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1. Introduction 

Early social interactions are vital for child development as they afford many learning 

opportunities to infants (Stern et al., 1985; Trevarthen, 1993; Tronick, 1989). Learning about 

the social world from and with others entails, for instance, making better predictions about 

others’ actions (Hoehl & Bertenthal, 2021). These early interactions help the infant resolve 

social uncertainties and generate better-adapted models to derive more accurate predictions. 

Precise predictions are critical to social communication – otherwise, we would not be able to 

coordinate as quickly and smoothly as already observed in early social interactions.  

From early on, social interactions between infants and their caregivers alternate 

between coordinated states, (repairs of) mis-coordinated states, and moments of heightened 

affect (Beebe & Lachmann, 2002; Tronick & Cohn, 1989). The coordinated states, 

summarized under the term interpersonal behavioral synchrony, include face-to-face 

exchanges, physical proximity, and a turn-taking structure, which depend upon reciprocal 

behaviors of the dyad (Leclère et al., 2014). Through interpersonal synchronization, infants 

and children can build interaction patterns with close others. The internalization of these 

patterns in so-called inner working models is suggested to develop their attachment bond 

with caregivers (Bretherton, 2005). While much behavioral research has demonstrated the 

primacy of interpersonal behavioral synchrony in early social exchanges, research on neural 

and physiological synchronization in early childhood is only emerging. 

Recent advancements in neurophysiological methodologies now allow us to 

simultaneously measure the brain activity of two or more interacting partners, so-called 

hyperscanning. Once interacting, people show alignment in their brain activity – we are 

literally in tune (e.g., Babiloni & Astolfi, 2014; Dumas et al., 2011; Hasson et al., 2012; Hoehl 

et al., 2020; Konvalinka & Roepstorff, 2012). In addition, the simultaneous assessment of 

cardio-respiratory rhythms in two or more people allows us to assess their potential 

alignment on the physiological level. The research on neural, behavioral, and physiological 

synchrony using adult hyperscanning is quickly growing (see Czeszumski et al., 2020 for a 
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review). Yet, the factors and outcomes to neural and physiological synchrony in development 

are not well understood.  

In my dissertation, I present work investigating neural, behavioral, and physiological 

synchrony in naturalistic caregiver-child interactions utilizing functional near-infrared 

spectroscopy (fNIRS; see Info Box 1) and electrocardiography (ECG) combined with 

behavioral coding. First, I will introduce interpersonal synchrony in early development and 

outline recently proposed mechanisms and functions to interpersonal synchrony, thereby 

attempting an integration of the theoretical frameworks of Predictive Processing and 

Attachment Development. Then, I will summarize four empirical studies conducted to test 

interpersonal neural, behavioral, and physiological synchrony between caregiver-child dyads 

in various social contexts. The studies examined interpersonal synchrony in dyads of two 

different age ranges, infancy and preschool, to further understand how synchrony evolves 

with interactional experience. The studies were additionally modified based on social 

complexity (according to Predictive Processing) and included different types of caregivers 

(according to Attachment Theory). Based on the results of these studies, I will discuss how 

interpersonal synchrony in early social interactions is shaped by the caregiver’s 

communicative rhythms and priors, such as motivations and caregiving beliefs.  
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Info Box 1 – Functional near-infrared spectroscopy (fNIRS) 

With fNIRS, source optodes emit light, which travels through skin, skull, and 

underlying brain tissue to be absorbed by detector optodes (Elwell, 1995). The light will be 

attenuated due to absorption and scattering effects. Using the change in near-infrared 

light, we can measure changes in oxygenated and deoxygenated hemoglobin 

concentrations in the cortex. Regional changes in blood flow and oxygenation are then 

related to brain activity (Fox & Raichle, 1986). Still, the relation between neuronal activity 

and the vascular response is not yet understood (Logothetis et al., 2001). Studies of 

hemodynamic behavior assume that an increase in blood flow results in higher local 

oxygenation levels, which should reflect higher neuronal activity.  

While electroencephalography (EEG) has been the primary choice to study infants 

and young children for many years, fNIRS is now well established in studying developing 

brains (Lloyd-Fox et al., 2010; Minagawa-Kawai et al., 2008). A significant advantage of 

fNIRS is that it is less susceptible to movement artifacts than EEG, and it provides spatial 

localization of brain responses in specific cortical regions. fNIRS provides a suitable 

method to study naturalistic social interactions with infants and young children in 

ecologically valid settings, allowing participants to speak and move. There are, however, 

limiting factors to fNIRS, which are a lower temporal resolution than EEG. fNIRS also has 

a lower spatial resolution than magnetic resonance imaging (MRI), and the depth 

resolution depends on the infant’s age. Therefore, the optode configuration needs to be 

adapted to the developmental sample and predetermined to a cortical region of interest 

when using fNIRS. 
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2. Interacting brains, bodies, and minds 

2.1. Interpersonal synchrony in development 

Social interactions are integral to human development. Infants are embodied agents 

in their interactions with other people (Di Paolo & De Jaegher, 2012; Markova et al., 2019; 

Raz & Saxe, 2020). By engaging in dynamic mutual exchanges, infants begin to make sense of 

themselves and others to learn from them (Stern et al., 1985). The Predictive Processing 

framework suggests that even early learning from and with others entails making better 

predictions about others’ actions (Köster et al., 2020). Predictive Processing offers a valuable 

model for understanding how the (Bayesian) brain functions (Clark, 2013). According to the 

framework, our brain actively and continuously makes predictions about upcoming input and 

events to infer causality. Internal models generate predictions based on priors and update 

upon integration of prediction and incoming sensory information. Inferences can be made in 

two ways: perceptual inference and active inference. Perceptual inference implies that the 

internal model is adjusted to the perception of new sensory information. Active inference 

implies that by acting on the world, incoming sensory input is adjusted according to internal 

models. The discrepancy between prediction and observation, so-called prediction error, 

helps the generative models to adapt to the environment and minimize prediction errors in 

the future. By weighting priors, e.g., previous experiences, and incoming sensory 

information, individuals can flexibly adjust their predictions depending on the complexity of 

the environment to further minimize prediction error (Precision-weighting; Yon & Frith, 

2021). While neurobiological evidence on Predictive Coding in development is still sparse, 

promising findings show that infants as young as six months of age demonstrate heightened 

activity in the occipital cortex in response to a mismatch between an infant’s visual 

expectation and current sensory input (Emberson et al., 2015).  

In early social exchanges, infants’ predictions are facilitated by naturally occurring 

communicative rhythms (Markova et al., 2019). These rhythms can entail “motherese”, 

nursery rhymes, affective touch, interactive play, and daily routines between caregivers and 

infants. Communicative rhythms allow individuals to predict specific actions more easily and 
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react accordingly, resulting in interpersonal synchronization (Condon & Sander, 1974). 

Interpersonal synchrony is a dynamic process by which hormonal, physiological, and 

behavioral cues are exchanged and reciprocally adjusted between two or more persons 

(Feldman, 2012). Interpersonal synchrony can be distinguished between concurrent 

synchrony (e.g., joint action, mutual gaze, mirroring, postural sway; Chang et al., 2017; 

Louwerse et al., 2012) and sequential synchrony (e.g., turn-taking, reciprocity, imitation; 

Feldman, 2012; Markova et al., 2019). Both ways of achieving synchrony are not mutually 

exclusive and might work in combination.  

Interpersonal synchrony between infants and caregivers plays a vital role in infants’ 

socio-cognitive and attachment development (Atzil & Gendron, 2017; Harrist & Waugh, 

2002; Leclère et al., 2014). Attachment can be described as an infant’s disposition to identify 

and interact with a person (primary caregiver) or a small set of persons considered most 

likely to provide them with care and protection (Ainsworth, 1979; Bowlby, 1969). When 

infants are in distress, they signal their need to the caregiver by using attachment behaviors, 

such as crying, calling, and proximity seeking. Consequently, the caregiver will try to soothe 

the infant and help to re-establish a state of homeostasis through co-regulation (Feldman et 

al., 2011). As infants and caregivers gain experience by interacting day by day, the structure 

of those interactions is suggested to become internalized and subsequently represented in 

both infant’s and caregiver’s minds (Bretherton, 2005). If available and responsive caregivers 

meet infants’ proximity-seeking attempts, infants start building mental representations of 

others associated with trust and positive experiences. These characteristics describe a secure 

attachment (Ainsworth, 1979; Bowlby, 1969). Conversely, if caregivers are constantly 

unavailable during times of need, infants are more likely to attempt to self-soothe instead of 

reaching out to their caregiver (insecure-avoidant attachment). If caregivers respond 

unpredictably to infants’ proximity-seeking, children start to develop ambivalent feelings 

towards the caregiver (insecure-anxious attachment). In attempts to reach their 

unpredictable caregiver, these infants instead intensify their proximity-seeking attempts. In 

the long term, the experiences are internalized as part of the so-called internal working 
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models (Sroufe, 1988). The internal working models then in turn can guide future encounters 

with peers and a variety of others. The internal working models are separately developed for 

each caregiver infants interact with. Thus, the models can differ between close others. 

Overall, the internal working models are similar to the internal generative models in the 

predictive processing framework (Friston, 2010) and might therefore serve as priors to 

inform predictions about close others. 

By preschool age, children’s interactions with their caregivers rely on a much more 

extensive collection of experiences than during the first year of life (Harrist & Waugh, 2002). 

Priors, such as their attachment relationship with their caregiver, might now play into the 

level of interpersonal synchrony during social interactions (Leclère et al., 2014). Children, 

however, start to become more independent from their caregivers at this age. Therefore 

another important and preschool-age specific prior is children’s agency (Harrist & Waugh, 

2002). In contrast to infants, preschool-aged children are no longer easily coaxed into 

interactions with their caregiver but can engage and withdraw their participation at will. 

Children can display vigor, confidence, and eagerness in their engagement with others. This 

developing sense of agency is proposed to be an essential prior in active inferences (Friston et 

al., 2013). Accordingly, the structure of interactions in the preschool period is described by 

equal initiation of both child and caregiver, as children mature in their communicative and 

cognitive abilities. Additionally, children can now engage in sophisticated dialogues with 

their caregivers and more complex forms of coordination, such as joint problem-solving. 

Another difference between infancy and early childhood interactions is the temporal scale of 

mutual engagement. While synchronous caregiver-infant interactions have been observed to 

be more transient (Wass et al., 2020), caregiver-child synchronous interactions are described 

as highly interconnected over the whole interaction period (Harrist et al., 1994).  

Taken together, communicative rhythms in early social interactions are suggested to 

facilitate mutual prediction, helping caregivers and children to synchronize on the behavioral 

level and therefore create attachment bonds (Beebe et al., 2010; Markova et al., 2019). These 

communicative rhythms enable various forms of coordination throughout early childhood. As 
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caregiver-child dyads gain interaction experience, individual and dyadic factors start to play a 

role in caregiver-child behavioral synchronization. In recent years, interpersonal behavioral 

synchrony was also observed on neural and physiological levels (see Feldman, 2017, for 

review). However, the role of communicative rhythms and caregiver-child priors for neural 

and physiological synchrony needs further investigation. 

2.2. Interpersonal neural synchrony 

Interpersonal synchronization of brain activities can be measured using simultaneous 

recordings of brain activations from several persons (hyperscanning; Dumas et al., 2011; 

Hasson et al., 2012). Synchronization of neural signals is assumed to reflect mutual 

attunement of behavioral and physiological rhythms (Babiloni & Astolfi, 2014; Dumas et al., 

2011; Hasson et al., 2012) that are transmitted through the environment. For example, 

activation of one person’s motor system (to generate actions) is coupled to processing 

incoming sensory information in another person. When two or more neural systems align, 

the processing of social (interaction) stimuli is optimized, leading to the enhanced mutual 

prediction of incoming information and thus optimizing behavior during interactions (Hoehl 

et al., 2020; Kingsbury et al., 2019; Koban et al., 2019; Large & Jones, 1999). Therefore, the 

communicative rhythms used by caregivers to enhance mutual predictions are suggested to 

play an essential role in early interpersonal neural synchronization (Markova et al., 2019).  

In adults, a growing body of evidence highlights that interpersonal neural synchrony 

is associated with effective communication and co-regulation (Czeszumski et al., 2020; 

Goldstein et al., 2018; Jiang et al., 2020). Beyond this correlational evidence, multi-brain 

stimulation has been used to enhance interpersonal neural synchrony artificially. Stimulating 

two people’s brains during interaction led to increased behavioral coordination and social 

learning (Novembre et al., 2017; Pan et al., 2021), supporting the notion that neural 

synchrony functionally promotes social coordination and exchange. Based on existing 

behavioral evidence from developmental research reviewed above and this recent 

neuroscience research with adults, interpersonal neural synchronization may play a 
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substantive role in caregiver-child coordination, communication, and child attachment 

formation (see Atzil et al., 2018; Atzil & Gendron, 2017). Nonetheless, the empirical evidence 

is still sparse.  

Initial fNIRS hyperscanning studies investigated parent-child interactions during a 

computerized reaction time task and revealed increased neural synchrony in frontal and 

temporal areas during parent-child cooperation compared to competition and stranger-child 

interaction (Miller et al., 2019; Reindl et al., 2018). Neural synchrony during cooperation was 

related to temporally aligned motor reactions of parents and children, underscoring the link 

between rhythmic, predictive behavior and synchrony (Reindl et al., 2018). However, the 

broadly assessed behaviors were specific to the task. The question remains on how caregiver 

and child use naturally occurring communicative rhythms to synchronize on a day-to-day 

basis. The role of communicative rhythms for interpersonal neural synchrony was only 

investigated in infant-adult rather than infant-caregiver interactions. For example, Leong 

and colleagues (2017) found that mutual gaze is associated with enhanced neural synchrony 

(assessed using EEG hyperscanning) between infants and experimenters. In another fNIRS 

hyperscanning study, infants’ and adults’ synchronization was increased during joint 

attention, infant positive affect, and mutual gaze (Piazza et al., 2020). Whether these findings 

apply to caregiver-infant dyads has not yet been investigated. 

 Beyond the preliminary link between neural synchrony and rhythmic behavior, 

parent-child neural synchronization was related to the emotion regulation of both parent and 

child and the child’s attachment quality (Reindl et al., 2018; Miller et al., 2019). These 

findings imply that the caregiver and child’s individual and dyadic factors to the interaction 

might affect how well they synchronize with others. Therefore, it is vital to study further 

factors to understand the facilitative and attenuating components of interpersonal 

synchrony. Based on these preliminary results and behavioral research (Leclère et al., 2014), 

caregiving and attachment factors seem promising variables to study in early naturalistic 

caregiver-child synchrony.  
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2.3. Interpersonal physiological synchrony 

Synchrony on the physiological level describes the interpersonal coordination of 

arousal (interbeat-intervals) or intra- and interpersonal regulation (respiratory sinus 

arrhythmia; RSA). The attunement of cardio-respiratory rhythms between mother and child 

emerges early in life (Feldman, 2007). In prenatal development, the mother’s cardiac rhythm 

is one of the earliest and most significant auditory cues for a fetus. It shapes the infant’s 

familiarity with such rhythms from even before birth (Provasi et al., 2014). Feldman and 

colleagues (2012) suggest that early physiological attunement scaffold infants’ still immature 

physiological systems and supports the development of infants’ self-regulation, thereby 

strengthening the attachment relationship between infant and caregiver (Atzil & Gendron, 

2017; Feldman, 2017).  

Generally, interpersonal physiological synchrony of arousal in early parent-child 

dyads seems to emerge when both interaction partners are mutually engaged in social 

interaction. For example, in face-to-face interactions at three months of age, infants’ heart 

rhythms (inter-beat intervals) were synchronous with maternal heart rhythms within less 

than 1 second (Feldman et al., 2011). Especially moments of high physiological synchrony 

were matched with vocal and affect concordance in the dyad. However, recent evidence 

suggests that interpersonal physiological synchrony emerges in even more specific social 

scenarios, such as when co-regulation occurs (Wass et al., 2019). Wass and colleagues (2019) 

report that mother-infant interpersonal physiological synchrony, measured throughout the 

day, was only evident during and after instances of infants showing high arousal and negative 

affect. 

When considering intra- and interpersonal regulation processes, RSA is an additional 

suitable index, as it describes the regulation of the vagal system. Regulation of the vagal 

system allows us to adapt by reacting and predicting changes in our social environments (see 

Porges, 2007). Accordingly, RSA can be considered a converging measure of prediction error 

or social uncertainty, as low levels of RSA are associated with increased sensitivity to 

https://www.zotero.org/google-docs/?broken=CPIhoo
https://www.zotero.org/google-docs/?broken=3xbugQ
https://www.zotero.org/google-docs/?broken=VBAv8L
https://www.zotero.org/google-docs/?broken=UikpSF
https://www.zotero.org/google-docs/?broken=UikpSF
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unpredictable threats (Gorka et al., 2013). Overall, physiological synchrony in RSA occurs in 

similar contexts as arousal synchrony, namely during engagement in contrast to 

disengagement (Skoranski et al., 2017). But beyond general synchronization during social 

engagements, infants as young as 4-months of age seem to show synchrony in RSA with their 

caregivers during co-regulation phases of a still-face paradigm (Abney et al., 2021).  

Still, physiological synchrony is not uniformly associated with adaptive outcomes 

(Ham & Tronick, 2009). For instance, physiological synchrony has been related to lower 

empathy in adolescence (Woody et al., 2016), and suggested links to attachment were not yet 

evidenced (DePasquale, 2020). Therefore, to understand the occurrence and functions of 

physiological synchrony, we need to examine further factors and outcomes to interpersonal 

physiological synchrony in early interactions. Moreover, interpersonal physiological 

synchrony of RSA might be related to interpersonal neural synchrony due to the suggested 

link between the prefrontal brain-amygdala circuit and the vagal system (Beauchaine, 2015). 

Probing the associations between the different levels of synchrony might thus inform when 

and why we synchronize with others. 

2.4. Section Summary 

Interpersonal behavioral, neural, and physiological synchrony are suggested to be 

driven by communicative rhythms facilitating social information processing and predicting 

future actions (Hoehl & Bertenthal, 2021; Markova, 2018). While the facilitative role of 

rhythmic communicative behaviors has been evidenced for interpersonal behavioral 

synchrony (Beebe et al., 2010; Feldman, 2012), evidence for the involvement of 

communicative rhythms in interpersonal neural and physiological synchrony between 

caregiver and child is missing. Moreover, the link between (mutual) prediction and 

interpersonal synchrony in development should be investigated by considering different 

social contexts entailing various complexities. In addition, few individual and dyadic priors 

were considered when studying caregiver-child neural synchrony. While first studies indicate 

the involvement of priors, such as emotion regulation and attachment quality, in neural (and 
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physiological) synchrony between caregiver and child, further factors need to be considered. 

To extend these preliminary results, priors related to caregiving (including mothers and 

fathers) and child development (such as the role of agency) should be considered. 
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3. Interpersonal synchrony in naturalistic caregiver-child interactions 

As reviewed in the previous section, the literature on when and why parents and 

children show neural and physiological synchronization is still sparse and comprises 

divergent results. In the following four studies, we utilized fNIRS hyperscanning to shed light 

on interpersonal neural and physiological synchrony in naturalistic caregiver-infant and 

caregiver-child interactions. In Study 1, fNIRS hyperscanning was combined with 

electrocardiography (ECG) measurements and behavioral micro-coding to assess the roles of 

touch and affect as communicative rhythms in association with neural and physiological 

synchrony in dyadic mother-infant interactions. Studies 2-4 move into preschool age to 

consider communicative behaviors as well as individual and dyadic priors related to neural 

and behavioral synchrony in various social contexts and with different caregivers. Study 2 

includes a sample of mothers and their children, in which we examined a dyadic social 

interaction. We tested how verbal communication patterns were related to neural synchrony 

during a conversation. Study 3 and 4 expanded the social interaction to include an object, a 

game that parents and children were instructed to play together or alone. Study 3 looked at 

the same sample of mothers and children and compared neural and non-verbal behavioral 

synchrony in cooperative to individual problem-solving. Study 4 used the same paradigm as 

in Study 3 to study fathers and their children. Examining fathers will allow us to gain more 

knowledge on the role of different caregivers for interpersonal synchrony. Overall, the studies 

examine communicative rhythms and potential individual and dyadic differences concerning 

caregiver-child synchrony and how these might depend on children’s development, 

interaction partner, and the social complexity of the interaction (see Figure 1). In Chapter 4, I 

will discuss the combined findings of these studies concerning the integration of 

communicative rhythms and priors for interpersonal synchrony.  
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Figure 1  

Overview of Studies 1 to 4 

 

Note. The studies are mapped onto three dimensions: Development (x Axis), Social 

Complexity (y Axis), and Interaction partner (z Axis). While Study 1 includes a mother-infant 

sample in a dyadic social context, Study 2 looks at a mother-preschool child during a dyadic 

conversation. Next, Studies 3 and 4 comprise two samples of mother-child and father-child 

dyads engaged in a triadic problem-solving task.  
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3.1. Study 1. Neural and physiological synchrony during mother-infant 

interaction 

At 3-4 months of age, coordinated patterns are traceable in caregiver-child 

interactions (Beebe et al., 2010). Both caregiver and infant not only reactively adjust their 

behavior to the other person but start to show clear prediction patterns (i.e., interpersonal 

synchrony; Feldman, 2012). Whether those early predictive behavioral patterns scaffold 

neural and physiological synchrony remains to be examined. Importantly, interpersonal 

behavioral synchrony in those early interactions seems to set infants up for a secure 

attachment relationship with their caregiver (Beebe et al., 2010; Isabella & Belsky, 1991). 

Therefore, based on attachment theory, we specifically examined the role of physical 

proximity and touch in coordinated states in caregiver-infant interactions. While the 

importance of touch for child development has been implicated in previous work (i.e., 

Carozza & Leong, 2021; Van Puyvelde et al., 2015; Waters et al., 2017), there is little empirical 

evidence about their role to convey communicative (rhythmic) signals in interpersonal neural 

and physiological synchrony.  

The present study thus examined the role of proximity and touch on caregiver-infant 

neural and physiological synchrony during early social interactions. Brain activity (measured 

via fNIRS) in frontal regions and respiratory sinus arrhythmia (measured via ECG) of 4- to 6-

month-old infants and their mothers were simultaneously measured during interactive vs. 

non-interactive contexts utilizing a multi-level hyperscanning setup. Brain activity was 

measured in bilateral inferior frontal regions, lateral and medial prefrontal regions. 

Synchronization in these regions is suggested to mark mutual attention, prediction, and 

shared affect, which are critical to infants’ interactions with their caregivers (Feldman, 2017; 

Gvirts & Perlmutter, 2020). What is more is that the prefrontal cortex is suggested to be 

associated with the vagus system, assessed through respiratory sinus arrhythmia 

(Beauchaine, 2015). By measuring both systems, we also explored how the different levels of 

synchrony might relate to one another. During the free play condition, mothers’ 

spontaneously occurring touching behavior (i.e., affective touch, stimulation touch) and 
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infants’ facial expressions (i.e., positive and negative affect) were assessed using micro-

coding. 

We expected caregiver-infant dyads to show increased neural and physiological 

synchrony during phases of high, experimentally manipulated physical proximity between 

mother and infant. We contrasted the dyads’ neural and physiological synchrony during a 

distal non-interactive condition to a proximal non-interactive condition while caregiver and 

infant attended to the same video. Subsequently, we assessed whether spontaneous use of 

maternal touch during a face-to-face interaction was related to differences in interpersonal 

neural and physiological synchrony. We hypothesized that increased durations of social 

touch would be associated with increased interpersonal neural and physiological synchrony. 

Additionally, we studied infant affect in relation to neural and physiological synchrony and 

examined potential links between neural and physiological synchrony in the mother-infant 

dyad. 

Nguyen, T., Abney, D.H., Salamander, D., Bertenthal, B.I., & Hoehl, S. (2021). Proximity and 

touch are associated with neural but not physiological synchrony in naturalistic 

mother-infant interactions. NeuroImage, 244, 118599. doi.org/ 

10.1016/j.neuroimage.2021.118599 

Results of Study 1 showed increased mother-infant neural synchrony, assessed by 

Wavelet Transform Coherence (see Info Box 2), in bilateral lateral and medial prefrontal 

cortex during proximal vs. distal joint watching and with spontaneously occurring 

affectionate touch during free play. Interpersonal physiological synchrony (assessed by 

Percentage Determinism [DET], see Info Box 2), on the other hand, was neither related to 

proximity nor spontaneous touching behavior of the mother during free play. We find that 

higher physiological synchrony was associated with higher durations of infant negative affect, 

and lower physiological synchrony was associated with higher durations of infant positive 

affect in the free play condition.  
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To conclude, the communicative rhythms and signals (touch and affect) might have 

enhanced the predictability of the interaction, which was related to increased neural and 

physiological synchrony, reflecting mutual engagement and co-regulation, respectively 

(Hoehl et al., 2020; Koban et al., 2019). Both neural and physiological synchrony were higher 

in interactive conditions than when passively viewing the same visual stimuli. Nonetheless, 

interpersonal neural and physiological synchrony were not correlated, as indicated by 

different behavioral correlates between synchrony levels.  

Info Box 2 – Synchrony Measures 

Wavelet Transform Coherence (WTC)  

WTC assesses the relation between two time series over frequency and time (Grinsted 

et al., 2004) and assumes the alignment between time-series to be non-linear. 

Accordingly, WTC does not assume the data to be stationary. High coherence would 

emerge when the two time series are aligned in phase, when the signals are phase-

lagged and anti-phase. WTC is invariant to interregional differences in the 

hemodynamic response function (HRF; Sun et al., 2004), which are also assumed to be 

different between individuals (especially of different ages).  

Cross-Recurrence Quantification Analysis (CRQA)  

CRQA assesses shared, non-linear dynamics between two time series (Coco & Dale, 

2014). Similar to WTC, CRQA does not assume the data to be stationary. This method 

provides many measures, here, we would like to highlight Percentage Determinism 

(DET). DET describes the percentage of recurring points forming diagonal, which 

reflect sequences of revisitation within a specific duration threshold. 

 



 26 

3.2. Study 2. Neural synchrony during mother-child conversation 

Infants primarily engage with others through non-verbal behavior (e.g., Gratier et al., 

2015; Trevarthen, 1993). However, children’s ability to engage in and uphold dyadic social 

interactions becomes more sophisticated as children acquire language and advance in their 

social and cognitive competencies (Black & Logan, 1995). By preschool age, they thus gain an 

additional context of dyadic interaction and can engage in sophisticated, adult-like 

conversations. Conversations are a particular form of speech exchange as individuals convey 

information via vocalizations, which decode semantic, conceptual, and syntactic information 

(Jiang et al., 2020). Information is structured in a turn-taking pattern, which develops over 

early childhood (Gratier et al., 2015). The coordination needed to engage in and maintain 

conversational turn-taking is highly complex and presupposes multifaceted cognitive 

processes, such as mutual prediction of one’s own and the other’s turn (Friston & Frith, 

2015). Creating mutual understanding through turn-based interpersonal communication is 

suggested to strengthen the caregiver-child relationship (Jiang et al., 2020; Leclère et al., 

2014). However, the neural mechanisms supporting such central qualities, namely turn-

taking, in parent-child interaction, and especially conversation, have only been sparsely 

investigated so far.  

Accordingly, Study 2 examined a free verbal conversation between mothers and their 

preschool children to identify conversation patterns associated with neural synchronization. 

Mothers and 5-6-year-old children engaged in a conversation for four minutes. The 

individual brain activity of mothers and children was simultaneously measured using fNIRS 

over frontal and temporo-parietal regions and subsequently assessed for interpersonal neural 

synchrony using WTC analysis. Chosen regions of interest are involved in social-cognitive 

processes during live interaction (Redcay & Schilbach, 2019). They have previously displayed 

increased neural synchronization during a face-to-face conversation in adults (Jiang et al., 

2012). Dyads’ turn-taking was assessed by coding turns (response offset) between speakers, 

and the sum of turns was taken as the turn-taking index. 
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Based on previous work (e.g., Jiang et al., 2012), we hypothesized that turn-taking 

would be positively associated with neural synchronization during a mother-child verbal 

conversation. In addition, we were interested in the dynamic time-course of neural 

synchrony during the mother-child conversation. A finer resolution of the time dynamics of 

interpersonal neural synchrony during a conversation can add to the understanding of such 

complex social interactions. We, therefore, hypothesized that neural synchrony would change 

over time in association with the frequency of turn-taking shown during the mother-child 

conversation.  

Nguyen, T., Schleihauf, H., Kayhan, E., Matthes, D., Vrtička, P., & Hoehl, S. (2021). Neural 

synchrony in mother-child conversation: Exploring the role of communicative 

patterns. Social Cognitive and Affective Neuroscience, 16, 93-102. 

doi.org/10.1093/scan/nsaa079 

We found that mothers and children showed above chance-level neural 

synchronization in temporo-parietal and prefrontal areas during the free verbal conversation. 

As hypothesized, neural synchrony increased over the course of the conversation. It showed a 

steeper increase in the latter half of their conversation when caregiver and child showed 

more frequent turn-taking. These results indicate that turn-taking during a conversation 

might increasingly support the precision of mutual predictions, as indicated by the rise in 

interpersonal neural synchrony further along with the interaction. 

3.3. Study 3. Neural synchrony during mother-child problem-solving 

The focal point of synchrony research in early development has been given to dyadic 

interactions (see Leclère et al., 2014). However, from 3-months on, infants are already 

sensitive to triadic interactions, including objects and toys (Striano et al., 2006). Triadic 

interactions afford many learning opportunities to children, allowing them to engage in more 

complex behaviors with their caregivers, such as joint attention, reciprocity, and cooperation 

(Harrist & Waugh, 2002). Therefore, mutual prediction is an essential part of triadic 

interactions as well and whether neural synchrony marks these triadic caregiver-child 
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interactions remains open. Notably, there are large variations in how parents and children 

interact during dyadic and triadic interactions (Harrist & Waugh, 2002). The levels of 

coordination are highly varied, and preschool children are more likely to engage and 

disengage at their own will. These individual and dyadic differences in reciprocity and 

motivations shape children’s coordination with their caregiver and subsequently the 

development of secure attachment relations and cognitive, emotional, and social 

competencies (Leclère et al., 2014).  

Study 3, therefore, tested whether mothers and their preschool children showed 

neural synchrony during problem-solving and whether the level of synchronization was 

related to communicative rhythms (i.e., reciprocity) and priors (children’s agency). Mothers 

and 5-6-year-old children engaged in two repetitions of two minutes of joint problem solving 

and individual problem solving of a tangram puzzle. The procedure preceded the procedure 

of Study 2. Mothers’ and children’s brain activity was simultaneously measured using fNIRS 

over frontal and temporo-parietal regions and assessed for interpersonal neural synchrony 

using WTC analysis. In addition, two trained coders rated the dyads’ reciprocity and 

children’s agency during joint problem-solving. 

As previously shown for dyadic interaction (Study 1 & 2), we expected caregivers and 

children to show neural synchrony in frontal and temporal brain areas during a triadic 

interaction, namely joint problem-solving. We predicted higher neural synchronization to be 

associated with successful joint problem-solving. In addition, we expected behavioral 

reciprocity (as a salient communicative rhythm) to be related to higher neural 

synchronization. In addition, we hypothesized that priors pertaining to the children’s specific 

age range, namely children’s agency in the interaction, are related to more neural 

synchronization. 

Nguyen, T., Schleihauf, H., Kayhan, E., Matthes, D., Vrtička, P., & Hoehl, S. (2020). The 

effects of interaction quality on neural synchrony during mother-child problem 

solving. Cortex, 124, 235-249. Doi.org/10.1016/j.cortex.2019.11.020 
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In line with previous studies using more controlled and artificial tasks (Leong et al., 

2017; Reindl et al., 2018), the findings demonstrate that mother-child dyads showed higher 

neural synchrony in the temporo-parietal and lateral prefrontal areas when jointly solving a 

tangram puzzle in cooperation, in comparison to when they solved the same task 

individually. Extending those findings, we found that neural synchronization was 

accompanied by higher behavioral reciprocity during joint problem-solving in caregiver-child 

dyads. Strikingly, only neural synchronization but not behavioral reciprocity was associated 

with the dyad’s task performance. Finally, regarding individual factors to neural 

synchronization, we found that children’s agency during joint problem-solving correlated 

positively with neural synchrony and reciprocity, highlighting the involvement of agency as a 

prior in early social prediction processes. 

3.4. Study 4. Neural synchrony during father-child problem-solving 

Studies 2 and 3 had evidenced that mothers and children synchronize in brain and 

behavior during different contexts and in both studies, more so when caregiver and child 

showed rhythmic communication (i.e., turn-taking and reciprocity). However, children do 

not only form an attachment relationship with their primary caregiver, but they can also form 

several independent attachments to different others. During the last decades, the paternal 

role in Western Europe and North America has evolved substantially alongside significant 

societal changes (Lamb, 2010). Fathers, however, seem to show a different interaction 

pattern with their children in comparison to mothers (Feldman, 2003). Father-child 

synchrony is marked by high positive arousal that is spontaneous and organized in multiple 

peaks. Whether the same communicative rhythms might enhance predictability in father-

child interactions as in mother-child interactions is unclear. Therefore, studying 

interpersonal neural synchrony in father-child interactions exclusively could deepen our 

understanding of the role of other caregivers. What is more is that fathers’ involvement in 

caregiving is still highly varied (Brown et al., 2012). The role of paternal beliefs in their role 

as caregivers could therefore play a role in how well they can synchronize with their children. 

Taken together, whether fathers and children show neural synchrony and whether their 
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synchronization is tied to previously evidenced rhythmic communicative behaviors and 

motivations between mothers and children remain open questions. 

Study 4 tested father-child dyads in the same paradigm as in Study 3. Fathers and 5–

6-year-old children engaged in a joint vs. an individual problem-solving task (tangram 

puzzle). The dyads’ brain activity was simultaneously measured using fNIRS in frontal and 

temporal areas. Neural synchrony was assessed using WTC analysis. Two trained coders 

rated the dyad’s reciprocity and child agency. Father’s caregiving beliefs were assessed using 

a self-report questionnaire on the Role of the Father (Palkovitz, 1984). 

We hypothesized that fathers and children would show increased neural synchrony 

during joint compared to individual problem-solving. Like mothers, we expected fathers and 

children to show increased neural synchrony when they behave more reciprocally and when 

children showed more agency during joint problem-solving. Moreover, we investigated 

potential factors specific to father-child dyads either facilitating or attenuating 

neurobehavioral synchronization, such as the father’s caregiving beliefs.  

Nguyen, T., Schleihauf, H., Kungl, M., Kayhan, E., Höhl, S., & Vrtička, P. (2021). 

Interpersonal neural synchrony during father-child problem solving: An fNIRS 

hyperscanning study. Child Development, 92, e565-e580. doi.org/10.1111/cdev.13510 

Overall, father-child dyads showed increased neural synchrony frontal and temporal 

areas during joint compared to individual problem-solving. The data also tentatively suggest 

that neural during joint problem-solving in father-child dyads may reflect somewhat 

different underlying processes than those found in mother-child dyads. For example, findings 

on neural synchrony in father-child dyads did not relate to dyadic reciprocity and child 

agency as central behavioral, communicative rhythms, and motivations related to caregiver-

child neural synchrony. Interestingly, there was a significant positive association between the 

father’s belief in their role as a warm and supportive caregiver with neural synchrony during 

father-child joint problem-solving. Fathers’ caregiving beliefs might act as a prior to help 

fathers derive better predictions about their children’s actions and intentions. 
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4. Discussion. Components of interpersonal synchrony 

When and why did caregivers and children show interpersonal synchronization in our 

studies? In this dissertation project, I investigated the role of related communicative rhythms 

and priors (individual and dyadic factors related to caregiving and attachment) associated 

with interpersonal neural and physiological synchrony. In infancy and preschool age, 

communicative rhythms conveyed through affectionate touch, conversational turn-taking, 

and reciprocal behaviors (i.e., behavioral synchrony) were related to increased interpersonal 

neural synchrony in frontal and temporal brain areas (Studies 1-3). These areas are 

associated with the multimodal representation of social signals (Schirmer & Adolphs, 2017), 

regulatory (Perlman & Pelphrey, 2010), and predictive processes (Friston, 2010; Raz & Saxe, 

2020). Indeed, a growing number of developmental hyperscanning studies have evidenced 

the involvement of the frontal cortex in early neural synchronization (e.g., Azhari et al., 2019; 

Miller et al., 2019; Piazza et al., 2020; Reindl et al., 2018; Wang et al., 2020). However, the 

salient modality in communicative rhythms differed between levels of synchrony and 

interaction partner. While physical proximity and affectionate touch were associated with 

interpersonal neural synchrony, physiological synchrony was enhanced when infants showed 

negative affect (Study 1). Next, while behavioral synchrony and verbal turn-taking in mother-

child dyads were related to enhanced neural synchrony in dyads (Study 2-3), father-child 

neural synchrony was not associated with the same communicative rhythms (Study 4). 

Regarding the role of priors for interpersonal synchrony, we identified child agency as 

integral to interpersonal neural synchronization between mother-child dyads at preschool 

age. On the other hand, fathers’ beliefs on their role as caregivers were positively related to 

interpersonal neural synchronization in father-child dyads at preschool age.  

Overall, the findings implicate that interpersonal neural, behavioral, and 

physiological synchrony are associated with transient communicative rhythms. However, 

specific behavioral modalities might be differently relevant for neural and physiological 

synchrony. Additionally, at preschool age and potentially even earlier, priors, such as 
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motivations and beliefs of the interactants, play an additional role in interpersonal neural 

synchronization between caregiver and child.  

4.1. Communicative rhythms  

The alignment of brain activity, behavior, and physiology are suggested to be 

computationally efficient and cues infants for social communication (Hoehl et al., 2020; 

Wass et al., 2020). Thus, caregivers often use rhythmic communicative signals (Markova et 

al., 2019; Wass et al., 2020), for instance, gaze, singing, and touch, to increase the 

predictability of early social interactions. While gaze and joint attention were previously 

related to interpersonal neural synchronization in adult-infant dyads (Leong et al., 2017; 

Piazza et al., 2020), less is known about the role of other communicative rhythms for 

interpersonal neural and physiological synchrony, specifically in early caregiver-infant 

interactions. We thus investigated the role of proximity, touch, and reciprocity in caregiver-

child synchrony.  

In Study 1, mothers’ physical proximity and affectionate touch were related to 

increased mother-infant neural synchrony. Proximity and touch have been previously 

indicated as essential tools for caregivers to create a secure base for infants when distressed 

(E. Waters, 1995). In other words, physical proximity and affectionate touching behaviors, 

such as stroking and kissing, seemed to enhance the predictability of the interaction with the 

specific caregiver. Physical proximity has previously been suggested to facilitate the 

perception of each other’s cardio-respiratory rhythms (Van Puyvelde et al., 2015) and the 

perception of micro-adjustments during bodily contact (Little et al., 2019). Affectionate 

touch, such as stroking, has been suggested to strengthen socio-affective processing (Tuulari 

et al., 2019). By utilizing these interpersonal communicative rhythms, mother and infant 

were able to attune themselves to each other (Provasi et al., 2014). Next, besides conveying 

rhythms and predictability, proximity and touch are also proposed to be ostensive signals for 

early social communication (Wass et al., 2020). They are evidenced to elicit infant attention 

and regulate infant’s affect (Della Longa et al., 2019; Stack & Muir, 1992). Proximity and 
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affectionate touch thus might help mother and infant to establish and maintain engagement 

with one another. Mother and infant might have similarly processed the common sensory 

input from the video, resulting in interpersonal neural synchronization (e.g., Azhari et al., 

2019). 

Interestingly, not all forms of rhythmic touch were equally associated with 

interpersonal synchrony. Stimulating touch was related to decreased interpersonal neural 

synchrony between mother and infant in Study 1. This finding highlights the potential risk of 

intrusive caregiving behaviors, especially if the caregiver’s behavior is not sensitively 

matched to the infant’s behavior (Isabella & Belsky, 1991). Too much stimulating touch thus 

might have decreased the infant’s engagement and thus interpersonal neural synchrony 

between mother and infant.  

Studies 2 and 3 provide further evidence on the role of communicative rhythms in 

interpersonal neural synchrony at preschool age. The findings show that verbal and non-

verbal behavioral synchrony (i.e., turn-taking and reciprocity) are associated with increased 

interpersonal neural synchrony during mother-child problem solving and conversation. 

Corroborating the results, Quiñones-Camacho et al. (2020) examined parents and children 

during an interactive repair phase (free play with toys) after a stressor. They showed that 

higher behavioral synchrony was related to enhanced neural synchrony as well. In general, 

reciprocal interactions, as well as conversational turn-taking, are suggested to generate 

rhythmicity between the two interactive partners that helps individuals to generate 

predictions based on the temporal regularity of behaviors and speech, allowing them to make 

mutual adjustments (Keller et al., 2014; Reddy et al., 2013). The enhanced predictability in 

such interactions enables caregiver-child interactions to successfully cooperate in the short 

term and children to develop predictable relationship patterns (attachment) in the long term. 

Taken together, we propose that interpersonal neural synchrony is a biomarker for mutual 

prediction processes within caregiver-child interactions and potentially their relationship 

quality.  
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 While communicative rhythms across modalities seem to be closely linked if 

not essential to interpersonal neural synchrony, physiological synchrony between caregiver 

and infants seems to emerge through the processing of communicative rhythms from a 

specific modality. In Study 1, mothers and infants show higher physiological synchronization 

when infants showed negative affect and thus might have needed co-regulation. The saliency 

of affect for physiological synchronization has been initially raised in findings from a study 

showing that physiological synchrony is associated with positive affect synchrony in mother-

infant dyads (Feldman et al., 2011). More recent results show that parents and infants 

physiologically synchronize during negative affect and high arousal (Wass et al., 2019) and 

emotion-regulation following a stressor (Abney et al., 2021). Nonetheless, affective 

information remains integral to physiological responses (see DePasquale, 2020 for a review). 

In comparison to other modalities, affective information might more likely cue interpersonal 

physiological synchronization. Accordingly, different behavioral modalities might be salient 

to different levels of synchrony. This finding underscored that interpersonal neural and 

physiological synchrony might have different functionalities (Study 1; Reindl et al., 2021), 

even though both are increased during interactive compared to non-interactive contexts. 

Still, further research is needed for deciphering the concrete contexts and directions of neural 

and physiological synchrony. 

Additionally, not all caregivers use the same rhythmic communicative signals to 

enhance structure and predictability in social interactions with their children. Fathers and 

children in Study 4 showed less frequent and less varied reciprocal behaviors than mothers 

and children in Study 3. This finding is not uncommon in (German-speaking) father-child 

dyads, who naturally favor active games with steeper changes in affect compared to when 

children interact with their mothers (Robinson et al., 2021). Despite the different interaction 

patterns, father-child dyads still showed neural synchronization in Study 4. The findings thus 

suggest that caregiver-child synchronization is not only associated with rhythmic 

communicative signals but can emerge from minimally communicative cues (Hirsch et al., 

2017) and similar neural responses to common sensory input. For instance, similar neural 
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responses were evidenced amongst friends compared to strangers (Parkinson et al., 2018) 

and thus underscored the involvement of individual and dyadic priors pertaining to the 

individual’s relationship in interpersonal synchrony.  

4.2. Individual and dyadic priors 

Hoehl and colleagues (2020) propose in a recent theoretical account that, next to the 

role of communicative rhythms, the motivation to engage with the interaction partner can be 

a crucial factor for interpersonal synchronization. Indeed, Study 3 underscores the role of 

motivational factors as children’s agency in the problem-solving task was associated with 

higher interpersonal neural synchrony. Once children can determine when to engage and 

disengage in social interactions during the preschool period, their motivation plays an 

essential role for the dyad’s mutual engagement in the same task (Harris & Waugh, 2002). In 

Study 3, children, who displayed more confidence and eagerness in the problem-solving task, 

might have integrated this prior into making better and potentially more active predictions 

about the caregiver’s actions and intentions. At the same time, interpersonal synchrony 

between caregiver and child can also decrease when they struggle to engage in a situation 

mutually. For instance, children’s temperamental irritability was related to less parent-child 

neural synchrony (Quiñones-Camacho et al., 2020). More irritable children might have 

difficulties engaging with their caregivers after a distressing situation (Brotman et al., 2017). 

Moreover, individual factors concerning the caregivers, such as stress, can also modulate and 

impede caregivers’ engagement with their children. Azhari et al. (2019) report that mothers’ 

stress levels seemed to attenuate mothers’ interpersonal neural synchrony with their children 

when they watched animated videos together. To conclude, parents and children can be 

differently affected by individual motivational and temperamental factors strengthening or 

impeding interpersonal synchrony.   

Interpersonal neural synchrony is also proposed to be linked to the relationship 

quality of parents and children (Miller et al., 2019). Infants and children generally show 

interpersonal neural synchrony with close adults and strangers (Reindl et al., 2018). Yet, the 
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unique bond between caregiver and children might provide them with an advantage at 

synchronizing with one another. For example, children and parents show higher neural 

synchronization than children and strangers (Endevelt-Shapira Yaara et al., 2021; Reindl et 

al., 2018). Beyond these group-level differences, there are indications of dyadic differences in 

levels of synchronization between caregiver-child dyads. For example, children who were 

avoidantly attached to their mothers seemed to show decreased neural synchronization 

during a button-press task, even though the results did not survive correction for multiple 

comparisons (Miller et al., 2019). Still, the results underscore the potential involvement of 

the attachment system in interpersonal neural synchrony. In fact, the findings from Study 4 

show that differences in parental caregiving beliefs were related to differences in 

interpersonal neural synchrony between dyads. Fathers’ higher identification with the role of 

a warm, sensitive, and supportive caregiver was related to enhanced neural synchrony during 

father-child joint vs. individual problem-solving. However, the links between the father’s 

caregiving beliefs and interpersonal neural synchrony were not mediated by the 

communicative rhythms assessed in the study. Instead, it has been shown that paternal 

caregiving beliefs were associated with structural changes in the father’s brain (Long et al., 

2021). These changes, therefore, point towards a neurobiological structural and functional 

mechanism to how priors are related to interpersonal synchrony.  

4.3. Anatomical and functional similarities between caregiver and children 

While the results of Studies 1-3 and others (Leong et al., 2017; Piazza et al., 2020) 

have highlighted the facilitating role of communicative rhythms for interpersonal synchrony, 

Dumas and colleagues (2012) found that the anatomical and functional similarity of the two 

interactants’ brains partly facilitated interpersonal synchronization as well. Anatomical 

similarities can be expected to be greater in biological parent-child dyads which might play a 

role in their propensity to synchronize. Nonetheless, studies with foster parents might be 

necessary to single out genetic factors.  
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Beyond the role of anatomical similarities, Dumas et al. (2012) show that functional 

similarities explain more variance in interpersonal synchrony. Indeed, neural responses to 

audiovisual movie watching are more similar amongst friends, and the similarity decreased 

with increasing social distance (Parkinson et al., 2018). The participants separately observed 

the movies and were unable to interact with one another. Further evidence in adults showed 

increased physiological synchrony between firewalkers and relatives compared to strangers 

during a firewalking ritual (Konvalinka et al., 2011). Again, physiological synchrony in 

arousal was not related to concurrently executed behaviors, as the participants either only 

observed the ritual or actively participated in the ritual. Therefore, interpersonal synchrony 

also emerges in non-interactive contexts due to common sensory input and when 

participants are more likely to show functional similarities. But how do these functional 

similarities emerge?  

Repeatedly learning about the world from others, such as caregivers or siblings, has 

been suggested to likely lead to more overlapping mental models and predictions among 

these individuals (Friston & Frith, 2015). Therefore, the coupling of mental models during 

interactive and non-interactive contexts could result in interpersonal neural synchrony 

between interactants and similar intrapersonal brain connectivity across interactants 

(Shamay-Tsoory, 2021). In non-interactive contexts, such as video watching, individuals’ 

responses are cued to the same (affective) moments, potentially resulting in a similar neural 

or physiological response between friends and relatives. On the other hand, strangers might 

have responded differently to the same situation. It has been recently shown that mothers’ 

and infants’ functional connectivity become more similar over the first three months of life as 

they continuously expand their interaction experience (Kim et al., 2021). Accordingly, 

interpersonal synchrony in parent-child dyads could emerge due to the integration of 

common sensory input, if available - communicative rhythms, and their (overlapping) mental 

models and thus functional similarities built from their prior experiences (i.e., caregiving and 

attachment models).  
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In consideration of both incoming sensory input and priors to interpersonal 

synchrony, how both components are integrated is unclear. How much weight is put on the 

incoming sensory input, and how much weight is put on prior representations? The relative 

importance of components can be considered in precision-weighting terms (Yon & Frith, 

2021). Accordingly, whether interpersonal synchronization in parent-child dyads relies on 

prior experiences or incoming sensory input is weighted depending on the amount and 

quality of current communicative rhythms (such as signal to noise ratio in the environment; 

Yon & Frith, 2021) as well as the amount and quality of prior interaction experiences 

(Feldman, 2017; Vrtička, 2017), as illustrated in Figure 2.  

Figure 2  

Schematic outline of the integration of sensory input and priors 

 

Note. During interpersonal synchronization of behavior, brain, and physiology in interactive 

contexts, communicative rhythms, common sensory input, and priors (e.g., caregiving and 

attachment) are weighted depending on the reliability of the incoming signal and the priors. 

In non-interactive contexts, interpersonal synchrony can emerge from common sensory 

input and priors, despite the lack of communication between individuals.  
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4.4. Weighing communicative rhythms and priors for interpersonal synchrony 

Interactions between caregivers and children are highly varied (Harrist & Waugh, 

2002; Leclère et al., 2014). They vary in structures within themselves as only 30 % of 

interactions are synchronous (Tronick & Gianino, 1986), and they vary between different 

interaction partners. We rarely have the same interaction twice. Therefore, we must balance 

the incoming information with our prior beliefs in every social interaction (Yon & Frith, 

2021). Precision-weighting is suggested to depend on the reliability of the perceived signals 

in the environment (Lawson et al., 2021; Yon & Frith, 2021). In reliable environments, we 

might be advised to rely on the continuously incoming communicative rhythms and common 

sensory input to synchronize with others. In contrast, unreliable environments might push us 

to rely on our previous interaction experiences to navigate the current one. Indeed, in studies 

with adults, neural synchronization was increased with higher predictability of verbal content 

(Dikker et al., 2014).  

Consequently, if the communicative rhythms in early caregiver-child interactions are 

prominent, easily, and accurately perceived, it is more likely for the caregiver and child to 

show neural synchronization. In Study 1 and 2, the dyadic interactions (especially in a lab 

setting) offer a social context with relatively little noise in the environment. Communicative 

rhythms such as those observed through affectionate touch, turn-taking, and reciprocity 

allow mother and child to attune to one another easily. Common sensory input conveyed 

through video, especially when comprising affective cues, can relate to interpersonal 

synchronization between parent and child as well (Study 1, Azhari et al., 2019; Levy et al., 

2017), but communicative rhythms in live social interactions seem to allow the dyads to 

synchronize more strongly with one another (Study 1; Fishburn et al., 2018). Compared to 

dyadic interactions, triadic interactions are marked by a rise in complexity and thus lower 

social predictability. Mother-child dyads in our sample for Study 3 still showed rhythmically 

structured behaviors (i.e., reciprocity) for the dyads to mutually attune their brain activity. 

Still, children’s motivational priors also mattered, and thus weighting seemed to have shifted 

from a major focus on communicative rhythms. Father-child dyads, on the other hand, might 
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not be used to such an interaction pattern (see Lamb, 2010), and thus, the reliability of the 

communicative rhythms might have been decreased. Attuning to transient communicative 

rhythms was generally difficult as the dyads also showed few reciprocal behaviors. Thus, 

father-child neural synchronization could have been more strongly related to their functional 

similarity in response to the task, as suggested by the change in the paternal brain in relation 

to fathers’ caregiving beliefs (Long et al., 2021).  

As aforementioned, precision weighing depends on the reliability of the transient 

social signals in the environment (Yon & Frith, 2021). In early interactions, the child's 

environment includes the reliability of their caregiver. In attachment research, the reliability 

of caregivers is internalized in working models, which describe infants’ attachment 

relationships with their caregivers (Sroufe, 1988). Interestingly, behavioral research shows 

that caregivers do not need to constantly provide infants and children with cues and rhythms 

to synchronize to. Instead, an optimum mid-range model should be assumed (Beebe et al., 

2010), in which variability in caregiver’s behaviors scaffolds children’s perception of fixed 

patterns and invariants (Gómez, 2002). Mid-range variability in caregivers’ behaviors can 

thus increase flexibility within infants and in engagement with others, which is associated 

with a secure attachment style (Beebe et al., 2010). Miscoordination could prepare the 

infants for future instances of non-contingency in their environment, trading short-term 

“unreliability” for long-term reliability. Beyond the regulatory function of variability in 

caregivers’ behavior, variability can even be engaging, such as with syncopation in music 

perception (Witek et al., 2014), and in the long-term offer learning opportunities to the infant 

(Chapman, 1991; Wass et al., 2020). Therefore, caregivers can place “noisy” or unexpected 

instances to increase the intelligibility of specific contents they want to communicate 

(Doelling et al., 2014). These caregiving behaviors might be observed during game routines 

(Markova, 2018).  

Near perfectly contingent interactions can indicate anxious mothers and, more 

generally, anxious attachment relationships related to increased physiological and behavioral 

synchrony (e.g., Smith et al., 2021, Beebe et al., 2010) and decreased neural synchrony 
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(Azhari et al., 2020). Low variability in the infant’s environment could thus be associated 

with over-weighting the reliability of the social partner, resulting in rigid behaviors and belief 

patterns, as seen in anxiously attached individuals (Vrtička, 2017). Conversely, very high 

variability in an infant’s environment, including unavailable caregivers, could lead to over-

weighting the communicative signals. It might be more difficult for such individuals to 

uphold social interactions despite the naturally occurring miscoordination, resulting in less 

neural, physiological, and behavioral synchrony (e.g., Miller et al., 2019).  
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5. Conclusion 

In this dissertation, I discussed the emergence of interpersonal neural and 

physiological synchrony through incoming sensory input, which can be communicative 

rhythms and common sensory input. However, evidence from our studies and others 

highlights the integration of priors in the alignment of brain, body, and behavior. In 

caregiver-child dyads, the weighting of the reliability of the sensory input and priors related 

to caregiving and attachment might give rise to interpersonal synchrony in various contexts, 

modalities, and with multiple interaction partners.  

While some but not all communicative rhythms in caregiver-child interactions were 

examined in previous and presented studies, identifying further naturally occurring 

communicative signals, such as body odor (Endevelt-Shapira et al., 2021) or singing (Nguyen 

et al., in preparation) as well as the variability of those can inform our research on early 

development. Further study of the caregivers’, children’s, and dyadic behaviors can offer 

interesting insights into optimal environments for social learning (e.g., Ward & Hunnius, 

2020) and attachment development (e.g., Isabella & Belsky, 1991) in relation to neural and 

physiological synchrony. 

Notably, the role of priors in interpersonal synchrony has only recently received 

attention and needs further consideration. While I focus on motivation, caregiving, and 

attachment in the dissertation, additional priors can be considered, such as those brought by 

different caregivers, peers, and strangers. Generally, the development of priors and 

precision-weighting can provide deeper insight into the early forms of interpersonal 

synchrony. Moreover, priors might work through functional and structural similarities 

between caregiver and child. Future research could investigate changes in intraindividual 

functional connectivity and structural changes as well as the (developing) brain-body 

connection, such as a potential link between the prefrontal cortex and RSA activity (Nguyen 

et al., 2022). Understanding intra-individual connections will help us understand inter-

individual connections across levels (neural, physiological, and behavioral).  
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7.3. English Abstract  

Early social interactions are vital for children’s socio-cognitive and affective 

development. In these early interactions, caregivers use communicative rhythms to facilitate 

the mutual prediction of actions and intentions, resulting in interpersonal synchrony. This 

interaction pattern is suggested to become internalized in individual generative models, 

facilitating the attachment between child and caregiver. Beyond interpersonal synchrony on 

the behavioral level, neural and physiological synchrony have been shown to emerge in live 

and dynamic social interactions. However, less researched is whether enhanced mutual 

prediction through communicative rhythms is linked to caregiver-child neural and 

physiological synchrony. In addition, the role of individual and dyadic priors to interpersonal 

synchrony remains uninvestigated.  

The thesis thus investigates interpersonal neural, behavioral, and physiological 

synchrony in naturalistic parent-child interactions while considering the role of 

communicative rhythms, motivations, and beliefs. The first study highlights social touch and 

proximity as communicative rhythms related to enhanced neural synchrony in mother-infant 

dyads. In contrast, physiological synchrony is related to infant negative affect. The second 

and third studies underscore the importance of verbal turn-taking and behavioral reciprocity 

for interpersonal neural synchrony in mother-preschool-child interaction. The third study 

further finds that children with higher agency also achieved higher synchronization with their 

mothers. The fourth study examines father-child interactions in which the dyads show neural 

synchronization, unrelated to the recorded communicative rhythms. Instead, fathers’ belief 

in their role as warm and supportive caregivers is associated with enhanced neural 

synchrony. 

 Overall, the four studies show that children and caregivers integrate incoming 

transient communicative rhythms, common sensory input, and priors, such as motivations 

and caregiving beliefs, to synchronize. I propose that precision-weighting of communicative 

rhythms and priors are integral to interpersonal synchrony and can have important 

implications for caregiving and attachment. 
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7.4. Deutsche Zusammenfassung 

Frühe soziale Interaktionen sind für die sozio-kognitive und affektive Entwicklung 

von Kindern entscheidend. In diesen frühen Interaktionen nutzen die Betreuungspersonen 

kommunikative Rhythmen, um die gegenseitige Vorhersage von Handlungen und 

Intentionen zu erleichtern, was zu interpersonal Synchronität führt. Dieses 

Interaktionsmuster wird dann in generativen Modellen von Bezugsperson und Kind 

verinnerlicht, wodurch sich ihre Bindungsbeziehung entwickelt. Es wird angenommen, dass 

neben der Verhaltenssynchronität auch die neuronale und physiologische Synchronität in 

live und dynamischen sozialen Interaktionen die gegenseitige Vorhersage kennzeichnen und 

die Bindungsbeziehungen fördern. Allerdings fehlt es an empirischen Belegen für die Rolle 

kommunikativer Rhythmen und anderer individueller und dyadischer Faktoren (Priors) für 

die neuronale und physiologische Synchronie zwischen Bezugsperson und Kind.  

In dieser Arbeit wird daher die interpersonale neuronale, verhaltensbezogene und 

physiologische Synchronie in naturalistischen Eltern-Kind-Interaktionen untersucht, wobei 

die Rolle von kommunikativen Rhythmen, Motivationen und Überzeugungen berücksichtigt 

wird. Die erste Studie hebt soziale Berührung und Nähe als kommunikative Rhythmen 

hervor, die mit erhöhter neuronaler Synchronie in Mutter-Kind-Dyaden zusammenhängen, 

während physiologische Synchronie mit negativem Affekt des Säuglings in Verbindung 

gebracht wurde. Die zweite und die dritte Studie unterstreichen die Bedeutung der verbalen 

Abwechslung und des reziproken Verhaltens für die interpersonale neuronale Synchronie in 

der Interaktion zwischen Mutter und Vorschulkind. Die dritte Studie belegt außerdem, dass 

Kinder mit höherer Handlungskompetenz auch eine höhere Synchronisation mit ihren 

Müttern erreichen. Die vierte Studie untersucht Vater-Kind-Interaktionen, bei denen die 

Dyaden neuronale Synchronisation zeigen, die nicht mit den erfassten kommunikativen 

Rhythmen zusammenhängt. Stattdessen wird die Überzeugung der Väter an ihre Rolle als 

warme und unterstützende Bezugsperson mit einer erhöhten neuronalen Synchronisation in 

Verbindung gebracht. 
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 Insgesamt zeigen die vier Studien, dass Kinder und Betreuungspersonen zur 

Synchronisierung sowohl eingehende kommunikative Rhythmen, gemeinsame sensorische 

Informationen als auch Vorannahmen wie Motivationen und Betreuungsüberzeugungen 

integrieren. Ich argumentiere, dass die präzise Gewichtung von kommunikativen Rhythmen 

und Priors ein wesentlicher Bestandteil der interpersonalen Synchronie ist und wichtige 

Auswirkungen für Fürsorge und Bindung haben kann. 
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