Hardy CL. 2010 Cooperation for
reputation: wasteful contributions as costly
signals in public goods. Gr. Process Intergr.
Relations 13, 101–111. (doi:10.1177/
1368430209342258)

21. Bond CF. 1982 Social facilitation: a self-
presentational view. J. Pers. Soc. Psychol. 42,
1042–1050. (doi:10.1037/0022-3514.42.6.1042)

22. Tennie C, Frith U, Frith CD. 2010 Reputation
management in the age of the world-wide
web. Trends Cogn. Sci. 14, 482–488. (doi:10.
1016/j.tics.2010.07.003)

23. Sebanz N, Bekkering H, Knoblich G. 2006 Joint
action: bodies and minds moving together.
Trends Cogn. Sci. 10, 70–76. (doi:10.1016/j.tics.
2005.12.009)

24. Vesper C, Van Der Wel RPRD, Knoblich G,
Sebanz N. 2011 Making oneself predictable:
reduced temporal variability facilitates joint
action coordination. Exp. Brain Res. 211,
517–530. (doi:10.1007/s00221-011-2706-z)

25. Konvalinka I, Vuust P, Roepstorff A, Frith CD.
2010 Follow you, follow me: continuous mutual
prediction and adaptation in joint tapping.
Q. J. Exp. Psychol. 63, 2220–2230. (doi:10.1080/
17470218.2010.497843)

26. Wolpert DM, Flanagan JR. 2001 Motor
prediction. Curr. Biol. 11, R729–R732. (doi:10.
1016/S0960-9822(01)00432-8)

27. Oztop E, Wolpert D, Kawato M. 2005 Mental
state inference using visual control parameters.
Brain Res. Cogn. Brain Res. 22, 129–151.
(doi:10.1016/j.cogbrainres.2004.08.004)

28. Kourtis D, Woźniak M, Sebanz N, Knoblich G. 2019
Evidence for we-representations during joint action
planning. Neuropsychologia 131, 73–83. (doi:10.
1016/j.neuropsychologia.2019.05.029)

29. Dumas G, Martinerie J, Soussignan R, Nadel J.
2012 Does the brain know who is at the origin
of what in an imitative interaction? Front. Hum.
Neurosci. 6, 128. (doi:10.3389/fnhum.2012.
00128)

30. Lachat F, Hugeville L, Lemarechal JD, Conty L,
George N. 2012 Oscillatory brain correlates of
live joint attention: a dual-EEG study. Front.
Hum. Neurosci. 6, 156. (doi:10.3389/fnhum.
2012.00156)

31. Konvalinka I, Bauer M, Stahlhut C, Hansen LK,
Roepstorff A, Frith CD. 2014 Frontal alpha
oscillations distinguish leaders from followers:
multivariate decoding of mutually interacting
brains. Neuroimage 94, 79–88. (doi:10.1016/j.
neuroimage.2014.03.003)

32. Gastaut HJ, Bert J. 1954 EEG changes during
cinematographic presentation (Moving picture
activation of the EEG). Electroencephalogr. Clin.
Neurophysiol. 6, 433–444. (doi:10.1016/0013-
4694(54)90058-9)

33. Salmelin R, Hari R. 1994 Characterization of
spontaneous MEG rhythms in healthy adults.
.1098/rsos.211352/996375/rsos.211352.pdf
Electroencephalogr. Clin. Neurophysiol. 91,
237–248. (doi:10.1016/0013-4694(94)90187-2)

34. Pfurtscheller G, Da Silva FHL. 1999 Event-related
EEG/MEG synchronization and
desynchronization: basic principles. Clin.
Neurophysiol. 110, 1842–1857. (doi:10.1016/
S1388-2457(99)00141-8)

35. Muthukumaraswamy SD, Johnson BW, McNair
NA. 2004 Mu rhythm modulation during
observation of an object-directed grasp. Cogn.
Brain Res. 19, 195–201. (doi:10.1016/j.
cogbrainres.2003.12.001)

36. Hari R. 2006 Action–perception connection
and the cortical mu rhythm. Prog. Brain Res.
159, 253–260. (doi:10.1016/S0079-6123(06)
59017-X)

37. Klimesch W, Sauseng P, Hanslmayr S. 2007 EEG
alpha oscillations: the inhibition–timing
hypothesis. Brain Res. Rev. 53, 63–88. (doi:10.
1016/j.brainresrev.2006.06.003)

38. Dumas G, Nadel J, Soussignan R, Martinerie J,
Garnero L. 2010 Inter-brain synchronization
during social interaction. PLoS ONE 5, e12166.
(doi:10.1371/journal.pone.0012166)

39. Pérez A, Carreiras M, Duñabeitia JA. 2017 Brain-
to-brain entrainment: EEG interbrain
synchronization while speaking and listening.
Sci. Rep. 7, 1–12. (doi:10.1038/s41598-017-
04464-4)

40. Heggli OA, Cabral J, Konvalinka I, Vuust P,
Kringelbach ML. 2019 A Kuramoto model of
self-other integration across interpersonal
synchronization strategies. PLoS Comput. Biol.
15, e1007422. (doi:10.1371/journal.pcbi.
1007422)

41. Heggli OA, Konvalinka I, Kringelbach ML, Vuust
P. 2021 A metastable attractor model of self–
other integration (MEAMSO) in rhythmic
synchronization. Phil. Trans. R. Soc. B 376,
20200332. (doi:10.1098/rstb.2020.0332)

42. Fairhurst MT, Janata P, Keller PE. 2014 Leading
the follower: an fMRI investigation of dynamic
cooperativity and leader-follower strategies in
synchronization with an adaptive virtual
partner. Neuroimage 84, 688–697. (doi:10.
1016/j.neuroimage.2013.09.027)

43. Rowe J, Friston K, Frackowiak R, Passingham R.
2002 Attention to action: specific modulation of
corticocortical interactions in humans.
Neuroimage 17, 988–998. (doi:10.1006/nimg.
2002.1156)

44. Noy L, Dekel E, Alon U. 2011 The mirror game
as a paradigm for studying the dynamics of two
people improvising motion together. Proc. Natl
Acad. Sci. USA 108, 20 947–20 952. (doi:10.
1073/pnas.1108155108)

45. Noy L, Levit-Binun N, Golland Y. 2015 Being
in the zone: physiological markers of
togetherness in joint improvisation. Front. Hum.
Neurosci. 9, 187. (doi:10.3389/fnhum.2015.
00187)

46. Oostenveld R, Fries P, Maris E, Schoffelen JM.
2011 FieldTrip: open source software for
advanced analysis of MEG, EEG, and invasive
electrophysiological data. Comput. Intell.
Neurosci. 2011, 156869. (doi:10.1155/2011/
156869)

47. Field AP. 2009 Discovering statistics using SPSS.
London, UK: SAGE Publications.

http://dx.doi.org/10.1037/h0025902
http://dx.doi.org/10.1037/h0025902
http://dx.doi.org/10.1038/nn1239
http://dx.doi.org/10.1038/nn1239
http://dx.doi.org/10.1111/j.1460-9568.2010.07435.x
http://dx.doi.org/10.1111/j.1460-9568.2010.07435.x
http://dx.doi.org/10.1523/JNEUROSCI.1595-10.2011
http://dx.doi.org/10.7554/eLife.47686
http://dx.doi.org/10.7554/eLife.47686
http://dx.doi.org/10.1080/09298215.2011.642392
http://dx.doi.org/10.1080/09298215.2011.642392
http://dx.doi.org/10.1016/j.protcy.2014.11.008
http://dx.doi.org/10.3390/app7121321
http://dx.doi.org/10.3390/app7121321
http://dx.doi.org/10.1075/is.11.1.05rui
http://dx.doi.org/10.1016/j.cognition.2008.12.004
http://dx.doi.org/10.1016/j.cognition.2008.12.004
http://dx.doi.org/10.1037/xhp0000505
http://dx.doi.org/10.1037/xhp0000505
http://dx.doi.org/10.1016/j.cognition.2018.04.003
http://dx.doi.org/10.1111/cogs.12733
http://dx.doi.org/10.1111/cogs.12733
http://dx.doi.org/10.1016/j.cognition.2019.03.007
http://dx.doi.org/10.1016/j.cognition.2019.03.007
http://dx.doi.org/10.1016/S0191-8869(02)00241-6
http://dx.doi.org/10.1016/S0047-2727(03)00040-9
http://dx.doi.org/10.1016/S0047-2727(03)00040-9
http://dx.doi.org/10.1016/j.evolhumbehav.2009.07.004
http://dx.doi.org/10.1177/1368430209342258
http://dx.doi.org/10.1177/1368430209342258
http://dx.doi.org/10.1037/0022-3514.42.6.1042
http://dx.doi.org/10.1016/j.tics.2010.07.003
http://dx.doi.org/10.1016/j.tics.2010.07.003
http://dx.doi.org/10.1016/j.tics.2005.12.009
http://dx.doi.org/10.1016/j.tics.2005.12.009
http://dx.doi.org/10.1007/s00221-011-2706-z
http://dx.doi.org/10.1080/17470218.2010.497843
http://dx.doi.org/10.1080/17470218.2010.497843
http://dx.doi.org/10.1016/S0960-9822(01)00432-8
http://dx.doi.org/10.1016/S0960-9822(01)00432-8
http://dx.doi.org/10.1016/j.cogbrainres.2004.08.004
http://dx.doi.org/10.1016/j.neuropsychologia.2019.05.029
http://dx.doi.org/10.1016/j.neuropsychologia.2019.05.029
http://dx.doi.org/10.3389/fnhum.2012.00128
http://dx.doi.org/10.3389/fnhum.2012.00128
http://dx.doi.org/10.3389/fnhum.2012.00156
http://dx.doi.org/10.3389/fnhum.2012.00156
http://dx.doi.org/10.1016/j.neuroimage.2014.03.003
http://dx.doi.org/10.1016/j.neuroimage.2014.03.003
http://dx.doi.org/10.1016/0013-4694(54)90058-9
http://dx.doi.org/10.1016/0013-4694(54)90058-9
http://dx.doi.org/10.1016/0013-4694(94)90187-2
http://dx.doi.org/10.1016/S1388-2457(99)00141-8
http://dx.doi.org/10.1016/S1388-2457(99)00141-8
http://dx.doi.org/10.1016/j.cogbrainres.2003.12.001
http://dx.doi.org/10.1016/j.cogbrainres.2003.12.001
http://dx.doi.org/10.1016/S0079-6123(06)59017-X
http://dx.doi.org/10.1016/S0079-6123(06)59017-X
http://dx.doi.org/10.1016/j.brainresrev.2006.06.003
http://dx.doi.org/10.1016/j.brainresrev.2006.06.003
http://dx.doi.org/10.1371/journal.pone.0012166
http://dx.doi.org/10.1038/s41598-017-04464-4
http://dx.doi.org/10.1038/s41598-017-04464-4
http://dx.doi.org/10.1371/journal.pcbi.1007422
http://dx.doi.org/10.1371/journal.pcbi.1007422
http://dx.doi.org/10.1098/rstb.2020.0332
http://dx.doi.org/10.1016/j.neuroimage.2013.09.027
http://dx.doi.org/10.1016/j.neuroimage.2013.09.027
http://dx.doi.org/10.1006/nimg.2002.1156
http://dx.doi.org/10.1006/nimg.2002.1156
http://dx.doi.org/10.1073/pnas.1108155108
http://dx.doi.org/10.1073/pnas.1108155108
http://dx.doi.org/10.3389/fnhum.2015.00187
http://dx.doi.org/10.3389/fnhum.2015.00187
http://dx.doi.org/10.1155/2011/156869
http://dx.doi.org/10.1155/2011/156869


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.9:211352
16

Downloaded from h
by University of Re
on 24 February 202
48. Tzourio-Mazoyer N, Landeau B, Papathanassiou
D, Crivello F, Etard O, Delcroix N, Mazoyer B,
Joliot M. 2002 Automated anatomical labeling
of activations in SPM using a macroscopic
anatomical parcellation of the MNI MRI single-
subject brain. Neuroimage 15, 273–289.
(doi:10.1006/nimg.2001.0978)

49. Vinck M, Oostenveld R, Van Wingerden M,
Battaglia F, Pennartz CMA. 2011 An improved
index of phase-synchronization for
electrophysiological data in the presence of
volume-conduction, noise and sample-size bias.
Neuroimage 55, 1548–1565. (doi:10.1016/j.
neuroimage.2011.01.055)

50. Cohen MX. 2015 Effects of time lag and
frequency matching on phase-based
connectivity. J. Neurosci. Methods
250, 137–146. (doi:10.1016/j.jneumeth.
2014.09.005)

51. Maris E, Oostenveld R. 2007 Nonparametric
statistical testing of EEG- and MEG-data.
J. Neurosci. Methods 164, 177–190. (doi:10.
1016/j.jneumeth.2007.03.024)

52. Allen M, Poggiali D, Whitaker K, Rhys Marshall T,
Van Langen J, Kievit RA, Debruine LM, Allen E.
2021 Raincloud plots: a multi-platform tool for
robust data visualization. Wellcome Open Res. 4,
63. (doi:10.12688/wellcomeopenres.15191.2)
ttp://royalsocietypublishing.org/rsos/article-pdf/doi/10
gensburg (Universitaet Regensburg) user
6

53. Tognoli E, Lagarde J, DeGuzman GC, Kelso JAS.
2007 The phi complex as a neuromarker of
human social coordination. Proc. Natl Acad. Sci.
USA 104, 8190–8195. (doi:10.1073/pnas.
0611453104)

54. Naeem M, Prasad G, Watson DR, Kelso JAS.
2012 Electrophysiological signatures of
intentional social coordination in the 10–12 Hz
range. Neuroimage 59, 1795–1803. (doi:10.
1016/j.neuroimage.2011.08.010)

55. de Lange FP, Jensen O, Bauer M, Toni I. 2008
Interactions between posterior gamma and
frontal alpha/beta oscillations during imagined
actions. Front. Hum. Neurosci. 2, 7. (doi:10.
3389/neuro.09.007.2008)

56. Gallotti M, Frith CD. 2013 Social cognition in the
we-mode. Trends Cogn. Sci. 17, 160–165.
(doi:10.1016/j.tics.2013.02.002)

57. Zentgraf K, Munzert J, Bischoff M, Newman-
Norlund RD. 2011 Simulation during
observation of human actions – theories,
empirical studies, applications. Vision
Res. 51, 827–835. (doi:10.1016/j.visres.2011.
01.007)

58. Arnstein D, Cui F, Keysers C, Maurits NM,
Gazzola V. 2011 μ-Suppression during action
observation and execution correlates with bold
in dorsal premotor, inferior parietal, and SI
.1098/rsos.211352/996375/rsos.211352.pdf
cortices. J. Neurosci. 31, 14 243–14 249.
(doi:10.1523/JNEUROSCI.0963-11.2011)

59. Brunsdon VEA, Bradford EEF, Ferguson HJ. 2019
Sensorimotor mu rhythm during action
observation changes across the lifespan
independently from social cognitive processes.
Dev. Cogn. Neurosci. 38, 100659. (doi:10.1016/j.
dcn.2019.100659)

60. Sadaghiani S, Kleinschmidt A. 2016 Brain networks
and α-oscillations: structural and functional
foundations of cognitive control. Trends Cogn. Sci.
20, 805–817. (doi:10.1016/j.tics.2016.09.004)

61. Ridderinkhof KR, Van Den Wildenberg WPM,
Segalowitz SJ, Carter CS. 2004 Neurocognitive
mechanisms of cognitive control: the role of
prefrontal cortex in action selection, response
inhibition, performance monitoring, and
reward-based learning. Brain Cogn. 56,
129–140. (doi:10.1016/j.bandc.2004.09.016)

62. Koechlin E, Summerfield C. 2007 An information
theoretical approach to prefrontal executive
function. Trends Cogn. Sci. 11, 229–235. (doi:10.
1016/j.tics.2007.04.005)

63. Van Diepen RM, Cohen MX, Denys D, Mazaheri
A. 2015 Attention and temporal expectations
modulate power, not phase, of ongoing alpha
oscillations. J. Cogn. Neurosci. 27, 1573–1586.
(doi:10.1162/jocn_a_00803)

http://dx.doi.org/10.1006/nimg.2001.0978
http://dx.doi.org/10.1016/j.neuroimage.2011.01.055
http://dx.doi.org/10.1016/j.neuroimage.2011.01.055
http://dx.doi.org/10.1016/j.jneumeth.2014.09.005
http://dx.doi.org/10.1016/j.jneumeth.2014.09.005
http://dx.doi.org/10.1016/j.jneumeth.2007.03.024
http://dx.doi.org/10.1016/j.jneumeth.2007.03.024
http://dx.doi.org/10.12688/wellcomeopenres.15191.2
http://dx.doi.org/10.1073/pnas.0611453104
http://dx.doi.org/10.1073/pnas.0611453104
http://dx.doi.org/10.1016/j.neuroimage.2011.08.010
http://dx.doi.org/10.1016/j.neuroimage.2011.08.010
http://dx.doi.org/10.3389/neuro.09.007.2008
http://dx.doi.org/10.3389/neuro.09.007.2008
http://dx.doi.org/10.1016/j.tics.2013.02.002
http://dx.doi.org/10.1016/j.visres.2011.01.007
http://dx.doi.org/10.1016/j.visres.2011.01.007
http://dx.doi.org/10.1523/JNEUROSCI.0963-11.2011
http://dx.doi.org/10.1016/j.dcn.2019.100659
http://dx.doi.org/10.1016/j.dcn.2019.100659
http://dx.doi.org/10.1016/j.tics.2016.09.004
http://dx.doi.org/10.1016/j.bandc.2004.09.016
http://dx.doi.org/10.1016/j.tics.2007.04.005
http://dx.doi.org/10.1016/j.tics.2007.04.005
http://dx.doi.org/10.1162/jocn_a_00803

	Intra-individual behavioural and neural signatures of audience effects and interactions in a mirror-game paradigm
	Introduction
	Methods
	Participants
	Task
	Subjective measures
	Data acquisition and preprocessing
	Data analyses
	Frequency power modulations
	Source space analysis
	Functional connectivity


	Results
	Movement properties
	Experienced level of togetherness
	EEG task effects
	EEG region of interest results
	Sensorimotor mu (10Hz centred component)
	Sensorimotor mu (20Hz centred component)
	Occipital alpha

	EEG functional connectivity

	Discussion
	Changes in movement properties depending on the type of social condition
	Increased motor system engagement during interactive and observed actions
	Increased intra-individual coupling during observed actions
	Interpretational issues
	Observers are integrated in observed actions

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


