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Dyadic inter-brain EEG coherence
induced by interoceptive
hyperscanning

Michela Balconi¥? & Laura Angiolettil2**

Previous single-brain studies suggested interoception plays a role in interpersonal synchronization.
The aim of the present study was to assess the electrophysiological intersubject coherence through
electrophysiological (EEG) hyperscanning recording during simple dyadic synchronization tasks when
the participants focused on their breath. To this aim, the neural activity of 15 dyads of participants
was collected during the execution of a cognitive and motor synchronization task in two distinct

1A conditions: focus and no focus on the breath condition. Individuals’ EEG frequency bands were
recorded through EEG hyperscanning and coherence analysis was performed. Results showed greater
EEG coherence was observed for the alpha band in frontopolar brain regions (Fp1, Fp2) and also in
central brain regions (C3, C4) within the dyads, during the focus on the breath condition for the motor
compared to the cognitive synchronization task; during the same experimental condition, delta

and theta band showed augmented inter-individual coherence in the frontal region (Fz) and central
areas (C3, C4). To conclude, the current hyperscanning study highlights how the manipulation of the
interoceptive focus (obtained through the focus on the breath) strengthens the manifestation of the
EEG markers of interpersonal tuning during a motor synchronization task in specific brain areas.

Interoception has been classically defined as the mechanism through which our brain perceives and integrates
the information derived from our body’. Current definitions suggest that interoception is not a static type of
perception, but a dynamic one, which can be modified and trained, for instance, by mind-and-body awareness
practices. In particular, among the different components of interoception, “the attention to one’s inner body
signal (such as the heartbeat or the breath) for a given interval of time” (i.e., Interoceptive Attentiveness, IA*)
can be manipulated, modulated, and trained to impact positively on the individual’s emotional and cognitive
well-being®. This high order ability to intentionally focus on one’s body signal is the opposite of the exteroceptive
attention, that is the attention to stimuli arising outside of the body.

Previously, interoception has been mainly studied as a process connected to the internal world of the indi-
vidual, only recently new studies are focusing on how interception has an impact on the external world. To this
regard, the term “social interoception” was introduced in the literature to refer to how interoception affects
a variety of social processes, including self-other distinction®, social cognition (conceptualized in terms of
the fundamental elements of theory of mind, empathy, and imitation®), social isolation and connectedness’
and emotional experience® . According to a developmental perspective, infants build expectations about the
cause of their internal sensations via a dynamic process of interoceptive distinction between self and other, and
develop their interoceptive processing through a fundamental social process, that is the caregiver-infant feeding
interaction'!, but also through social touch®. Research on the psychophysiological coupling between caregivers
and infants'? is investigating the social origins of interoception'>'* and suggested that caregivers play a key role
in both detecting the infant’s interoceptive perturbations that result in behavioral expressions of affective feelings
as well as in providing a proper response to support the regulation of the infant’s needs. The infant’s brain will
gradually begin to mentalize her own interoceptive experiences and eventually conduct appropriate behaviors
through such embodied interactions'®. Thus, it could be relevant to study interoception in a social-interactional
setting for deepening how humans’ interpersonal synchronization is mediated not only by the central nervous
system and higher order processes, but also by lower-level functions, such as motor synchronization induced by
respiration, which have a direct effect on high-order social processes.

Nonetheless, so far, there have only been a few research efforts, particularly in the neuroscientific domain,
looking at how interoception manipulation might affect the process of interpersonal synchronization. Before,
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single brain studies were conducted to explore the hemodynamic and electrophysiological (EEG) neural cor-
relates of the IA manipulation (conceived as the focus on the breath for a given time interval) on interpersonal
synchronization required by performing simple motor or cognitive joint tasks!>18,

Starting from the hemodynamic correlates of IA manipulation on interpersonal synchronization, for instance,
functional Near-Infrared Spectroscopy (fNIRS) was exploited to record the oxygenated haemoglobin (O,Hb)
changes during joint tasks involving motor and cognitive synchronization while participants were required to
focus their attention on the breath'!”. Hemodynamic results suggested that the whole prefrontal cortex (PFC),
which is involved both in sustained attention, reorientation of attention, social responsiveness, and synchroniza-
tion, was more responsive when inducing the explicit focus on the breath (explicit IA condition) during a socially
framed motor task requiring synchronization (as indicated by increased O,HDb): in the absence of a broader and
explicit social frame, this effect was not significant for the motor task'’. Additionally, when an explicit focus on
the breath was induced during the cognitive synchronization task, a hemispheric lateralization was suggested
with an increase of O,Hb in the right PFC'>.

Also, recent contributions examined the link between interoception, respiration and neural oscillations
recorded by EEG'-?!. Some works suggested that the conscious control of respiration rhythms (e.g., slow-
paced or nasal respiration) influence oscillatory entrainment?*. Specifically, slow breathing seems to modulate
the alpha band range across the temporal and prefrontal lobes??, while respiration-entrained oscillations may
modulate local gamma activity”. However, other authors?* did not find an impact of respiration rate changes on
intracranial EEG-breath coherence. This last evidence may be due to the fact that this effect was related to the
impact of attention to breath, which is different from volitional breathing.

Other studies provided support for the hypothesis that breathing rhythmically can lead to intra-individual
neural synchronization through oscillations?®*, while it has not yet been clarified whether this may have an
effect on interpersonal neural synchronization. Interestingly, Tschacher and Meier®® observed that interpersonal
physiological synchrony develops between clients and psychotherapists, particularly for breathing, and that this
physiological linkage is positively correlated with client alliance and the therapist assessment of the progress of a
therapeutic session; however, the authors did not test the impact of breathing synchrony on interpersonal neural
synchronization. Instead, Coomans and colleagues? observed interpersonal neural synchrony for theta and
alpha bands (i.e., intersubject EEG coherence) while healthy dyads were practising a mindful breathing exercise
(without controlling the respiratory rate or synchrony). Thus, it might be plausible that entrainment through
external rhythms (e.g., two people breathing in synchrony or engaged in an attention-to-breath exercise) could
lead to interpersonal neural synchrony during dyadic interactions. The interrelation between physiological (e.g.,
respiration) and neural synchrony have most often been studied in isolation for issues of measurement timing?®.
Therefore, future studies are needed to deepen if dyads breathing in synchrony or directing the focus of attention
on the process of spontaneous breathing display EEG interpersonal neural synchrony.

With regard to single-brain EEG evidence on IA and synchronization, in a first recent work, EEG frequency
bands (delta, theta, alpha, and beta bands) were acquired from the frontal, temporo-central, and parieto-occipital
regions of interest (ROIs) while neurotypical participants performed a motor and a cognitive synchronization
task during the focus and no-focus breath conditions'®. Results showed two main patterns of frequency band
modulation during the execution of a motor compared with the cognitive synchronization task while a person is
focusing the attention on one’s breath: first, a significantly higher delta and theta power in the focus on the breath
condition in the frontal region during the execution of the motor than the cognitive synchronization task; and,
second, in the same experimental condition, delta and beta band power increased in the temporo-central area.

In a previous EEG hyperscanning study, delta and theta band synchronization within and between guitar
players was enhanced at the frontal and central electrodes during periods requiring high demand on musical
coordination®. Moreover, delta and theta bands in the frontal regions were observed during meditative practice®
and a focused meditative state®’, two conditions that require but also strengthen the sustained interoceptive
focus on breath sensations'*2. Stronger delta activity in the prefrontal cortex was previously related to inhibitory
function and detachment during meditation®. Increased frontal theta was observed in previous EEG studies of
breath-focused meditation®*** and may indicate a need for cognitive control®. Also, the manifestation of beta
oscillations was observed during behavioral motor synchrony in distinct regions of the brain*, including the cen-
tro-parietal areas®”. Beta band was previously related to sensorimotor activity but also to higher-order processes
such as prediction®, confidence®’, and gain control*’. This evidence suggested that interoception (conceived
as the focused attention on the breath) improves the manifestation of EEG brain correlates related to mental
concentration, coordinated, and controlled motor activity especially during motor synchronization activities.

In a more recent EEG study, the same experimental procedure was adopted but both tasks were socially
framed'®. Indeed, to stress the shared intentionality and increase ecological validity, both tasks were socially
framed by specifying to the participants that they need to synchronize during these tasks to develop greater
teamwork skills. In this work, an increase in delta band and desynchronization of alpha band (EEG delta-alpha
pattern) emerged in the temporo-central areas at the intra-individual level, indicating the attention to visceral
signals, particularly during interpersonal motor synchrony compared to the cognitive synchronization task.
This evidence was interpreted considering the functional meaning of delta and alpha band in relation to motor
synchronization. Delta motor oscillations reflect the dynamics of motor behaviors and motor neural processes*',
whereas alpha band attenuation, which has previously been observed during the creation, observation, and
visualization of movement and is thought to reflect cortical motor activity and action-perception coupling*>**.

Overall, findings suggested that interpersonal motor synchronization occurs in specific areas (i.e., in the
frontal PFC and in temporo-central areas) and that this synchronization is amplified and mainly involves low
frequency bands (with an increase of delta and decrease of alpha band), which reflect a synchronous trend prob-
ably produced by the focus on breathing (as partially suggested by studies on meditation®).
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Despite the fact that these studies were the first observing the effect of IA manipulation on single individuals
performing simple motor and cognitive tasks in synchrony with another partner and helped in determining the
neurofunctional basis and the EEG correlates of this phenomenon at the intraindividual level, one evident limi-
tation consisted in the lack of measures of the interactional dynamics between the two members of the dyad. In
fact, with the advent of hyperscanning paradigm*, different studies computed inter-agent synchronization and
inter-brain coupling metrics mirroring the level of social attunement based on simultaneous recording of behav-
ioral and electrophysiological responses from different agents involved in a joint task or a social exchange*>*
and this also allowed to explore the inter-individual neural synchronization of dyads while performing motor
and cognitive joint tasks in cooperative or competitive conditions (for a review see the contribution of Balconi
and Vanutelli?’).

For instance, with regard to motor tasks, in the study of Novembre and colleagues®®, short musical pieces
were played by piano duos while behavioral synchronization was manipulated: high behavioral synchrony was
associated with a decrease of alpha power in the right centro-parietal region (conversely, low behavioral syn-
chronization with an increase of alpha power). About cognitive synchronization, by using the hyperscanning
paradigm also live face-to-face interactive speech has been investigated (for a review see the work of Kelsen and
colleagues*). However, these hyperscanning studies did not manipulate the interoceptive focus while perform-
ing the joint tasks.

Therefore, the primary aim of the present study was to assess electrophysiological intersubject coherence
through EEG hyperscanning recording during simple dyadic synchronization tasks performed in two distinct
interoceptive conditions. The experimental design examined two distinct conditions of presence and absence of
interoceptive focus (that is when the attention of the participants was focused on the breath versus not focused on
the breath), as well as the specific synchronization task performed by the participants (cognitive versus motor).

By moving towards a two-person neuroscience approach, this study exploited neural coherence indices to
investigate the EEG frequency bands of between-brain connectivity. Coherence indices were previously adopted
in EEG hyperscanning studies to explore brain rhythm synchronization during cooperative and competitive joint
actions™, real-life conversations in the work context, such as a performance interview®*? and a job assessment
interview>>*,

Given previous evidence, we hypothesized to observe higher EEG coherence during the focus on the breath
condition mainly in the motor compared to the cognitive synchronization task, since the motor synchronization
task was previously shown to be more sensitive to the interoceptive manipulation'’, perhaps due to the proximity
between motor and interoceptive areas.

Secondly, during the focus on the breath condition in the motor compared to the cognitive synchronization
task, we expected to observe this inter-brain coherence effect for specific frequency bands, namely low frequency
bands, such as delta, theta, and alpha, given their twofold role in sustained attention and focus on the meditative
state'®*"%5, and controlled motor synchronization®. Also, during the same experimental condition, an increase in
beta band coherence, as a marker of the sensorimotor system propensity to uphold the status quo™, is expected.

Thirdly, as indicated in the literature reported above, we hypothesized that the inter-brain coherence effect due
to this interoceptive focus manipulation will involve mainly frontal and temporo-central electrode locations in
the brain, in line with the previous studies highlighting these regions, as the areas connected to attentional control
and inter-brain phase synchrony, whose EEG responsiveness is solicited by the interoceptive manipulation'®®,

Finally, considering that coherence indices were previously adopted in EEG hyperscanning studies to explore
brain rhythm synchronization, we aim to test if the inter-subject EEG coherence indices can be considered as a
valid marker of inter-individual dyads synchronization when the interoceptive focus on the breath is manipu-
lated (Fig. 1).

Results

First step: Coherence analysis. As result of the first step of analysis, we have reported below the com-
puted coherence values related to a selected number of electrodes (which were significant at the successive
ANOVAs) for each frequency band: alpha (Fig. 2A-D), delta (Fig. 3A-C) and theta (Fig. 4A-C).

Second step: ANOVAs.  Since all experimental conditions differed from the baseline, a successive analysis
was conducted to compare only the experimental conditions as independent factors. The ANOVA applied to
inter-brain coherence indices as dependent variables for each dyad revealed significant effects for alpha, delta
and theta frequency bands. The following paragraphs report the significant results obtained for the ANOVAs.

Alpha. Indeed, for alpha band, first significant interaction effect was observed for Condition x Electrode (F[14,
14]=8.77, p=0.01, n?=0.349). Pairwise comparisons revealed an increase in coherence within the dyads during
the focus on the breath compared to the no focus on the breath condition in the following electrodes Fp1 (F[1,
14]=5.67, p=0.01, n*=0.278), Fp2 (F[1, 14] =4.43, p=0.05, 1?=0.227), C3 (F[1, 14] =4.89, p=0.05, n?=0.290),
and C4 (F[1, 14] =6.76, p=0.01, 17 =0.408).

Secondly, a significant interaction effect was observed for Condition x Task x Electrode (F[14, 14] =7.89,
p=0.01,1?=0.499). In particular, pairwise comparisons showed greater coherence within the dyads during the
focus on the breath condition for the motor compared to the cognitive task in the following electrodes Fp1 (F[1,
14]=5.09, p=0.01, 12 =0.378), Fp2 (F[1, 14] =5.89, p=0.01, 1= 0.390), C3 (F[1, 14] =6.09, p=0.01, n>=0.411),
and C4 (F[1, 14] =7.09, p=0.01, n*=0.442) (Fig. 5A). No other statistically significant effects were found.

Delta.  About delta band, the interaction effect of Condition x Task x Electrode displayed significant differences
(F[14, 14] =6.09, p=0.01,112=0.451). Pairwise comparisons showed augmented coherence within the dyads dur-
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Figure 1. (A-B) Experimental procedure. Experimental procedure representing the setting for the joint task
and the EEG hyperscanning acquisition from the dyad. To avoid order effect, the task execution was randomized
and counterbalanced for the type of the task and the condition.
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Figure 2. (A-D) EEG coherence indices for alpha band. Trend of the coherence indices modulation as a
function of the synchronization tasks for the electrodes Fp1 (A), Fp2 (B), C3 (C), and C4 (D) in each dyad.

ing the focus on the breath condition for the motor compared to the cognitive task in the following electrodes
Fz (F[1, 14] =6.09, p=0.01, 1*=0.378), C3 (F[1, 14] =7.08, p=0.01, *=0.421), and C4 (F[1, 14] =5.08, p=0.01,
n?=0.387) (Fig. 5B). No other statistically significant effects were found.

Theta. For theta band, the interaction effect of Condition x Task x Electrode displayed significant differences
(F[13, 14] =5.90, p=0.01,2=0.370). Pairwise comparisons showed augmented coherence within the dyads dur-
ing the focus on the breath condition for the motor compared to the cognitive task in the following electrodes
Fz (F[1, 13]=6.01, p=0.01, n*=0.329), C3 (F[1, 13] =4.99, p=0.05, 1?=0.289), and C4 (E[1, 13] =5.98, p=0.01,
n?=0.387) (Fig. 5C). No other effect was statistically significant.
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Figure 3. (A-C) EEG delta band coherence indices. Trend of the coherence indices modulation as a function of
the synchronization tasks for the electrodes Fz (A), C3 (B), and C4 (C) in each dyad.
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Figure 4. (A-C) EEG theta band coherence indices. Trend of the coherence indices modulation as a function of
the synchronization tasks for the electrodes Fz (A), C3 (B), and C4 (C) in each dyad.

Discussion

The current study aimed at investigating and assessing the markers of interpersonal tuning of neurotypical
participants during simple dyadic synchronization tasks (motor- and cognitive-based) performed in two dis-
tinct interoceptive conditions, that is when the attention of the participants was focused on their breath versus
not focused on their breath. A social neuroscientific hyperscanning approach by EEG was applied to allow the

Scientific Reports |  (2023) 13:4344 | https://doi.org/10.1038/s41598-023-31494-y nature portfolio



www.nature.com/scientificreports/

Mean coherence index
o
w
o

0,00

A Alpha (8 - 12.5 Hz)

*

* *
* R Py
0,40
0,30
m focus cognitive
0,20 @ focus motor
0,10
0,00
Fpl Fp2 c3 C

4

Mean coherence index
)

=

Electrodes

Delta (0.5 - 3.5 Hz) C Theta (4 — 7.5 Hz)

* * *

0,60 *
*

0,50

o 040
0,30
m focus cognitive | focus cognitive
@ focus motor 0,20 @ focus motor
0,10
0,00
Fz c3 ca Fz c

ca

Mean coherence index

Electrodes Electrodes

Figure 5. (A-C) Mean coherence indices for alpha, delta, and theta frequency bands. Bar graphs show the
mean values of coherence indices (+ SE) for the alpha (A), delta (B), and theta (C) band under the focus
condition during the motor compared to the cognitive synchronization task. All asterisks (*) mark statistically
significant differences, with p<0.05.

recording of participants’ eletrophysiological responses related to the motor and cognitive synchronization
tasks. For the EEG signal, we performed analyses of the coherence indices and a comparison of EEG coherence’s
strength for the conditions, tasks and electrodes.

First, a coherence analysis was computed to check the inter-subject EEG coherence between the dyads for each
EEG electrode considered in each experimental condition; it was chosen to report the main statistically significant
results in graphs to describe the trend of synchronization of the dyads. Secondly, some relevant and significant
findings were observed: greater EEG coherence was observed for alpha band in frontopolar brain regions (Fp1
and Fp2) and in central brain regions (C3 and C4) within the dyads, during the focus on the breath condition for
the motor compared to the cognitive synchronization task; during the same experimental condition, delta and
theta band showed augmented inter-individual coherence in frontal region (Fz) and central areas (C3 and C4).

According to the first hypothesis, the findings of the present study displayed higher EEG coherence, in terms
of dyadic tuning, during the interoceptive focus on the breath condition when participants where performing
the motor compared to cognitive synchronization task. We may suggest that the increase of coherence during
the focus on the breath condition demonstrates the role of the interoceptive focus as a generator and activator of
synchronization, as a dynamic process that also requires interpersonal tuning at the neural level. In the current
work, findings confirmed former evidence'® and showed that this neural synchronization becomes more evident
during the motor compared to the cognitive synchronization task, perhaps because of the neuroanatomical prox-
imity between interoceptive networks and sensorimotor areas, or alternatively because of a link between breath-
ing and motor synchronization. Indeed, previous studies stated that the breath plays a special role in mediating
respiration-entrained brain synchrony enhancing motor activity*® and synchrony in the motor cortex*. However,
for the first time, this interoceptive effect on motor synchronization (as a condition promoting full synergy, if
compared to the cognitive-based task) has been confirmed by observing the EEG neural synchronization during
a real interactive dynamic of two individuals, through hyperscanning paradigm.

Partially in line with our second hypothesis, this neural synchronization was mainly observed for low fre-
quency bands, that is alpha, delta, and theta bands. With reference to alpha band, Pérez and colleagues® found
that speakers in the central region and listeners in the frontal area showed neuronal alpha synchronization. More
recently, Coomans and colleagues?’ assessed intersubject EEG bands’ coherence of dyads performing individual
and joint practice of mindful breathing exercise. Authors observed an increase of EEG coherence in the joint
practice session compared to the individual session in frontal and temporal regions for alpha band, interpreted
as an increased shared relaxation, and in temporal regions for theta band, associated to the agreeableness of
the dyad and to theory of mind. Also, it has been suggested® that enhanced alpha synchronization over frontal
regions (Fpl and FP2) reflects “switching off” mechanisms of external attention. Beauregard and colleagues®!
stated that higher alpha power detected over frontal (Fpl and Fp2) and left temporal regions during meditation
condition is an index of reduced cortical arousal associated with a relaxation response.

For what concern the significance of delta and theta band in motor synchronization tasks, prior studies have
shown that when playing a brief melody, guitarist pairs exhibit more synchronized theta and delta oscillations in
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frontal and central electrode sites. This may be because of coordinated firing of neuronal assemblies in the motor
and somatosensory cortex, which orchestrate and regulate motor activity, as well as frontal regions supporting
social cognition®. Also, the frontal midline theta rhythm was associated with the parasympathetic component
of the autonomic nervous system®-%. Significant increases of theta power in frontal midline electrodes Fz, FCz,
and Cz (anterior cingulate source) was observed after five days of integrative body-mind training®.

A possible explanation is that our results suggest a low band tuning due to greater cooperation induced by a
simple synchronization task, where, in particular, the motor task highlights the real synchrony effect. The intero-
ceptive focus is effective on the low frequency bands and it also promotes a motor synchrony, whereby the effect
of the attention on the breath acts directly on the motor synchronization. Since the control condition (without
the focus on the breath) during the motor task does not yield the same effect, it is arguable that is precisely the
interoceptive focus linked to this effect. Moreover, it appears that the central brain locations (C3 and C4) are
the sites where the interoceptive focus has the highest expression; however, it has to be tested in future studies
whether the same effect occurs with different motor synchronization tasks.

Differently from what was expected, no significant effects, in terms of EEG coherence indices, were instead
observed for beta band. Several studies demonstrated beta rhythms desynchronize before and during a move-
ment and resynchronize after task completion in sensorimotor cortex®-%.

Despite a beta band increase in the temporo-central region when performing the motor compared to cognitive
synchronization task during the focus on the breath condition was observed in a previous single-brain study',
a possible explanation for the absence of this effect could be that beta may not be a key neural marker of breath-
based interoceptive manipulation in motor synchronization tasks. However, given the role of the beta band in
sensorimotor synchronization, this evidence needs to be eventually confirmed by future studies.

Moreover, no significant results were detected for the focus on the breath condition while the participants
were performing the cognitive synchronization task. This lack of statistically significant results may be explained
by the complexity of the task, which called for the use of various cognitive processes. In fact, a modified form of
the human-to-human alternating speech task was used for the current investigation, in which participants had to
syllabify in synchrony for a total of 3 min. A possible alternative reason for this absence of results could be that
the verbal register’s mediation has made it difficult for people to focus on their breathing and coordinate it with
their speech, which may have increased their cognitive load and necessitated the activation of a more diverse
and scattered neural network (such as, both the frontal and the temporo-parietal areas*’).

To conclude, the current hyperscanning study highlights how the manipulation of the interoceptive focus
(obtained through the focus on the breath) strengthens the manifestation of the EEG markers of interpersonal
tuning during a motor synchronization task. This may be of interest to basic neuroscientific research, indeed to
the best of our knowledge this is the first time that the influence of interoception in an interactive social dynamic
involving two people is investigated, as a true expression of this what we mean by “social interception” We believe
that interoception can affect social processes, in terms of increased social empathy and tuning for others’ actions.
In this case, for motor activity, it is possible that it is increased by the synchronization of other motor action, with
a distinct nature (respiration could be considered as a form of motor control on automatic processes), mediated
by attentive processes. The respiration and the synchronized finger tapping can be considered as two motor
activities that, synchronized by attentional focus, may reinforce each other.

Furthermore, these findings could be useful for athletes and sports coaches, to implement intervention pro-
tocols based on these neural markers (e.g., bio/neurofeedback interventions)”, for mind-and-body therapies
dedicated to typical and clinical samples’"”%, and/or for neuromotor rehabilitation professionals to map the
progress derived from focusing on the breath during synchronized motor exercises, or promote effects in which
the focus on the breath drives the motor synchronization to rehabilitate its functioning.

Despite the novelty of this study, we can highlight some weaknesses that could be addressed in future stud-
ies. For instance, a more comparable cognitive synchronization task, in terms of easiness of execution, could be
adopted in prospective research to properly check the effect of IA manipulation on this cognitive activity. There
is also a lack of comparison of the EEG data during the baseline and task conditions, which may be recom-
mended as a control analysis in future studies. Furthermore, the integration of other neuroscientific tools (such
as magnetoencephalography”®) and techniques (such as, the adjunctive analyses of other EEG frequency ranges;
3.5-4 Hz; 7.5-8 Hz; 12.5-13 Hz) could contribute to the study of the electrophysiological correlates underlying
the mechanisms that characterize the influence of focus on one’s body during a simple social interaction. In fact,
another limitation concerns the low number of electrodes considered and the lack of source localization, that
would not allow the study to make a very strong inference on the locations/brain areas related to the observed
effects. Cautious conclusions must be drawn from this study since, in addition to exploiting an EEG montage
with a relatively small number of electrodes, the significant results were only observed on a few channels (i.e.,
Fpl, Fp2, Fz, C3, and C4).

Moreover, in the context of this study, it might be that sitting next to another person could lead to focusing
on the other’s breathing (as well) and have an effect on brain activity besides interoceptive attention on one’s
own breathing”, and this experimental condition should be controlled in further research. Also, the lack of
respiration measures (performed with a respiration belt or videorecording) would promote the control of the
voluntary component of the breath in the future. Further studies could also consider controlling any respiratory
infections, allergies or asthma that could influence attention to the breath.

Finally, a relatively low sample size was used in the study and no power analysis was conducted in the absence
of a population that could serve as a reference sample. Therefore, a larger sample size might be recommended
for further studies in order to better generalize the current results.
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Method

Sample. Through a non-probabilistic convenience sampling method, a total of 30 university students were
recruited for the current EEG experiment (14 females; age Mean =24.8; Standard Deviation=3.38) and were
randomly paired in dyads matched for gender and age. Pregnancy, prior meditative experience, severe physical
and chronic diseases, convulsions, chronic pain, and any mental or neurological abnormalities were among the
physiological criteria of exclusion. All participants were right-handed and had normal or corrected-to-normal
vision. They voluntarily took part in the experiment after completing and signing a written informed consent
form and were informed that they would not be compensated for their participation in the study. This study was
carried out in accordance with the Declaration of Helsinki and approved by the Ethics Committee of the Depart-
ment of Psychology, Catholic University of the Sacred Heart, Milan, Italy (Approval code: 2020 TD—for thesis
dissertation; approval date: 20-21).

Procedure and interoceptive manipulation task. Each dyad was seated next to each other, in a way
that they could easily interact face to face. Before commencing the experiment, procedural instructions were
given to the participants. They were told they would be asked to perform two joint synchronization tasks in
two distinct experimental conditions in which the IA was manipulated. In the first condition, IA was explicitly
manipulated by asking the individuals to focus their attention on their breath. In this focus on the breath condi-
tion, the following instructions were provided: “During this task, we ask you to concentrate on your breathing.
Try to pay attention to how you feel and whether your breathing changes as you complete the activity”” Partici-
pants were not instructed to a pace-specific breath. While, in the no focus on the breath condition, considered
as the control condition in which interoception was not manipulated, no specific instruction was provided,
and participants were just told to perform the joint tasks. To maintain the reliability of the procedure, the same
interoceptive manipulation was adopted in previous studies and proved to affect EEG and hemodynamic neural
correlates' 8.

Moreover, before starting with the synchronization tasks, a 120-s EEG resting baseline was collected from the
two members of the dyad. To avoid potential biases related to sequence effects, the condition and the synchroniza-
tion tasks’ execution order were randomized and counterbalanced. At the end of the tasks, there was a debriefing
phase in which participants declared (on a scale from 0 to 10 points) the attention they paid to their breathing,
to the other person and to the task (see Supplementary Material). The whole experiment lasted a total of 40 min.

Description of the joint motor and cognitive synchronization tasks. For the motor synchroniza-
tion task participants had to coordinate and synchronize their finger-tapping movement for three minutes with
the other member of the dyad. Specifically, participants were asked to sit on a chair and position the fingers of
their dominant hand approximately a centimeter apart, with their elbows resting on the table. They were asked
to tap the table with all fingers of their dominant hand. They were not instructed to do this motion at a specific
pace or to extend their fingers as far as they could. The only requirement was that they match the movement of
their fingers like that of the participant sat in front of them. The average number of loops, counted as times for
a whole finger-tapping sequence, was 60.

For the cognitive synchronization task, a modified form of the human-to-human alternating speech task”
was used, in which participants had to syllabify in synchrony for a total of 3 min with the participant of the
dyad. The participants were instructed to pronounce the four syllables “LA”, “BA”, “CA’, and “DA” sequentially
and alternately. For instance, when one member of the dyad says “LA”, the other member should pair the syl-
lable by saying “LA”, and so on, in order to pronounce it at the same time. The speech patterns were not decided
upon beforehand. Each language synchronization task session lasted three minutes without pauses. The average
number of loops throughout the three minutes—the number of repetitions from “LA” to “DA”—was at least 45.

To promote consistency in the experimental procedure, the same tasks used in previous single-brain studies'"
were used for this hyperscanning study (Fig. 1).

EEG data recording and coherence analysis. EEG data acquisition was performed by adopting
two 16-channel portable EEG (V-AMP: Brain Products, Miinchen; LiveAmp: Brain Products, GmbH, Glich-
ing, Germany). Two ElectroCaps with Ag/AgCl electrodes grounded to the earlobes (10/5 system of electrode
placement’®) were applied. Electrodes were positioned over the following positions Fp1, Fp2, AFF5h, Fz, AFF6h,
T7, C3, Cz, C4, T8, P3, Pz, P4, O1, O2 for both participants. Data were collected with BrainVision Recorder
software (Brain Products GmbH, Munich, Germany) using a bandpass filter of 0.01-250 Hz, a sampling rate of
1000 Hz and a 50 Hz notch input filter. Prior to data collection, the recording electrodes’ impedance was exam-
ined and was consistently less than 5 kQ. To avoid signal-to-noise ratio distortions, an off-line common average
reference was utilized””. In order to record eye movements, an EOG electrode was also placed on the eye’s canthi.

Both resting-state and tasks-related data were filtered offline with a 0.5-45 Hz IIR filter (slope: 48 dB/octave),
then segmented, and ocular inspection was applied for residual ocular, muscle, or movement artifacts (rejected
epochs, 2%). To increase specificity, only artifact-free epochs were considered. EEG power spectra for artifact-
free segments were finally computed via Fast Fourier Transform, averaged to calculate condition-specific power
spectra, and the following frequency bands were then extracted: Delta (0.5-3.5 Hz), Theta (4-7.5 Hz), Alpha
(8-12.5 Hz), and Beta (13-30 Hz). BrainVision Analyzer 2.0 (Brain Products GmbH, Munich, Germany) was
employed for EEG data reduction.

For the neural synchronization, two devices with the same software were used, and the two identical systems
were synchronized and supported by Brain Vision Recorder (Brain Products GmbH, Munich, Germany). For the
subsequent statistical analyses, coherence analyses on the biosignal were applied as a statistical approach. Indeed,
a series of analyses were conducted to obtain inter-brain connection (inter-brain coherence), by computing the
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partial correlation coefficient ITij for each dyad, applied to each frequency band. They were obtained by normal-
izing the covariance matrix’s inverse

r=x7!

r= (Fij) = Y linverse of the covariance matrix

In comparison with previous approaches, such analysis enables assessing the link between two signals (i,
j) independently of one another’®, while taking into account some targeted frequency bands of interest and
their functional significance. Furthermore, this approach has been often used in previous EEG hyperscanning
research’®, as well as with other brain signals and techniques, such the hemodynamic activity using fNIRS*>#!.

Statistical analysis. Two sets of analyses were performed concerning EEG dependent measures.

A first step of analysis included the application of coherence analysis for each dyad. We reported for this first
step the mean trend of the coherence index for each dyad of participants.

A second step of analysis was applied to these coherence values considered as dependent measures of
repeated measures ANOVAs with independent within factors Condition (2: focus on the breath, no focus on
the breath) x Task (2: motor and cognitive) x Electrode (15: Fpl, Fp2, AFF5h, Fz, AFF6h, T7, C3, Cz, C4, T8,
P3, Pz, P4, O1, O2). ANOVA was applied independently for each frequency band, for a total of four repeated
measures ANOVAs by using SPSS (IBM SPSS Statistics, version 25).

For all ANOVA tests, in case of significant effects, pairwise comparisons were conducted to explore the signifi-
cant interactions between simple effects, and the Bonferroni correction was applied to lessen the possible bias of
repeated comparisons. The degrees of freedom for all ANOVA tests were adjusted using the Greenhouse-Geisser
epsilon where required. Using partial eta squared (n?) indices, the magnitude of statistically significant effects
was calculated.

Data availability
The datasets generated and analyzed for this study are available from the corresponding author on reasonable
request.
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