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Generation WhatsApp: inter-brain
synchrony during face-to-face
and texting communication
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Texting has become one of the most prevalent ways to interact socially, particularly among youth;
however, the effects of text messaging on social brain functioning are unknown. Guided by the
biobehavioral synchrony frame, this pre-registered study utilized hyperscanning EEG to evaluate
interbrain synchrony during face-to-face versus texting interactions. Participants included 65 mother-
adolescent dyads observed during face-to-face conversation compared to texting from different
rooms. Results indicate that both face-to-face and texting communication elicit significant neural
synchrony compared to surrogate data, demonstrating for the first time brain-to-brain synchrony
during texting. Direct comparison between the two interactions highlighted 8 fronto-temporal
interbrain links that were significantly stronger in the face-to-face interaction compared to texting.
Our findings suggest that partners co-create a fronto-temporal network of inter-brain connections
during live social exchanges. The degree of improvement in the partners’ right-frontal-right-
frontal connectivity from texting to the live social interaction correlated with greater behavioral
synchrony, suggesting that this well-researched neural connection may be specific to face-to-face
communication. Our findings suggest that while technology-based communication allows humans
to synchronize from afar, face-to-face interactions remain the superior mode of communication for
interpersonal connection. We conclude by discussing the potential benefits and drawbacks of the
pervasive use of texting, particularly among youth.

Current adolescents mark the first generation to grow up in a technological world. Technologically-assisted
communication defines their most natural mode of social connection with peers, is used daily and in abundance,
and text messaging is particularly favored by adolescents! who text more than any other age group?. Adolescents
consider texting their preferred mode of communication with peers and texting surpasses any other mode of
communication by a large margin: 88% of adolescents reported texting their friends at least occasionally and
55% on a daily basis. In comparison, face-to-face interactions with peers are reported to decline: in 2010, 33% of
adolescents reported having daily face-to-face interactions with friends; by 2015, the numbers dropped to 25%"~,
and the COVID-19 and the ensuing isolation further increased the use of technology for social communication.
Even prior to the COVID-19 pandemic, approximately half of US adolescents reported being almost constantly
online*. With the closure of schools during the pandemic the use of technology increased® and 97% of youths
reported using social media to interact with friends®. These data point to a massive shift in the ways adolescents
of this generation create and maintain social bonds.

While text messaging has become a prominent way to keep in touch with family and friends, it is still unclear
whether social interactions via technology are sufficient to accommodate the human need for closeness. As a
social species, humans require social interactions to sustain their physical and emotional well-being’. This need
is especially acute for adolescents, whose social brain undergoes massive reorganization at the transition from
childhood to adulthood?® and are at greater risk to develop psychopathology and social maladjustment’. Authors
have suggested that the human brain has expanded across primate evolution through social interactions in the
natural ecology'?, and the synchrony of brain and behavior during live social moments is thought to have played
an important role in the evolution of human sociality'!. Naturalistic face-to-face interactions contain features that
support neural synchrony, such as gaze, voice, and the free transfer of biological signals associated with physical
co-presence, such as chemosignals or touch!'>!*. In contrast, technology now offers social interactions that are
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stripped of the physical co-presence components, such as conversations via platforms like Zoom or texting that
further conceal the partner’s facial expression, body cues, chemosignals, and voice. This provides a challenge
when partners attempt to interact or create a social bond'. Nevertheless, to our knowledge, no study to date has
tested how texting as a form of interpersonal communication affects the connection between two brains and
whether humans are even able to synchronize their brains and behavior during texting.

Interbrain synchrony, or the temporal coherence of neural dynamics between two or more brains>™"’, is a
mechanism that has been suggested to play a key role in the maturation of the human brain by sustaining affili-
ative bonds and social groups'»'**. Interbrain synchrony has been found across human close relationships,
including parent—child'****!, romantic partners?, and close friends*, and is stronger among partners sharing
an affiliative bond compared to strangers?>**-**. Interbrain synchrony is a component of the general biobehavioral
synchrony mechanism, which describes the coordination of biological and behavioral processes between partners
during moments of social contact that support the formation of human attachments'’.

In the current study, we tested the effects of texting in comparison to naturalistic face-to-face communication
on interbrain synchrony between attachment partners, and focused on a key developmental transition, the tran-
sition to adolescence. Utilizing hyperscanning EEG methodology, we tested mother-adolescent brain-to-brain
synchrony during two ecologically valid interactions: face-to-face conversation and texting from different rooms.

Mothers-adolescent dyads were chosen for this study based on previous research that showed strong inter-
brain synchrony between mothers and their children across ages'***?!. According to the biobehavioral synchrony
perspective, the mother-child bond is the first context where interbrain and behavioral synchrony are practiced
and mastered'>**?”. Mothers and children are familiar with each other’s social cues, and for this reason we
expected that they may be able to synchronize even via text messages—a medium that lacks voice, gaze, body
cues, and other information that transfers during face-to-face interactions—and selected to begin research on
interbrain synchrony during texting with mother-child pairs. Texting interactions are common between ado-
lescents and their parents, and data on adolescent-parent texting habits show that over 90% of parents text their
children?. Texting allows parents to give adolescents greater freedom as they can always be reached by texting®,
making parent—child texting interactions a well-practiced form of social communication. For adolescents, texting
a parent provides the opportunity not only to update on their whereabouts but also to obtain information and
ask for help, and adolescents are reported to prefer texting with their mothers®.

We defined our pre-registered regions of interest (ROIs) based on prior two-brain studies. {NIRS studies of
mother-child and mother-adolescent neural synchrony reported mainly frontal-frontal homologous synchrony
during naturalistic interactions across a range of tasks, such as naturalistic conversation or problem solving?>*!-%.
Temporo-parietal brain-to-brain synchrony during mother-child free conversation or play interactions has also
been reported®**. Hyperscanning EEG studies of other affiliative bonds, such as romantic partners or close
friends, similarly found temporal-temporal neural synchrony during free interactions*?. Finally, in adolescent-
mother conversations, a rich network of fronto-temporal interbrain links has been detected during face-to-face
interactions'. Overall, this body of work suggests that frontal and temporal areas may play a crucial role in
forming interbrain synchrony during social interactions, and therefore these areas were the focus of our study.

Three hypotheses were formulated. First, we hypothesized that both face-to-face and texting interactions
would elicit interbrain synchrony relative to a surrogate data condition, as both interactions involve social com-
munication. Second, consistent with prior research', we hypothesized that the face-to-face interaction would
facilitate significantly more interbrain connections across the fronto-temporal network compared to the tex-
ting interaction. We considered three types of interbrain links: (a) homologous links (same brain region, same
hemisphere), (b) cross-brain links (same brain region, different hemisphere), and (c) multidimensional links
(cross-region and cross-hemisphere). Consistent with the embeddedness of neural synchrony within moments
of behavioral synchrony proposed by the biobehavioral synchrony model'”!3, partners’ social behavior was micro-
coded at a second-to-second level and focused on episodes of shared positive affect in light of research showing
greater positive affect following face-to-face compared to texting interactions®. Consistent with prior research
that pointed to the connection between neural synchrony and behavioral synchrony!*2*-222336 we predicted
associations between mother-adolescent affect synchrony and the improvement in neural synchrony in the
face-to-face relative to the texting interaction.

15-17

Materials and methods
The study has been preregistered—https://osf.io/8kf4c/.

Participants

The participants were 140 individuals, comprising 70 mother-adolescent pairs, who were recruited through ads
posted in community centers and via social media. Of the 70 dyads, 65 dyads had sufficient data to be analyzed in
the study. The demographical background was collected using questionnaires, which 61 dyads completed. Based
on the self-reporting questionnaires, all the mothers were the biological mothers and primary caregivers of their
children, and 86% lived in the same household as the adolescents’ fathers (57 mothers answered). The mothers’
average age was 43.78 years old (SD =4.48), and the adolescents” average age was 12.28 years old (SD =1.22).
45.45% of the children were males (55 answered), and 65%of the children were firstborns (60 answered). All
participants were healthy, and all adolescents attended state-controlled typical schools.

The Reichman University institutional ethics committee approved the experiment, and all experiments were
performed in accordance with the relevant guidelines and regulations. All mothers signed a written informed
consent form for themselves and their adolescent children. All procedures were explained to the participants
prior to the experiment, and the participants were free to leave the experiment at any time with full compensa-
tion. Participants were reimbursed for study participation ($30 per hour).
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Procedure

The study took place in two adjacent experiment rooms and included two paradigms recorded using dual-EEG.
The paradigms were counterbalanced across participants and consisted of positive-valence 3-minute naturalistic
interactions. In each paradigm, the mother and adolescent were instructed to engage in a conversation about
a positive topic, pre-determined by the researcher. The topic of each conversation was counterbalanced across
participants and paradigms, and the possible topics included the planning of a fun day together, a camping trip,
or an amusement park (overall three possible topics).

In the face-to-face paradigm, the mother and adolescent set in the same room, 50 cm apart from each other,
facing each other, and engaged in a free conversation about the positive topic of request. During the texting
paradigm, the participants sat in two adjacent rooms in front of a 24" S2415H DELL screen with 19201080
resolution and 60-frames-per-second refresh rate and communicated by texting using the WhatsAppWeb app,
installed on both computers. Using the WhatsAppWeb app, the participants engaged in a texting interaction
about the positive topic of request. During the texting interaction, the computers were wired and connected to
the same internal network to ensure optimal connection, and a senior technician was present in all experiments
to ensure quality control. From each paradigm, the first 2 min were analyzed, consistent with prior research>?°.

Dual neural and behavioral data acquisition

The EEG activity of both the mother and adolescent was recorded simultaneously and continuously throughout
the experiment. Data acquisition was performed using a 64-channel BrainAmp amplifier from Brain Products
Company (Germany). The EEG system was composed of two Brain product standard subtemporal BrainCap
with an integrated chin belt. Each cap included 32 electrodes each, buttoned directly to the cap and arranged
according to the international 10/10 system, an extension of the standard 10/20 system (See Supplementary
Table S1 for full list of electrodes and electrode positions. Theta/Phi coordinates are reported, standardized to a
Theta of 90 for the plane through Fpz, T7, T8, Oz). Analog 0.1-500 Hz band-pass was used for filtering, and data
was sampled at 1000 Hz. Impedances were maintained below 10 kOhm, and the ground electrode was placed on
the AFz electrode. Both helmets were connected to the same amplifier to ensure millisecond-range synchrony
between the EEG recording of the mother and adolescent.

EEG preprocessing

Preprocessing was conducted using Spyder 5.05 and Python 3.8, utilizing MNE (v0.17.0). First, the EEG data file
of each dyad was separated into two data files, one for the mother and one for the adolescent, so that each file
could undergo separate preprocessing. Data were then average-referenced, and a 1-50 Hz bandpass filter was
applied to all data files, consistent with prior studies'**. Next, the data were segmented into 1000 ms epochs
with 500 ms overlap between epochs. Autoreject v0.1%, an unsupervised algorithm with Bayesian optimization
as the threshold method, was utilized to remove trials containing transient jumps in isolated EEG channels
and artifacts affecting groups of channels. Following AR, a sample of the first 10 epochs of each participant was
visually inspected pre- and post-AR correction to verify the algorithm’s output. While AutoReject specializes
in excluding trials containing transient jumps in specific channels, systematic physiological artifacts that may
affect multiple sensors, such as eye blinks or muscular movements are not optimally removed by AR algorithms.
Therefore, ICA was used to remove artifact components from the data. To that end, MNE’s implementations of
fastica and CORRMAP?® were used to remove systematic physiological artifacts that affected the data. Independ-
ent components (IC) were manually selected for exclusion and served as templates for selecting and excluding
similar components in all other participants across the two experimental conditions. Such components included
non-physiological components, eye blinks, eye movements, and muscle artifacts to control for muscular move-
ments while speaking (see Supplementary Fig. S1). The removal of muscular movement components was of
particular importance, as the experimental conditions differed in the type of muscular movements between
speaking and texting.

Overall, following preprocessing and cleaning procedures, an average of 184.61 (SD =45.15) epochs per
dyad remained in the face-to-face condition, while an average of 202.76 (SD =32.6) epochs per dyad remained
in the texting condition. Following preprocessing, dyads that did not share a minimum of 30 common epochs
in each condition were excluded from the following connectivity analysis, resulting in the exclusion of 3 dyads.

Connectivity analysis
Interbrain synchrony was calculated using the weighted phase lag index (wPLI), an interbrain connectivity
method that has been used in various previous studies of naturalistic social interactions!*?**.

Interbrain connectivity values were calculated for the beta rhythm (13.5-29.5 Hz) based on previous research
reporting that beta frequency has been found to play a crucial role in parent—child exchanges and attachment
processes'>*?#!. Previous interbrain synchrony studies further reported the beta rhythm to sustain communica-
tion between partners sharing affiliative bonds such as mother-adolescents, couples and friends'*?, and neural
synchrony in the beta rhythm was found during both face-to-face and remote social exchanges'. Analytic
signals were computed using IIR filtering with a Hamming window to avoid distortion and border effects and
the Hilbert transform*2.

Consistent with prior research, we divided the EEG cap into pre-defined areas of interest based on the research
hypotheses!>***. EEG electrodes were grouped into predefined regions of interest'>**?, resulting in a total of
6 ROIs that were examined in this study. Each ROI consisted of 3 electrodes: right frontal (RF-Fp2, F4, F8),
left frontal (LF-Fp1, F3, F7), right central (RC-FC2, CP2, C4), left central (LC-FC1, CP1, C3), right temporal
(RT-T8, TP10, P8), and left temporal (LT-T7, TP9, P7), with the frontal and temporal areas, in particular, being
the focus of this study. The grouping of channels was used to enhance the reliability of region specification and
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provide a more meaningful and realistic interpretation of the results*. Overall, this resulted in a total of 6 ROIs
in each brain, resulting in 36 possible combinations of linkage between the mother’s and adolescent’s ROIs in
the comparison to surrogate data (control) analysis. In the main analysis, we a-priori chose to focus only on
the 4 ROIs of the fronto-temporal network, leading to a total of 16 ROI combinations that were evaluated, but
conducted a follow-up analysis on all 6 ROI (reported in Table S2, Fig S2). The respective wPLI value of the
partners’ ROIs was calculated as the mean connectivity value of each of the 3 electrodes in one target ROI with
each of the 3 electrodes in the second target ROI, resulting in a total of 9 connectivity values averaged for each
interbrain link between 2 ROIs.

Of the 70 dyads participating in the experiment, the data files of 2 dyads were corrupted and discarded, and
3 dyads did not share sufficient common epochs following AutoReject and IC rejection, so connectivity could
not be measured, resulting in a total of 65 dyads that were included in the analysis.

Behavioral coding

Each paradigm was coded offline using our well-validated micro-coding scheme. The micro-coding analyzes
the interactions second-by-second in a precise way, building upon a previously validated coding scheme*>*¢
that has shown linkage with the brain basis of attachment in both parent* and child* and has been validated in
hyperscanning EEG studies in infancy, adolescence, and adulthood'***?2. Coding was conducted by two trained
coders, a main coder who had over 300 h of experience with micro-coding, and a second coder for reliability
of the current sample. Both coders were blind to the study hypotheses. The Micro-coding was conducted using
a computerized system (Mangold Interact, Mangold International GmbH). In the face-to-face paradigm the
interactions were recorded from four different cameras that were placed on four walls of the observational room
for maximum coverage. In the texting paradigm, the mother was recorded from one camera and the adolescent
from three different cameras, set in their respective rooms. The participants’ affect was manually micro-coded
for each participant separately along five codes, consistent with prior research: very negative, negative, neutral,
positive, and very positive.

Affect synchrony was indexed by episodes when both the adolescent and the mother displayed a positive
affect, expressed in smiling or laughing during the face-to-face interactions. Affect synchrony was computed as
a conditional probability; adolescent displaying a positive affect given mother displaying a positive affect by the
Mandgold Interact software, and focused on the harmonic mean duration of the positive synchronous affect.
Behavioral coding was available for 60 of the 65 dyads. Therefore, brain-behavior correlations were computed
only for the participants with both brain and behavioral coding data.

Statistical analysis

Comparing neural synchrony during social interactions (face-to-face, texting) vs. surrogate data

First, to control for spurious findings, we conducted a validation analysis of the neural connectivity values in each
experimental condition relative to a control condition of surrogate data. Our goal was to evaluate whether each
interaction (face-to-face, texting) resulted in increased interbrain connectivity values relative to the surrogate
data control, consistent with previous literature on two-brain research!>2>45:4,

Surrogate data was created for each interaction separately by computing the data of one member of a dyad
(mother) with the data of the other member (adolescent) from a different dyad and calculating the wPLI con-
nectivity values for the surrogate dyad. Computing the surrogate dyad’s connectivity values was identical to the
computation of the connectivity values of the real dyads. This was done for all possible permutations of mother
and other-adolescent in each of the other dyads, resulting in 64 different surrogates for each mother. Overall, a
total of 4160 surrogate mother-adolescent combinations were created for the 65 dyads in each condition. Then,
the 64 surrogate connectivity values computed for each mother were averaged, leading to a single, average sur-
rogate for each mother.

The wPLI connectivity values of the average surrogate data were then examined relative to the data of the real
dyads for each interbrain link. To that end, a repeated-measure analysis of variance (ANOVA) was conducted
on the real connectivity values (original mother-adolescent dyads) and the surrogate data (averaged across all
possible combinations of mother-other-adolescent pairs), with Condition (real connectivity, surrogate data) and
ROI (all 36 possible combinations) as within-subject factors. This analysis was conducted for each experimental
interaction separately relative to their respective surrogate controls and covered all 6 ROIs - left and right frontal,
central and temporal areas in both the mother and adolescent’s brains. The Greenhouse—Geisser correction was
used to adjust for lack of sphericity in cases where the sphericity assumption was violated.

As this study is, to the best of our knowledge, the first hyperscanning study to evaluate how people syn-
chronize using text messages relative to face-to-face, we chose not to limit the validation analysis to the pre-
hypothesized ROIs (fronto-temporal areas). We therefore conducted this analysis on the brain regions that are
often reported in hyperscanning literature and include the frontal, central and parieto-temporal areas!>2%433051,

Comparing interbrain synchrony between face-to-face and texting interactions

Following the validation analysis, which assessed whether each condition elicited greater interbrain synchrony
relative to the control (surrogate data), our following and main analysis focused on a direct comparison of the
interbrain connectivity values of the two experimental conditions (face-to-face, texting).

Here, consistent with our second hypothesis, we focused only on fronto-temporal interbrain connections,
resulting in 4 areas of interest (RT, LT, RE LF) for each member of the dyad, leading to 16 possible interbrain links
between the mother and adolescent’s brains. A repeated-measures ANOVA with Condition (face-to-face, texting)
and ROI (16 possible combinations) as within-subject factors was used to compare the interbrain connectivity

Scientific Reports |

(2024) 14:2672 | https://doi.org/10.1038/s41598-024-52587-2 nature portfolio



www.nature.com/scientificreports/

values between the face-to-face and texting interactions. The Greenhouse-Geisser correction was used to adjust
for lack of sphericity in cases where the sphericity assumption was violated.

Following, we used a conservative method and applied a set of nonparametric FDR-corrected Wilcoxon
signed-rank tests on all 16 possible mother-adolescent ROI combinations to evaluate which of the 16 possible
interbrain links facilitated the interbrain synchrony between the two experimental conditions. All results were
FDR-corrected to accommodate the 16 comparisons, and only ROI pairs that reached a p-value of 0.05 or smaller
following FDR correction are reported in the “Results” section.

Brain-behavior correlations

Following, brain-behavior Pearson correlations were used to examine whether social behavior affected neural
synchrony in either the face-to-face or texting interactions. Here, we chose to focus on the behavioral aspect
of affect synchrony - or how positively synchronous the two individuals appeared during the interactions, as
assessed using the second-by-second Micro-coding.

Consistent with previous research linking brain-behavior coupling with homologous connectivity patterns
and previous findings reporting that the frontal and temporal areas of mother-adolescent dyads correlated
with behavior'?, we a-priori selected to focus on the homolog right-frontal link that has been found to mediate
brain-behavior coupling. Next, we evaluated the mother’s right-frontal - adolescent’s left-temporal link, another
interbrain link that has also been found in previous research to link brain and behavior, as well as to facilitate
mother-adolescent neural synchrony when interacting both face-to-face and from afar'’. The brain-behavior
correlations were computed between the face-to-face behavioral affect synchrony values and the increase in
interbrain connectivity values between the two experimental conditions (wPLI of face-to-face interaction — wPLI
of texting interaction = AwPLI) in the two interbrain links of interest.

Participants were excluded from the brain-behavior analysis if their synchronous affect values varied by more
than 2.5 SD from the mean synchronous affect across all participants. Notably, only 2 participants were excluded
from the brain-behavior analysis due to extreme values.

22,23

Comparing affective synchrony between face-to-face and texting interactions

Finally, a sample of 18 dyads (27.7% of the overall dyads) was randomly selected to assess whether the two
experimental conditions differed in the degree of their affect synchrony. Following Shapiro-Wilk test to exam-
ine normal distribution, a standard paired-sample t-test was conducted to evaluate possible differences in affect
synchrony between the two conditions.

Interbrain synchrony and amount of information analyses and correlations

The next analysis addressed the question of whether the amount of information transferred by each member of
the dyad differed between the experimental condition, and whether it affected their ability to form interbrain
synchrony. To examine the amount of information exchanged in each condition we used two different measure-
ments — the number of words exchanged by each member of the dyad, and the numbers of times each member
of the dyad spoke or texted. Both measurements were taken from a random sample of 17 dyads (26% of the
analyzed participants) in both the face-to-face and texting conditions.

First, we conducted a repeated-measures ANOVA with Condition (face-to-face, texting) and Participant
(mother, adolescent) as within-subject factors to determine whether there was a difference in the amount of
conveyable information in each condition. Next, to assess whether the amount of information exchanged in
each condition affected the participants’ interbrain synchrony, we used a set of Pearson correlations between
the amount of conveyable information within each condition and the interbrain links that were found to be
significant in the face-to-face relative to the texting interaction.

Results

Comparing neural synchrony during face-to-face and texting interactions relative to surro-
gate data

Texting interaction

Repeated measures ANOVA with Condition (real texting connectivity, surrogate data of interaction) and ROI
(all possible 36 combinations) as within-subject variables revealed a main effect for condition (F(1, 64)=132.81,
p<0.001, n’p =0.68), indicating an overall improvement in interbrain synchrony when participants communi-
cated via texting relative to control. No main effect was found for ROI (F(35, 2240) =1.47, p=0.13, n’p=0.02),
and no interaction between condition and ROI was found (F(35, 2240)=1.11, p=0.31, n’p=0.02). These find-
ings indicate that interbrain connectivity overall improved during the texting interaction relative to the control
surrogate data condition.

Face-to-face interaction

Repeated measures ANOVA with Condition (real face-to-face connectivity, surrogate data of interaction)
and ROI (all possible 36 combinations) as within-subject variables revealed a main effect for condition (F(1,
64)=117.78, p<0.001, n*’p=0.65), indicating an overall improvement in interbrain synchrony when participants
communicated face to face relative to control. No main effect for ROI was found (F(35, 2240) =1.14, p=0.31,
n’p=0.02) and no interaction between condition and ROI was found (F(35, 2240) =1.04, p=0.41, n’p=0.02).
These results demonstrate increased interbrain connectivity during the face-to-face interaction relative to the
control surrogate data condition (see Fig. 1).

Scientific Reports |

(2024) 14:2672 | https://doi.org/10.1038/s41598-024-52587-2 nature portfolio



www.nature.com/scientificreports/

Beta Shuffle (wPLI) Beta F2F(wPLI)

A C
2
O =
c
Rc c
" *k K *kk
- C »
< . B
S T ; 2
P c 0.09
- S
O
o
S
g
B Beta Shuffle (wPLI) ® o.qs
o
£ x -
. o & . S
> o g
< } < :\‘ 9 003 :
g v\( " g 8
D@ - :
0 &
A z * Face-to-face Texting

Figure 1. Visualization of validation analysis conducted on face-to-face and texting interactions relative

to control (surrogate data): Higher interbrain synchrony was detected during the face-to-face and texting
interactions compared to the control condition (surrogate data). (A,B) Visualization of the surrogate data

(left) compared to the real connectivity values (right). Each node represents a different ROI in the brains of the
mother and adolescent. RT right temporal, LT left temporal, RC right central, LC left central, RF right frontal, LF
left frontal. Darker shades represent greater values of interbrain connectivity (wPLI scores). (C) Visualization of
the improvement in real interbrain connectivity in each condition relative to control. Each dot represents a dyad.
A repeated-measures ANOVA revealed a significant advantage for the face-to-face interaction compared to the
control in facilitating interbrain synchrony (p <0.001), and a similar effect was found for the texting interaction
condition (p <0.001), showcasing that both social interactions facilitated interbrain connectivity relative to
control (surrogate data).

After establishing that both face-to-face and texting interactions facilitated greater interbrain synchrony rela-
tive to the control (surrogate data) condition, our next analysis focused on the specific interbrain connectivity
patterns triggered by each interaction by comparing both conditions directly to each other.

Comparing neural synchrony between face-to-face and texting interactions

Following the validation analysis, we compared the interbrain synchrony between mother-adolescent dyads dur-
ing the face-to-face and texting interactions using a repeated measures analysis of variance (ANOVA). The test
was designed to detect effects stemming from the face-to-face interaction compared to the texting interaction
on interbrain connectivity levels. Interbrain synchrony was measured using wPLI scores on interbrain links in
the fronto-temporal network of the mother and adolescent. The repeated-measures ANOVA with Condition
(face-to-face, texting) and ROI (16 combinations) as within-subject variables revealed a significant main effect
for face-to-face compared to texting (F(1, 64) =14.35, p <0.001, n?p=0.18), indicating an overall improvement in
interbrain connectivity levels during the face-to-face interaction, when both participants were co-present, relative
to the texting interaction. No effect for ROI was found (F(15,960)=0.91, p=0.52, n?p=0.01), and no interaction
was found between the condition and ROI (F(15,960) =1.33, p=0.2, n*p =0.02). (See Fig. 2).

Following detection of the main effect of increased interbrain synchrony in the face-to-face over the texting
interaction, we next sought to evaluate the pattern of interbrain connectivity between the mother and adolescent’s
fronto-temporal network. Our following analysis, therefore, focused on detecting the differences in the wPLI
connectivity values between the face-to-face and texting conditions in each of the possible 16 links connecting
the mother and adolescent’s fronto-temporal network. To that end, we used a set of nonparametric Wilcoxon
signed-rank tests to evaluate which of the 16 links facilitated the interbrain synchrony pattern observed between
the two experimental conditions. All results were FDR-corrected to accommodate 16 comparisons. Significant
(p <0.05) interbrain linkages were observed in 8 out of the 16 possible links (Fig. 2, Table 1), in which greater
neural synchrony was found during the face-to-face than the texting interactions. These links comprised three
subgroups: (a) Homologous linkage between mother and adolescent’s frontal and temporal regions, (b) Same-
region, cross-hemispheric linkage between mother and adolescent’s frontal and temporal regions, and (c) Cross-
regional linkage of the mother and adolescent’s fronto-temporal brain network.

(a) Homologous linkage between the mother’s and adolescent’s frontal and temporal regions two homolog links
were found: A right-frontal-right-frontal connectivity between the mother and adolescent (T =637, z=2.85,
P(EDR corrected) = 0.014), and a left-temporal-left-temporal connectivity between the mother and adolescent
(T=694, 2= 2.47, pEpR comecteq) = 0-031).

(b) Same-region, cross-hemispheric linkage between mother and adolescent’s frontal and temporal regions. This
included two links: one between the mother’s left frontal region and the adolescent’s right frontal region
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Figure 2. Visualization of significant Interbrain connections between face-to-face and texting interactions:
Higher interbrain synchrony was detected during the face-to-face interaction compared to the texting
interaction, with 8 interbrain connections emerging when participants interacted face to face, when co-present.
RT right temporal, LT left temporal, RF right frontal, LF left frontal. (A) Visualization of connectivity values
(WPLI) during the face-to-face and texting interactions. The x-axis represents the adolescent’s brain regions,
while the y-axis represents the mother’s brain regions. Darker squares represent links with higher connectivity
values. (B) Visualization of differences in connectivity values across ROI combinations between face-to-face and
texting interactions (left) and the significant interbrain connections that emerged between the two interactions
(right). Darker squares represent comparisons with higher connectivity score differences between the face-to-
face and texting paradigms. Repeated measures ANOVA revealed a significant main advantage for the face-
to-face interaction compared to texting (F(1,64) =14.35, p<0.001). A set of nonparametric Wilcoxon tests was
used to detect differences in wPLI interbrain connectivity measures across each interbrain link. All results were
FDR-corrected, and the significant comparisons are marked. On the right, a connectivity circle visualizing the
8 significant interbrain links formed in the face-to-face relative to the texting interaction between the mother
and adolescent’s brains. (C) All 8 significant interbrain connections found between the mother and adolescent’s
fronto-temporal network in the face-to-face over texting interaction. The significant comparisons are marked.
(*P <0.05 **P <0.01).

ROI linkage Face-to-face (WPLI values) | Texting (WPLI values) | p (FDR-corrected)
RF_Mother-RF_Adolescent 0.108 (0.03) 0.096 (0.02) 0.014 *
LT_Mother_LT_Adolescent 0.105 (0.02) 0.097 (0.02) 0.031*
LF_Mother-RF_Adolescent 0.11 (0.03) 0.098 (0.02) 0.007 **
LT_Mother-RT_Adolescent 0.111 (0.02) 0.097 (0.02) 0.004 **
RF_Mother-LT_Adolescent 0.105 (0.02) 0.095 (0.02) 0.008 **
LF_Mother-RT_Adolescent 0.11 (0.03) 0.097 (0.02) 0.004 **
LT_Mother-RF_Adolescent 0.105 (0.03) 0.096 (0.02) 0.046 *
LT_Mother-LF_Adolescent 0.108 (0.02) 0.098 (0.02) 0.026 *

Table 1. Mean (SD) for face-to-face and texting interactions.
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(T'=583, 2=3.2, P(rDR corrected) = 0.007) and the other between the mother’s left temporal region and the
adolescent’s right temporal region (T =536, z=3.51, pgpr corrected) = 0-004).

(c)  Cross-region linkage of mother and adolescent’s fronto-temporal brain network. This included four links:
first, between the mother’s right frontal region and the adolescent’s lefttemporal region (T =598 z=3.1,
DPEDR corrected) = 0.008). Second, between the mother’s left frontal region and the adolescent’s right temporal
region (T =515, z=3.64, PrpR corrected) = 0-004). Third, between the mother’s left temporal region and the
adolescent’s right frontal region (T =725, 2=2.27, ppr corrected) = 0-046), and finally, between the mother’s
left temporal region and the adolescent’s left frontal region (T =678, z=2.58, p(rpR corrected) = 0-026). (See
Fig. 2, Table 1).

(C) All 8 significant interbrain connections found between the mother and adolescent’s fronto-temporal net-
work in the face-to-face over texting interaction. The significant comparisons are marked. (*P <0.05 **P <0.01).

Following our main pre-registered analysis that focused on the fronto-temporal network, we conducted a
post-hoc exploratory analysis, evaluating all 6 possible ROIs. This analysis includes a total of 36 possible inter-
brain links between the left and right frontal, central and temporal areas of the mother and adolescent’s brains.
Opverall, the exploratory analysis revealed 11 interbrain links that were found to be significant in the face-to-face
relative to the texting condition. The detailed results of the analysis are reported in Supplementary Table S2 and
Supplementary Fig. S2. Notably, 7 of the 11 significant links were fronto-temporal connections. Although the
number of comparisons in the exploratory analysis increased from 16 to 36, 7 of the 8 significant interbrain
links reported in our main fronto-temporal analysis were found even following correction to accommodate 36
comparisons, with the mother’s-left-temporal - adolescent’s-right-frontal interbrain link being the only link that
was not found in the follow-up analysis.

Brain-behavior coupling

The increase in interbrain connectivity between face-to-face and texting interactions links with affect synchrony
Consistent with previous literature linking behavior and interbrain connectivity patterns!**%*>23, we assessed
brain-behavior links in this study. Here, we examined the correlation between the adolescent-mother synchro-
nous affect (i.e. the average amount of time both mother and adolescent displayed positive affect synchronously
during the live interactions) and the increase in interbrain synchrony in the face-to-face over the texting inter-
action (WPLI of face-to-face interaction — wPLI of texting interaction = AWPLI). This was examined on the two
significant links of interest: First, the homologous right-frontal link that was found in previous hyperscanning
studies of parent—child dyads to sustain interbrain synchrony'**. Second, the mother’s right-frontal - adoles-
cent’s left-temporal link, which has been found in previous research to facilitate mother-adolescent interbrain
synchrony when interacting both face-to-face and when communicating remotely". Both links were found to
correlate with behavior'® and were further found in this study to sustain interbrain synchrony processes when
the two interactors were co-present in the face-to-face interaction relative to the texting interaction. Pearson
correlation was conducted between the face-to-face behavioral affect synchrony values and the improvement
in wPLI connectivity observed between the face-to-face relative to the texting interactions (A wPLI) in the two
interbrain links of interest.

The results revealed that the mean duration of the affect synchrony correlated with the improvement in
interbrain synchrony between the face-to-face and the texting interaction in both the homolog right-frontal
link (r=0.27, p=0.039), and in the mother’s right-frontal - adolescent’s left-temporal link (r=0.33, p=0.012).
(see Fig. 3).

Assessing affect synchrony in face-to-face and texting interactions
Following, we conducted a post-hoc exploratory analysis evaluating the affect synchrony in the texting interac-
tion, as well as the differences in correlations between the raw wPLI values and the synchronous affect in the face-
to-face and texting interactions. This analysis was conducted on a sample of 18 dyads (27.7% of the dyads), which
were Micro-coded for the texting interaction, in addition to the Micro-coding of the face-to-face interaction.
First, we assessed whether the two experimental conditions (face-to-face, texting) differed in the degree of
affect synchrony. As Shapiro-Wilk test indicated the sample distributed normally (p=0.17), a paired sample t-test
was conducted. The results revealed a significantly longer mean synchronous affect in the face-to-face condition
(M=1.93, SD=0.86) over the texting condition (M =0.56, SD=0.51), (t(17) =6.53, p<0.001, Cohen’s d=1.54).
Next, we assessed the correlations between the raw WPLI values of each interbrain link and the synchronous
affect in each condition. Our results revealed that the correlation between raw wPLI values and the synchronous
affect were not significant for the RF-RF link in the face-to-face condition (+’=0.26, p=0.3), nor in the texting
condition (r’=- 0.05, p=0.85). The same pattern of results were observed in the mother’s right-frontal - ado-
lescent’s left-temporal link, with no correlation found in the face-to-face (+’=0.23, p=0.37), nor in the texting
interactions (r’=- 0.24, p=0.35). Finally, we assessed the differences between the correlations in the face-to-face
and texting interactions in both the homolog right-frontal link and the mother’s right-frontal - adolescent’s left-
temporal link. Following Fisher z transformation, the difference in correlations was not significant in the RF-LT
link (Z=1.28, p=0.1), nor in the RF-RF link (Z=0.9, p=0.19).

Assessing the link between interbrain synchrony and amount of information exchanged
between participants

Finally, to address the question of whether the amount of information exchanged between the participants dif-
fered between conditions or affected interbrain synchrony, we conducted a set of follow-up analyses. First, the
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Figure 3. Visualization of correlations between mother-adolescent aftect synchrony during the face-to-face
interaction and the improvement in interbrain synchrony between face-to-face and texting interactions. (A) The
contribution of the face-to-face over the texting interaction to interbrain connectivity levels in the homolog
right-frontal link (calculated as AWPLI, shown on the Y-axis) correlated with the affect synchrony mean
duration (X-axis) (r = 0.27, p = 0.039). (B) The contribution of the face-to-face over the texting interaction to
interbrain connectivity levels in the mother’s right-frontal - adolescent’s left-temporal link (calculated as AWPLI,
shown on the Y-axis) correlated with the affect synchrony mean duration (X-axis) (r=0.33, p=0.012).

amount of information exchanged by each participant in each interaction was evaluated using two different
measurements — the number of words spoken/written by each participant, and the number of times each par-
ticipant spoke or texted. Each measurement was then assessed separately in a Repeated-measures ANOVA with
Condition (face-to-face, texting) and Participant (mother, adolescent) as within-subject variables. Next, a set of
Pearson correlations were used to evaluate whether the amount of information exchanged by the participants
in each condition correlated with the 8 interbrain links that were found to be significant in the face-to-face over
the texting interaction.

An increase in amount of words exchanged in the face-to-face over texting condition

A repeated-measures ANOVA with Condition (face-to-face, texting) and Participant (mother, adolescent) as
within-subject variables revealed a main effect for condition (F(1, 16) =240.18, p <0.001, n?p =0.94), indicating
that more words were exchanged in the face-to-face than the texting condition. Next, a main effect for participant
was found (F(1,16) =22.76, p<0.001, n*p=0.59), indicating that overall the mothers exchanged more words than
the adolescents. Finally, no interaction was found between condition and participant (F(1, 16)=2.62, p=0.13,
n’p=0.14) (see Supplementary Table S3.1).

An increase in the number of times each participant communicate in the face-to-face over texting condition

A repeated-measures ANOVA with Condition (face-to-face, texting) and Participant (mother, adolescent) as
within-subject variables revealed a main effect for condition (F(1, 16)=160.09, p <0.001, qu =0.91), indicat-
ing that overall the number of times the participants spoke in the face-to-face condition was greater than the
number of times the participants wrote in the texting condition. Next, a main effect for participant was found
(F(1,16)=7.54, p=0.014, n’p =0.32), indicating that overall the mothers spoke or wrote more times than the ado-
lescents. Finally, no interaction was found between condition and participant (F(1, 16)=1.77,p=0.2, n?’p=0.1)
(see Supplementary Table S3.2).

No significant correlation between Interbrain synchrony and amount of information exchanged in each condition
The assessment of interbrain synchrony and the amount of information coupling was exploratory and evaluated
whether the amount of conveyable information (assessed using two measurements: the number of times each
participants communicated, and the number of words exchanged by each participant), correlated with any of
the significant interbrain links that were found in the face-to-face over texting interaction. Overall, the analysis
resulted in 16 comparisons for each information metric in each condition. Supplementary Table S3.3 reports the
correlations between the significant interbrain links and the amount of words exchanged by the mother/adoles-
cent in each condition, and Supplementary Table S3.4 report the correlations between the significant interbrain
links and the amount of times the mother/adolescent communicated in each condition. Notably, even before
correction to accommodate 16 comparisons per information metric per condition, none of the correlations were
significant (p >0.05), suggesting that the conveyable information exchanged in each condition was not found to
affect interbrain synchrony in this study.
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Discussion

Texting has become one of the most common modes of social communication by which two or more individu-
als interact from afar in real-time. Adolescents, in particular, prefer text messaging over any other method of
communication, and texting has become their first choice to interact with peers®. Despite the growing use of
technology-based communication in general and texting in particular, no study to date examined how texting
affects the interactors’ brains or whether texting could lead to the formation of interbrain synchrony, an impor-
tant mechanism that underpins the formation of social bonds!"'>!”13, To our knowledge, this is the first study to
assess whether neural interbrain synchrony could be formed when critical factors such as physical co-presence
or visual and auditory aspects of the interaction are omitted.

Several important findings are highlighted by the data. First, we found that the two forms of interpersonal
communication examined here, face-to-face and texting, elicited neural synchrony relative to a control condi-
tion of surrogate data. While the findings that naturalistic face-to-face interactions trigger interbrain synchrony
are not new'»**2*, the results for texting demonstrate for the first time that people can form neural synchrony
while exchanging text messages. This is despite the fact that texting is a medium of communication deprived of
physical presence, voice, and other biobehavioral cues. While our results revealed that texting elicits interbrain
connectivity relative to control, the findings also highlight the advantages of face-to-face interactions. Live face-
to-face interactions stimulated a rich network of interbrain connections between the partners’ fronto-temporal
brain regions. Such interbrain links appeared in various formats: homologous same-region-same hemisphere
connections, same-region-different-hemisphere connections, and frontal-to-temporal or temporal-to-frontal
same and different hemisphere links. Neural synchrony, therefore, increases significantly during social interac-
tions that involve co-presence, consistent with theoretical models suggesting that the human brain is tuned to
face-to-face interactions'>*2>%,

Our findings also show brain-behavior correlations. The degree of affect synchrony between mother and
adolescent was associated with the improvement in neural synchrony from texting to face-to-face interactions;
the greater the improvement in neural synchrony, the more partners exhibited behavioral synchrony during live
interactions. This brain-behavior link was specific to the partners’ right-frontal-right-frontal connection, a link
found in studies of parent-child interbrain synchrony'**%3. Another neural link associated with brain-behavior
correlations was between the mother’s right frontal region and the adolescent’s left temporal region, which was
previously found during mother-adolescent face-to-face and remote communication'?.

Our results add a timely input to the way people in general and adolescents specifically interact socially.
Adolescents’ use of text messaging is constantly on the rise: 50% of adolescents reported sending fifty or more
texts a day, and one-third reported sending over a hundred messages daily. Reports that consider the difference
between texting and face-to-face interactions over the years show that by 2015, more than half of American ado-
lescents reported texting their friends daily, while only one-quarter reported interacting daily with their friends
face-to-face®. During the COVID-19 pandemic, this trend further escalated, with 97% of adolescents reporting
using technology to interact with friends®. Text messaging is regarded by adolescents today as a more convenient
and easier way of socially communicating"*® despite evidence indicating that face-to-face interactions lead to a
more positive affect and greater satisfaction than texting interactions®. It appears that the usage of texting as a
form of social interaction by teens is high and increasing, underscoring the need to assess the potential benefits
and drawbacks of such communication.

We used a dual-EEG hyperscanning method in this study and took a two-brain perspective to evaluate how
texting, a relatively novel form of communication, affects behavioral and neural synchrony. Two-brain hyper-
scanning studies have become a growing trend in neuroscience research over the last decade'>!*?*, and address
different questions than those assessed by traditional social neuroscience experiments that focus on the single
brain. Two-brain studies offer a complementary approach to measure in real-time the neural dynamics of two
or more brains during ecologically valid naturalistic social exchanges®*®.

We focused on the beta rhythm (13.5-29.5 Hz) in light of previous research reporting that beta plays an
important role in parent—child interactions and attachment processes'>**-*1. Naturalistic interbrain synchrony
studies showed that beta synchrony underpins processes of empathy and compassion®, sustains communica-
tion between attachment partners including couples and friends?, and supports mother-adolescent interbrain
synchrony during face-to-face and remote interactions'®. We add to the existing literature that interbrain beta sus-
tains communication even in a medium sparse of information such as texting, where no social cues are available.

Our results open a much-needed discussion on the neural processes that underpin different forms of remote
communication. Overall, extensive research has linked the increase in technology use with dire consequences,
including depression, anxiety, and poorer mental health®*-%2. Reports further suggested that the desire to connect,
coupled with modern technology, may lead to phone addiction that shows similarities to substance addictions®.
However, alongside these negative outcomes, some studies suggest that in the context of family and friends,
texting provides positive aspects. Greater phone use between adolescents and parents is associated with greater
family connection®. Among friends, online communication may support the traditional benefits of face-to-face
interactions, including self-disclosure, validation, companionship, instrumental support, conflict, and conflict
resolution®, and using text messages as a relationship-maintenance strategy increases closeness®. Finally, texting
with friends provides emotional relief for distressed adolescents, especially introverts®”. These results are in line
with our findings that interbrain synchrony is evident when communicating using text messages, demonstrating
that the great advantages of human synchronization processes could be achieved even when interacting using a
sparse medium that includes only text rather than face-to-face interactions.

While our findings show for the first time that synchrony is achieved via texting at the neural level, the data
strongly demonstrate that the degree of synchrony during texting is substantially weaker than that occurring
during naturalistic interactions that involve physical co-presence and include voice, speech, tone and facial
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expression. This greater neural connectivity found during face-to-face interactions is evident in the joint ado-
lescent-mother fronto-temporal interbrain network and suggests that social processes may take place in these
areas are lacking when partners communicate only via texting. Furthermore, the brain-behavior links that were
found between neural synchrony and synchronous affect may suggest a biobehavioral feedback loop, where the
increased affect synchrony is linked with increased neural synchrony and vice versa. Therefore, our findings
suggest that while texting interactions offer great benefits, such as the opportunity to share feelings and emo-
tions or obtain help or advice from afar in real time, face-to-face interactions remain superior, and we still pay a
price when communicating via text messaging instead of face-to-face. Our findings, therefore, contribute to the
discussion on the role of texting and the use of technology as a form of interpersonal communication and their
impact on adolescents’ development and well-being.

Notably, when examining the interbrain connections that emerged during the face-to-face over-texting
interactions, from the eight significant fronto-temporal interbrain links, two were homolog connections: the
mother-adolescent right-frontal-right-frontal link and mother-adolescent left-temporal-left-temporal link.
These homolog connections replicate and expand the results of previous two-brain hyperscanning studies.
These studies reported frontal and temporal homolog synchrony emerging between partners during naturalis-
tic interactions, particularly when the partners share an affiliative bond, such as parent—child, couples, or best
friendsl3,22,23,25,33,34,49.

The left temporal area, in which homolog synchrony has been found, is known to be involved in processes of
empathy and mentalization, as well as in understanding others’ goals and needs®. Beta activations in the temporal
brain regions have been found in mothers and children and were suggested as neural markers of attachment
processes between mother—child dyads®. In the context of previous interbrain synchrony studies, temporal
neural synchrony has been observed when romantic partners engaged in empathic dialog?’, when mother-child
interacted or played together***°, and when mother-adolescent dyads interacted face-to-face'®. Our data further
show that the mother’s left temporal brain region was linked with every single region of the adolescent’s brain
measured here: the adolescent’s right and left frontal and right and left temporal areas (Fig. 2B,C), suggesting
that the strong temporal activation found between the mother-adolescent dyads may hint at the underlying
attachment processes.

Accordingly, the right-frontal-right-frontal link has been found in multiple fNIRS studies assessing mother-
child and mother-adolescent interactions®*'-**, as well as in hyperscanning EEG studies that evaluated face-to-
face interactions'. The frontal cortex is known to be involved in higher-order social functions, including social
cognition, mental state knowledge, and social decision-making®”’, abilities that are known to develop in the
context of maternal care’!. Here, this link correlated with the mother-adolescent synchronous affect. We suggest
that the mother’s frontal region may play a role in monitoring the face-to-face interaction and dynamically adjusts
to the adolescent’s neural processing, processes that may help tune the developing adolescent brain to social life
through interbrain mechanisms embedded within coordinated social behavior'72,

Our analysis included two experimental conditions that differ greatly from one another. While texting
information communication includes only textual input and few emojis, face-to-face interactions offered rich
information that extends beyond the speech content itself, such as facial expressions, tone of voice, body cues,
and chemosignals. Our results indicate that face-to-face interactions indeed conveyed more information than
texting interactions, in metrics such as the amount of words exchanged and the amount of times each partici-
pant communicated. Still, the amount of information did not correlate with interbrain synchrony in any of the
significant interbrain links. As such, we suggest that it is unlikely that our results reflect muscular artifacts that
were removed by ICA during preprocessing, but rather reflect differences in neural synchrony between the two
types of interactions. Such changes could result from multiple factors aspects that differentiate face-to-face co-
present interaction and texting.

Evolution led the human species to communicate face-to-face. Technology, being a growing part of our
everyday life, is still a new addition, and as the results suggest, may not be sufficient to support the fullness of
human interactions. While the evidence demonstrates that texting does allow people to synchronize, face-to-
face interactions create a richer network of interbrain connections that are missing when we communicate using
text messages.

The brain undergoes significant reorganization during the transition to adolescence that may be particularly
notable in areas implicated in social functions, such as the PFC and pSTS?. Both areas were found to play a role
in the mother-adolescent interbrain synchrony in our study and are part of the fronto-temporal network that
underpins socio-cognitive functions®®”®. We found that during the rapid maturation of these areas in the adoles-
cent brain, moments of naturalistic mother-adolescent interaction triggered not only the two homolog links in the
frontal and temporal areas but also a dense net of inter-connections that connected the mother and adolescent’s
right and left frontal and temporal regions in almost every possible combination. Our results are consistent with
previous hyperscanning studies that reported fronto-temporal neural synchrony during social interactions!**0747>
and further expand the existing literature. The overall increase in connectivity of the fronto-temporal network
during face-to-face compared to texting requires much further research to pinpoints the specific maturation of
this network over time between two brains in both attached and non-attached social partners.

In summary, text messaging has become a daily practice for nearly everyone nowadays, with billions of users
worldwide. This is the first study to assess the brain mechanisms activated during texting. Our findings show
interbrain synchrony during texting but also show the co-creation of a rich network of fronto-temporal inter-
brain connections during face-to-face exchanges that is missing while texting. While texting is a useful method
to communicate in real-time and receive support and sympathy from family and friends, there may be a danger
in over-reliance on texting, particularly for the developing brain.
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able from the corresponding author on reasonable request.

Received: 19 September 2023; Accepted: 20 January 2024
Published online: 01 February 2024

References

1.

Lenhart, A, Ling, R., Campbell, S. & Purcell, K. Teens and Mobile Phones | Pew Internet and American Life Project. Pew Internet
Am. Life Proj. (2010).

2. Ling, R. Texting as a life phase medium. J. Comput. Commun. 15, 277-292 (2010).

3. Lenhart, A., Smith, A., Anderson, M., Duggan, M. & Perrin, A. Teens, Technology & Friendships: Video games, social media and
moble phones play an integral role in how teens meet and interact with friends. Washington, DC:Pew Res. Center’s, http://www.
pewresearch.org/wpcontent/uploads/sites/9/2015/08/ Teens-and-Friendships-FINAL2.pdf 1-76 (2015).

4. Anderson, M. & Jiang, J. Teens, social media and technology 2018. Pew Research Center https://www.pewresearch.org/internet/
2018/05/31/teens-social-media-technology-2018/ (2018).

5. Burke, T. A. et al. A national snapshot of U.S. adolescents’ mental health and changing technology use during COVID-19. Gen.
Hosp. Psychiatry 71, 147-148. https://doi.org/10.1016/j.genhosppsych.2021.05.006 (2021).

6. Villones, J. M., Dumlao, J. P. II. & Maafio, M. M. C. The incidence of anxiety and depression among adolescents (age 15-18 years
old) after 1 year of online learning. Arch. Anesthesiol. Crit. Care 4, 527-534 (2022).

7. Holt-lunstad, J., Smith, T. B., Baker, M., Harris, T. & Stephenson, D. Loneliness and social isolation as risk factors for mortality: A
meta-analytic review. Perspect. Psychol. Sci. https://doi.org/10.1177/1745691614568352 (2015).

8. Blakemore, S. J. The social brain in adolescence. Nat. Rev. Neurosci. 9, 267-277 (2008).

9. Fuhrmann, D., Knoll, L. J. & Blakemore, S. J. Adolescence as a sensitive period of brain development. Trends Cogn. Sci. 19, 558-566
(2015).

10. Dunbar, R. I. M. & Shultz, S. Understanding primate brain evolution. Philos. Trans. R. Soc. B Biol. Sci. 362, 649-658 (2007).

11. Feldman, R. Social behavior as a transdiagnostic marker of resilience. Annu. Rev. Clin. Psychol. 17, 153-180 (2021).

12. Feldman, R. What is resilience: An affiliative neuroscience approach. World Psychiatry 19, 132-150 (2020).

13. Endevelt-Shapira, Y., Djalovski, A., Dumas, G. & Feldman, R. Maternal chemosignals enhance infant-adult brain-to-brain syn-
chrony. Sci. Adv. 7,1-12 (2021).

14. Schwartz, L. et al. Technologically-assisted communication attenuates inter-brain synchrony. Neuroimage 264, 119677 (2022).

15. Babiloni, F & Astolfi, L. Social neuroscience and hyperscanning techniques: Past, present and future. Neurosci. Biobehav. Rev. 44,
76-93 (2014).

16. Czeszumski, A. et al. Hyperscanning: A valid method to study neural inter-brain underpinnings of social interaction. Front. Hum.
Neurosci. 14, 1-17 (2020).

17. Liu, D. et al. Interactive brain activity: Review and progress on EEG-based hyperscanning in social interactions. Front. Psychol. 9,
1-11 (2018).

18. Feldman, R. The neurobiology of human attachments. Trends Cogn. Sci. 21, 80-99 (2017).

19. Feldman, R. The neurobiology of affiliation; Maternal-infant bonding to life within social groups. In Encyclopedia of Behavioral
Neuroscience 2nd edn (ed. Feldman, R.) 518-531 (Elsevier, 2021).

20. Shimon-raz, O. et al. Attachment reminders trigger widespread synchrony across multiple brains. J. Neurosci. 43, 7213-7225 (2023).

21. Leong, V. et al. Speaker gaze increases information coupling between infant and adult brains. Proc. Natl. Acad. Sci. U.S.A. 114,
13290-13295 (2017).

22. Kinreich, S., Djalovski, A., Kraus, L., Louzoun, Y. & Feldman, R. Brain-to-brain synchrony during naturalistic social interactions.
Sci. Rep. 7, 1-12 (2017).

23. Djalovski, A., Dumas, G., Kinreich, S. & Feldman, R. Human attachments shape interbrain synchrony toward efficient performance
of social goals. Neuroimage 226, 117600 (2021).

24. Reindl, V. et al. Multimodal hyperscanning reveals that synchrony of body and mind are distinct in mother-child dyads. Neuroim-
age 251, 118982 (2022).

25. Reindl, V., Gerloff, C., Scharke, W. & Konrad, K. Brain-to-brain synchrony in parent-child dyads and the relationship with emotion
regulation revealed by fNIRS-based hyperscanning. Neuroimage 178, 493-502 (2018).

26. Feldman, R. Bio-behavioral synchrony: A model for integrating biological and microsocial behavioral processes in the study of
parenting. Parenting 12, 154-164 (2012).

27. Feldman, R. The neurobiology of mammalian parenting and the biosocial context of human caregiving. Horm. Behav. 77, 3-17
(2016).

28. Rudi, J., Dworkin, J., Walker, S. & Doty, J. Parents’ use of information and communications technologies for family communication:
Differences by age of children. Inf. Commun. Soc. 18, 78-93 (2015).

29. Oksman, V. & Turtiainen, ]. Mobile communication as a social stage: Meanings of mobile communication in everyday life among
teenagers in Finland. New Media Soc. 6, 319-339 (2004).

30. Fletcher, A. C., Benito-Gomez, M. & Blair, B. L. Adolescent cell phone communications with mothers and fathers: Content, pat-
terns, and preferences. J. Child Fam. Stud. 27, 2125-2137 (2018).

31. Miller, J. G. et al. Inter-brain synchrony in mother-child dyads during cooperation: An fNIRS hyperscanning study. Neuropsycho-
logia 124, 117-124 (2019).

32. Quinones-Camacho, L. E. et al. Parent-child neural synchrony: A novel approach to elucidating dyadic correlates of preschool
irritability. J. Child Psychol. Psychiatry Allied Discip. 61, 1213-1223 (2020).

33. Kruppa, J. A. et al. Brain and motor synchrony in children and adolescents with ASD—A fNIRS hyperscanning study. Soc. Cogn.
Affect. Neurosci. 16, 103-116 (2021).

34. Nguyen, T. et al. Neural synchrony in mother-child conversation: Exploring the role of conversation patterns. Soc. Cogn. Affect.
Neurosci. 16, 93-102 (2021).

35. Holtzman, S., DeClerck, D., Turcotte, K., Lisi, D. & Woodworth, M. Emotional support during times of stress: Can text messaging
compete with in-person interactions?. Comput. Hum. Behav. 71, 130-139 (2017).

36. Levy, J., Goldstein, A. & Feldman, R. Perception of social synchrony induces mother-child gamma coupling in the social brain.
Soc. Cogn. Affect. Neurosci. 12, 1036-1046 (2017).

37. Jas, M., Engemann, D. A., Bekhti, Y., Raimondo, F. & Gramfort, A. Autoreject: Automated artifact rejection for MEG and EEG
data. Neuroimage 159, 417-429 (2017).

38. Viola, E. C. et al. Semi-automatic identification of independent components representing EEG artifact. Clin. Neurophysiol. 120,
868-877 (2009).

Scientific Reports|  (2024) 14:2672 | https://doi.org/10.1038/541598-024-52587-2 nature portfolio


http://www.pewresearch.org/wpcontent/uploads/sites/9/2015/08/Teens-and-Friendships-FINAL2.pdf
http://www.pewresearch.org/wpcontent/uploads/sites/9/2015/08/Teens-and-Friendships-FINAL2.pdf
https://www.pewresearch.org/internet/2018/05/31/teens-social-media-technology-2018/
https://www.pewresearch.org/internet/2018/05/31/teens-social-media-technology-2018/
https://doi.org/10.1016/j.genhosppsych.2021.05.006
https://doi.org/10.1177/1745691614568352

www.nature.com/scientificreports/

42,

43.

44,

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

75.

. Herndndez-Gonzélez, M., Hidalgo-Aguirre, R. M., Guevara, M. A., Pérez-Hernandez, M. & Amezcua-Gutiérrez, C. Observing
videos of a baby crying or smiling induces similar, but not identical, electroencephalographic responses in biological and adoptive
mothers. Infant Behav. Dev. 42, 1-10 (2016).

. Kringelbach, M. L. et al. A specific and rapid neural signature for parental instinct. PLoS One 3, e1664 (2008).

. Pratt, M., Goldstein, A. & Feldman, R. Child brain exhibits a multi-rhythmic response to attachment cues. Soc. Cogn. Affect.

Neurosci. 13, 957-966 (2018).

Ayrolles, A. et al. HyPyP: A hyperscanning python pipeline for inter-brain connectivity analysis. Soc. Cogn. Affect. Neurosci. https://

doi.org/10.1093/scan/nsaal41 (2021).

Dumas, G., Nadel, J., Soussignan, R., Martinerie, J. & Garnero, L. Inter-brain synchronization during social interaction. PLoS One

5, 12166 (2010).

Azhari, A. et al. Parenting stress undermines mother-child brain-to-brain synchrony: A hyperscanning study. Sci. Rep. 9, 1-9

(2019).

Feldman, R. & Eidelman, A. I. Parent-infant synchrony and the social-emotional development of triplets. Dev. Psychol. 40(6),

1133-1147 (2004).

Feldman, R. & Eidelman, A. I. Maternal postpartum behavior and the emergence of infant-mother and infant-father synchrony

in preterm and full-term infants: The role of neonatal vagal tone. Dev. Psychobiol. 49, 290-302 (2007).

Atzil, S., Hendler, T. & Feldman, R. The brain basis of social synchrony. Soc. Cogn. Affect. Neurosci. 9, 1193-1202 (2014).

Nguyen, T., Banki, A., Markova, G. & Hoehl, S. Studying parent-child interaction with hyperscanning. Prog. Brain Res. 254, 1-24

(2020).

Nguyen, T. et al. The effects of interaction quality on neural synchrony during mother-child problem solving. Cortex 124, 235-249

(2020).

Pérez, A., Carreiras, M. & Duiiabeitia, J. A. Brain-to-brain entrainment: EEG interbrain synchronization while speaking and

listening. Sci. Rep. 7, 1-12 (2017).

Piva, M., Zhang, X., Noah, J. A., Chang, S. W. C. & Hirsch, J. Distributed neural activity patterns during human-to-human com-

petition. Front. Hum. Neurosci. 11, 1-14 (2017).

Hari, R., Henriksson, L., Malinen, S. & Parkkonen, L. Centrality of social interaction in human brain function. Neuron 88, 181-193

(2015).

Hasson, U., Ghazanfar, A. A., Galantucci, B., Garrod, S. & Keysers, C. Brain-to-brain coupling: A mechanism for creating and

sharing a social world. Trends Cogn. Sci. 16, 114-121 (2012).

Schilbach, L. et al. Toward a second-person neuroscience. Behav. Brain Sci. 36, 393-414 (2013).

. Blair, B. L., Fletcher, A. C. & Gaskin, E. R. Cell phone decision making: adolescents’ perceptions of how and why they make the

choice to text or call. Youth Soc. 47, 395-411 (2015).

Redcay, E. & Schilbach, L. Using second-person neuroscience to elucidate the mechanisms of social interaction. Nat. Rev. Neurosci.

20, 495-505 (2019).

Ciaramidaro, A. et al. Multiple-brain connectivity during third party punishment: An EEG hyperscanning study. Sci. Rep. 8, 1-13

(2018).

Sanchez-Martinez, M. & Otero, A. Factors associated with cell phone use in adolescents in the community of Madrid (Spain).

CyberPsychol. Behav. 12, 131-137 (2009).

Nicol, A. & Fleming, M. J. ‘i h8 u’: The influence of normative beliefs and hostile response selection in predicting adolescents’

mobile phone aggression-a pilot study. J. Sch. Violence 9, 212-231 (2010).

Thomée, S., Hirenstam, A. & Hagberg, M. Mobile phone use and stress, sleep disturbances, and symptoms of depression among

young adults—A prospective cohort study. BMC Public Health https://doi.org/10.1186/1471-2458-11-66 (2011).

McCrae, N, Gettings, S. & Purssell, E. Social media and depressive symptoms in childhood and adolescence: A systematic review.

Adolesc. Res. Rev. 2,315-330 (2017).

Keles, B., McCrae, N. & Grealish, A. A systematic review: The influence of social media on depression, anxiety and psychological

distress in adolescents. Int. J. Adolesc. Youth 25, 79-93 (2020).

Roberts, J. A., Yaya, L. H. P. & Manolis, C. The invisible addiction: Cell-phone activities and addiction among male and female

college students. J. Behav. Addict. 3, 254-265 (2014).

Padilla-Walker, L. M., Coyne, S. M. & Fraser, A. M. Getting a high-speed family connection: Associations between family media

use and family connection. Fam. Relat. 61, 426-440 (2012).

Yau, J. C. & Reich, S. M. Are the Qualities of Adolescents’ Offline Friendships Present in Digital Interactions?. Adolesc. Res. Rev.

3, 339-355 (2018).

McEwan, B. & Horn, D. ILY & can U pick up some milk: Effects of relational maintenance via text messaging on relational satisfac-

tion and closeness in dating partners. South. Commun. J. 81, 168-181 (2016).

Dolev-Cohen, M. & Barak, A. Adolescents’ use of instant messaging as a means of emotional relief. Comput. Hum. Behav. 29,

58-63 (2013).

Frith, U. & Frith, C. The biological basis of social interaction. Curr. Dir. Psychol. Sci. 10, 151-155 (2001).

Amodio, D. M. & Frith, C. D. Meeting of minds: The medial frontal cortex and social cognition. Nat. Rev. Neurosci. 7, 268-277

(2006).

Rilling, J. K. & Sanfey, A. G. The neuroscience of social decision-making. Annu. Rev. Psychol. 62, 23-48 (2011).

Monroy, E., Herndndez-Torres, E. & Flores, G. Maternal separation disrupts dendritic morphology of neurons in prefrontal cortex,

hippocampus, and nucleus accumbens in male rat offspring. J. Chem. Neuroanat. 40, 93-101 (2010).

Feldman, R. The adaptive human parental brain: Implications for children’s social development. Trends Neurosci. 38, 387-399

(2015).

Hastings, P. D., Miller, J. G., Kahle, S. & Zahn-Waxler, C. The Neurobiological Bases of Empathic Concern for Others. Handbook of

Moral Development 2nd edn. (Psychology Press, 2013). https://doi.org/10.4324/9780203581957.

Tang, H. et al. Interpersonal brain synchronization in the right temporo-parietal junction during face-to-face economic exchange.

Soc. Cogn. Affect. Neurosci. 11,23-32 (2015).

Zhang, M., Liu, T., Pelowski, M., Jia, H. & Yu, D. Social risky decision-making reveals gender differences in the TPJ: A hyperscan-

ning study using functional near-infrared spectroscopy. Brain Cogn. 119, 54-63 (2017).

Author contributions

L.S. Conceptualization, writing, study design, running experiment J.L. Conceptualization, study design O.H.
Running experiment O.F. Micro-coding Y. E.S. Scripts, statistical analysis R. F. Conceptualization, writing, study
design, supervision.

Funding

The funding was supported by Bezos Family Foundation, Simms/Mann Foundation Chair.

Scientific Reports |

(2024) 14:267

2 | https://doi.org/10.1038/s41598-024-52587-2 nature portfolio


https://doi.org/10.1093/scan/nsaa141
https://doi.org/10.1093/scan/nsaa141
https://doi.org/10.1186/1471-2458-11-66
https://doi.org/10.4324/9780203581957

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-52587-2.

Correspondence and requests for materials should be addressed to R.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:2672 | https://doi.org/10.1038/s41598-024-52587-2 nature portfolio


https://doi.org/10.1038/s41598-024-52587-2
https://doi.org/10.1038/s41598-024-52587-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Generation WhatsApp: inter-brain synchrony during face-to-face and texting communication
	Materials and methods
	Participants
	Procedure
	Dual neural and behavioral data acquisition
	EEG preprocessing
	Connectivity analysis
	Behavioral coding
	Statistical analysis
	Comparing neural synchrony during social interactions (face-to-face, texting) vs. surrogate data
	Comparing interbrain synchrony between face-to-face and texting interactions
	Brain-behavior correlations
	Comparing affective synchrony between face-to-face and texting interactions
	Interbrain synchrony and amount of information analyses and correlations


	Results
	Comparing neural synchrony during face-to-face and texting interactions relative to surrogate data
	Texting interaction
	Face-to-face interaction

	Comparing neural synchrony between face-to-face and texting interactions
	Brain-behavior coupling
	The increase in interbrain connectivity between face-to-face and texting interactions links with affect synchrony
	Assessing affect synchrony in face-to-face and texting interactions

	Assessing the link between interbrain synchrony and amount of information exchanged between participants
	An increase in amount of words exchanged in the face-to-face over texting condition
	An increase in the number of times each participant communicate in the face-to-face over texting condition
	No significant correlation between Interbrain synchrony and amount of information exchanged in each condition


	Discussion
	References


