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order 1 more than order 2 in block 2 and block 3 (respectively, 
F[1,31]  =  9.56, p  <  0.01, η2  =  0.33; F[1,31]  =  8.99, p  <  0.01, 
η2 = 0.29). In addition, in order 1, block 2 and block 3 differed 
from block 1 with increased SCL (F[1,31]  =  8.55, p  <  0.01, 
η2  =  0.28), whereas the differences in order 2 were found 
only between block 1 and block 3 (respectively, F[1,31] = 8.90, 
p  <  0.01, η2  =  0.29; F[1,31]  =  9.56, p  <  0.01, η2  =  0.32; 
Figure  3A).

About HR, Cond × Block interaction effect was significant 
(F[2,97]  =  9.33, p  <  0.001, η2  =  0.35). Specifically, as revealed 
by post-hoc comparisons, there was an increase of HR for 
order 1 more than order 2 in block 2 and block 3 (respectively, 
F[1,31]  =  12.09, p  <  0.01, η2  =  0.36; F[1,31]  =  9.09, 

p  <  0.01, η2  =  0.31). In addition, in order 1, block 2 and 
block 3 differed from block 1 with increased HR (respectively, 
F[1,31]  =  10.06, p  <  0.01, η2  =  0.37; F[1,31]  =  9.50, p  <  0.01, 
η2  =  0.34; Figure  3B).

(B) Inter-Subjective Analyses
Calculation of Correlational Indices
The synchronization indices were calculated by correlational 
coefficients (Pearson coefficients) applied to the data for each 
behavioral (ACC and RTs) and autonomic index (SCL and 
HR; Hernandez et  al., 2014).

According to these indices, the subsequent step of analysis 
was finalized to test the statistical significance of independent 

A B

FIGURE 2  |  (A) Increase in accuracy for order 1 in blocks 2 and 3 more than block 1 and in block 3 more than block 2. For order 2, instead, the figure shows an 
increase of accuracy in block 3 more than blocks 1 and 2. (B) Increase of inter-subjective accuracy (r values) for order 1 more than order 2 in block 2 and block 3. 
Moreover, for order 1, the figure shows an increase of inter-subjective accuracy (r values) in block 3 more than block 1. In addition, higher synchronicity was 
observed in order 1 for block 3 more than block 2.

A B

FIGURE 3  |  (A) Increase in individuals’ skin conductance level (SCL) for order 1 in block 2 and block 3 more than order 2. Moreover, the figure shows for order 1 
an increase of SCL in blocks 2 and 3 more than block 1; while, for order 2, an increase of SCL in block 3 more than block 1. (B) For heart rate (HR), the figure 
shows an increase of HR for order 1 more than order 2 in block 2 and block 3. Specifically, for order 1, the figure shows an increase of HR in blocks 2 and 3 more 
than block 1.
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FIGURE 1 | Three hypothesized levels of SMCs in social interaction: (Top)
Check SMCs may be mediated by unidirectional coupling between two
agents (left) or from one person to other interacting agents (right). (Middle)
Sync SMCs involve reciprocal coupling between two or more agents.
(Bottom) Unite SMCs are conceived as emergent higher-order correlation
patterns in the group dynamics.

to imitate or synchronize with postures and gestures of a
conversation partner; team sports, ranging from synchronized
swimming to coordinated group dynamics in volleyball or
soccer; performance of musical ensembles engaged in joint
improvisation, or the informational coupling between conductor
and orchestra through embodied movement cues. Of note, distal
interactions based solely on informational coupling can also take
effect in fully virtual settings such as, e.g., in online gaming or
in a video conference, provided that the agents can engage in
meaningful action-effect contingencies.

The socSMCs concept treats individuals engaged in an
interaction as one system. It therefore requires methods suited
for the analysis of complex systems, since they may best
capture the reciprocal adaptation that underlies coordination
and communication (Fusaroli and Tylén, 2016; Gallotti et al.,
2016). To this end, we suggest that measures used to quantify
coupling within brains (for review, see Engel et al., 2013a) could
prove equally useful to quantify the degree of coupling between
individuals and their environment. Dynamic functional coupling
is considered a key feature of neuronal activity, which exhibits
rich spatiotemporal patterning and strongly modulates cognitive
processing. Measures used to quantify functional coupling
in the brain include coherence, power envelope correlation,
information-theoretic measures or multivariate autoregressive
models (see, e.g., Engel et al., 2013a; Hutchison et al., 2013; Bastos

FIGURE 2 | Social interactions may involve proximal and distal types of
SMCs. (A) Proximal sensorimotor coupling through direct physical contact,
involving haptic sensing and kinesthesia. (B) Distal sensorimotor coupling
based on distance senses including vision and audition to feed
action-perception loops. Modified from Hasson et al. (2012).

and Schoffelen, 2015). Much of this coupling is intrinsically
generated, that is, not imposed by entrainment to an external
stimulus or movement, but emerging from the connections
within neuronal networks. There is clear evidence for two distinct
types of coupling modes, which seem to be based on different
coupling mechanisms (Siegel et al., 2012; Engel et al., 2013a).
One type arises from phase coupling of band-limited oscillatory
activity, whereas the other results from coupled aperiodic
fluctuations of power envelopes. These two coupling modes
(phase coupling vs. envelope coupling) differ in their dynamics,
their spatial distribution, the time scales over which they operate
and they likely support different functions (Engel et al., 2013a).
Envelope coupling might reflect co-activation of regions on
slower time scales and, thus, might facilitate the participation of
brain areas in an upcoming task. Phase coupling, in contrast,
represents coupling on faster time scales which presumably
generates highly specific dynamic links within networks defined
by envelope coupling. As part of the socSMCs concept, we
propose that these intrinsic coupling modes are complemented
by extrinsic coupling modes, i.e., coupling patterns that reflect
the interaction of the brain with the body and its environment,
including the social context (Figure 2; cf. Hasson et al., 2012;
Hasson and Frith, 2016; Pezzulo et al., 2019). We propose that
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such extrinsic coupling modes may play a key role in enabling
coordinated interaction of multiple brain systems with both body
and environment, and that they may be particularly relevant for
interaction with the social world. These extrinsic coupling modes
should not only become evident at the level of behaviors or
movement kinematics, but also give rise to inter-brain coupling
in settings where neural signals can be concurrently recorded
from two or more subjects (see section on ‘Extrinsic neural
coupling modes’ below).

In summary, we suggest the notion of coupling with varying
levels of complexity (check, sync and unite SMCs) and an
integrated perspective of intrinsic and extrinsic coupling modes
to be particularly helpful to understand social behavior. A key
prediction is that changes of social entrainment, i.e., proximal or
distal sensorimotor coupling, should be associated with changes
in social engagement, which may be quantified by subjective
ratings of the interaction quality or the degree of cooperation.
Thus, we expect that a modulation of social coupling modes,
in particular at the level of sync SMCs and unite SMCs,
should lead to changes in presumed high-level social cognitive
phenomena, such as mutual trust or empathy (Froese et al.,
2014; Keller et al., 2014; Llobera et al., 2016). To achieve
such a modulation, entrainment through shared perceptual and
sensorimotor rhythms is likely to be an important mechanism.
Conversely, fluctuations in social engagement might also lead to a
differently organized dynamics of intrinsic and extrinsic coupling
modes. Thus, for instance, the dynamics of sensorimotor
coordination of two individuals should be influenced by social-
cognitive factors such as shared intentionality or joint attention.
Furthermore, the socSMCs concept emphasizes the continuity
between low-level SMCs, which directly involve sensory and
motor areas, as well as basal ganglia and cerebellum, and socially
deployed action-effect contingencies. Thus, we hypothesize that
there may be a strong overlap regarding the brain networks
involved in both the former and the latter, as well as an interaction
between the intrinsic and extrinsic coupling modes subserving
the different types of SMCs. Moreover, with its focus on shared
perceptual and sensorimotor rhythms as a core part of the
architecture of social cognition, the socSMCs concept leads
to the hypothesis that disturbances of these coupling modes
may contribute to clinical deficits in social cognition, and that
interventions at this level may provide an important tool to
promote well-being at an interpersonal level.

RELATION TO OTHER CONCEPTS OF
SOCIAL INTERACTION

According to the socSMCs concept, social interaction strongly
depends on dynamic coupling between agents and their
environment, hence a deeper understanding of this interaction
dynamics promises to provide important insights into social
cognition. Our view shares aspects with the interactionist concept
of social cognition (Di Paolo and De Jaegher, 2012; Di Paolo
et al., 2018; De Jaegher, 2019) which proposes an extension of the
enactivist position to social and affective domains, emphasizing
that sense-making occurs in a participatory way and that core

aspects of cognition are inherently relational (De Jaegher and Di
Paolo, 2007; De Jaegher et al., 2010; see also Durt et al., 2017). The
proponents of this enactive view of social cognition emphasize
the relevance of self-other contingencies for the coordination
between agents in the interaction process (McGann and De
Jaegher, 2009). However, a difference to the socSMCs concept is
that a relation between social entrainment and intrinsic dynamics
of the agents, in particular intrinsic neural coupling modes,
is not considered. Furthermore, our concept agrees well with
the joint action model by Knoblich and Sebanz (2008), which
creates a close link between shared intentionality and joint action,
based on the consideration of scenarios with different levels
of complexity and flexibility of social interaction. However, the
aspect of dynamic coupling is not considered in this model which,
rather, focuses on the representation of perceived action in the
agents (Sebanz et al., 2006; Knoblich and Sebanz, 2008).

Relations also exist to the concept of ‘coordination dynamics,’
which originated from earlier ideas on self-organizing pattern
formation (Tognoli and Kelso, 2014; Tognoli et al., 2020).
Coordination dynamics applies dynamical systems theory to
biological networks, suggesting that a system is best described
by looking at the coupling of its parts via mutual information
exchange. An important distinction at the heart of this dynamical
view is between (1) coupling of system components with similar
dynamics, leading to formation of attractors or multistability;
and (2) coupling of system parts with dissimilar dynamics,
which prevents phase-locking and leads to metastability, i.e.,
integrative and segregative tendencies alternate in the interaction
dynamics. Tognoli and Kelso (2014) have suggested that these
two modes of coupling (multistable vs. metastable) might be
useful to describe social coordination. Metastability is particularly
interesting also because it represents a state of collective dynamics
where new information can be created (Tognoli and Kelso, 2014).
The application of this concept to the case of social interaction
has been shown to provide very useful tools for the analysis
of the interaction dynamics, such as coupled oscillator models
(Tognoli et al., 2020). Yet, the focus of this approach has so
far been on behavioral aspects of the coordination dynamics
and not primarily on the explanation of social cognition and
social perception.

Of note, the socSMCs concept differs from classical concepts
in social neuroscience. A major focus of work on the neural
foundations of social cognition has, in the past decades, been
on the capacity of the brain to mirror the actions of others,
thus enabling the simulation and representation of other agents’
mental states (Gallese and Goldman, 1998). One of the highly
interesting aspects of this approach is its strong emphasis on
the role of motor and premotor systems in social cognition.
Neuroimaging studies have identified brain areas and networks
that are activated during tasks involving mentalizing, empathy or
mirroring (Stanley and Adolphs, 2013). A relation between motor
control and social cognition is also suggested by work on motor
mimicry, an unconscious and spontaneous form of interpersonal
coordination, which is likely mediated by the mirror neuron
system (Wang and Hamilton, 2012). Along the same lines, De
Waal and Preston have proposed a perception-action model
of empathy, which postulates the emergence of empathy from
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basic sensorimotor processes and overlapping representations
for performing and observing actions (De Waal and Preston,
2017). Several approaches have suggested a key role for predictive
mechanisms in social cognition and also have explored their
relevance for disturbed social processing (Blakemore and Decety,
2001; Brown and Brüne, 2012; Sinha et al., 2014). Sokolov
et al. (2017) and Sokolov (2018) have highlighted the potential
relevance of cerebellar circuits for signaling of prediction errors
in social context. In contrast to the majority of the concepts
that have been developed in social neuroscience so far, the
socSMCs concept focuses on low-level sensorimotor interactions
leading to social entrainment and engagement and, vice versa,
the influence of social context on the development of basic
sensorimotor relations. Pezzulo et al. (2019) emphasize the role
of sensorimotor communication in social interaction scenarios
of different complexity but without any link to the concept of
sensorimotor contingencies. Hasson et al. (2012) and Hasson and
Frith (2016) have proposed that social interactions involve the
informational coupling of the perceptual system of one brain
to the motor system of another which can lead to behavioral
alignment, e.g., in verbal communication. However, these authors
do not explicitly consider the link between such an extrinsic
coupling to intrinsic coupling modes.

The socSMCs concept also differs from classical concepts in
social cognition research, in particular, from theory of mind-
based approaches. The concept of a theory of mind refers
to the idea that a person is aware of the existence of their
own subjective experience of the world, and the difference to
that of another person. As such, research into this direction
describes and promotes social interaction as mediated by theory-
theory or simulation-theory (Carruthers and Smith, 1996; Gallese
and Goldman, 1998), both of which invoke a meta-level of
social cognition, and a distancing from the ongoing moment-to-
moment interaction with other agents. In contrast, the socSMCs
concept emphasizes the role of more basic and immediate
processes of social sense-making, seeking to explain how abstract
or higher level insights and decisions come about and are
informed by bodily, dynamic and situational factors. This notion
also aligns well with evidence from developmental research,
suggesting that early in development, the social interaction
modes emphasized in the socSMCs concept have primacy and
are required to ground other, more explicit modes of social
cognition (Campos et al., 2000; Di Paolo and De Jaegher,
2012). Rather than foregrounding models that we hold about
others and our interactions with them, the socSMCs concept
promotes a picture in which agents co-create shared effects in
the world and, thus, understand sociality through the experience
of enacting ‘we-modes’ (Varela et al., 1991; De Jaegher and Di
Paolo, 2007; De Jaegher et al., 2017). It should be noted that
both ways of knowing matter: cognitive model-based prediction
and dynamic social coupling, both involve habitual as well
as creative components, mutually influence one another and
contribute to our flexible engagement with the world (see also
Pezzulo et al., 2019). Nonetheless, given the frequent lack of
intra- and interpersonal sensorimotor, and experientially lived
aspects of cognition in representational approaches, the socSMCs
concept is an invitation to keep abstract reasoning and embodied

relating at par, acknowledging that the two ways of understanding
rely on each other.

SOCIAL COORDINATION DYNAMICS

A major implication of the socSMCs concept is a shift in
terms of what should be considered as core mechanisms of
social cognition. How do we come to understand each other,
work on a task together, or settle a dispute? According to the
concept advocated here, for multiple agents to act together and
understand one another, they must first and foremost find a way
to coordinate their sensorimotor engagement with the world and
with one another.

The importance of sensorimotor coordination for joint action
is particularly evident in behaviors involving shared rhythms
such as the applause of an audience which can occur in
spontaneously emerging synchrony across many individuals.
The dynamics of social coordination has been studied, for
example, during rhythmic finger movements carried out by
dyads of participants with and without visual feedback regarding
their own and the other’s movements (Oullier et al., 2008;
Figure 3). In epochs with visual feedback, phase synchrony
emerged spontaneously between the finger movements, although
the participants had not received any particular instruction about
how to relate to the partner’s finger movements. Of note, the
effect of social entrainment persisted after periods of phase
synchronization when visual feedback was eliminated by closing
the eyes (Figure 3). This study provides a typical example for
what we have termed sync SMCs above (Figure 1). The authors
conclude that general features of coordination dynamics, such
as multistability and phase transitions, which are observed in
a broad variety of self-organizing dynamical systems, are also
highly relevant in social interaction. These conclusions are also
supported by recent work on joint rushing, i.e., the unconscious
increase in pace that can occur during synchronized rhythmic
activities (Wolf et al., 2019).

Further prime examples for social entrainment are provided
by the coordination dynamics among musicians during ensemble
performance (reviewed by Keller et al., 2014). In contrast to more
basic laboratory paradigms, entrainment in musical ensembles
requires coordination of complex movement sequences with
variable temporal patterning. It has been suggested that several
cognitive and sensorimotor capacities are required for successful
social coupling in such complex settings, including (i) temporal
adaptation, supported by mechanisms such as phase correction
and period correction; (ii) attention to both the results of
own actions, actions of the partners and the joint ensemble
output; and (iii) anticipation of action outcomes based on
highly precise temporal prediction capabilities (van der Steen
and Keller, 2013; Keller et al., 2014). These studies in musical
ensembles provide evidence for an impact of sensorimotor
coordination on social cohesion, cooperation and trust and,
overall, they provide a highly relevant case where synchronous
group entrainment can enhance social affiliation (D’Ausilio et al.,
2015). Similar conclusions have been reached in the study
of musical improvisation involving duets or larger ensembles
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FIGURE 3 | Coordination dynamics in social interaction. (A) Experimental setup. Participants were seated opposite to each other and instructed to move their index
finger up and down continuously, either with eyes open or eyes closed in separate periods. Importantly, no specific instructions about the coordination of the finger
movements were given. (B) (Top) Relative phase of the finger movements, indicating synchrony when participants had their eyes open and were viewing each other’s
movements. (Middle) Occurrence of relative phase lags of movements. With eyes open, zero phase lag dominated the distribution. (Bottom) With eyes open,
participants adopted the same movement frequency; of note, movement frequencies remained similar when participants closed their eyes again. Modified from
Oullier et al. (2008).

(Walton et al., 2018). Seeking to understand how musicians
communicate and engage socially in an under-determined
performance context, Walton et al. (2018) ascribe a central
role to shared temporal structure that provides the foundation
for performers to interpret and respond to the acts of their

partners. Such shared rhythms may provide the basis for what
we have termed unite SMCs and for more complex forms of
social expression.

It should be emphasized that coordination dynamics is, of
course, also relevant in non-rhythmic behaviors. Joint attention
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may serve as an example here (Sebanz et al., 2006). Joint
attention is an important feature of social interaction, consisting
in the capability of several agents to simultaneously direct their
attention toward the same object. The capacity for engaging in
joint attention is frequently taken to indicate the deployment
of theory of mind in the participating agents. However, the
prominence of sensorimotor components in establishing and
sustaining episodes of joint attention, e.g., eye and head
movements, pointing and vocalizations, suggests that the concept
of socSMCs may be well-placed to account for important
parts of joint attention without the need to invoke theory of
mind abilities (Maye et al., 2017). For example, exchanging
looks or alternating gaze direction between the partner and
the object of interest is a simple but powerful mechanism that
can establish the mutual awareness of being jointly engaged
in a perceptual episode. In addition to gaze perception, head
and body orientation may be used as well to infer the
target of attention. This view receives support from behavioral
studies in humans showing that providing the partners with
information about each other’s gaze can significantly enhance
performance in a collaborative search task (Wahn et al., 2015).
The socSMCs concept refutes the necessity of explicitly detecting
and representing the attentional state of an interaction partner.
Rather, it highlights the efficacy of the co-attender in modulating
the interaction between both partners and between them and
the attended object. This transforms the problem of detecting
a state into one of establishing a coupling. Jointly attending
agents are then organized through this coupling, offering them
opportunity windows of coordinated engagement (Fantasia et al.,
2014). Common foci of attention are not just passively shared;
rather, the co-attenders also shape them, extend them over time
by embedding them in task contexts and conventionalize them in
terms of canonical forms in the culture (Bruner, 1995).

Similar conclusions are suggested by developmental studies on
joint attention. Humans engage in reciprocal attention from as
early on as their first hour of life (Trevarthen, 2005; Reddy, 2008;
Reddy and Uithol, 2016). Studying vocalizations, movement and
gaze of infants interacting with their caregivers, key findings from
this field of research include that infants easily follow others’
gaze with their own (Hood et al., 1998; Moore and Corkum,
1998), respond meaningfully even to actions they themselves
cannot produce (i.e., their capacities go beyond spectatorial
mirroring) and joyfully enter into mutual responding with
others, with whom they co-create rhythms and narratives. These
developmental steps provide examples for the acquisition of
what we term check SMCs and sync SMCs (Figure 1). We
grow up in a field of social relations that offer opportunities
to participate in joint attention settings, leading us to acquire a
know-how about others as bearers of intentions (Reddy, 2003;
De Jaegher et al., 2010). Thus, joint attention may be seen
as an example for how sensorimotor coupling can lead to an
alignment of the agents at the perceptual-motor level as a basic
mechanism that contributes to mental alignment in joint action.
This may be a seen as preparatory stage for the development
of the capability to implicitly take another’s perspective in
cooperative situations and later to explicitly understand the
other’s perspective as such (Fuchs, 2013). We argue, furthermore,

that such basic sensorimotor coordination dynamics influences,
adapts and supports our more abstract ability to predict, read and
engage with other’s behavior and experience.

Indeed, one of the questions emerging from the socSMC
concept is whether subjective feelings of social engagement are
associated with motion synchronization between agents, i.e.,
whether the degree of social engagement can be predicted by
the strength of social entrainment. To study this hypothesis one
can imagine several scenarios, e.g., situations in which agents
synchronize their movements, act together to achieve common
goals, play music, or dance together. One study investigating
this influence used a three-dimensional mirror game, in which
agents had to synchronize their movements (Llobera et al.,
2016). Either one of the agents was leading or following, or
they jointly improvised without a designated leader and follower.
The analysis of motion data and of subjective ratings revealed
that the perceived sensation of synchrony could be predicted
by parameters of motor synchronization in this mirror game.
Especially the speed differences between the agents’ movements
were a good predictor for the subjective sensation of synchrony.

Several studies also used objective measures to quantify
social engagement, e.g., by the duration of co-confident motion
which corresponds to jitter-free, synchronous movements of
two interacting agents. Co-confident motion was first described
in a one-dimensional version of the mirror-game, a simple
joint improvisation task (Noy et al., 2011; Hart et al.,
2014; Gueugnon et al., 2016). Here, periods of co-confident
motion were associated with increased social engagement and,
thus, considered to indicate moments of togetherness. Even
physiological parameters such as increased heart rates were
shown to be associated with periods of co-confident motion
and, moreover, these periods showed correlated heart rates
between two improvising agents (Noy et al., 2015). We have
recently obtained similar evidence in a joint attention task, in
which two agents had to cooperate to determine the motion
direction of a visual object on a screen. We observed that
autonomic parameters related to heart rate variability could
reflect the subjective evaluation of performance in the task
(Maye et al., 2020). In other studies, personality traits such
as the attachment style (Bowlby, 1969) were used to predict
complexity and synchronization of motion in joint improvisation
(Feniger-Schaal et al., 2016, 2018).

IMPAIRED SOCIAL COUPLING

The concept advocated here also has implications for
understanding the basis of social cognition disorders. Impaired
communication plays a role in many areas of psychiatric
and psychotherapeutic practice, from temporary cases of
miscommunication to persistent deviations and impaired social
interactions. Communication deficits are a highly relevant
aspect in diverse psychiatric disorders, such as schizophrenia
and other psychotic disorders (Baltaxe and Simmons, 1995;
Fioravanti et al., 2005), depression (Pope et al., 1970) and,
in particular, neurodevelopmental disorders of the autism
spectrum type (Magiati et al., 2014; Tillmann et al., 2019). The
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socSMCs concept predicts that patients with social cognitive
deficits may suffer from deficits in mechanisms for interpersonal
sensorimotor entrainment.

Autism spectrum disorder (ASD) may serve as a specific
example for a condition with verbal as well as non-verbal
communicative deviations (Lai et al., 2014). First described
several decades ago in the context of schizophrenia as autistic
thinking (Bleuler, 1911), autism was later investigated by Kanner
(1943) and Asperger (1944) and underwent a considerable
paradigm shift with the introduction of the autism spectrum
(American Psychiatric Association, DSM V). Recently, ASD
has been investigated extensively in the fields of psychology,
psychiatry as well as clinical neuroscience (Happé and Frith,
2006; Frith and Frith, 2008; Wolfers et al., 2019). With symptoms
that range from social and communicative to sensory and motor
impairments, ASD’s etiology and pathophysiology are still not
fully understood and until today, only very few established
treatment options exist.

It has been argued that reduced social entrainment in ASD
may relate to impaired perception of affordances provided by
other persons’ behaviors (Hellendoorn, 2014). The Gibsonian
notion that behavior affords behavior (Gibson, 1986) resonates
well with the socSMCs concept proposed here, since it
emphasizes the emergence of affordances in joint action
and implies a coupling of perception-action loops supporting
the social interaction (Hellendoorn, 2014). An immediate
application of socSMCs principles to ASD suggests strategies for
enhancing social coupling at the sensorimotor level. Brezis et al.
(2017), for example, compared autistic and typically developing
participants’ behavior on the mirror game, an open-ended task
where two players take turns leading, following, and jointly
improvising motion using two handles set on parallel tracks.
They found that autistic participants had lower rates and shorter
duration of co-confident motion, in particular when they were
following. These differences remained even when controlling
for motor skills. Based on participants’ subjective reports, the
authors suggest attention, motivation, and reward-processing
as potential mediating factors, and propose to examine the
potential of specific training of sensorimotor coordination to
enhance patients’ social cognitive abilities. Along these lines, a
recent study has investigated the impact of a dance/movement
intervention on social cognition in ASD (Koehne et al., 2016).
The authors observed that training of movement imitation and
synchronization increased emotion inference in adults with ASD.

Another well-studied domain of impaired SMCs in ASD are
eye movements. Among the most frequently observed symptoms
in ASD, the avoidance of eye contact leads to a range of
consequences in social interaction. Studies on human social
development show that 2-year-old children with ASD tend to
show significantly less visual fixation time on faces, when a video
of an actress (acting as a care-giver) was presented (Jones et al.,
2008), indicating a very early impairment in a social adaptive
behavior that is regarded as evolutionarily vital for survival in
humans and shown to be relevant for newborns at very early
stages in development (Farroni et al., 2002). This early deficit
seems to persist into adulthood, as shown in an eye-tracking
study in adults using naturalistic social situations as stimuli

(Klin et al., 2002). Importantly, this deficit also causes a lack of
active perception in a critical time window in early development,
in which basic learning processes drive social and emotional
development, and may therefore be closely related to symptoms
such as the difficulty to recognize emotional expressions in
others (Eack et al., 2015). This difficulty is detrimental to any
kind of communication and reported frequently in ASD as one
of the most impairing symptoms. The case of gaze aversion
exemplifies how active visual perception is intricately linked to
both development and learning in social contexts as well as the
successful unfolding of communicative acts.

Complementing these behavioral studies, neurophysiological
evidence indicates that not only sensory (Robertson and Baron-
Cohen, 2017) and motor (LeBarton and Landa, 2019) processing
appears deviant in ASD, but also the interplay between these
domains. It has been shown in children with ASD that resting
state fMRI connectivity is reduced between visual and motor
systems (Nebel et al., 2016). The reduction of visual-motor
coupling was associated with symptom severity in terms of
more severe social deficits. The socSMCs concept implies that
social entrainment involves mechanisms for acquiring action-
effect contingencies in the social interaction and, thus, a critical
role of brain regions involved in prediction of sensory inputs
and action outcomes, such as prefrontal cortex, premotor cortex,
cingulate cortex, superior and middle temporal gyrus, basal
ganglia and the cerebellum (Schubotz, 2007; Brown and Brüne,
2012; van der Steen and Keller, 2013; Sokolov, 2018; Van
Overwalle et al., 2019). Accordingly, deficits in such predictive
mechanisms should have an impact on social entrainment.
Indeed, a key deficit in ASD seems to concern the ability to
form flexible predictions, leading to an impairment in processing
of new or unexpected sensory inputs (Gomot and Wicker,
2012) and aberrant movement planning in joint action contexts
(Gonzalez et al., 2013). Deficits in predictive mechanisms in
ASD have also been postulated by Sinha et al. (2014). According
to their proposal, an underlying deficit in predictive abilities
may account for many of the salient traits in ASD, including
sensory hypersensitivities, difficulties to interact with dynamic
objects, reduced motor anticipation, as well as difficulties in
anticipating the actions of other persons (Sinha et al., 2014).
At the neural level, this predictive impairment may relate to
alterations in structures involved in prediction like the basal
ganglia, anterior cingulate and cerebellum (Sinha et al., 2014;
Sokolov et al., 2017; Sokolov, 2018; Van Overwalle et al., 2019).
In particular, the cerebellum shows developmental alterations
in ASD, including strong expression of ASD susceptibility
genes, volume decreases and cellular abnormalities (Wang et al.,
2014). This agrees with a role of cerebellar circuits in outcome
prediction, signaling of prediction errors and perception of a
person’s motion and body language in social context (Sokolov
et al., 2017; Sokolov, 2018; Van Overwalle et al., 2019). Deficits
in sensorimotor entrainment in ASD have been examined by
Wang and Hamilton (2012) and Forbes et al. (2017), who studied
motor mimicry in social interaction. They observed that people
with ASD can still mimic, i.e., unconsciously copy the actions
of others, but do not use social cues like, e.g., gaze to control
what to mimic (Forbes et al., 2017). This provides support for the
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hypothesis proposed here, demonstrating mimicry as a socially
relevant coupling mode which influences engagement through
sensorimotor entrainment.

EXTRINSIC NEURAL COUPLING MODES

To explore the neural mechanisms involved in social interaction,
the concurrent observation of brain dynamics ongoing in two
(or more) people who communicate, work on a joint task,
or improvise together seems highly informative. In recent
years, the investigation of inter-brain coupling using so-called
hyperscanning methods based on simultaneous electro- or
magnetoencephalographic (EEG/MEG) recordings or functional
magnetic imaging (fMRI) scans of individuals engaged in a social
task has gained attention in social neuroscience (Montague et al.,
2002; Schippers et al., 2010; Hasson et al., 2012; Sänger et al.,
2013; for a recent review also see Czeszumski et al., 2020). These
approaches investigate the neural signatures of dynamic social
coordination, the temporal and spatial scales on which brains
interact and the correlates of behavioral coordination at the level
of brain-to-brain coupling. Hyperscanning paradigms employed
to investigate social interactions are manifold, including joint
musical performance (Lindenberger et al., 2009; Sänger et al.,
2013; Novembre et al., 2016), verbal communication (Liu
et al., 2017; Li et al., 2021), decision-making in economic
games (King-Casas et al., 2005; Krueger et al., 2007; Jahng
et al., 2017; Hu et al., 2018), and sensorimotor coordination
and imitation (Hari and Kujala, 2009; Babiloni and Astolfi,
2014; Hari et al., 2015; Liu et al., 2018; Nummenmaa et al.,
2018). The intriguing idea of investigating social interactions
by simultaneously recording neuronal activity from interacting
brains has also been implemented for the investigation of
adult-infant interactions (Hasegawa et al., 2016; Leong et al.,
2017), pain perception and interpersonal touch (Goldstein et al.,
2018), and has been transferred to real-life scenarios such as
flight simulations in professional pilots (Toppi et al., 2016) and
classroom group dynamics (Dikker et al., 2017).

To identify neural signatures of social interactions,
connectivity analyses have been applied to measure both phase
as well as envelope brain-to-brain coupling. The quantification
of inter-brain coupling in EEG and MEG hyperscanning data
includes the assessment of phase-locking between oscillatory
activity in specific frequency bands (Lindenberger et al., 2009;
Dumas et al., 2010; Sänger et al., 2013), as well as amplitude
envelope correlations of oscillatory power (Tognoli et al., 2007;
Naeem et al., 2012; Kawasaki et al., 2013). There is growing
evidence from EEG/MEG hyperscanning studies that links
connectivity between brains to interpersonal coordination and
joint action (see for example Dumas et al., 2010; Toppi et al.,
2016; Szymanski et al., 2017; Kawasaki et al., 2018; Zamm
et al., 2018). Particularly, in experimental paradigms involving
rhythmic, musical or motor coordination, the alpha- (or mu
rhythm, oscillatory activity ranging from 8 to 13 Hz) and
beta- (15–30 Hz) bands seem to mediate inter-brain coupling
(Tognoli et al., 2007; Lindenberger et al., 2009; Dumas et al.,
2010; Naeem et al., 2012; Novembre et al., 2016; Kawasaki et al.,

2018). Besides phase relations, amplitude envelope correlations
between brains are computed to investigate slower fluctuations
during coordinated behavior (Hari et al., 2015; Zamm et al.,
2018), which may be more appropriate considering the timescale
of interpersonal sensorimotor coordination.

The socSMCs concept suggests that establishing direct links
between movement kinematics and neural data recorded during
social interaction might be particularly promising. One way to
link neural measurements with movement data in joint action
research is exemplified by the work of Zhou et al. (2016).
The authors used phase-amplitude coupling to quantify the
relation between the phase of hand movement accelerations and
oscillatory power in the alpha- and beta-bands during a joint
motor task in a dual-MEG setup (Figure 4). The participants
had to coordinate rhythmic precision-grip-like movements
while brain signals were recorded simultaneously using two
MEG systems. The goal of the task was to synchronize the
own movements with those of the partner, either leading or
following in the interaction. The data show a movement-related
modulation of alpha- and beta-band power in sensorimotor
cortex and, furthermore, a modulation of beta-band power in
visual cortex, which was stronger in the follower compared to
the leader condition. The authors suggest that this modulation
of oscillatory brain activity might be a signature of the need for
the follower to coordinate own proprioceptive signals with the
visual information about the movement of the leading participant
(Zhou et al., 2016).

Several questions regarding the interpretation of
hyperscanning results arise: (i) What is the substrate or
underlying mechanism of inter-brain coupling? (ii) How can
inter-brain processes shape the experience and behavior of
individuals in interaction? (iii) In how far is observation at the
brain-to-brain level more informative than, for example, an
investigation of interpersonal sensorimotor dynamics? Given
that direct coupling between neuronal ensembles of two brains
can be ruled out for the lack of neuroanatomical connection,
shared or synchronized sensory inputs, and coordinated motor
outputs, are potential candidates. In keeping with this idea,
Dumas (2011) suggested that when individuals’ perception and
action are coordinated, for example in a joint task, inter-brain
synchrony may reflect sharing of information via between-
individual sensorimotor loops or channels (Hasson and Frith,
2016; Pezzulo et al., 2019). Akin the differentiation of check,
sync and unite SMCs, processes favoring the emergence of
inter-brain synchrony may be described as ranging from
similar external sensory stimulation of both individuals (check),
reciprocal interpersonal action (sync), and group behavior that
is inspired by a common ground, be it affective, informational
or sociocultural (unite). Taken together, available hyperscanning
studies provide evidence that sensorimotor or informational
coupling between agents can be associated with inter-brain
coupling of neural signals, supporting predictions that arise from
the socSMCs concept.

Both phase and amplitude coupling methods have been
criticized for finding spurious coupling, or hyper-connectivity
non-existent in the data (Burgess, 2013; Hari et al., 2015).
For example, two neuronal ensembles oscillating at the same
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FIGURE 4 | Modulation of brain signals by joint action. (A) Experimental setup. Participants were seated in two separate MEG systems and instructed to perform
rhythmic precision-grip-like movements in synchrony with their partner, either leading or following the other’s movement. Example movement traces (red, blue) are
shown at the bottom, indicating similar movement with slight delay between the participants. (B) Modulation of alpha- and beta-band power by the phase of the
hand movement in the two conditions. Modulations occurred over central areas and, for beta power, also over visual cortex. Significant differences between the
leader and follower conditions (right) occurred only for beta-band power recorded from visual areas. This role-specific modulation of brain activity might be reflecting
the need for the follower to coordinate own proprioceptive signals with the visual feedback about the movement of the leading participant. (C) Source space
projection of the results shown in panel (B). Power modulations are observed in sensorimotor cortex as well as, in the follower condition, in visual cortex. Modified
from Zhou et al. (2016).

frequency show high phase-locking per definition, without
necessarily influencing each other. Another criticism observes
that the EEG of two individuals taking part in the same
experimental protocol likely shows inter-brain synchrony (due
to identical sensory stimulation or similar motor output) in
spite of a complete absence of interaction (Burgess, 2013; Hari
et al., 2015). Circular correlation coefficients, mutual information
(Burgess, 2013), or canonical correlation analyses (Campi et al.,
2013; Hari et al., 2015; Vidaurre et al., 2019) have been suggested
as measures that may avoid such spurious coupling. In addition,
comparing inter-brain coupling in real participant pairs with
randomly selected pairs (e.g., Bilek et al., 2015; Toppi et al., 2016)
might aid the identification of non-trivial synchronization effects
linked to the interaction between agents. However, it remains a
complex task to differentiate between the diverse communicative
processes involved in social interaction and to then identify their
respective substrates.

The socSMCs concept argues for an integrative analysis
of interaction data, including behavioral coordination in
terms of sensorimotor coupling between agents, inter-
brain synchronization, and subjectively experienced social
engagement. A testable hypothesis is the prediction of self-
assessment of social engagement, as measured by questionnaires
or rating scales administered during joint action, from
measures of behavioral and neural coupling between agents.
Supporting this hypothesis, several studies have linked neural
synchronization between interacting brains to subjective
experience, e.g., feelings of engagement and social closeness (e.g.,
Dikker et al., 2017) or ratings of pain experience (Goldstein

et al., 2018). These findings are complemented by evidence
linking movement synchronization to social cohesion and
subjective experience (as detailed above and also reviewed in
Valencia and Froese, 2020). From the viewpoint of socSMCs,
it is desirable to now go a step further and combine measures
of social entrainment and social engagement, i.e., sensorimotor
coupling, inter-brain synchronization and subjective experience
into one model of social interaction.

Hyperscanning setups have also been used for joint
neuromodulation of interacting participants, using an
interventional approach to further explore underlying
mechanisms of inter-brain coupling. In a study involving
transcranial alternating current stimulation (tACS) applied
simultaneously over motor cortex in two subjects during a joint
finger tapping task, movement synchrony was enhanced by
in-phase beta-band tACS (Novembre et al., 2017). Another study
used dual-brain tACS to augment social interactive learning
by enhancing spontaneous movement synchrony (Pan et al.,
2020). Future studies might test whether such neuromodulatory
interventions that lead to enhanced movement synchrony
also have a potential impact on the subjects’ assessment of
social engagement.

As discussed earlier, we propose that the socSMCs concept
might also provide new angles for neuropsychiatric research and
psychological treatment, for example in ASD. Several studies
have investigated interpersonally shared sensorimotor rhythms
and their role for joint attention, mutual trust or empathy
in hyperscanning setups involving ASD patients. These studies
have revealed reduced inter-brain coupling in dyads involving
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ASD participants compared to neurotypical controls, which was
associated with the impairment of the social interaction and/or
the severity of ASD (Tanabe et al., 2012; Salmi et al., 2013;
Hasegawa et al., 2016).

RELEVANCE FOR HUMAN–ROBOT
INTERACTION

We propose that the relevance of sensorimotor entrainment for
social coupling not only applies to human social interaction,
but can also serve to improve human–robot interaction (HRI).
In fact, work in robotics provides early implementations
of decentralized embodied executive control (Brooks, 1991).
In the development of socSMCs-based robot controllers,
the focus lies on algorithms for learning and deploying
action-effect contingencies rather than for extracting semantic
features from the sensor data, high-level reasoning and action
planning and execution as in current mainstream robotics.
The socSMCs concept suggests that many of the social action-
effect contingencies involved in HRI can be observed by using
rather simple features calculated from the sensory data. For
example, optical flow can be used to entrain a population of
neuronal oscillators by adjusting their phases and frequencies.
When a motor control signal is derived from a weighted
superposition of the oscillator signals, this model enables a
robot to imitate gestures and to synchronize its movements
with the human partner (Ansermin et al., 2016). Exploiting
the mutual entrainment drastically simplifies the computational
complexity of gesture mirroring and achieves millisecond-
precision synchronization, which is challenging to accomplish
with controllers that require high-level planning processes. Other
low-level sensor data, like, for example, from distance sensors,
collision detectors or the power consumption of the wheel
drive, have been used to learn associations between actions and
resulting changes in the sensory input, i.e., SMCs. Basically,
sensor readings were combined to form an entry into a memory
of SMCs that the robot had explored in the corresponding
context. A reward function was used to rank different behavioral
options. Together with a history of recently activated SMCs,
the robot could develop an understanding of the geometric
properties of its environment (Maye and Engel, 2011). This
allowed the robot to traverse the space without hitting obstacles
not because it was programmed to pull back whenever a distance
sensor flagged an imminent collision, but because it inferred from
the learned SMCs and its previous action sequence where it was
and that moving on would have a detrimental effect.

The reward structure of behavioral options that is conditioned
on the recent history of sensorimotor interactions can be
conveniently captured by Hidden Markov Models (Maye and
Engel, 2013). A powerful feature of this approach is the dual
use of the model. Employed as a forward model, imagined or
observed sensorimotor sequences can be used to simulate future
behavioral trajectories and gauge their outcomes. In the backward
direction, histories of sensorimotor interaction can be searched
for common patterns which effectively is a way to derive more

abstract knowledge from a set of particular interactions that all
yielded the same effect.

We hypothesize that implementing social interaction
capabilities in a robot which already is driven by knowledge
of relevant SMCs may not depend on any critical module or
function, as little as social cognition does not require any extra
components that a cognitive agent wouldn’t have. Therefore,
adapting SMC-based robotic approaches to the social level by
including socially relevant, low-level sensorimotor features
seems straightforward. A model case for this transition has been
made in a study which investigated a scenario where a robot and
a human jointly balanced a ball on a plank (Ghadirzadeh et al.,
2016). At the first stage, the robot learned the own action-effect
contingencies of tilting its end of the plank and the trajectory
of the ball. It then collaborated with a human by optimizing
the joint goal function which kept the ball on the plank. An
example for a real-world scenario that strongly relies on this
type of sensorimotor coupling is the joint lifting and carrying of
heavy objects, e.g., during removal of furniture to a new home.
Reinforcement learning was employed for action selection from
learnt SMCs, and residual uncertainty of human actions was
modeled by Gaussian processes. The possibility to predict human
movements from chunks of past trajectories indicates that
human behavior indeed exhibits patterns which can be exploited
by robot controllers (Bütepage et al., 2018). Instead of top-down
approaches like explicit cost functions or target-specific training
data, the authors used a bottom-up, data-driven model that was
trained in an unsupervised way. Knowing regularities in the way
humans move allows the controller to make predictions about
the human’s actions, which greatly limits the space of possible
robot movement trajectories and thereby lowers response times
(Bütepage et al., 2019). It has to be pointed out that this approach
is different from gesture recognition in that it does not attempt
to derive abstract descriptions of the movements like pointing
or stirring, which is then the basis for decision making and
action planning. In the socSMCs framework, the robot is rather
controlled by a network of sensorimotor memory traces in which
reward-based learning assigned utilities to paths and which
can be used by the controller to evaluate behavioral options.
More generally speaking, developing HRI on the basis of the
socSMCs concept does not suggest to introduce articulated
contingency detector modules. Social coordination, rather,
results from linking the individual agents’ networks of SMCs
through the interaction, thus constituting a global network
in which circular causality drives the collective dynamics.
Corresponding simulation studies in evolutionary robotics have
successfully modeled interaction dynamics in the perceptual
crossing paradigm in which participants seek to differentiate
a partner, their shadow and a static object – all of which feel
the same as you cross them, only two of which move, and
only one of which (the partner) responds to one’s presence
(Di Paolo et al., 2008).

By making human behavior more accessible for robot
controllers, wearable sensors may help bridging the currently
very different physical substrates of human and artificial agents
and facilitate social entrainment in HRI. For example, data
from a head-worn inertial measurement unit can enable a
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robot controller to learn human movement patterns related
to mutual attentiveness, coordination and overall positivity
(Hwang et al., 2019). We suggest that HRI feels natural to the
extent that SMCs acquired in human-human interaction can
be deployed also in the interaction with the robot. This idea
has consequences for all aspects of robotic development. For
example, synchronized movements, such as when we pass on
or carry objects together, require mutual frequency adaptation
in the human and the robot. This process runs much more
efficient if the intrinsic frequency properties of the human and
robotic embodiments are compatible (Ansermin et al., 2017),
which can inform the mechanical design of robots, e.g., to size
robotic limbs comparable to those of humans. Another effort to
narrow the gap between different embodiments and make SMCs
acquired in human-human interaction useful in the context of
HRI may be the development of methods for endowing robots
with facial expressions (Vouloutsi et al., 2019). This may be seen
as a gimmick at first; however, from the socSMCs perspective,
changing facial expressions support just another subset of SMCs
that humans engage in their mutual interaction, which may
facilitate also the interaction with the robot.

Thus, socSMCs-based human–robot coupling may enhance
computational efficiency through information reduction and
yield robot controllers that depend less on abstract explicit
internal representations, rendering real-time control of the
interaction feasible. A few iterations of the interpersonal
sensorimotor loop may activate memories of previous or similar
interactions which may then modulate the relative weighting
of possible behavioral options that the agents can choose from.
This also has the potential to replace rather discrete switching
of the active role between the human and the robot with
quasi-continuous turn-taking, encouraging the feeling of doing
something together as opposed to interacting with a machine.

GROUNDING TOGETHERNESS IN
DYNAMIC COORDINATION

As pointed out above, the socSMCs concept combines pragmatic
(embodied, enactive) approaches with a constitutive role of
social interaction, questioning the appropriateness of conceiving
minds as independent individual entities (see also De Jaegher
and Di Paolo, 2007; Gallagher, 2008; Satne and Roepstorff,
2015; Kyselo, 2016). For the study of human social capabilities,
this implies a dissolution of the boundaries between me and
the other that pervade classical cognitivist approaches. In
particular, the socSMCs concept focuses on the relation between
coupling dynamics at neurophysiological and behavioral levels,
and the varying degrees of social engagement experienced by
the individuals. This is in line with results from studies that
used the mirror game, a simple setup in which two players sit
opposite each other and coordinate the movement of two handles
placed on parallel tracks in front of them. Noy et al. (2011)
show that highly jitter-free, co-confident movement goes hand
in hand with the highly agreeable experience of togetherness –
a subjective merging of self and other, accompanied by the
sense that every action is the right one. In a follow-up

study, Noy et al. (2015) further showed how both subjective
ratings of moving together and objective motion-based markers
are predictive of physiological responses like correlated heart
rate fluctuations.

The socSMCs concept also receives support from studies
that highlight the role of active sensorimotor coordination for
agent recognition in a simple virtual game involving perceptual
crossing (Froese and Di Paolo, 2010; Auvray and Rohde, 2012;
Froese et al., 2014; Lenay, 2017). In the experimental paradigm
used by Auvray and Rohde (2012), two individuals move an
avatar along a virtual line, on which they meet three kinds of
objects: the avatar of the other player, the shadow of the other
player, as well as a stationary object. While all objects feel the
same (they produce a vibration) to the players, only one of
them can feel and respond to co-presence: the other player’s
avatar. This alone suffices for players to reliably identify one
another in the virtual space, based on players’ ability to recognize
mobile objects, as well as the fact that due to the interaction
dynamic, they more frequently met their partner, versus their
partner’s shadow.

Another line of work that generates insight into how
social engagement emerges through interaction is provided
by studies of musical improvisation. For instance, Walton
et al. (2018) used a combination of interviews and behavioral
modeling to better understand the interactions between pairs
of jazz pianists. Their models relate musicians’ upper-body
and musical movement (recordings of key-press timings and
notes played) to changes in the musical environment (two
different rhythmic background sounds), and the experience of
successful and creative performance as inferred from analysis
of the interviews. One of their main findings was that players’
experience was heavily influenced by how well they were able to
co-create a narrative – a structure to guide their collaborative
play and the emergence of new behaviors. Importantly, the
study demonstrates a clear relation between the movement
coordination of the players and the subjective experience of
social engagement, thus supporting one of the predictions of the
socSMCs concept.

A closely related field of research is the study of dyadic or
group improvisation in the form of dance (Himberg et al., 2018;
Kimmel et al., 2018). Akin the joint creation and negotiation
of time in music, Himberg et al. (2018) focus on movement
coordination (quantified by motion capture) and first-person
appraisal thereof (inferred from interviews and questionnaires)
as a vehicle for the aesthetic experience of togetherness, i.e.,
moments in which dancers experience heightened connection
among the group, and a genuinely distributed sense of agency.
The authors establish felt togetherness as a cross-sensory
and inherently shared phenomenon that clearly relates to the
agents’ coordination dynamics. Kimmel et al. (2018) provide
a detailed phenomenological account, based on analysis of
interview data, of how dancers co-create movement sequences
in the explorative practice of contact improvisation. Constrained
only by concerns for safety, collaboration and respect, dancers
in contact improvisation deploy rolling, sliding, and falling
movements to solve and create interactive challenges with their
partner and the ground.
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The relationship between social cohesion and interpersonal
movement coordination is also revealed in experimental evidence
from psychotherapeutic settings. For example, Ramseyer and
Tschacher (2014) analyzed video-recorded therapy sessions and
showed that both the amount of movement in patient and
therapist, as well as the degree to which these movements
correlate, positively predict therapeutic outcome (see also
Tschacher et al., 2017; Moulder et al., 2018).

Another vast line of support for the intricate relations
between bodily and personal or social dynamics comes from
functional neuroanatomy. For example, the large body of work
provided by Craig (2009a,b) provides detailed accounts of
the neurophysiological overlap of brain regions and pathways
associated with monitoring of bodily states, with areas and
pathways implicated in emotion, one’s subjective experience of
time, and other dimensions of social and self-awareness.

Together, these findings indicate that the skill to create and
express oneself in coordinative structures in real-time, together
with sensitivity to one’s own bodily sensations, contributes
critically to the phenomenon of togetherness in social interaction
dynamics. These studies support the proposal that a shared space
of SMCs underlies agents’ experiences of an engaging social
interaction, both in the sense of being safe and predictable, as well
as inviting and stimulating.

CONCLUSION

As discussed above, the socSMCs concept places joint action
center stage and highlights in particular the situated and
embodied sensorimotor processes that facilitate our participation
in a shared social world. Our proposal, thus, extends action-
oriented accounts of cognition (Varela et al., 1991; Clark, 1997;
Noë, 2004; Engel et al., 2013b) to the interaction between different
cognitive systems and broadens, in particular, the notion of SMCs
beyond their application in the theory of individual cognition
(O’Regan and Noë, 2001). In providing an overview of existing
approaches to account for the complexity of dynamics present in
human social cognition, we have attempted to show that novel
approaches and perspectives emerge from this view of social
interaction. However, key questions also remain open and need
further investigation. This concerns, for instance, the exact nature
of the grounding of subjective experiences of social engagement
in the jointly maintained situated sensorimotor dynamics, as
well as the translation of this insight into novel frameworks and
interventions to support social interaction in both everyday life
and clinical settings.

Pursuing the idea that SMCs may be applied in the context of
social cognition, the central notion of our proposal is to ground
social interaction in modes of sensorimotor and informational
coupling, shifting the focus of study onto investigations of
coordination dynamics as a vehicle of social entrainment. Our
proposal shares aspects with interactionist concepts and joint
action models of social cognition, but the socSMCs concept puts
an even stronger focus on the role of low-level sensorimotor
interaction dynamics for social entrainment and engagement.
As we have discussed, this shift in emphasis has potential
implications for the understanding of mechanisms underlying
social cognition in the healthy brain but also in conditions
of impaired social capabilities such as ASD. While work on
the neural foundations of social cognition has, in the past
decades, strongly focused on the capacity of the brain to
mirror the actions of others, recent work suggests a key role
for predictive mechanisms in social cognition in health and
disease, and dynamic coupling between agents has become
an issue of increasing interest in social neuroscience. In the
context of ASD, modulation of social understanding through
sensorimotor entrainment may even provide a new approach for
augmentation of social capabilities. In a long-term application-
oriented perspective, the socSMCs concept may also give rise
to novel strategies for HRI and cooperation and may allow to
introduce new concepts for robotics in training of social skills,
in ambient assisted living, and caregiving.
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Hyper-brain studies analyze the brain activity of two or more individuals during some form

of interaction. Several studies found signs of inter-subject brain activity coordination, such

as power and phase synchronization or information flow. This hyper-brain coordination

is frequently studied in paradigms which induce rhythms or even synchronization, e.g.,

by mirroring movements, turn-based activity in card or economic games, or joint music

making. It is therefore interesting to figure out in how far coordinated brain activity may

be induced by a rhythmicity in the task and/or the sensory feedback that the partners

receive. We therefore studied the EEG brain activity of dyads in a task that required the

smooth pursuit of a target and did not involve any extrinsic rhythms. Partners controlled

orthogonal axes of the two-dimensional motion of an object that had to be kept on the

target. Using several methods for analyzing hyper-brain coupling, we could not detect

signs of coordinated brain activity. However, we found several brain regions in which the

frequency-specific activity significantly correlated with the objective task performance,

the subjective experience thereof, and of the collaboration. Activity in these regions has

been linked to motor control, sensorimotor integration, executive control and emotional

processing. Our results suggest that neural correlates of intersubjectivity encompass

large parts of brain areas that are considered to be involved in sensorimotor control

without necessarily coordinating their activity across agents.

Keywords: non-rhythmic interaction, self-perception, joint attention, social cognition, hyper-scanning, EEG

1. INTRODUCTION

Hyper-scanning is a term that describes the simultaneous recording of brain activity from two or
more people while they undergo some form of interaction, and it has developed into an important
empirical method for research in social cognition. The approach can employ all major signal
modalities that are used in brain research, i.e., EEG, MEG, fMRI, and fNIRS. A consistent finding
in hyper-scanning studies is that the brain activities of the interacting partners are temporally
coordinated. Depending on the kind of the interaction, this coordination has been observed
on different timescales and in different brain areas, suggesting that it involves a multitude of
cognitive functions.

There is a spectrum of opinions about what functional role coordinated inter-brain activity
might play (Hamilton, 2020). As discussed in detail by Konvalinka and Roepstorff (2012), hyper-
brain activity is considered as substrate for a functional coupling between individuals that is used
to underpin representational concepts of social cognition as well as dynamic or enactive accounts.
In representational concepts, inter-brain coupling is seen as an enabling mechanism for shared
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representations of the task, goals, actions and intentions (Sebanz
et al., 2006; Vesper and Sebanz, 2016). Enactive accounts
emphasize the importance of the circular dynamics between
interacting agents for social cognition (Fuchs and Jaegher, 2009;
De Jaegher et al., 2010). More recently it has been suggested
that social cognition at least in part relies on action-effect
contingencies that agents deploy to predict their own and
other’s actions (Maye and Engel, 2016). In this framework,
hyper-brain activity would be seen as an indicator for the
dynamical informational and sensorimotor coupling of agents in
the interaction (Lübbert et al., 2021).

The paradigms that are used in hyper-scanning studies
can be roughly separated into those in which the interaction
happens in turns, like in card games, or is continuous,
like imitating movements. The prisoner’s dilemma game may
serve as a representative example for a turn-based interaction
paradigm. In each turn, the players decide whether to
“cooperate,” “defect” or adopt a “tit-for-tat” strategy, and the
combination of responses determines the reward received by
the dyad. By quantifying information flow between the two
brains during the period when partners make their decision
by partial directed coherence, networks have been observed
that change their topology depending on the combination
of strategies the partners followed (Babiloni et al., 2007a;
De Vico Fallani et al., 2010). An example paradigm for
studying inter-brain coupling during continuous interaction
is making music together. Guitarists showed increased inter-
brain phase synchronization in the theta band at fronto-
central electrodes when setting their tempo to the beats of a
metronome and around the onset of playing a short melody
together (Lindenberger et al., 2009; Sänger et al., 2012). After
the onset however, this synchronization decreased. Since the
reported inter-brain synchronization effects were all in the low-
frequency bands, the authors suggest they may result from the
similarity of the temporal properties of sensorimotor processes
in the individuals.

One problem in hyper-scanning studies is to disentangle
coherent inter-brain activity related to the interaction andmerely
correlated activity resulting from common input (Hamilton,
2020). Such correlated activity has been demonstrated between
participants watching the same movie but not at the same
time (Hasson et al., 2004), so that there clearly is no
interaction between them. Another issue, in our view, is
that the majority of tasks in hyper-scanning studies requires
that the physical activity of the partners be temporally
coordinated; therefore, the question arises in how far the
observed inter-brain coupling can be traced back to the
temporal coordination required by the task structure. In the
aforementioned guitar players study, the authors suggest that
the observed coupling of brain activity in the low frequency
range is likely related to the partners coordinating their
behavior through reciprocal sensorimotor feedback. Konvalinka
and Roepstorff (2012) must have had a similar feeling when
they wrote:

“Therefore, as mutual interaction involves behavioral coupling

between two people producing similar actions, and engages

similar cognitive processes (such as predicting each other’s

actions, imitating each other’s hand/finger movements, and

jointly attending to joint actions) between interacting partners,

it may not be so surprising that their brain rhythms are

synchronized.” (p. 7)

This begs the obvious question of how much and what
kind of inter-brain coupling one would observe if the task
would not impose strong temporal coordination of behavior.
Corresponding studies are scarce though. The room cleaning
scenario described in Dodel et al. (2010) may be one of the few
examples. The task for the team is to enter a previously unseen
room and “clean” it by keeping enemies who are potentially
lingering in the room in check. Solving the task requires the
team members coordinating their behavior on the tactical level
without involving precise synchronization of the actions. In a
hyper-scanning version of the paradigm in a virtual environment,
the researchers found changes in the intrinsic dimensionality
of brain activity with exercising the task, but they did not
report any inter-brain coupling results (Dodel et al., 2011).
Another study that observed the unfolding of coordinated room
“cleaning” in a simulated environment (Tognoli et al., 2011a)
reported candidate neuromarkers comprised of different EEG
topographies and different frequency bands that characterize
events during the action, but it also did not report any inter-brain
coupling (Tognoli et al., 2011b).

To help fill this gap we investigated coupling of neuronal
oscillatory activity in a joint target-tracking task. In this
game of skill, two players had to adjust two orthogonal
axes of a tablet in order to make a virtual ball roll toward
a moving target and follow it as closely as possible. Each
player minimized the distance between the ball and the target
along his or her axis of control, but whether they hit the
target at the same time or not was not relevant for the
success. We show that the task induced oscillatory activity
in sensory as well as motor areas of the brain, which is an
obvious expectation if one looks for neuronal mechanisms
of social interaction. We go one step further though and
demonstrate that these activity patterns co-vary with the
subjective experience of the interaction in terms of the own
performance in the task as well as the success of the collaboration.
We were particularly interested to figure out in how far
properties of the inter-brain coupling would be related to the
subjective experience. To address the problem of common
input, we contrasted two conditions in which both players
received the same input but worked on the task together
or individually.

This article complements a previous report about the same
dataset in which we analyzed physiological signals (heart
beat, respiration, skin conductance). The analyses revealed that
autonomic parameters during the game are predictive for the
self-assessment of the own performance and the success of
the collaboration to be rated after each trial (Maye et al.,
2020). Taking this finding as an indication for the role of
bodily processes in the emergence of intersubjectivity, we here
aim to elucidate the contribution of activity in the brain to
this experience.
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2. METHODS

2.1. Joint Target Tracking Task
The main objective in the search for an experimental paradigm
was that it should make the partners continuously collaborate on
a task but without the need for rhythmic temporal coordination.
In order to be optimally sensitive for identifying underlying
EEG dynamics of implicit interpersonal interaction, the second
objective was to minimize artifacts induced by movements of
the subjects.

We therefore decided to adopt a virtualized version of the
common labyrinth game in which one or more players move a
ball to a target location by tilting the game board. In order to
keep the two players in continuous interaction, we employed a
moving target that reversed its direction at random intervals (see
Figure 1A). Players controlled the tilt angle of the board along
orthogonal axes. This non-redundant control mode did not allow
one player to compensate errors made by the other; instead, both
players independently minimized the distance between the ball
and the target along their control axis. The maximum distance
the target moved in one direction was 14 cm, and it traveled at
about 0.86 cm/s.

Dyads were instructed to keep the ball as precisely as possible
on the target. We used the Euclidean distance d between the ball
and the target, accumulated along the duration of a round (T), as
an objective measure of performance:

d =

T
∑

t=1

√

1x2 + 1y2,

where 1x and 1y are the distances along each player’s axis.
We contrasted this collaborative condition with another

configuration which was similar in its sensorimotor feedback
but different in the level of interaction. In the individual
condition, there were two balls and two targets, and each player
tried to bring them together individually (see Figure 1B). Both
targets still reversed their movement direction at random times;
however, they did so at the same time. The reversal times were
different in each round, thus minimizing the temporal coherence
of common input across trials and dyads.

The paradigm was implemented on a tablet computer (iPad2,
Apple Inc.). The kinematic of the virtual ball was driven by
Newton’s second law with the accelerations given by the tilt angle
of the tablet. The tablet was mounted on a ball joint that carried
its weight. Participants poked their index finger into a thimble
on two sides, clenching the other fingers around a handle and
resting their forearm on an L-shaped frame (see Figure 1C). This
arrangement enabled the players to tilt the tablet by effortless,
miniature movements of the index finger, minimizing artifacts in
the EEG caused by muscle contractions.

2.2. Participants and Experimental
Procedure
Twenty-eight subjects participated in the study (20 females,
mean age 25.18 ± 3.86 years). All participants were right-
handed and reported to be in healthy condition. Except for
2 dyads, all participants declared to not know each other in

the first session. We obtained written informed consent before
commencing the experiment, and the participants received
financial compensation. The study was approved by the ethics
committee of the medical association of the city of Hamburg.

Participants exercised the task for 6 consecutive days with
the same partner. On each day, they completed 7 rounds in
each condition (collaborative/individual) in random order. Each
round lasted about 2 min. The training phase allowed the
participants to develop a dynamically stable performance on the
task and to acquire a routine for the experimental procedure.
Hyper-scanning was carried out on days 7 and 8. On day 7,
they played with their training partner; on day 8, they played
with another subject from the cohort. The analysis did not reveal
any significant differences between the data from days 7 and 8;
therefore, and to support the statistical power of the analyses
presented below, data from both days were pooled.

Immediately after each trial, the experimenter requested
the participants to rate their feeling regarding the
following aspects:

R1 : “Please rate your own performance.”
R2 : “Please rate your partner’s performance.”
R3 : “Please rate the collaboration.”

Participants selected a number between 1 and 9 (1-very poor,
9-excellent) on a small remote control which they held in their
left hands underneath the armrest so that the partner could
not see their selection. R2 and R3 were called out only after
a collaborative trial. We consider responses to R1 and R2 as
subjective measures of performance, whereas R3 reflected the
success as a team.

2.3. Data Recording and Analysis
The experiment took place in an electromagnetically shielded and
sound attenuated chamber. EEG was recorded simultaneously
from 64 active electrodes on the scalp of each participant
using two synchronized amplifiers (ActiveTwo AD-box, BioSemi
instrumentation) with a sample rate of 2,048 Hz. Electrodes were
placed according to the international 10/20 system and mounted
in stock head caps from the same company. Electrode montage
was standardized by centering Cz between nasion and inion and
between the pre-auricular points.

Horizontal eyemovements were recorded from two electrodes
placed at the outer canthi. To record vertical eye movements,
two more electrodes were mounted above and below the right
eye of each participant (see subject on the left in Figure 1C). The
horizontal and vertical components of the EOG were determined
by subtracting the signals from the corresponding electrodes.

We also recorded physiological signals, i.e., ECG, respiration,
EDA, and finger EMG. Details about the recording of those data
and their analysis are given in Maye et al. (2020).

Data were analyzed in Matlab (The Mathworks, Natick, MA,
USA) using the Fieldtrip toolbox (Oostenveld et al., 2011).

2.3.1. Preprocessing
The recorded EEG data were segmented into epochs of 109.7 s
aligned to the start of each round. A 0.5 s zero-padding was
added at the beginning and the end respectively. The data were
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FIGURE 1 | Target tracking task in the collaborative (A) and individual condition (B). Dashed lines visualize the trajectory of the target; they were not visible to the

subjects. The picture (C) shows the experimental setup and two participants with EEG caps.
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then re-referenced to the common average and filtered by a two-
pass finite impulse response filter with Hamming window in the
frequency band of 0.5–256 Hz. A notch filter was used to remove
power line noise and its harmonics. Linear trends in the EEG data
were also removed. The data were then resampled to 512 Hz.

In order to remove artifacts resulting from muscle activity,
eye movements and blinks from the EEG data, we employed
independent component analysis (ICA) over all 64 EEG channels.
The artifact-typical components were manually identified,
verified and removed. Artifactual components were identified
by matching their patterns and time courses to those shown
in Jung et al. (2000). In particular, artifacts resulting from eye
movements and blinks, muscular activity on the scalp and in the
neck and from cardiac activity were detected and removed. The
EOG was not included in the ICA but was used for verifying the
correctness of ICA. The time course of components with typical
eye movement-related patterns were compared with the EOG to
make sure all ocular artifact-related peaks were tracked by the
ICA components with the typical patterns.

2.3.2. Localizing EEG Sources
A three-dimensional current distribution was reconstructed
from the signals of the 64 scalp electrodes by eLORETA
(Low Resolution Electromagnetic Tomography, Pascual-Marqui
et al. 1994). This method offers exact, zero error localization
to point-test sources (Pascual-Marqui, 2007). The standard
boundary element method (BEM) head model provided by the
Fieldtrip toolbox was used (Oostenveld et al., 2003) with a voxel
edge length of 1 cm. EEG data were filtered by the inverse
solution, yielding an activity trace at each voxel. The spectra
of these source activities were calculated by multi-taper FFT
and correlated with the behavioral indicators using Pearson’s
coefficient of correlation.

2.3.3. Coupling Analysis
Data were divided into overlapping windows of 2 s and 1.5 s
overlap. Using 1-s-windows did not qualitatively change the
results. Since our analyses are focused on oscillatory brain
activity, we used multi-taper FFT to transform EEG data to the
time-frequency domain. Tapers were calculated from discrete
prolate spheroidal sequences (DPSS), and 3 tapers were used for
calculating the complex spectrum for each data window (1,024
samples). The frequency range was 1–120 Hz in steps of 1 Hz.

Rather than calculating phase coherency across trials, we here
were interested in the stability of phase differences across time,
i.e., the duration of a game. To this end we calculated the auto-
cross-spectra SX and SY , the hyper-cross-spectrum SXY , and
calculated coherence C by:

C =

|SXY |
2

SXSY

Using circular coherence (Burgess, 2013) did not qualitatively
change the results.

We also calculated other hyper-brain coupling measures
that are frequently used in the literature: amplitude or
power correlation (AC/PC), phase-locking value (PLV, Lachaux
et al., 1999), partial directed coherence (PDC, Baccalá and

Sameshima, 2001; Baccalá et al., 2007), and directed transfer
function (DTF, Kaminski and Blinowska, 1991). We used the
standardized interface to these methods that is provided by the
Fieldtrip toolbox.

2.3.4. Statistical Evaluation
The main comparison is between the strength of the respective
coupling measure in the collaborative and the individual
condition. Contrasting coupling at the sensor level and
in source space likewise involves a combinatorially large
number of comparisons (Maris et al., 2007). We employed
cluster-based permutation tests to counteract the multiple
comparison problem. This non-parametric test has the
capacity for incorporating biophysical constraints (Maris
and Oostenveld, 2007), which here is that electrodes/voxels
with differences in coupling between the conditions be compact
and that similar differences be present also in nearby frequency
bands. The main idea is to compare a test statistic for the
condition difference with the distribution of the statistic
when the comparison is made between data that have been
randomly sampled from both conditions. We used 1,000
repetitions for this resampling process. For the test statistic,
we employed a dependent samples t-test with a threshold of
0.05. As we did not have a hypothesis about the strength of
coupling in either condition, we considered both tails in the
permutation test.

In order to relate activity clusters to the literature, locations of
maximum correlation were looked up in the brainnetome atlas1

(Fan et al., 2016) and the neurosynth database.2

3. RESULTS

3.1. Correlations Between Ratings
A previous analysis of the behavioral data revealed that there
was no relation in how the two partners in a dyad evaluated
their task performance with respect to the questions R1–
R3. However, the three ratings were significantly correlated
within individuals (Maye et al., 2020). Here we summarize this
finding by showing the distribution of intra- and inter-individual
correlations of the ratings in Figure 2.Whereas individual ratings
were correlated with a coefficient of 0.6 or larger on average,
the average inter-individual correlation of responses was around
zero. Only when rating the partner’s performance (R2), responses
were correlated with a coefficient of about 0.4. The relation
between the self-evaluation of the own performance (R1) and
the tracking error (d) as an objective performance indicator
was surprisingly weak (median correlation: −0.33), suggesting
that participants did not accurately reflect upon their actual
task performance.

3.2. Power Differences
We calculated the power spectrum for each trial and compared it
between the two conditions. Across all participants, power in the
range from 66 to 120 Hz was larger in the collaborative condition

1atlas.brainnetome.org
2neurosynth.org
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FIGURE 2 | Correlation between the ratings given by each participant (3 boxes on the left) and between the partners in a dyad (next 3 boxes). The box on the right

shows the distribution of correlations between the self-assessed performance (R1) and the time-accumulated distance between the ball and the target (d). Red lines

show the median, blue boxes the 25 and 75% quantiles, whiskers the most extreme values not considered outliers, and red crosses show outliers. Medians are

different at the 5% level if the notches do not overlap.

FIGURE 3 | Topographic comparison of power spectra in the collaborative and individual condition. Power in the frequency range from 66 to 120 Hz is stronger in the

collaborative condition (A) and weaker in the range from 1 to 30 Hz (B). The average power across the respective frequency ranges is shown. Labeled electrodes

indicate statistically significant differences.

at a small group of fronto-right-central electrodes (p= 0.015, see
Figure 3). The maximum difference was observed at electrode F2
at 113 Hz (F= 4.0).

In addition, the individual condition showed a power increase
in the range from 1 to 30 Hz at a left-temporo-central region (p
= 1e-3). The maximum difference was observed at electrode Pz
at 14 Hz (F= 8.79).

To better understand the origin of these differences, we
calculated an inverse solution in the brain’s 3D source space.
According to this solution, the power increase in the high gamma
band during the collaborative condition was located in the right
superior frontal gyrus (Figure 4A). The power decrease in the 1–
30 Hz band emerged from the right cingulate gyrus (Figure 4C).
The source reconstruction revealed another cluster with reduced
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FIGURE 4 | Source reconstruction of the power differences between the collaborative and the individual condition in the frequency range 66–120 Hz (A,B) and 1–30

Hz (C).

activity in the 66–120 Hz band in the collaborative condition
which was located in the left lateral occipital cortex (Figure 4B).
A projection of this decrease can be seen at left parietal electrodes
around P5 in the topography (Figure 3A); however, the statistics
of this condition difference was above threshold there. Table 1
summarizes the frequencies, locations, and statistics of the power
difference sources.

3.3. Hyper-Brain Coupling
In order to search for signs of coordinated brain activity
in the dyads, we analyzed the EEG data from the partners
using the following coupling methods: amplitude coupling
(AC), power envelope coupling (PC), partial directed coherence
(PDC), directed transfer function (DTF), Granger causality (GC),

coherence (COH), and phase-locking value (PLV). None of the
methods indicated a systematic increase or decrease of coupling
between the two conditions. The p-values of the respective
cluster-based randomization statistics are listed in Table 2.

3.4. Correlating Behavioral Data and
Source Activity
We finally analyzed possible relations between the individual
brain activity and the respective behavioral parameters of the
participant. To this end, we reconstructed the activity in 3D
source space and transformed it to the frequency domain. We
then correlated the power spectrum at each voxel with the
tracking error along the axis of the participant, motion energy
and the three ratings R1–3.
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TABLE 1 | Contrasting brain activity in the collaborative and individual conditions.

Freq. (Hz) Region of maximal correlation MNI p-value F statistic

66–120 Right superior frontal gyrus A9l, lateral area 9 10 40 60 0.033 3.23

66–120 Left lateral occipital cortex mOccG, middle occipital gyrus −40 −80 10 0.033 −3.21

1–30 Right cingulate gyrus A23v, ventral area 23 10 −20 40 0.001 −6.76

TABLE 2 | Contrasting the collaborative and individual conditions using different

coupling methods.

Connectivity measure Collab>indiv Indiv>collab

AC 0.13 0.51

PC 0.3 0.87

PDC 0.6 0.54

DTF 0.71 0.73

GC 0.07 –

COH 0.3067 0.2947

PLV 0.1948 0.3776

p-values result from a cluster-based randomization test.

We found a negative correlation between the tracking error
and beta-band power in a region in the left inferior parietal
lobule. Properties of this correlation are listed in Table 3, and a
visualization of this region is shown in Figure 5.

For the subjective experience of own performance (R1),
the analysis revealed a more complex pattern of regions with
correlated brain activity. A small frontal region, a larger occipital
region and two left and right temporal regions comprise the
set of brain regions that were positively correlated with ratings
of the own performance. Whereas the strongest correlation
in the occipital regions was observed in the alpha band, the
remaining regions had their maximum correlation in the beta
band. In addition, a negative correlation was detected in the
right hemisphere of the cerebellum in the delta frequency range.
Properties of these clusters are listed in Table 4, and Figure 6

visualizes their location and extension.
The activity in four regions correlated with the ratings

of collaboration (R3). Alpha-band activity in a right parieto-
occipital region showed the maximum correlation. Similar to
ratings of own performance, the experience of collaboration also
correlated with activity in left and right temporal regions. In
contrast to all other clusters, this correlation was not frequency-
specific and could be observed in the range from 20 to 120 Hz.
Again, a negative correlation at delta frequencies was found in the
right hemisphere of the cerebellum. A quantitative description of
the correlations with R3 is given in Table 5, and the regions are
visualized in Figure 7.

There were no correlations with motion energy (p > 0.14)
or ratings of the partner’s performance performance (p >

0.1) found.

4. DISCUSSION

4.1. Joint Action or Joint Attention?
The joint target tracking task required the two players to
coordinate their actions in space and time and therefore complies

with a working definition of joint action (Sebanz et al., 2006).
It has to be pointed out though that the non-redundant control
of the ball along orthogonal axes completely decoupled both
agents’ action and effect spaces. A feature which in our view
is crucial in joint action, the adjustment of actions to those of
the other agents, may therefore be missing in this paradigm.
Hence interpretations of the results on the background of joint
action should be taken with a grain of salt. Moving the virtual
ball together with the partner in the collaborative condition
and controlling it by oneself in the individual condition clearly
should have switched between joint attention in the former and
individual attention in the latter. Contrasting both conditions
therefore can shed light on the neural processes involved in joint
attention as a preliminary stage in joint action (Maye et al., 2017).

4.2. (No) Hyper-Brain Coupling in
Arrhythmic Interaction
We applied a set of coupling analysis methods which have
been used in the literature to reveal temporal coordination in
hyper-activity data. None of them detected changes in hyper-
brain coupling when partners switched between solving the
task on their own and solving it together. One explanation
for this apparently disappointing finding may be that the
manipulation of the social context was just not strong enough
to detect hyper-brain coupling. We think it is difficult to explain
then, however, why switching between joint and individual
target tracking should entail weaker changes in social coupling
than, for example, switching strategies (cooperation/competition,
collaborating/defecting) in card or economic games, e.g.,
(Babiloni et al., 2007b; De Vico Fallani et al., 2010), or in sports
games (Liu et al., 2021). An alternative explanation could be
that our paradigm did not impose rhythms which could be
modulated by social context. It seems that some researchers
also considered this possibility in their studies. For example, in
Lindenberger et al. (2009) the authors discuss, that “... given
that the reported rhythms were all in the low EEG frequency
range, one plausible explanation could be that the similarities
in sensorimotor feedback (at least partially) contributed to the
inter-brain synchronization” (Konvalinka and Roepstorff, 2012).
Thus, if it would not have been the similarity of the sensorimotor
feedback as such but its rhythmic components3, then a lack of
rhythmicity in the sensory feedback may explain our difficulties
to observemodulations of the hyper-brain synchronization in the
EEG in our paradigm. A recent study of hyper-brain activity in a
virtual tennis game may round up this conclusion. Amplitudes of
alpha- and beta-band oscillations were correlated when players

3The study (Lindenberger et al., 2009) investigated guitarists playing a short

melody together.
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TABLE 3 | Clusters of brain activity correlating with tracking error.

Freq. Region of maximal correlation MNI Corr. coeff. p-value F statistic

18 Hz Left inferior parietal lobule A40rd, rostrodorsal area 40 (PFt) −40 −50 50 −0.21 0.001 −5.9151

FIGURE 5 | Correlation between 18 Hz power and tracking error.

TABLE 4 | Clusters of brain activity correlating with rating of own performance.

Freq. (Hz) Region of maximal correlation MNI Corr. coeff. p-value F statistic

10 Right precuneusA7m, medial area 7 (PEp) 0 −80 40 0.18 0.007 4.99

25 Left precentral gyrus A4ul, area 4 (upper limb region) −40 −20 70 0.17 0.023 4.64

22 Right inferior parietal lobule A40rd, rostrodorsal area 40 (PFt) 60 −20 30 0.16 0.042 4.48

22 Right superior frontal gyrus A9m, medial area 9 0 40 40 0.16 0.042 4.48

1 Cerebellum 40 −50 −30 −0.17 0.011 −4.86

TABLE 5 | Clusters of brain activity correlating with rating of collaboration.

Freq. (Hz) Region of maximal correlation MNI Corr. coeff. p-value F statistic

9 Right inferior parietal lobule A39rv, rostroventral area 39 40 −70 740 0.23 0.02 4.66

20–120 Left precentral gyrus A4hf, area 4 (head and face region) −60 10 30 0.22 0.036 4.49

1 Cerebellum 40 −40 −30 −0.22 0.058 −4.45

were in the same team playing doubles (cooperative condition),
but they were anti-correlated when playing in opposing teams
(competitive condition) (Liu et al., 2021). Although the authors
acknowledge the possibility that the observed coupling could be
a by-product of the interaction in the game, they argue that the
manipulation of the social context should prevail. Hence, a closer
analysis of the effect of the interaction dynamics on the results in
hyper-brain studies in general seems advisable.

4.3. Individual-Brain Signatures of
Collaboration
More support for a successful manipulation of social context
comes from the observation that tracking the target together or
individually very well induced changes of the neuronal activities
in the individual brains. When participants collaborated, we
found increased high-gamma-band activity of a region in the

right superior gyrus, which has been linked to explicit emotional
processing (Iaria et al., 2008). At the same time, these oscillations
were reduced in the lateral occipital cortex. Gamma oscillations
in this region have been attributed to visual object processing,
and they were modulated by attention and expectation (Tallon-
Baudry et al., 2004). In addition, oscillations in the beta and
lower frequency bands were also reduced under the collaborative
condition in the cingulate gyrus, which likewise has been shown
to be involved in visuomotor integration (Field et al., 2015)
and social emotions (Britton et al., 2006). The topography of
this decrease is similar to the result from a previous study
on joint attention (Lachat et al., 2012), where the maximal
modulation appeared between 11 and 13 Hz. We conclude that
the two modes of solving the tracking task induced differences
in visuomotor integration processes, emotional processing,
and attention.
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FIGURE 6 | Correlation of brain activity and rating of own performance. (A) 10 Hz, (B) 25 Hz, (C) 22 Hz, (D) 22 Hz, (E) 1 Hz.
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FIGURE 7 | Correlation of brain activity and rating of the partner’s performance. (A) 9 Hz, (B) 20–120 Hz, (C) 1 Hz.

4.4. Neural Correlates of Task Performance
and Self-Assessment
We also found several patterns of brain activity which were
related to task performance and subjective experience. The
tracking error showed a negative correlation with activity in the
left inferior parietal lobule, i.e., stronger activity in this area was
associated with better task performance. Activity in this region
has been found for target motion prediction (Kawawaki et al.,
2006), action execution, observation and imagination (Lacourse
et al., 2005; Molinari et al., 2012; Jiang et al., 2015), linking it to
the human mirror system (Dinstein et al., 2007). The correlation
with task performance was specifically with activity in the beta
band. This frequency band has been traditionally regarded as an
idling rhythm in the motor system (Pfurtscheller et al., 1996), but

newer accounts confer it a more active role for the maintenance

of steady-state force output and a more efficient processing of

proprioceptive feedback needed for monitoring the status quo

and recalibrating the sensorimotor system (Engel and Fries,
2010). It may therefore well exhibit the “active akinetic process”
that controls the miniature movements of the index finger to
keep the ball on the target. Since beta rhythms are also related to
the expectation of upcoming events, possibly they may also have
been induced by the players waiting for the target to reverse its
movement direction.

Whereas our analysis approach yielded a single activity
cluster which correlated with the objective task performance,
it revealed more complex spatio-spectral structures for the
self-assessment of task performance. Taking into account the
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weak agreement between behavioral indicators of objective and
subjective performance, i.e., tracking error and rating of own
performance, this distinctiveness may come as no surprise.
The maximum correlation occurred in the precuneus, a brain
area which interestingly has shown activity for reflective self-
awareness (Kjaer et al., 2002) and representation of the mental
self (Lou et al., 2004; Cavanna and Trimble, 2006). But the
cluster of significant correlation with ratings of task performance
extends over large parts of the superior parietal lobule, which is
considered a node in the default mode network. Interestingly,
activity specifically in the alpha band, like in our study, showed
significant overlap with the default mode network for self-
referential thoughts and during a social game task (Knyazev et al.,
2011). The researchers hypothesized that synchronization of
internal mental processes as opposed to the processing of external
stimuli might be the primary function of alpha oscillations in
this region.

We found three additional clusters in which beta-band activity
correlated with the outcome of the self-evaluation. One of these
extended over the left motor cortex and therefore is likely related
to movements of the right index finger. Activity in the inferior
parietal lobule has been linked to motor representations of
finger movements (Gerardin et al., 2003) and, as part of the
human mirror neuron system, action observation and execution
(Arnstein et al., 2011). The frontal activation cluster seems
to match with the anteromedial portion of the right superior
frontal gyrus, a region which again is part of the default mode
network as well as the cognitive control network (Li et al., 2013).
It may be interesting to note that the same region showed a
stronger activation in the 66–120 Hz band during collaboration,
whereas the correlation with self-assessment was found only for
activity around 22 Hz. This may result from different neuronal
populations with different activity profiles located in the same
region or from the same population exhibiting a functional
segregation by different frequency bands. In any case this comes
as a reminder that the spatial and spectral activation profiles
should be seen in an integrated fashion.

Whereas all clusters discussed so far were positively correlated
with the self-assessment of performance, a region with negative
correlation was located in the cerebellum. Traditionally, the
cerebellum has been considered a site where models of the
motor apparatus reside, and which are used for predicting the
consequences of actions (Wolpert et al., 1998). But the cerebellum
is also engaged in the acquisition and discrimination of sensory
information (Gao et al., 1996), sensorimotor coordination,
prediction and error-based learning, and affective socio-cognitive
processing (Sokolov et al., 2017). With respect to tracking the
target by finger movements in our paradigm, we think the
cerebellar cluster can be closely linked with other studies which
found that executed as well as imagined hand movements cause
activity in the cerebellum (Lacourse et al., 2005), and that motor
activity of and sensory signals from the fingers are mapped in the
cerebellum (Wiestler et al., 2011). This link is further supported
by the finding that the delta-band EEG has information which
can be used to decode finger movements (Paek et al., 2014).
Recently cerebellar activity has been linked to social cognition
(Van Overwalle et al., 2020), and the correlation with the

subjective performance evaluation could result from the observed
goal-directed body movements of the partner in the context of
our paradigm.

4.5. Neural Correlates of Intersubjectivity
Like for own performance, the experience of the success of
collaborating with the partner was also correlated with activity
in the left precentral gyrus. The extension of this cluster in the
right hemisphere is very similar to the cluster around the right
IPL that correlated with ratings of own performance. Whereas
the spatial distribution of these clusters is similar between the
two ratings, they differ in their frequency specificity. For ratings
of collaboration, correlations can be observed in the beta band
as well as across all of the gamma range, but for ratings of own
performance, the correlation is specifically in the beta band.

The involvement of cerebellar activity also resembles the
correlation structure for performance ratings. Recalling that
ratings of own performance and collaboration were highly
correlated, it would be interesting to know whether this was the
result of the similarities in the neuronal activation profiles or
whether our method yielded similar results because the input,
i.e., the ratings, were correlated. Unfortunately it is not possible
to answer this question with the approach selected for this study.

Despite these similarities, the spatial distribution of the alpha-
band cluster exhibits notable differences between the two ratings.
For ratings of collaboration, correlations were found only in
the posterior part of the parietal lobe of the right hemisphere,
extending into the ipsilateral occipital lobe, whereas it extends
over both hemispheres for ratings of own performance.

The absence of correlations with motion energy and ratings
of the partner’s performance suggests two conclusions: First, the
correlations with the other two ratings are not simply the result
of how much the participants moved the tablet, at least not to
a significant extent. And second, the evaluation of the partner’s
performance did not systematically covary with activity in the
brain regions for motor control, sensorimotor integration and
emotional processing of the own body like it did for evaluating
the own performance or collaboration. This is insofar surprising
as all three ratings were significantly correlated within the
individuals. It is unlikely that the ratings were randomly given
either, because they showed a stronger correlation within the
dyad than the other two. We therefore conjecture a form of
coupling of the partners in mutually rating their performance
which our analysis methods were not able to pick up.

4.6. Action and Subjective Experience May
Share the Same Neuronal Processes
Seen from a bird’s eye perspective our analyses revealed several
clusters in brain regions that are known to be involved in
motor control, sensory processing, sensorimotor integration, and
executive control. If one accepts that the observed correlations
indicate, at least in parts, a causal relation, then the conclusion
is that self-assessment of performance and collaboration are
significantly modulated by the neuronal processes that govern
sensorimotor coordination during the target-tracking task. This
interpretation is supported by the finding that in the majority
of clusters, oscillatory activity specifically in the alpha and beta
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band correlates with subjective experience. From the range of
functional significance assigned to the two frequency bands,
there is one aspect that sees alpha and beta oscillations together
controlling task performance: motor inhibition. Following the
target not only requires tilting the tablet in the right direction, but
also involves suppressing unwanted movements and a great deal
of precision in the motor control, both of which is not possible
without inhibition. Stronger alpha oscillations may indicate
better inhibitory control and tighter timing of cortical processing
(Klimesch et al., 2007). Likewise, beta oscillations may be related
to the maintenance of the sensorimotor set and the suppression
of unexpected external events (Engel and Fries, 2010). It may also
be hypothesized that the clustered activity in the alpha, beta and
high gamma band are an index for cognitive operations of the
global neuronal workspace (Palva and Palva, 2007); however, this
would require showing phase coordination of these oscillations.

It has to be pointed out that the discussed brain regions have
shown activity in many other tasks and contexts, and we selected
the studies we deemed the most related to the experimental
paradigm we investigated here. Nevertheless, the activation
patters seem to match well with the cognitive requirements for
solving the task. Together with the finding that the clusters
were associated with specific frequency bands, the alternative
interpretation of the observed correlations as sheer covariation
seems less likely. Our analyses therefore support the view
that the subjective experience of social interaction involves the
interaction of distributed neuronal populations, many of which
are considered controlling motor execution and coordinating
sensorimotor processing. What’s more, physiological processes
in the body as indexed by autonomic parameters like heart rate
variability, skin conductance and breathing rhythm also have
been shown to be informative about experience of performance
and collaboration (Maye et al., 2020). An integrated analysis of
activity in the cerebral and autonomic nervous system, though

extremely complex, may be a necessary next step toward a deeper
understanding of the body for the emergence of intersubjectivity.
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