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coupling to causality
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In hyperscanning studies, participants perform a joint task while their brain
activation is simultaneously recorded. Evidence of inter-brain coupling is
examined, in these studies, as a predictor of behavioral change. While the field
of hyperscanning has made significant strides in unraveling the associations
between inter-brain coupling and changes in social interactions, drawing
causal conclusions between brain and behavior remains challenging. This
difficulty arises from factors like the inherently different timescales of behavioral
responses and measured cerebral activity, as well as the predominant focus of
existing methods on associations rather than causality. Specifically, a question
remains as to whether inter-brain coupling between specific brain regions
leads to changes in behavioral synchrony, or vice-versa. We propose two
novel approaches to addressing this question. The first method involves using
dyadic neurofeedback, wherein instances of inter-brain coupling are directly
reinforced. Such a system could examine if continuous changes of inter-brain
coupling are the result of deliberate mutual attempts to synchronize. The
second method employs statistical approaches, including Granger causality and
Structural Equation Modeling (SEM). Granger causality assesses the predictive
influence of one time series on another, enabling the identification of directional
neural interactions that drive behavior. SEM allows for detailed modeling of
both direct and indirect effects of inter-brain coupling on behavior. We provide
an example of data analysis with the SEM approach, discuss the advantages
and limitations of each approach and posit that applying these approaches
could provide significant insights into how inter-brain coupling supports crucial
processes that occur in social interactions.

KEYWORDS

hyperscanning, structural equation model, causality - causal modeling, neurofeedback,
functional near infrared spectroscopy (fNIRS)

Introduction

Neuroscience is largely dedicated to studying the brain’s structure and function, with
a primary focus on understanding how neural processes influence behavior, cognition,
and overall mental health. To this aim, traditional neuroimaging studies have relied on
assessing activation estimates within specific regions of interest (ROIs) and examining
their relationship with behavior (e.g., Molenberghs et al., 2016). As cognitive processes
are often the result of complex interactions between multiple regions, not the activity
of single areas in isolation (Bullmore and Sporns, 2009; Damoiseaux et al, 2006;
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Smith et al., 2009), research has shifted toward utilizing network-
level brain variables to explore brain-behavior relationships,
reflecting the interdependent nature of neural processes (Bassett
and Sporns, 2017).

A recent approach in the field of social neuroscience has
extended the network approach to social interactions, suggesting
that brain activity is not only coupled within an individual brain
but is also coupled between brains during social communication.
According to the hyper-brain cell assembly hypothesis, neural
cell assemblies may form not only within individual brains
but also across brains, operating under principles similar to
Hebbian learning within a single brain (Miiller, 2022). Within
this framework, inter-brain coupling refers to the correlation
of time series of brain signals originating from regions of two
or more interacting brains (Dikker et al., 2021). The technique
of measuring inter-brain coupling is called hyperscanning, an
approach that allows simultaneous scanning of multiple brains
(Montague et al., 2002). Hyperscanning employs neuroimaging
techniques such as Electroencephalography (EEG), functional
Magnetic Resonance Imaging (fMRI), and functional Near-Infrared
Spectroscopy (fNIRS) and it is increasingly used to examine joint
brain activity in individuals within social interactions in various
social paradigms. For example, in typical hyperscanning fNIRS
studies participants are assigned into dyads or groups and are asked
to perform a joint task, while inter-brain coupling in fNIRS signals
are taken from all participants. Given the relatively mobile, robust
and unintrusive nature of the available portable fNIRS systems, a
wide range of interactive tasks can be used in ecologically valid
environments, including motor, emotional and cognitive tasks, as
well as creativity and problem-solving tasks. Inter-brain coupling
values from the obtained fNIRS data are calculated post-recording,
and often compared against other, concurrently obtained, task-
related data, such as synchrony in speech, eye-movements or motor
activity.

The findings of inter-brain coupling during social interactions
have greatly advanced neuroscience by demonstrating that multiple
brains of interacting individuals can be viewed as components of
an extended network (Shamay-Tsoory, 2022). With this approach
studies have shown for example that inter-brain coupling in
the inferior frontal gyrus (IFG) is increased during face-to-face
interaction compared to no-interaction (Jiang et al., 2012), during
synchronized movement (Gamliel et al.,, 2021) and during song
learning (Pan et al., 2018). Other brain regions including the
dorsolateral prefrontal cortex and the temporoparietal regions
were shown to be highly coupled during tasks of group creativity
(Mayseless et al., 2019; Pick et al., 2024) and group collaboration
(Xie et al., 2020).

However, the initial enthusiasm from hyperscanning was
tempered by concerns that inter-brain coupling might merely be
an epiphenomenon of performing the same activity simultaneously
(Hamilton, 2021). To address this issue, new statistical approaches
have been developed, including demonstrating that inter-brain
coupling is stronger in real interacting pairs compared to pseudo-
pairs [non-interacting pairs performing the same task (Marton-
Alper et al.,, 2023)] or showing that inter-brain coupling is not
entirely explained by motor synchrony (Pérez et al., 2017). In a
study with dyads of rodents, it was demonstrated that inter-brain
coupling emerges from two neuronal populations that separately
encode one’s own behaviors and those of the interaction partner,
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providing evidence that inter-brain coupling arises from ongoing
exchange of social signals (Kingsbury et al., 2019). Furthermore,
inter-brain coupling has been shown to yield higher predictive
power for learning outcomes during social learning compared to
single-brain measures (Davidesco et al., 2023), emphasizing the
importance of incorporating these measures into models of social
behavior.

Despite these exciting developments, a critical question remains
regarding the causal relationship between inter-brain coupling
and behavioral change. While hyperscanning studies to date
have examined the association between inter-brain coupling
and behavior, it is not yet clear whether inter-brain coupling
triggers behavioral changes or if dyadic behavior creates inter-
brain coupling (Hamilton, 2021). It could be the case that
during coordinated activities (e.g., joint actions), individuals
are exposed to the same sensory stimuli, such as visual or
auditory cues. These shared inputs can result in similar neural
responses in the brains of the individuals involved, leading to
coupled neural activity. Furthermore, during coordinated behavior,
individuals often predict each other’s actions and adjust their own
actions accordingly. This anticipatory mechanism involves neural
processes that align the timing of neural activity between brains
and could lead to inter-brain coupling. Yet, another possibility
is that inter-brain coupling modulates behavior, with fluctuations
in coupling levels driving the dynamics of communication
during social interactions. Given that social interactions inherently
involve a continuous feedback loop of reciprocal exchanges, this
bidirectional interaction may underlie the causal relationship
between inter-brain coupling and behavioral outcomes. Here, we
emphasize the importance of examining the causal pathways
between brain activity and behavior, as understanding this
relationship is crucial for elucidating the neural mechanisms
underpinning inter-brain coupling. Such an investigation could
reveal how neural coupling promotes effective communication and
facilitates social coordination. We propose here two approaches
for testing causality: The first approach relates to manipulating
the brain with neurofeedback and involves providing real-time
feedback to participants based on their inter-brain coupling. The
second approach offers statistical methods for assessing causality.
We discuss these two options including the advantages and
limitations of each approach and their feasibility in addressing
mechanistic explanation of social behavior.

Dyadic neurofeedback

While emerging studies with brain stimulation targeting the
IFG show a causal relationship between simultaneous dyadic IFG
stimulation and increased coupling (Novembre et al., 2017), it is
unclear whether inter-brain coupling could be trained and to what
extent training is translated into behavioral change.

Neurofeedback is a technique that provides real-time
information about the current level of brain activity, to which we
otherwise do not have conscious access. Such information can be
used to learn volitional regulation of brain activity. The feedback
is visual or auditory (e.g., an animated fish swimming in the sea),
in which changes in certain parameters (e.g., the fish’s movement)
reflect changes in certain features of the measured brain activity.
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Neurofeedback leverages the brain’s ability to reorganize itself
following operant conditioning (Paret et al., 2019) and Hebbian-
like plasticity (Coscia et al., 2019) by selectively reinforcing specific
neuronal changes.

In the same manner that neurofeedback can regulate
the activity of specific brain regions, training with a dyadic
neurofeedback platform may allow participants to control their
inter-brain coupling by providing feedback on this coupling.
Such a setup could involve reinforcement via a visual signal
following increased inter-brain coupling between selected regions
(see Figure 1). Initial attempts have demonstrated the feasibility of
connecting two participants in a single feedback loop. For example,
using EEG, Chen et al. (2021) showed an association between
social closeness and inter-brain coupling in a dyadic neurofeedback
protocol. While no study to date has demonstrated long-term
behavioral changes following dyadic neurofeedback training, the
growing efforts to develop such protocols demonstrate significant
potential.

A dyadic neurofeedback setup may include simultaneous
synchronized fNIRS data collection from two participants. The
data obtained from each participant are pre-processed in real-
time by application of frequency filtering, motion artifact removal,
and common component removal using Short Separation channels
(Gagnon et al,, 2012) or other statistical methods (e.g., Zhang et al.,
2016). The filtered data is then separated into temporal windows
of 30 s or more, and inter-brain coupling values are extracted
from each window using the Wavelet Transform Coherence (WTC)
technique (Grinsted et al., 2004) that enables transforming a time
series into a function of time and frequency. This process repeats in
intervals of approximately 1 s, with each output value representing
the brain synchrony within the preceding window, with a large
degree of overlap. These values may be used to adjust the motion
speed of an animated fish on a screen, which the participants in the
study can observe. Participants are randomly assigned to dyads and
instructed to observe a computer screen displaying a virtual task
involving a swimming fish (Figure 1). Their goal is to increase the
speed of the fishs movement. The speed of the fish is contingent
upon the participants’ ability to enhance their inter-brain coupling,
providing real-time reinforcement of their increasing interbrain
coupling. This feedback loop is designed to promote enhanced
synchronization between the participants’ brain activity, thereby
facilitating functional inter-brain connectivity. If indeed it will
be possible to measure noticeable behavioral change following
training in dyadic neurofeedback, it will provide initial evidence
that indeed inter-brain coupling supports behavioral change. The
changes could be observed at the individual level, for example
increased empathic capacities of a participant following dyadic
training, or changes at the level of the dyad, such as improved motor
synchronization or enhanced cooperation.

The application of dyadic neurofeedback offers several distinct
advantages. Unlike neurostimulation, neurofeedback is a non-
invasive technique, making it a safer and more accessible option
for modulating brain activity. In addition to its potential for testing
causal inferences in neural circuits, successful implementation
of dyadic neurofeedback could lead to a wide range of
clinical applications aimed at enhancing social behavior in
various populations.

Despite the potential of dyadic neurofeedback for establishing
causal links between inter-brain coupling and behavioral changes,
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significant challenges remain in developing appropriate control
conditions to effectively rule out placebo effects and expectation
biases. Additionally, there are unresolved questions regarding the
specific brain regions that are most relevant for these dyadic
neurofeedback protocols. While a recent meta-analysis found the
largest effects size for inter-brain coupling in the frontal cortex
and temporoparietal junction (Czeszumski et al, 2022), it is
possible that other brain regions may also have potential for
training inter-brain coupling. In addition, the process of learning
to control brain activity within dyadic neurofeedback is inherently
slow and complex. Finally, variability in individual learning
abilities within the dyad can significantly influence the overall
effectiveness of achieving and maintaining enhancements in inter-
brain coupling. Nonetheless, demonstrating that modifications in
inter-brain coupling can lead to measurable behavioral changes
would provide compelling evidence of causality, reinforcing the
potential impact of such interventions on social and cognitive
processes.

Statistical approach for testing
causality

Various statistical tools have been employed to address
the challenge of causality in neuroimaging studies, including
Granger causality and structural equation modeling (SEM). These
methodologies can be applied to explore the causal dynamics
of inter-brain coupling and its impact on social interactions,
thereby providing insights into the neural mechanisms underlying
social behavior.

The Granger causality approach relies on the principle of
comparing the predictive power of a past value of a variable
Y on its current value (autoregression) to the predictive power
of autoregression and the values of a second variable X. If the
latter is significantly higher than the former, X can be said
to be G-causing Y (Seth et al, 2015). Importantly, Granger
causality tests can be performed in the opposite direction -
i.e., whether Y is G-causing X. Significance in both cases is
not mutually exclusive. If changes in the neural activity of
one brain can be shown to G-cause changes in another brain’s
activity, and this neural interaction correlates with specific social
behaviors, it becomes possible to predict how changes in inter-
brain coupling may influence or correspond to future behaviors
in social interactions. G-causality has been extensively utilized
in neuroimaging studies, particularly within the framework of
ordinary linear autoregressive (AR) models of stochastic processes
(Goebel et al., 2003; Roebroeck et al., 2005), and it may therefore
become valuable in understanding and forecasting the dynamics
of social behavior based on inter-brain coupling. One possibility
is employing Granger causality to investigate the directionality
between inter-brain and intra-brain coupling. Indeed, Miiller and
Lindenberger (2024) showed that the dynamics of both inter-
brain and intra-brain connections are critical for understanding
interpersonally coordinated actions. If it is found that inter-
brain coupling influences intra-brain connectivity, this would
suggest that changes in inter-brain dynamics may drive alterations
in individual neural processes, ultimately leading to behavioral
modifications.
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Neurofeedback loop in dyadic interaction using fNIRS. Two participants observe a swimming fish that and its velocity represents their levels of
inter-brain coupling. fNIRS data is collected from both participants in real-time as they perform the task. The recorded fNIRS data undergo
preprocessing to remove artifacts and noise. Interbrain coupling is then calculated and the real-time inter-brain coupling information is presented
back to the participants through updated movement of the fish, thus completing the neurofeedback loop.
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FIGURE 2

Beh. Synchrony

Example SEM model. Predicting behavioral synchrony by the measured activity of several ROl couplings and the computed combined activity of the
interbrain network as a whole (allbrain). Here, only couplings including r.IFG and dmPFC were used to predict behavior, according to previous

findings. The loading values are indicated by the numbers, while significance is indicated by the asterisk. Only the r.IFG-dmPFC coupling was shown
to significantly positively predict behavioral synchrony.

To establish causal link between inter-brain coupling and

behavior, Koul et al. (2023) used synchronized EEG recordings

from dyads engaged in a nonverbal task. The authors applied
G-causality explore the directional relations between inter-brain
coupling and behavioral measures (e.g., synchrony in facial
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expressions). To this end, participants were placed at either a

short (1 m) or long (3 m) distances from each-other under

conditions where they could or could not see each-other, under
no specific instructions to interact. During each block, EEG,
movements and eye-tracking recordings were obtained. Inter-brain
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coupling emerged spontaneously when participants were looking
at each-other regardless of distance. The authors first analyzed
the power spectra across several EEG frequency bands. They then
used computational model, which relied on contemporaneous
power increase in these frequency bands within dyads, to
identify instances of inter-brain coupling. Behavioral recordings
were analyzed to produce a matching timeline, representing
synchronous behavior. These timelines were then used to construct
a Bayesian model, which was then fitted to a vector autoregressive
(VAR) model, which, in turn, was used to calculate multivariate
G-causality values. G-causality was found significant in both
directions, although the predictive effects of behavioral synchrony
on inter-brain coupling were reported to be stronger than the
opposite (Koul et al., 2023). The latter finding raises questions about
the specific mechanism of this reciprocity. It may be hypothesized,
for example, that inter-brain coupling between specific ROIs may
causally affect behavioral coupling, and vice-versa for other ROI
pairs. Exploration of this topic is somewhat hampered by the
difficulty in source localization inherent in EEG recordings (e.g.,
Bradley etal., 2016; Jatoi et al., 2014). In contrast, techniques relying
on cerebral haemodynamic response, such as fMRI and fNIRS,
which are relatively accurate in their spatial resolution, may lack the
required temporal resolution for G-causality analyses. For example,
in a typical study using fNIRS for measuring brain activity, the
haemodynamic response may be trailing the underlying neural
activity by several seconds (Cinciute, 2019), thus leading to
the possibility of the resulting behavior taking place before the
haemodynamic response can be recorded. One possibility is to
use simultaneous recordings of fNIRS and EEG data which may
allow identifying causal relationships between specific ROI pair
coactivation and behavioral synchrony in more detail.

Another potential approach toward establishing and testing
network-based models of brain and behavior may be based on
structural equation modeling (SEM). In SEM parameters are
represented by connection strengths or path coefficients between
variables, analogous to effective connectivity in a neural network
model. Each path within the model is directional, reflecting
hypothesized causal influences between variables. The parameters
in SEM are estimated by minimizing the discrepancy between the
observed covariance matrix and the covariance matrix predicted
by the proposed structural model. This estimation process enables
SEM to solve the entire path model simultaneously, providing
insights into the causal directionality among multiple ROIs. In
a study modeling both brain and behavior, Bolt et al. (2018)
conducted a study on data from a large pool of participants,
who performed tasks from three cognitive domains (working
memory, relational processing, and arithmetic processing), with
each task having a respective control condition. fMRI recordings
were taken during the tasks’ completion. The authors then used
SEM to construct a network model, based on the collected data,
which included several ROIs in the brain as well as behavioral
responses. A regression equation was constructed to represent
the activity of each ROI as a function consisting of a network
activation component, an ROI activation component unrelated to
the network, and a residual component. The behavioral outcome
was then estimated as a regression function including the activity
within the network, the network-independent activity in each
RO and a random component. The resulting model was then
pruned to remove ROIs with low loadings. Using this method,
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only individual ROIs were shown to affect behavior independently
of the network as a whole. This approach is highly promising
for application in inter-brain coupling. In particular, it allows for
testing of specific hypothetical models, such as models that include
inter-brain coupling between specific regions and behavior.

We tested this approach using an fNIRS dataset published
by Marton-Alper et al. (2023), where we previously found that
interbrain coupling in the right inferior frontal gyrus (r.IFG)
and dorsomedial prefrontal cortex (dmPFC) positively predicted
movement synchronization during a 3D movement task. In this
study, dyad members were handed a RAZER 3D motion sensor
and instructed to move their arms in synchrony. The 3D position
data of the participants’ arms were recorded, and fNIRS inter-
brain coupling data were obtained from each participant’s dmPFC
and IFG areas, bilaterally. The levels of motion synchrony were
calculated as a timeseries throughout each task block by means
of Cosine Velocity Vector (CVV) calculation (Reiss et al., 2019),
which allows or detection of lagged and unlagged synchronized
3D motion. fNIRS data were preprocessed by frequency filtering,
motion artifact removal, PCA-based spatial filtering (Zhang et al.,
2016), and converting to relative oxygenated and deoxygenated
hemoglobin concentrations. Inter-brain coupling was calculated
on the oxygenated hemoglobin values using the WTC toolbox
for Matlab (Grinsted et al., 2004) between all ROI combinations.
This method of detecting inter-brain coupling is based on a two-
stage process, wherein the hemoglobin concentrations are first
subjected to wavelet transformation (WT) using a seed Morlet
wavelet, which serves the functional purpose of detecting single-
brain activity across time and wavelength. We used the wavelengths
of 6-66 s. In the second stage, coherence between the two WT
series is calculated, to derive WTC values between the two brains.
Whereas in the Marton-Alper et al. (2023) study we used LME-
type analyses, here we constructed an SEM model using the same
data, in which we sought to examine the effects of inter-brain
coupling between all measured pairs of ROIs on motion synchrony.
The simple assumption behind this model, provided as a feasibility
example, was that coupling between some ROIs are likely to be
correlated to behavioral synchrony, while inter-brain coupling
between others might not. For our purposes, we considered two
sets of ROI pairs — each set related to one hemisphere. In our
model, overall interbrain connectivity network was represented
by a latent variable (allbrain), representing joint effect of all
ROI pairs’ activation on behavior, and consisting of the coupling
values of all ROIs (L.IFG-LIFG, LIFG-dmPFC, LIFG-r.IFG, r.IFG-
dmPFC, r.IFG-r.IFG, dmPFC-dmPFC), and the level of behavioral
synchrony (movement synchronization) was predicted by the
computed activity of the allbrain variable, and by each of the ROI
couplings including r.IFG and dmPFC. As shown in Figure 2, the
model indicated that only the r.IFG-dmPFC coupling significantly
(p < 0.05) predicted behavioral synchrony. A similar model
using L.IFG and dmPFC couplings to predict behavioral synchrony
levels was tested and yielded no significant predictions. These
findings not only corroborate the original findings of Marton-Alper
et al. (2023) but also offer a model that includes directionality
interdependencies between multiple observed and latent variables.

While we use this as a simple example of using SEMs to describe
the relationship between inter-brain and behavioral synchrony, it
is possible that data of neural activity as well as social behaviors
collected from multiple individuals could be tested by means of
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multilevel structural equation modeling (mSEM), as proposed by
Rabe-Hesketh et al. (2004). In this type of model, ROIs from each
individual in a group would be treated as clusters on the lower level
of the model, whereas the upper level of the model would represent
the group as a whole. Behavioral outcomes can then be factored into
such a model in two ways: individual behavior can be factored in
as related to the lower-level clusters, respectively; group behavioral
measures, such as motor synchrony levels, can be related to both
levels of the model.

When comparing the two approaches, the advantage of
Granger causality (G-causality) is its ability to provide direct
statistical evidence of causality, including the direction of the causal
relationship, between continuous time series data. Yet, on its own
it provides a fairly narrow view individual connections within the
wider network of ROIs involved in inter-brain coupling and the
concurrent behavior. In contrast, SEM-based models provide an
excellent potential tool for testing the structure of this network as a
whole, albeit somewhat limited in inferring causality, in the sense
that the direction of causality needs to be hypothesized a-priori
in the model being tested. The latter is especially relevant for
social interactions which occur in relatively naturalistic settings, as
opposed to highly structured trial-based fMRI tasks. We propose
that the way forward may be in combining the two approaches.

Conclusion

Overall, the latest literature on hyperscanning is converging
toward the networked approach and much work is being done
to devise statistical and experimental methods to validate an
overall network model of social interaction. An important aspect
of this kind of modeling is the question of causality between
groups of ROIs constituting the inter-brain network, and between
these groups and the concurrent behavior. Although dyadic
neurofeedback studies provide preliminary evidence of causality
in neural coupling and its effects, more robust methods are
required to thoroughly examine the causal link between inter-brain
coupling and behavioral outcomes. Approaches such as Granger
causality and SEM offer powerful tools to test the directional
influence of inter-brain coupling on behavior. Granger causality is
particularly useful for identifying causality of temporal relationship
between inter-brain coupling and subsequent behavioral changes.
On the other hand, SEM enables researchers to model complex
relationships between multiple observed and latent variables,
allowing for the simultaneous testing of neural and behavioral
dynamics. By applying these techniques, future research could
move beyond correlational observations and establish more
definitive causal mechanisms linking inter-brain coupling with
social and cognitive behavior.

While inferring causal relationships between intra- and inter-
brain coupling levels can be achieved using well-established
statistical techniques, such as G-causality and SEM, doing the same
at the brain-behavior level is more challenging. We propose that
application of mSEM modeling together with measures of causality
estimation may be highly beneficial for understanding the brain
and behavioral dynamics of synchronous behavior. Working from
a vantage point of a specific theoretical model of interpersonal
interaction, it should be possible to construct and validate its
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structure and components by examining a statistical mSEM model
based on it. Behavioral components may be integrated into this
model on multiple levels by means of attributing specific behavioral
changes to ROIs that are established as causing behavior directly.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: https://doi.org/10.17632/xd9zr7hh3z.1.

Ethics statement

Ethical approval was not required for the studies involving
humans because this is a purely theoretical paper. It includes
analyses of previously published study with human subjects,
which was approved by the ethics committee. The studies were
conducted in accordance with the local legislation and institutional
requirements. The human samples used in this study were acquired
from primarily isolated as part of your previous study for which
ethical approval was obtained. Written informed consent to
participate in this study was not required from the participants or
the participants’ legal guardians/next of kin in accordance with the
national legislation and the institutional requirements.

Author contributions

AM: Formal analysis, Methodology, Software, Visualization,
Writing - original draft, Writing - review and editing. SS-T:
Conceptualization, Formal analysis, Funding acquisition,
Methodology, Supervision, Visualization, Writing - original

draft, Writing - review and editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the ERC Grant #101020091.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fnhum.2024.1497034
https://doi.org/10.17632/xd9zr7hh3z.1
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

Markus and Shamay-Tsoory

References

Bassett, D. S., and Sporns, O. (2017). Network neuroscience. Nat. Neurosci. 20,
353-364.

Bolt, T., Prince, E. B, Nomi, J. S., Messinger, D., Llabre, M. M., and Uddin,
L. Q. (2018). Combining region-and network-level brain-behavior relationships in a
structural equation model. Neuroimage 165, 158-169.

Bradley, A., Yao, J., Dewald, ], and Richter, C. P. (2016). Evaluation of
electroencephalography source localization algorithms with multiple cortical sources.
PLoS One 11:¢0147266. doi: 10.1371/journal.pone.0147266

Bullmore, E., and Sporns, O. (2009). Complex brain networks: Graph
theoretical analysis of structural and functional systems. Nat. Rev. Neurosci. 10,
186-198.

Chen, P., Hendrikse, S., Sargent, K., Romani, M., Oostrik, M., Wilderjans, T. F.,
et al. (2021). Hybrid harmony: A multi-person neurofeedback application for
interpersonal synchrony. Front. Neuroergonom. 2:687108. doi: 10.3389/fnrgo.2021.68
7108

Cinciute, S. (2019). Translating the hemodynamic response: Why focused
interdisciplinary integration should matter for the future of functional neuroimaging.
Peer] 7:¢6621. doi: 10.7717/peerj.6621

Coscia, M., Wessel, M. J., Chaudary, U., Milldn, J. D. R., Micera, S., Guggisberg,
A, et al. (2019). Neurotechnology-aided interventions for upper limb motor
rehabilitation in severe chronic stroke. Brain 142, 2182-2197. doi: 10.1093/brain/
awz181

Czeszumski, A., Liang, S. H. Y., Dikker, S., Konig, P., Lee, C. P., Koole, S. L.,
et al. (2022). Cooperative behavior evokes interbrain synchrony in the prefrontal
and temporoparietal cortex: A systematic review and meta-analysis of fNIRS
hyperscanning studies. Eneuro 9:86. doi: 10.1523/ENEURO.0268-21.2022

Damoiseaux, J. S., Rombouts, S. A., Barkhof, F., Scheltens, P., Stam, C. J., Smith,
S. M., et al. (2006). Consistent resting-state networks across healthy subjects. Proc.
Natl. acad. Sci. U.S.A. 103, 13848-13853.

Davidesco, I, Laurent, E., Valk, H., West, T., Milne, C., Poeppel, D, et al. (2023). The
temporal dynamics of brain-to-brain synchrony between students and teachers predict
learning outcomes. Psychol. Sci. 34, 633-643. doi: 10.1177/09567976231163872

Dikker, S., Michalareas, G., Oostrik, M., Serafimaki, A., Kahraman, H. M.,
Struiksma, M. E., et al. (2021). Crowdsourcing neuroscience: Inter-brain coupling
during face-to-face interactions outside the laboratory. Neuroimage 227:117436. doi:
10.1016/j.neuroimage.2020.117436

Gagnon, L., Cooper, R. J., Yiicel, M. A,, Perdue, K. L., Greve, D. N,, and Boas, D. A.
(2012). Short separation channel location impacts the performance of short channel
regression in NIRS. Neuroimage 59, 2518-2528. doi: 10.1016/j.neuroimage.2011.08.
095

Gamliel, H. N., Nevat, M., Probolovski, H. G., Karklinsky, M., Han, S., and
Shamay-Tsoory, S. G. (2021). Inter-group conflict affects inter-brain synchrony during
synchronized movements. Neuroimage 245:118661. doi: 10.1016/j.neuroimage.2021.
118661

Goebel, R, Roebroeck, A., Kim, D. S., and Formisano, E. (2003). Investigating
directed cortical interactions in time-resolved fMRI data using vector autoregressive
modeling and Granger causality mapping. Magn. Reson. Imaging 21, 1251-1261. doi:
10.1016/j.mri.2003.08.026

Grinsted, A., Moore, J. C., and Jevrejeva, S. (2004). Application of the cross
wavelet transform and wavelet coherence to geophysical time series. Nonlinear Process.
Geophys. 11, 561-566.

Hamilton, A. F. D. C. (2021). Hyperscanning: Beyond the hype. Neuron 109,
404-407. doi: 10.1016/j.neuron.2020.11.008

Jatoi, M. A., Kamel, N., Malik, A. S., Faye, I, and Begum, T. (2014). A survey
of methods used for source localization using EEG signals. Biomed. Signal Process.
Control 11, 42-52.

Jiang, J., Dai, B., Peng, D., Zhu, C,, Liu, L., and Lu, C. (2012). Neural synchronization
during face-to-face communication. J. Neurosci. 32, 16064-16069.

Kingsbury, L., Huang, S., Wang, J., Gu, K., Golshani, P., Wu, Y., et al. (2019).
Correlated neural activity and encoding of behavior across brains of socially
interacting animals. Cell 178:429-446.e16.

Frontiers in Human Neuroscience

07

10.3389/fnhum.2024.1497034

Koul, A., Ahmar, D,, Iannetti, G. D., and Novembre, G. (2023). Spontaneous dyadic
behavior predicts the emergence of interpersonal neural synchrony. Neuroimage
277:120233. doi: 10.1016/j.neuroimage.2023.120233

Marton-Alper, I. Z., Markus, A., Nevat, M., Bennet, R., and Shamay-Tsoory, S. G.
(2023). Differential contribution of between and within-brain coupling to movement
synchronization. Hum. Brain Mapp. 44, 4136-4151. doi: 10.1002/hbm.26335

Mayseless, N., Hawthorne, G., and Reiss, A. L. (2019). Real-life creative problem
solving in teams: fNIRS based hyperscanning study. Neuroimage 203:116161. doi:
10.1016/j.neuroimage.2019.116161

Molenberghs, P., Johnson, H., Henry, J. D., and Mattingley, J. B. (2016).
Understanding the minds of others: A neuroimaging meta-analysis. Neurosci.
Biobehav. Rev. 65, 276-291. doi: 10.1016/j.neubiorev.2016.03.020

Montague, P. R, Berns, G. S., Cohen, J. D., McClure, S. M., Pagnoni, G., Dhamala,
M, etal. (2002). Hyperscanning: Simultaneous fMRI during linked social interactions.
Neuroimage 16, 1159-1164.

Miiller, V. (2022). Neural synchrony and network dynamics in social interaction: A
hyper-brain cell assembly hypothesis. Front. Hum. Neurosci. 16:848026. doi: 10.3389/
fnhum.2022.848026

Miiller, V., and Lindenberger, U. (2024). Hyper-brain hyper-frequency network
topology dynamics when playing guitar in quartet. Front. Hum. Neurosci. 18:1416667.
doi: 10.3389/fnhum.2024.1416667

Novembre, G., Knoblich, G., Dunne, L., and Keller, P. E. (2017). Interpersonal
synchrony enhanced through 20 Hz phase-coupled dual brain stimulation. Soc. Cogn.
Aﬁect. Neurosci. 12, 662-670. doi: 10.1093/scan/nsw172

Pan, Y., Novembre, G., Song, B., Li, X,, and Hu, Y. (2018). Interpersonal
synchronization of inferior frontal cortices tracks social interactive learning of a song.
Neuroimage 183, 280-290. doi: 10.1016/j.neuroimage.2018.08.005

Paret, C., Goldway, N., Zich, C., Keynan, J. N, Hendler, T, Linden, D,, et al. (2019).
Current progress in real-time functional magnetic resonance-based neurofeedback:
Methodological challenges and achievements. Neuroimage 202:116107. doi: 10.1016/
j.neuroimage.2019.116107

Pérez, A., Carreiras, M., and Duiiabeitia, J. (2017). A. Brain-To-brain entrainment:
EEG interbrain synchronization while speaking and listening. Sci. Rep. 7:4190.

Pick, H., Fahoum, N., Zoabi, D., and Shamay Tsoory, S. G. (2024). Brainstorming:
Interbrain coupling in groups forms the basis of group creativity. Commun. Biol. 7:911.
doi: 10.1038/s42003-024-06614-7

Rabe-Hesketh, S., Skrondal, A., and Pickles, A. (2004). Generalized multilevel
structural equation modeling. Psychometrika 69, 167-190.

Reiss, P. T., Gvirts, H. Z., Bennet, R., Kanterman, A., Fahoum, N., and Shamay-
Tsoory, S. G. (2019). A time-varying measure of dyadic synchrony for three-
dimensional motion. Multivar. Behav. Res. 54, 530-541. doi: 10.1080/00273171.2018.
1547874

Roebroeck, A., Formisano, E., and Goebel, R. (2005). Mapping directed influence
over the brain using Granger causality and fMRI. Neuroimage 25, 230-242.

Seth, A. K., Barrett, A. B., and Barnett, L. (2015). Granger causality analysis
in neuroscience and neuroimaging. J. Neurosci. 35, 3293-3297. doi: 10.1523/
JNEUROSCI.4399-14.2015

Shamay-Tsoory, S. G. (2022). Brains that fire together wire together: Interbrain
plasticity underlies learning in social interactions. Neuroscientist 28, 543-551. doi:
10.1177/1073858421996682

Smith, S. M., Fox, P. T., Miller, K. L., Glahn, D. C,, Fox, P. M., Mackay, C. E., et al.
(2009). Correspondence of the brain’s functional architecture during activation and
rest. Proc. Natl. Acad. Sci. U.S.A. 106, 13040-13045.

Xie, H., Karipidis, I. I., Howell, A., Schreier, M., Sheau, K. E., Manchanda, M. K,,
et al. (2020). Finding the neural correlates of collaboration using a three-person fMRI
hyperscanning paradigm. Proc. Natl. Acad. Sci. U.S.A. 117, 23066-23072. doi: 10.1073/
pnas.1917407117

Zhang, X., Noah, J. A., and Hirsch, J. (2016). Separation of the global and
local components in functional near-infrared spectroscopy signals using principal
component spatial filtering. Neurophotonics 3:015004. doi: 10.1117/1.NPH.3.1.
015004

frontiersin.org


https://doi.org/10.3389/fnhum.2024.1497034
https://doi.org/10.1371/journal.pone.0147266
https://doi.org/10.3389/fnrgo.2021.687108
https://doi.org/10.3389/fnrgo.2021.687108
https://doi.org/10.7717/peerj.6621
https://doi.org/10.1093/brain/awz181
https://doi.org/10.1093/brain/awz181
https://doi.org/10.1523/ENEURO.0268-21.2022
https://doi.org/10.1177/09567976231163872
https://doi.org/10.1016/j.neuroimage.2020.117436
https://doi.org/10.1016/j.neuroimage.2020.117436
https://doi.org/10.1016/j.neuroimage.2011.08.095
https://doi.org/10.1016/j.neuroimage.2011.08.095
https://doi.org/10.1016/j.neuroimage.2021.118661
https://doi.org/10.1016/j.neuroimage.2021.118661
https://doi.org/10.1016/j.mri.2003.08.026
https://doi.org/10.1016/j.mri.2003.08.026
https://doi.org/10.1016/j.neuron.2020.11.008
https://doi.org/10.1016/j.neuroimage.2023.120233
https://doi.org/10.1002/hbm.26335
https://doi.org/10.1016/j.neuroimage.2019.116161
https://doi.org/10.1016/j.neuroimage.2019.116161
https://doi.org/10.1016/j.neubiorev.2016.03.020
https://doi.org/10.3389/fnhum.2022.848026
https://doi.org/10.3389/fnhum.2022.848026
https://doi.org/10.3389/fnhum.2024.1416667
https://doi.org/10.1093/scan/nsw172
https://doi.org/10.1016/j.neuroimage.2018.08.005
https://doi.org/10.1016/j.neuroimage.2019.116107
https://doi.org/10.1016/j.neuroimage.2019.116107
https://doi.org/10.1038/s42003-024-06614-7
https://doi.org/10.1080/00273171.2018.1547874
https://doi.org/10.1080/00273171.2018.1547874
https://doi.org/10.1523/JNEUROSCI.4399-14.2015
https://doi.org/10.1523/JNEUROSCI.4399-14.2015
https://doi.org/10.1177/1073858421996682
https://doi.org/10.1177/1073858421996682
https://doi.org/10.1073/pnas.1917407117
https://doi.org/10.1073/pnas.1917407117
https://doi.org/10.1117/1.NPH.3.1.015004
https://doi.org/10.1117/1.NPH.3.1.015004
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/

	Hyperscanning: from inter-brain coupling to causality
	Introduction
	Dyadic neurofeedback
	Statistical approach for testing causality
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


