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Abstract: Concepts and techniques developed to investigate complex systems have found
practical implications in the study of many complex physical, biological, and social phenomena.
Social neuroscience is coherently moving to new investigation and analysis approaches to properly
explore social dynamics and to qualify neural processes that mediate and define them. The present
paper aims to sketch a global picture of the application of the concept of synchronization to study
complex social systems and the neural signatures of interpersonal coupling during interaction
dynamics. We then focus on an innovative experimental paradigm—hyperscanning—that allows
researchers to sample, compare, and integrate information flows related to the bodily activities of two
(or more) individuals involved in a shared naturalistic or experimentally-controlled task, thus giving
the opportunity to explore inter-individual synchronization and inter-brain coupling. In particular,
the potential of functional Near-Infrared Spectroscopy (fNIRS) as a primary investigation tool in
the field is discussed. Finally, we introduce the most-used quantification and analysis methods for
hyperscanning applications.

Keywords: fNIRS; hyperscanning; complex systems; inter-brain synchronization; coherence analysis;
social interaction; dynamical coupling

1. Introduction

The traditional “one-person” approach to the study of human social abilities is now deemed to
be too limited to properly investigate how our brains support us during real-life social interactions,
thus allowing us to co-regulate and act together with other inter-agents. Recent theoretical and
methodological advances have since underlined the importance of considering interacting agents
as inter-dependent parts of a complex system in order to properly understand social behavior [1,2].
It has thus been suggested to directly explore inter-person synchronization and inter-brain coupling
associated with social interaction dynamics while such dynamics take place, moving towards a
“two-person” approach to the study of human social skills [3,4]. This a novel approach stresses the
importance of understanding the inter-dependences between contexts and inter-agents. Two agents
in interaction do not simply receive and send chunks of information, but influence each-other by
modulating a bidirectional information exchange in real time and by co-regulating implicit and explicit
aspects of their social behavior.

The application of concepts and techniques developed to investigate complex systems became—in
particular in the last decade—more and more widespread, and constructs such as synchronization,
entrainment, and dynamical coupling are now commonly used when presenting behavioral and
bodily correlates of social interactions and when discussing the building blocks of social skills.
New investigation and analysis approaches—such as hyperscanning—have coherently been devised
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to properly explore social dynamics and to qualify the neural processes that mediate and define them.
The present paper is meant as an introductory theoretical-methodological paper on the application
of the concept of synchronization to study complex social systems, and on the contribution of the
functional Near-Infrared Spectroscopy (fNIRS) technique to do so. In particular, it first aims to sketch a
global picture of the constructs of interpersonal synchronization and dynamical coupling as well as
their implications in the investigation of the neural signatures of interaction dynamics.

We then focus on an introduction to the hyperscanning paradigm, which allows researchers
to sample, compare, and integrate information flows related to the bodily activities of two (or
more) individuals involved in a shared naturalistic or experimentally-controlled task, thus giving the
opportunity to explore inter-individual synchronization and inter-brain coupling. Specifically, we
discuss the potential of fNIRS as a primary investigation tool in the field. Finally, we introduce the
most-used quantification and analysis methods for hyperscanning applications.

2. The Social Context and Social Dynamics as Critical Examples of Complex Systems

Complex systems can be defined as systems composed of subunits that might mutually affect
each other, thus showing different grades of association and interdependency. The combination of
interactions between the constituents of the complex system leads to the transient development of
emergent properties that cannot be reduced to the properties of the constituents and that manifest by
the creation of hierarchical and modular self-organized states [5]. Concepts and techniques developed
to investigate such systems have found practical implications in the study of many complex physical,
biological, and—relevant to the present work—social phenomena.

During social interactions, indeed, multiple agents share an environment that they can interact
with and are part of articulated dynamics that can be modeled by actual exchanges between them
and by contextual factors. As a result of such exchanges, they share information, create emergent
inter-subjective meanings, and intentionally modify and act upon the shared social context. This is true
for both face-to-face and mediated communication. Besides being a pervasive phenomenon that frames
the vast majority of human everyday activities, social exchanges are a critical example of complex
system dynamics. Trying to account for such intrinsic complexity, social neuroscience research recently
tried to find new ways to capture the essence of such phenomena and to qualify neural processes that
mediate and define them.

The first tentative accounts trying to model complex interacting social systems come from the
philosophy of mind. Searle, in particular, faced the question of modeling collective actions and
proposed a theoretical model to explain how shared intentions develop and to identify their link
with individual intentions [6]. By studying multi-agent behavior, he realized that the mere sum of
x individual intentions or z individual actions cannot account for the collective intentional behavior.
A simple summative account indeed lacks explicative power and does not do justice to the complexity
of the phenomenon. Then, he concluded that the distinctive feature of a collective action cannot be
found at the physical level, but has to be a mental component. That component is represented by a
collective intention: a complex form of strategic plan that overarches individual specific intentions and
behaviors and coordinates them towards the shared goal.

While Searle’s and subsequent theorizations had the merit of suggesting that interacting agents
form a complex system characterized by specific attributes that emerge thanks to the interaction (e.g.,
interpersonal syntonization or collective intentions), the latest research lines in social neuroscience
now aim to describe and measure such attributes.

According to Di Paolo and De Jaegher [7], a social interaction is “the autonomous engagement that
can emerge between two or more autonomous agents who are mutually regulating their dynamical
coupling” (p. 4). The authors embraced the enactive approach to life and mind [8], so with the term
“coupling” they mean unidirectional or mutual dependence between the laws of transformation of
states in one of the interacting entities and the state variables of the other(s). Following this line,
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investigations of inter-individual syntonization and behavioral synchronization have been matched
up with the quantification of inter-brain coupling.

3. The Origins of Synchronization Studies

Classically, the study of synchronization had to do with the progressive adjustment of the rhythmic
behavior of autonomous periodic oscillators as a consequence of their weak interaction [9]. The first
definition and report of the such phenomenon dates back to the 17th century, when the Dutch scientist
Christiaan Huygens noted that two pendulum clocks hanged on a shared wooden beam started, after
a while, to tick in unison and the motion of their pendulum was in complete agreement. Further, the
tendency to coordinate was so strong to re-establish quite quickly following external interferences.
In that specific case, the interaction was supported by the wooden beam, which acted as a medium for
the transmission of kinetic energy between the clocks. Similar phenomena were successively reported
even with respect to other oscillatory phenomena, such as sound. Lord Rayleigh observed synchrony
between different organ pipes and, in the 19th century, William Strutt observed that the sound of
two organ pipes can be attenuated if they generate the same pitch and timbre and are placed too close
to each other.

Synchronization can then be deemed as an emerging feature of (at least) two non-identical
oscillator systems—whose activity over time can be described in terms of specific combinations of
phase, amplitude, and frequency components (i.e., Fourier series)—which begin to oscillate with an
overlapping frequency profile. To date, similar conceptions have been applied even to study the
behavior of complex chaotic systems, such as brains [10,11], in interactions. In this specific case, when
two or more chaotic systems characterized by different natural frequencies do interact, it is possible to
observe the entrainment of their mean frequencies while amplitudes remain chaotic and only weakly
correlated [9]. Thus, cross-correlation and coherence analyses have been used to try to quantify the
coupling of phase and frequencies between the brain activity of interacting people, in order to detect
a physiological signature of interpersonal synchronization within the complex individual pattern of
neural activity.

4. Synchronization and Dynamical Coupling in Human Interactions

From the human system perspective, sometimes referred to as interpersonal entrainment, the
phenomenon of interpersonal synchronization proved to be present at different levels of interaction
dynamics, from behavior to neurophysiological variables. As suggested by Repp and Su [12], it is
possible to distinguish different manifestations of such phenomenon: intentional, unintentional, and
spontaneous. While intentional interpersonal synchronization can be observed when participants
deliberately decide to act together and then synchronize their movements or are involved in a common
task where they have to consciously synchronize, unintentional and spontaneous interpersonal
synchronization can be observed in the absence of any conscious intention to act similarly. They differ in
the fact that unintentional interpersonal synchronization is a form of emerging behavioral coordination,
even if the performed task discourages synchronization or if participants are asked not to coordinate,
whereas spontaneous interpersonal synchronization can be easily observed when participants’ behavior
is not constrained by any explicit instruction related to coordination.

The outcomes of those pervasive synchronization processes have been traditionally detected by
looking at synergies in movements [13,14], posture [15], breathing cycles, heart rates and autonomic
responses [16,17], and even central nervous system activity [1,18,19]. Synergies at those levels are
commonly quantified using metrics based on correlation, coherence, and phase attraction analyses.

5. The Hyperscanning Paradigm

In order to properly perform similar integrated analysis of the structure of recorded signals, it is
important to collect them concurrently and simultaneously. Technical and computational advances
occurred in the last few years have allowed researchers to devise, test, and share novel methodological
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and analytical approaches that have allowed them to overcome previous limitations and to accurately
sample, compare, and integrate different information flows related even to the brain activity of two
(or more) individuals [20,21]. Such an approach has been defined as hyperscanning and is based on
the simultaneous recording of the bodily activities of interacting agents in real-time, i.e., while social
dynamics develop.

The hyperscanning approach has been applied via functional Magnetic Resonance Imaging
(fMRI) [22–24], electroencephalography (EEG) [18,20,25], magnetoencephalography (MEG) [26–28],
and functional Near-Infrared Spectroscopy (fNIRS) [4,19,29–33]. Independently from the data
recording technique that is actually used, one of the methodological issues that is mostly stressed and
discussed in hyperscanning research is the temporal synchronization of data series. Given the primary
aim of such an experimental approach and the intrinsic meaning of the metrics that are consistently
computed, the time course of biosignals recorded from different participants critically needs to be
consistently and accurately tracked. Since the individual contribution of co-agents to complex social
dynamics occurs concurrently and since—notably—it is modulated in real-time depending on the
continuous flow of information between subjects and on behavior co-regulation, any attempt to sample
physiological processes supporting such phenomena has to be comparably precise and sensitive to
quick fluctuations. That would foster the creation of a sufficiently realistic picture of the correlates of
social exchanges. Nonetheless, as noted even by Bilek and colleagues [24], the advantages of precise
overlapping and synchronicity of the time courses of participants’ biosignals may be partially reduced
by the limited time resolution of specific techniques, such as fMRI, due to sampling constraints and
to the slow time course of the physiological processes they track (e.g., the rise and fall of the blood
oxygen level-dependent (BOLD) response).
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Figure 1. Schematic representation of hyperscanning recording settings. (a) Example of functional
Near-Infrared Spectroscopy (fNIRS)-based side-by-side hyperscanning during experimentally-controlled
tasks, such as cooperative or competitive computerized games; (b) Example of fNIRS-based face-to-face
hyperscanning during naturalistic interactions, such as real-life verbal and non-verbal communication
exchanges; (c) Examples of single-brain 3D topographical activation maps based on local oxygenated
hemoglobin (O2Hb) concentration during a cooperative task and turn-based interaction. Images have
been created based on data recorded at our laboratory. Pairs of reconstructed heads refer to different
couples of co-agents. Left: modulation of O2Hb concentration during a shared cognitive task.
Right: modulation of O2Hb concentration during turn-based face-to-face conversation. Green-to-blue
colors mark a decrease in oxygenated hemoglobin concentration; green-to-red colors mark an increase
in oxygenated hemoglobin concentration. Lines connecting pairs of 3D activation maps exemplify
graphical representation of hyperlinks between co-agents. Yellow-to-red colors mirror the increasing
strength of the hyperlink between different cortical areas as measured by correlation indices.
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Because of that, electrophysiological techniques—i.e., EEG-based investigations—are thought
to be peculiarly apt and promising. Indeed, they are characterized by fine-grained sensitivity to
subtle changes in brain states and by high time resolution [34]. Still, the very same reason why such
techniques present such notable precision with regard to time—namely, the link to fast electromagnetic
correlates of neural activity—also leads to their known limited spatial resolution. Electrical biosignals,
indeed, tend to smear, attenuate, and spread across biological tissues [34,35]. In order to try and
overcome some of the limitations of traditional neuroimaging and electrophysiological techniques,
hyperscanning research has recently moved to fNIRS-based investigations (see Figure 1), which show
a good balance between spatial and temporal resolution [36–38].

6. Optical Imaging and Methods for fNIRS Hyperscanning Applications

Similar to fMRI, Positron Emission Tomography (PET), and Single-Photon Emission Computed
Tomography (SPECT), optical imaging is a form of indirect hemodynamic imaging techniques.
The measurement of neural activity indeed grounds on fluctuations of oxygenated and deoxygenated
hemoglobin in the cerebral blood flow instead of being directly based on electromagnetic properties of
active neurons. In particular, the physiological phenomenon at the basis of hemodynamic techniques
is neurovascular coupling [39,40], which describes the link between functional activity, energetic and
metabolic demands, and cerebral blood flow. Getting down to specifics, when a neural population
activates to process information in response to external or internal events and stimuli, it consumes
oxygen molecules extracted from local blood supplies. This initial consumption of local resources
leads to an increased concentration of deoxygenated hemoglobin (HHb) and a relative decrease of
the concentration of oxygenated hemoglobin (O2Hb). In order to compensate for such physiological
changes, afferent blood flow is increased following the localized dilation of cerebral blood vessels.
This increase of the blood supply exceeds the needs of neuronal oxygen consumption, and then leads
to another localized unbalance between the concentration of oxygenated/deoxygenated hemoglobin
molecules, with a notable increment of the first and a decrement of the latter. Besides being the
constituents of blood oxygenation level-dependent (BOLD) signal, such physiological modulations
are tracked via optical imaging by taking advantage of differences in optical and light absorption
properties of chromophores within molecules constituting different biological tissues.

Functional Near-Infrared Spectroscopy (fNIRS), in particular, uses specific near-infrared light
radiations (range: 650–950 nm) to quantify the concentration of different biological elements—such as
hemoglobin—in tissues such as skin, muscles, and cerebral cortex. Those wavelengths do indeed
define radiations that are primarily absorbed by hemoglobin while skin, bone, and other tissues are
mostly transparent to them. Furthermore, by using multiple single wavelengths it is possible to
independently obtain specific pieces of information on the amount of hemoglobin in its two states
(O2Hb vs. HHb) that is present within the transilluminated area of tissue [41–43].

In applications of fNIRS to investigate brain functioning, scalp skin is usually illuminated by
laser diodes or light emitting diodes (LED), in order to grant accuracy of stimulation and control over
the amount of emitted energy. Light then travels through surface and cortical tissues and is then
recaptured by highly-sensitive detectors, usually constituted by glass fibers. Pairs of light sources
and detectors constitute fNIRS recording channels. They are commonly placed at fixed distances
depending on technical requirements of the used system and on methodological factors linked to the
intended recording resolution. It is worth noting that near-infrared light follows a curve trajectory
when travelling through biological tissues and is then commonly deemed to shows a penetration
depth of about one half of the distance between the source-detector pair. Given that this distance is
usually approximately 3–4 cm (also depending on the system), fNIRS is thought to show a penetration
power of about 2 cm, sufficient to reach cortical tissues layers. For further in-depth discussion of the
technical details of fNIRS recordings, we suggest the following reviews: [36,37,43–45]. The position of
sources and detectors is usually reported by referring to the 10-10 or the 5-10 International Systems for
electrode placements [46,47]. By increasing the number of recording channels, it is possible to improve
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the spatial sampling of hemodynamic changes associated with brain function and, thanks to advanced
processing algorithms, even to create 2D or 3D reconstructions of the blood perfusion within the cortex
and of associated neural activations.

As for time resolutions, latest fNIRS systems allow for recording from multiple channels with
a relatively good sampling rate (up to 100 Hz, even if it is typically limited to around 6 or 10 Hz).
While the slow nature of measured biosignals limits the time-domain information that can be obtained,
advances in signal processing methods and experimental designs might allow for effectively recording
informative signal changes in the order of hundreds of milliseconds [48]. It is important to note,
however, that such progresses in hemodynamic signal processing and their application to optical
imaging are still a matter of limited experimental testing. Given the localized and circumscribed
distribution of hemodynamic modulations and the sensitivity of the technique, fNIRS spatial resolution
is usually reported in the centimeter range (≈1 cm), with a tissue penetration potential of about
2 cm—enough to reach cortical layers [43]. It is, however, worth noting that the actual spatial resolution
of an fNIRS recording also depends on specific methodological and technical aspects, such as the
recorded scalp/cortical regions that are transilluminated, the source-detectors distance, and settings of
the recording system.

In order to properly organize, split, and integrate emitted and recaptured light signals, fNIRS
systems include a multiplexer. With the increasing complexity of optical imaging systems, such an
element became even more important, since it allows for the coordination of data flows from multiple
recording channels measuring hemoglobin modulations from multiple points on the scalp (and then
different cortical areas) in a single device. Some fNIRS-based hyperscanning studies [4,30,31,49] took
advantage of this potential and of technical features of optical imaging systems to overcome two known
methodological issues: synchronization of different devices and potential differences in their sensitivity.
Since fNIRS recordings are reference-free—contrary to EEG recordings, which require individual
isoelectric reference sensors to compute differential waveforms—it is then possible to connect two
individuals to the same recording system, by splitting light sources and detectors between them.
This solution prevents potential issues concerning the comparability of different systems calibration
and the lack of synchrony between the time courses of data recoded from different co-agents.

In addition, with respect to EEG, fNIRS can be similarly used in event-related experimental
designs, but its measurement benefits from a greater spatial resolution, though limited to cortical
structures [36,44,45]. Indeed, the recording of electrical biosignals—such as in EEG—is known to be
negatively affected by attenuation and smearing. These phenomena are due to the electrical nature
of the recorded signals, since electrical activity tends to spread out through conductive medium
such as biological tissues. Further, the fact that different biological tissues show different electrical
conductivity makes the problem of spatial resolution and the localization of EEG data even more
complex. While source localization techniques offer a notable opportunity to locate the source of
scalp-recorded EEG data, spatial resolution still strongly depends, even in that case, on the distribution
and density of spatial sampling (i.e., the placement and number of recording channels), and localization
data represent an estimate of the most probable solution to the inverse problem. Moreover, spatial
localization is commonly deemed as a weak point of the EEG technique, because scalp-recorded data
are the outcome of electric activity potentially generated in various points of the brain, and thus
potentially mirroring the summation of the contribution of different systematically-active structures.
fNIRS applications, instead, take advantage of the circumscribed distribution of hemodynamic
modulations due to neurovascular coupling and of the specific sensitivity of optical measurement
to even the slightest changes in both oxygenated and deoxygenated hemoglobin in the capillary
components of cortical tissues. Thus, while the actual spatial resolution of an fNIRS recording partially
depends on specific aspects of data recording and on the optode montage that is used, the technique
allows for the sketching of finer-graded pictures of cortical activations with respect to the majority
of EEG applications, even if the two techniques share the coordinate systems used to place sensors.
In addition, similar to EEG but differently from other neuroimaging methods, fNIRS is both easy to use
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and always more cost-effective, thanks to ongoing progresses in the development and miniaturization
of recording systems.

Again, when compared to fMRI-based investigations, fNIRS offers the unique opportunity
to track changes of oxygenated, deoxygenated, and total hemoglobin, and not only of a single or
compound measure [37,44]. Future investigations might capitalize on this richness of information
to better define and differentiate between physiological, non-specific, and task-driven changes of
cortical hemodynamics during interaction via optical imaging. Moreover, with respect to fMRI,
PET, and SPECT, fNIRS measurement is robust against environmental exogenous noise and has a
greater temporal resolution [44]. Indeed, while still poorer than electrophysiological techniques, the
time resolution of optical imaging in terms of sampling rate is greater than that of other traditional
imaging techniques (such as fMRI and PET). By increasing the sampling rate, by implementing specific
methodological expedients, and by aptly designing experimental tasks, it seems indeed possible to
track fast modulations of brain activity via optical techniques even in the sub-second range, even
though such advanced applications are still a matter of debate and experimental testing.

Finally, it is worth noting that fNIRS is deemed as a promising technique in the field
of hyperscanning research due to the advantage of being easily complemented by other
neuroscientific measures, to its remarkable usability, and to the opportunity to make recordings
more ecological [36,37,44,50]. Indeed, if compared to alternative techniques such as EEG and fMRI,
optical imaging allows for the measurement of brain activity in more natural real-life situations, since
it imposes considerably milder physical constraints (e.g., staying still) and psychological-physiological
burdens (e.g., injection of radioactive agents) than other imaging techniques. fNIRS considerably
reduces limitations concerning participants’ posture and bodily movements, since they are not
requested to lie down and remain still in a scanner and since sources and detectors are placed on a
recording cap, as in EEG recordings. Freedom to act and the opportunity to implement face-to-face
settings allow for the investigation of realistic interaction dynamics and prevent misrepresentations of
the complexity of interacting systems. In addition, fNIRS recordings are thought to be more robust
against muscular and head motion artefacts and against external electromagnetic noise when compared
with EEG and fMRI [44,51]; this is a critical characteristic, in particular, for formal investigation of
naturalistic social dynamics and unconstrained interactions.

Nonetheless, as underlined by Scholkmann and colleagues [38], some methodological and
technical limitations of fNIRS recording (with regard to both single-brain and hyperscanning
applications) still have to be properly tackled. Namely, potential recording biases due to the
confounding influence of superficial blood perfusion might affect measured hemodynamic signals.
To control for or to reduce such potential bias, specific signal processing and hardware expedients
(e.g., spring-loaded sensors able to keep good sensor-skin contact or manipulation of the ideal
source-detector distance) are being developed and tested. Further, as mentioned above, the technique
only allows for an exploration of the activity of cortical structures, with no possibility to directly
measure the contribution of subcortical structures. Such a limitation is structural and cannot be
overcome. It then has to be taken into account when devising fNIRS-based investigations. Again,
the technique is based on the measurement of hemodynamic responses and, thus, its ability to finely
follow the subtlest and quickest modulations of neural activity is poorer with respect to hyperscanning
applications based on electrophysiological techniques. Finally, it is important to acknowledge that even
if fNIRS recordings are robust against motion artefacts, broad body movements (e.g., sudden postural
changes) might still induce confounding events due to venous pooling or orthostatic hypotension [51].

Figure 2 reports a simplified schema of the main steps for fNIRS-based hyperscanning applications.
The first crucial step is data recording. Apart from the setup of the recording system and the accurate
placement of light sources and detectors thanks to adjustable caps or rubber bands, the most critical
point is the design of an appropriate shared task or the definition of a significant naturalistic interaction.
Given the complexity of investigated phenomena, functional correlates of social processing and
interaction dynamics are indeed maximally informative when they relate to knowable or well-devised
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situations. Collected raw biosignals then have to be processed separately for each participant to
obtain individual channel-specific waveforms—which represent local fluctuations of oxygenated,
deoxygenated, and total hemoglobin across time due to neurovascular coupling—and individual
activation maps—which usually depict the distribution and topography of hemodynamic changes in
selected time frames over a head or brain model (first-level single-subject signal processing). Finally,
single-subject data and individually-computed indices mirroring hemodynamic activity are integrated,
matched, and compared to qualify and quantify inter-brain coupling and to investigate associations
and dependencies between the cortical activity of interacting participants (second-level integrated
data analysis).
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Figure 2. Simplified schematic representation of the main steps for fNIRS-based hyperscanning
applications with regard to, for example, face-to-face social exchanges. The “Data recording”
step refers to the concurrent collection of optical imaging data from multiple participants in a
hyperscanning setting. The “First-level single-subject signal processing” step refers to the initial
processing of recorded signals to obtain information on individual hemodynamic activities for each
participant. Waveforms and activation maps are the two most-used representations for single-brain data.
The “Second-level integrated data analysis” step refers to the final integrated analysis of individual
data to explore interpersonal synchronization and inter-brain coupling in hyperscanning applications.



Appl. Sci. 2017, 7, 922 9 of 13

Methodological Remarks on Integrated Data Analysis: Primary Indices and Statistical Issues

As underlined by Babiloni and Astolfi [21], the availability of a complex set of data constituted
by the recording of brain activity from multiple co-acting or interacting individuals allows for
the investigation of not only the association or dependence between brain activity and behavior
within each agent (first-level analyses), but also the investigation of associations and dependencies
between brain activity of various inter-agents (second-level integrated analyses, see Figure 2). Such an
opportunity, however, opens new questions on proper analysis tools and approaches to quantify
and qualify those potential associations. Answers to those questions have been found, to date, by
looking at procedures and algorithms used to explore functional connectivity. The term functional
connectivity defines statistical associations between physiological responses or activation patterns
of distributed neural structures, without any stringent assumption or constraint concerning the
actual existence of a structural connection between them (an assumption that could never be met
when analysing the consistency of data series from different people). As a consequence, a key
feature of functional connectivity is that it is strongly time-dependent. In other words, even if the
pattern of statistical associations can arise in multiple time scales and may present only for short time
windows, a consistency in the time course of different series of data needs to be present. However, as
within-individual statistical associations are typically estimated via correlation, spectral coherence, or
phase-locking analyses, novel methods had to be defined to focus on inter-individual analysis, since
traditional methods assume that data concerns different facets of the activity of the same system.

Depending on the nature of collected hyperscanning data, on the defining features of the recorded
biosignals, and on the interest in associations vs. dependencies in analyzed data, different methods
can be selected for second-level integrated data analyses. Nevertheless, the most diffused and tested
analysis tools when working with hemodynamic data are correlation and coherence analyses [4,49].
In particular, the first are mainly used when exploring data in the time-domain, while the latter are
used when exploring data in the frequency-domain. Furthermore, correlation indices mirror time
consistency between different neural responses (as represented by waveforms), whereas coherence
indices mirror phase consistency for different frequency components between oscillating signals. Both
the kinds of analyses are based on bivariate tests and can then only offer information on pairs of signals
one at a time.

An alternative is offered by the application of methods based on Granger causality [52,53].
Granger causality is a definition of causality and dependency between series of data based on prediction
and on the theoretical premise that if a time-varying signal causes another time-varying signal,
then past values of the first should contribute more than past values of the latter in explaining
its present values and predicting its future values. The spreading application of this concept to
intra-individual and inter-individual coupling analyses is due to the fact that the Granger-based
modeling approach is data-driven and does not necessarily require setting an a priori model of potential
underlying data structure. While this feature seems peculiarly relevant in hyperscanning research,
where an a priori model of inter-brain associations can hardly be defined, some methodological
points need to be taken into consideration. Potential interpretation biases have been reported in
case of spurious findings from Granger causality models [52] and depending on inter-individual
variability in hemodynamic responses [54]. Again, the use of relative indices related to the modulation
of connectivity patterns between different experimental conditions has been suggested to account
for such potential limitations [55]. Further, the comparison of intra-individual and inter-individual
spatiotemporal patterns of neural activity across different experimental conditions, different stages of
a social exchange, or even across reiterated interaction opportunities might offer interesting pieces
of information on cortical adaptation and plasticity processes. By tracking the modulations of brain
signals and connectivity indices, it might be possible to single out neural structures that are mostly
involved in and modeled by complex social dynamics.

Finally, following the remarks of Di Paolo and De Jaegher [7], the nature and stability of
observed inter-brain synchronization patterns and of related measures may be investigated via
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perturbation-based studies, where interpersonal coupling is perturbed (for example, by adding
noise or delays in the communication flow) and the effects of such perturbation on functional
correlates of social dynamics are collected and analyzed. Or, again, research may benefit from
focusing on “transitions in coordination”, i.e., from comparing the modulation of behavior and
physiological activities when individual agents gradually pass from uncoordinated activities to shared
coordinated activities or when interactions recover from behavioral breakdowns. Those peculiar
phenomena can be both investigated in ecological interaction situations (for example, by focusing on
turn-taking in conversation and joint-actions) and experimentally induced (for example, by changing
between complementary and unrelated task instructions or between symmetric and asymmetric roles).
Since coordination breakdowns and recoveries are critical events in social dynamics, the complex
system constituted by interacting agents will promptly react to face them. The analysis of behavioral
and neural events prior to, co-occurring with, and following transitions might then capitalize the
salience of those events to capture highly informative data on mechanisms sustaining individual
engagement in the interaction, participatory sense-making, and inter-individual synchronization.
Even if these implications are still mainly theoretically discussed, those modulations could be measured
via dynamical systems techniques [14] or quantified by looking at long-term correlations [56]. Again,
machine-learning methods might be useful to mine neural data and identify relevant markers of
sustained/broken coordination [57].

As a closing remark, it is worth underlining that, besides the computation and interpretation of
estimated association/dependency indices, the interpretation and proper discussion of hyperscanning
findings is a critical step. Indeed, as underlined by Babiloni and Astolfi [21], the fact that
two time-varying biosignals significantly correlate or consistently co-vary does not imply the existence
of an actual physical channel for communication (i.e., a physical connection) between the biological
systems originating them. Relevant correlation or synchronization indices point out associations
between recorded brain activations, suggesting the presence of a complex indirect chain of events
that links initial cerebral responses of one co-agent to the activity of neural structures of the other in a
continuous loop. To date, hyperscanning investigations are only able to highlight and describe complex
forms of intra-individual and inter-individual spatiotemporal maps of neural processes and brain
activations supporting the interaction dynamics and shared tasks in which participants are involved.

7. Conclusions

The present paper aimed to sketch a global picture of the application of the concept of
synchronization in order to study complex social systems and the neural signatures of interpersonal
coupling during interaction dynamics. Such phenomena are now usually investigated via
hyperscanning, an experimental paradigm that is based on the simultaneous collection of bodily
activities of two (or more) individuals performing a shared task (e.g., naturalistic communication
exchanges or ad hoc cooperative/competitive experimental tasks). Indeed, in addition to investigations
of inter-individual syntonization and behavioral entrainment, research is now focusing on the
quantification of inter-brain coupling. Optical imaging has thus been recently used to track and
analyze the inter-brain coherence of cortical activations marking realistic interaction dynamics.
Empirical evidences and notable technical strong points with respect to alternative neuroscientific
techniques has pointed out the potential of fNIRS as a primary investigation tool in the field.
While additional research is yet needed to better qualify interpersonal synchronization processes
and their functional correlates and to fully disclose the potential of the fNIRS technique in supporting
such investigations, one of the most critical questions on the nature of inter-brain coupling also
remains to be answered: in the field of hyperscanning research, what does act as the “wooden beam”
mediating synchronizations between people and between their interacting brains? Probably only after
descriptions and explanations of observed coupling phenomena have been established will research
be able to focus on the proper explanandum—i.e., the nature of human interpersonal connection.
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