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Abstract

:

Simple Summary


Parent–child interaction is the scaffold for future emotional and cognitive development and future well-being. As this interaction includes several domains, such as motor, speech, emotional expression, and more, characterizing the quality of parent–child interaction is often performed by a qualified person decoding it by observation. The development of computational tools allows relating to the interaction between the child and parent as synchronized data representing the correspondence between the two, focusing on brain-to-brain, voice/speech, eye contact, motor, and heart-rate signals. In this perspective, we will convey a new approach aiming to gather different sources of synchronization into one domain to reflect the quality of parent–child interaction.




Abstract


The interaction between the parent and child is essential for the child’s cognitive and emotional development and sets the path for future well-being. These interactions, starting from birth, are necessary for providing the sensory stimulation the child needs in the critical time window of brain development. The characterization of parent–child interactions is traditionally performed by human decoding. This approach is considered the leading and most accurate way of characterizing the quality of these interactions. However, the development of computational tools and especially the concept of parent–child synchronization opened up an additional source of data characterizing these interactions in an objective, less human-labor manner. Such sources include brain-to-brain, voice/speech, eye contact, motor, and heart-rate synchronization. However, can a single source synchronization dataset accurately represent parent–child interaction? Will attending to the same stimulation, often resulting in a higher brain-to-brain synchronization, be considered an interactive condition? In this perspective, we will try to convey a new concept of the child–parent interaction synchronization (CHIPS) matrix, which includes the different sources of signals generated during an interaction. Such a model may assist in explaining the source of interaction alterations in the case of child/parent developmental/emotional or sensory deficits and may open up new ways of assessing interventions and changes in parent–child interactions along development. We will discuss this interaction during one of the parent–child joint activities providing opportunities for interaction, i.e., storytelling.
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1. Introduction


1.1. Synchronization of Systems and Humans Is Critical for Academic Achievements


Timing is everything, and synchronization may be a specific example of that, especially the synchronization of information received from the sensory system [1]. For intact academic outcomes, such as fluent reading, a precise synchronization between the visual and auditory sensory modalities facilitated by cognitive control should take place [2]. Specifically, in the case of reading, the synchronized match between sounds and letters and then written words and their oral forms facilitates the construction of the mental lexicon allowing reading and reading comprehension [3]. However, this synchronization between modalities is not specific to academic settings; it was found that a social context enhances the ability to synchronize between sensory modalities [4]. This is in line with humans’ close monitoring of the environment to reach the optimal interaction, whereas the first interaction is between the parent and the child [5].




1.2. Parent–Child Interaction Is the Leading Force for Future Development and Storytelling as a Facilitator for Interaction


Human interactions shape the developing brain from early infancy [6]. Despite the numerous interactions humans experience throughout life, the most critical interaction with long-lasting effects is between parent and child [7]. Parent–child interactions are dynamic in their basis. During the interaction, the parent and the child respond to each other’s behavior [8], and this can be in multiple modalities, such as auditory, touch, motion, and visual [8,9,10]. This dynamic interaction is considered a “synchronization” as there is a temporal adaptation between the parent and the child in verbal and non-verbal communication [11].



A positive interaction early in life predicts the child’s language and cognitive development at 6–36 months [12,13,14,15,16] and relates to the child’s elementary school achievements [13,17]. The effect of child–parent interaction on child development and future social relationships [18] has been investigated deeply in the past five decades since Bowlby first proposed his attachment theory [19], with more studies focusing on the significance of child–mother interaction [20]. According to Bowlby’s theory, mothers who are more mentally and physically available to their child, accurately interpreting their behavior and responding consistently during their first year of life, will create a secure attachment with the child [21,22]. As the child matures, this attachment will develop into a positive approach towards self and others [23].



These relations between reports of maternal negative parent–child interaction and the child’s social/emotional outcomes were observed as early as infancy [24]. External factors leading to a non-sufficient parent–child interaction, such as poverty, led to similar child outcomes [25]. Additionally, atypical parent–child interactions are considered an indicator of autism syndrome disorder (ASD) [8,11], a signature of parental depression, or other mental health reasons [26]. Maternal depression is another case that may be related to non-sufficient parent–child interaction and is considered as an adverse childhood experience (ACE) [27] affecting child development [28] and may lead to long-term devastating consequences for the child (drug abuse, suicide, depression, poor health, and more [27]). Therefore, due to the above developmental outcomes, determining the quality of parent–child interaction is of high importance [29].



Parent–child storytelling is a setting allowing a unique examination of parent–child interaction and responsiveness as it involves verbal communication, eye contact, and motion [30]. We have demonstrated that a dynamic interaction between mothers and their 3–4.5-year-old children during storytelling is related to increased brain activation and functional connections in neural circuits associated with learning and language (cerebellum and left angular gurus, respectively) and cognitive control (left dorsolateral prefrontal cortex) while the child was listening to stories [30]. On the other hand, decreased child–mother interaction is associated with an overall reduced engagement of brain regions associated with cognitive/sensory abilities in the child [31]. Increased rates of maternal depression were related to decreased functional connections between visual processing regions related to imagination (or visualization) and neural circuits associated with language processing in their 4-year-old girls who listened to stories [32]. There, we suggested that while increased interaction during storytelling activities engages the child’s language and visual cortex regions (which serve as an imagination platform while listening to stories) [33], decreased interaction (or interaction quality) may be related to the inability to imagine or visualize the stories and the plot [32].



One method that involves verbal as well as nonverbal communication around a book and is related to enhanced child–adult interaction is dialogic reading (DR) [34,35,36,37]. DR is a storytelling method that encourages child–parent interaction using explicit instructions for engagement of knowledge, retrieval and storage of verbal information, and an ongoing monitoring process, all mediated via a constant attention orientation to the storyteller and the book [38]. Children participating in face-to-face DR training showed improved emotional [39,40] and verbal [41,42,43] interaction with their parents. We showed that 4-year-old children exposed to DR in daycare showed greater visual attention and language outcomes, including EEG correlates for these abilities [44,45].



Parental reading involves voice/motion/eye contact, while facial expression provides stimulation that keeps the child alert, attentive, and engaged while keeping up with the pace of the storytelling. In a way, this is the role of executive functions (i.e., cognitive abilities supporting learning [46]), which are also sought to synchronize the visual and auditory modalities during the child’s reading [3,47]. Per previous findings, parental reading fluency (i.e., the level of accuracy and speed of parental reading) is related to the functional connectivity of the child’s future reading network [48]. The other side of the coin is that maternal depression is related to altered functional connectivity between brain regions associated with imagery and executive functions while listening to stories at the age of 4 years [32]. Is it possible to evaluate parent–child interaction while examining all these perspectives?




1.3. Parent–Child Interaction Synchronization Matrix


Due to the determinant nature of parent–child interaction on future children’s emotional (psychological and psychopathological outcomes) [49] and cognitive/learning outcomes [50,51,52], assessing its quality is critical. One leading approach to measuring parent–child interaction is assessing the level of synchronization in several sensory modalities or different physiological signals [8] (see Figure 1a for examples of such signals). The current paper will outline the significance of each modality and the possible benefits of grouping them into one matrix. Then, a suggestion for the possible role of parent–child interaction during storytelling activities as a potential natural sensory pacemaker synchronization between parent–child will be discussed.




1.4. Measuring Parent–Child Interaction Using a Single Synchronization Modality Approach


Humans are engaged in social activities from birth throughout life, which led Aristotle to coin the immortal phrase, “Humans are by nature social animals” [53]. While synchronizing with others, social bonds can emerge, even with unfamiliar individuals [54], and the mental state of others can be inferred [55]. Over the years, attempts have been made to assess this synchronization, either behaviorally [56,57] or using technological tools [31,58,59]. One such approach is “Hyper-scanning”, a method that emerged in recent years to characterize interaction [60], which enables examining the neural correlates of social interactions as individuals engage in social activity [9]. Synchronization refers to the coincident rhythms of periodic oscillators due to interaction [61]. Behavioral synchronization relates to performing the same movements as others at the same time [55], whereas neural synchronization relates to the temporal coincidence of brain activities [62]. Both examples reflect the main principle of synchronization, rather than mimicry; it reflects a temporal aspect [63]. For synchronization to occur, the participants should engage in mutual attention and turn-taking for an extended period and track each other while having temporal coordination [63]. Synchronization can be measured neurobiologically [64], motorically [11], dyadically [65], mentally, and even emotionally (using facial expressions) [65]. This raises a question regarding the ability to group these interaction synchronization sources into one matrix, as well as to determine if there is a sequential pattern when examining the synchronization between these modalities. Notably, a greater parent–child synchronization, measured using different modalities, was found to be a reliable predictor for a child’s outcomes [50,51]. These studies suggest that greater parent–child synchronization during a free-play activity at the age of 4–5 years is a reliable predictor of a decrease in the child’s internalizing behavior two years after the end of the study (age 6–7 years) [51]. Another meta-analysis, including ten synchronization studies, suggested that a higher brain-to-brain synchronization at a younger age is a predictor for child self-regulation in youth [50]. Interestingly, when synchronizing two sources, although the two datasets have a similar starting point, the analysis is conducted in a “circular” manner, i.e., a gap in time has been taken into account to allowaction–reaction relations between the two individuals involved in the interaction [31,66]. However, another approach in this field in order to examine neural synchronization is using phase locking value (PLV) [67] instead of a circular manner [68]. The PLV method measures the phase difference between the datasets of the interacting dyad [67,68]. Nevertheless, as synchronization is defined as becoming coupled due to interaction, measuring synchronization using PLV may not necessarily mean that the dyad interacts [68]. In order to compare the results of studies in this field, as well as account for synchronization due to interaction, we suggest using a circular method for hyperscanning analysis.



Understanding the different synchronization modalities of individuals with communication disorders, such as ASD [9,69], can deepen the understanding of mechanisms, early markers, and treatment signatures in these populations. Here, we will overview each modality and then discuss the potential of grouping these measures into one matrix, reflecting the suggested child–parent interaction synchronization matrix (CHIPS).




1.5. Brain Synchronization


Hasson et al. (2012) suggested that a “brain-to-brain coupling” is a mechanism that allows the hypothetical information transfer from one individual’s brain to another to be quantified [10]. The argument was that while individuals are engaged in social interaction, there is a “wireless communication” mediated by the transmission of physical signals, generated and perceived by the individuals in an adaptive and active form, through the environment [10]. Neural synchrony can be measured both in the frequency and time domains, and synchronous activity can be detected in similar or distinct brain regions [8]. In the time domain, the EEG signal oscillations may not be perfect, and lagged phase synchrony is also considered a type of neural synchrony [8]. Most studies examine brain-to-brain synchronization using EEG focus on adults. For example, using time–frequency representation, in an EEG hyperscanning experiment, higher neural synchrony between romantic vs. stranger couples was found [70]. Additionally, adult guitar players playing together showed greater synchronization when playing a melody together vs. alone [71].



On the spatial level, functional near-infrared spectroscopy (fNIRS) studies examining adult–child interaction found higher neural synchrony between parent–child dyads in cooperation conditions [72,73]. In addition, in fNIRS experiments in parent–child dyads with children who have ASD that examined a cooperation condition, lower neural synchronization was discovered between parent–child dyads as the severity of the ASD symptoms worsened [74]. However, while using fNIRS in children has several advantages, such as the device’s tolerance to movement and portability [8], fNIRS measures hemodynamic responses; therefore, its temporal resolution is lower than EEG (several seconds compared to milliseconds in EEG) [8].




1.6. Voice Synchronization


The essence of language development is to provide a means of communication and obtain social connections between humans [75]. The human voice is embedded in the individual, can be already observed during infancy, and is considered a biological mechanism across humans and animals [75,76]. It was evident that voice synchronization, i.e., the changes in the communication style during a conversation, occurs while two individuals are interacting (specifically during a dyadic interaction) [77]. Several studies suggested that people favor voices that match their own in terms of intensity, speech rate, and frequency [78,79]. In relation to parent–child interaction, infant-directed speech was also evident when using verbal communication with an infant [80]. This communication style was suggested to gain the infant’s attention, thus improving communication and comprehension and helping the acquisition of language skills [80]. An important part of verbal synchronization is turn-taking [63]. In human–human interactions, it is important to predict the transitions between the speaker and the listener [63]. This prediction process is continuous throughout the conversation [81] and allows turn-taking alignment, which can enhance mutual understanding [82]. In a study that examined voice synchronization between mothers and infants, it was found that the process of the timing of the vocals of the mother and the infant resembles that of adult–adult interactions, suggesting that these interactions serve as the basis for the later development of a conversation pattern [83]. Mother–infant dyads who speak different languages (Spanish vs. Flemish) showed voice synchronization, which was language-independent, demonstrating a temporal adjustment of the vocals regardless of the language used [76].




1.7. Eye Contact Synchronization


A critical part of interaction is eye contact, measured using mutual eye gaze at each other or in a similar direction [84]. Eye gaze direction specifies the attention target. Therefore, eye contact between two individuals is referred to as shared attention and allows for gaining a “communicative link” during social interactions [85]. Neuroimaging studies showed that during eye contact, there is an activation of the social brain network (which includes regions such as the anterior and posterior superior temporal sulcus, amygdala, and the fusiform gyrus) [69] and language processing regions (such as the Broca and Wernicke’s areas) [86].



Additionally, in an fNIRS study, brain activity in the same brain region (prefrontal cortex; PFC) in infants and adults was found before eye contact [87,88]. This finding suggests that both the infant and the adult anticipate or drive joint behavior together [87]. These findings correspond to an EEG study showing enhanced neural synchronization in theta and alpha bands between infants and adults in mutual eye contact rather than indirect eye gaze [89]. In those with atypical development, deficits in eye contact synchronization were found (individuals with ASD and preterm children) [8,69].




1.8. Motion Synchronization


Motion synchronization is considered a performance of the same movements simultaneously, as opposed to mimicry, in which there is a time lag between the movements of the leader and the follower [88]. This type of synchronization is considered important and serves a role during social interactions [90]. There is considerable evidence for motion synchronization in humans [90], but perhaps the most known motion synchronization is gait coordination which can be observed both in laboratory experiments (when walking next to another individual on treadmills) and in natural conditions (as found by analyzing YouTube videos that show individuals who walk side-by-side) [58]. In both conditions, humans tend to synchronize their walks either by walking in phase or anti-phase with each other [58]. During conversations, there is evidence of head movement synchronization, which was also positively related to the level of conversation comprehension [91]. It was observed that those with challenges in interaction, i.e., individuals with ASD, had difficulties both intentionally and spontaneously synchronizing their movements with others, as measured by swinging a pendulum [92].



With respect to parent–child interaction, the mother and her child communicate in an adaptive system in the first few days after birth [93]. As an infant does not possess language skills at this age, communication is mainly non-verbal [94]. Demonstrating the specificity of this non-verbal communication to the biological parent, a weaker synchronization in motion was observed between random mother–child dyads vs. biological couples [59,95].




1.9. Facial Expression Synchronization


Facial expressions allow the delivery of emotional messages and intentions during social interaction [93,96]. Therefore, facial expression synchronization is related to the synchronization of emotional communication between individuals [96]. While watching a movie together with a positive context, people tend to synchronize their smiles even if they are unfamiliar with each other [93], a phenomenon that was absent in people with depression [97]. Facial expression synchronization is tremendously important in the parent–child relationship as it creates a secure environment and attachment patterns [98]. Additionally, to establish meaningful social connections, the social environment and the feelings of others should be correctly inferred (by accurately relating facial expressions and their corresponding emotions) [99]. This ability is called mentalizing [100] and is developed as the child grows and depends on having a mutually responsive dyadic interaction between the child and the parent [101]. Mentalizing is important as it relates to greater attachment and security between the parent and the child [102], as well as enhances the quality of social connections (more meaningful, productive, and intimate relationships) [103]. According to a study that examined facial expression synchronization in mother–child dyads in an automated way, it was found that when the child presented nonaffective facial expressions, the mother tended to smile less, and a lower level of mother–child synchrony was detected [104]. Using the Still Face Paradigm, Tronick demonstrated how infants take an active part in social interactions [105]. The Still Face experiment is divided into three parts. First, the parent and the child engage in normal interaction, which is then interrupted by the still face episode, where the parent presents a neutral facial expression following a reunion episode in which the parent and the child return to normal interaction [105]. This study demonstrated that during the still-face episode, the infants show negative effects, tend to smile less, and avert their gazes more than during the other states [105,106]. Additionally, in a study that examined facial expressions during face-to-face interactions of infants and their parents, it was found that dyads of infants and their parents who showed more depression symptoms presented more neutral and less positive facial expressions [107]. In addition, in a hyperscanning EEG study, expressing positive emotions was related to higher mother–child neural synchrony than when presenting negative emotions [108]. The abovementioned means that changes in the emotional state of the interaction can have an effect on synchronization [104].




1.10. Heart Rate Synchronization


Heart rate synchronization is defined as the adjustment of heart rhythms [61,109]. Evidence for the investigation of heart rate synchronization can be traced back to 1983 when a study on a 3-month-old infant showed a synchronization with the mother, father, and a stranger, with higher peaks of the spectral density of the child’s heart rate towards the mother and father vs. the stranger [110]. In a study that examined adults who were sleeping in the same bed, it was found that there is a tendency for the heart rhythms to synchronize and that there is a bidirectional interaction between the participants’ heart rhythms [109]. Romantic partners also synchronize their heart rates [111]. In relation to mother–child face-to-face interactions, in a study that examined 3-month-old infants with their mothers, both the mothers and their infants synchronized their heart rhythms within less than 1 sec lags [112].




1.11. Are the Parts Equal to Their Whole?


Studies examining parent–child interaction are now beginning to inspect synchronization between several modalities (i.e., brain, heart, and motor synchronization) [113]. However, the modalities were not combined on a single matrix despite findings of synchronization within different modalities [113], highlighting the importance of creating one matrix which will combine the different sources. However, one of the challenges in this field is that there is no explicit definition for interbrain neural synchronization, and it is sometimes confused with brain entrainment (the coupling of the brains’ signals due to the same external stimuli and not due to interaction) [114]. However, here, we discuss specifically real-time interaction, which is more demanding as the child’s and the parent’s responses have to be dynamic in order to achieve social coherence [115]. Therefore, as social interaction is usually composed of several modalities [116], to understand the basics of social interactions, we need to consider these modalities.



Here, we suggest that examining each synchronization modality is not sufficient enough to define interaction, and hence, combining several modalities onto a matrix can rule out spontaneous synchronization and the entrainment of brains that are not due to interaction (see [117] for the combination of behavioral and neurobiological modalities).



Parent–child interactions are reciprocal and include a temporal adaptation of voice, facial expression, movements, gazes, and emotional behavior since birth, thus reflecting synchronization in several modalities [11,116]. By understanding the “typical” patterns of synchronization across modalities during social interaction, we can better detect the impaired modality (or more) in individuals with atypical development suffering from communication/interaction challenges.




1.12. One Matrix to Include Different Synchronization Matrices?


Despite the importance of child–parent interaction to the child’s emotional [118,119], social [118], language, and cognitive development [12,13,14,15,16], we have only seen the tip of the iceberg looking at the synchronization between the two using the above modalities. It is not yet understood how the different synchronization features (e.g., brain, speech) interact with potentially new features (e.g., facial expression, motion, and heart-rate synchronization) to characterize parent–child interaction. This approach, combining the different sources into one model, may enable examining interaction in general and parent–child interaction, in particular, to an entirely new level. This goal can be achieved by creating a united, multimodal CHild–Parent Interaction Synchronization (CHIPS) matrix that can be tested against a gold-standard interaction assessment (see Figure 1 for the example). Then, examining altered interaction in atypically developing individuals will allow (a) the determination of the contribution of each modality to the lack of synchronization and decreased interaction quality or alternatively, which source contributes the most to the synchronization and (b) the determination of the effectiveness of intervention programs on the quality of interaction by examining which modality is influenced most by the intervention in different populations in an objective manner.





2. Clinical and Research Implications


Interactions between parents and children are extremely complicated to assess as they include several constructs. Hence, synchronization studies focusing on a single source, whether it is voice, motion, brain, heart rate, or other parent–child matrices, seem to provide only a partial understanding of this complex interaction and may overlook additional components critical for defining the quality of interaction. We may compare it to an observation of a situation from a keyhole. What we see in this very limited field of view either clearly represents the actual scenario or may be missing additional components that may even “flip” the interpretation of what we see. Such an example is the case of joint entrainment, which may result in a high level of brain-to-brain synchronization despite decreased interaction between individuals. Another example of differences in the direction of synchronization between different sources is from children with ASD showing lower motion synchronization with typical brain-to-brain synchronization with the parents [120]. We, therefore, suggest that the inclusion of as many sources into a multimodal CHIPS matrix may better reflect the quality of parent–child interaction and assist psychological decoders in the future in characterizing the quality of parent–child interaction. As the quality of parent–child interaction plays a critical role in a child’s cognitive and emotional abilities, characterizing it accurately for early identification of lower/lack of interaction or evaluating the efficiency of interaction is highly important.



Here, we also suggested that joint storytelling, specifically DR, is a possible method with great potential to characterize parent–child interaction. Despite the promising direction this field is going towards, there are still open questions and under-investigated areas; amongst them are (1) the identity of the dyads, (2) changes in the level of synchronization, (3) the sources of data that are fed into the matrix, and (4) the child’s outcomes associated with the matrix. Regarding the identity of the dyads, it would be of interest to examine the effect of the gender of the parent: maternal vs. paternal–child interaction, especially concerning dyads and storytelling [121]. In addition, would a mother–daughter interaction be different to a mother–son interaction? Regarding the changes in the level of synchronization, it would be of interest to examine the consequences of “going out of synch”. In other words, to determine the consequences of external or internal interference in synchronization, is it recoverable, and what are the parental and child characteristics that affect this recovery (i.e., going back to synch) (see [31] for altered synchronization due to interruptions)?



In addition, it would be interesting to examine which modality is the most dominant and affects the strength of interaction and whether it is equal for typically and atypically developing children. Lastly, there are open questions regarding the ability of these synchronization matrices to predict a child’s outcomes: is it possible that similar to the prediction of parent–child synchronization in relation to the child’s social abilities [115], parent–child joint reading and the level of interaction and synchronization in pre-reading age can shape the child’s executive functions and synchronization within the child while reading at a reading age? In other words, can multimodal synchronization during parent–child joint storytelling from birth serve as the child’s metronome for future reading fluency development? (See Figure 2 for illustration.) Does this process start even in the uterus? Additional studies are needed to verify this point.







Author Contributions


Conceptualization: T.H.-K.; writing—original draft preparation: T.H.-K.; writing—review and editing, T.H.-K. and C.G.; visualization: T.H.-K. and C.G.; supervision: T.H.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mate, K.K. Effects of Visual, Auditory, and Combined Cues on Human Movement and Brain Regions Involved in Perception Action. McGill J. Med. 2022, 20. [Google Scholar] [CrossRef]

	



Breznitz, Z.; Misra, M. Speed of processing of the visual-orthographic and auditory-phonological systems in adult dyslexics: The contribution of "asynchrony" to word recognition deficits. Brain Lang. 2003, 85, 486–502. [Google Scholar] [CrossRef]

	



Spencer, M.; Cutting, L.E. Relations among executive function, decoding, and reading comprehension: An investigation of sex differences. Discourse Process. 2021, 58, 42–59. [Google Scholar] [CrossRef] [PubMed]

	



Honisch, J.J.; Mane, P.; Golan, O.; Chakrabarti, B. Keeping in time with social and non-social stimuli: Synchronisation with auditory, visual, and audio-visual cues. Sci. Rep. 2021, 11, 8805. [Google Scholar] [CrossRef] [PubMed]

	



Deneault, A.-A.; Hammond, S.I.; Madigan, S. A meta-analysis of child–parent attachment in early childhood and prosociality. Dev. Psychol. 2022. [Google Scholar] [CrossRef]

	



Fox, S.E.; Levitt, P.; Nelson III, C.A. How the timing and quality of early experiences influence the development of brain architecture. Child Dev. 2010, 81, 28–40. [Google Scholar] [CrossRef]

	



Indrawati, M.; Maramis, M.M. Attachment Reviewed from Neurobiology. Attach. Rev. Neurobiol. 2022, 100, 9. [Google Scholar] [CrossRef]

	



Nguyen, T.; Bánki, A.; Markova, G.; Hoehl, S. Studying parent-child interaction with hyperscanning. Prog. Brain Res. 2020, 254, 1–24. [Google Scholar]

	



Hari, R.; Henriksson, L.; Malinen, S.; Parkkonen, L. Centrality of social interaction in human brain function. Neuron 2015, 88, 181–193. [Google Scholar] [CrossRef]

	



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. 2012, 16, 114–121. [Google Scholar] [CrossRef] [PubMed]

	



Leclère, C.; Viaux, S.; Avril, M.; Achard, C.; Chetouani, M.; Missonnier, S.; Cohen, D. Why synchrony matters during mother-child interactions: A systematic review. PLoS ONE 2014, 9, e113571. [Google Scholar] [CrossRef]

	



Tamis-LeMonda, C.S.; Bornstein, M.H.; Baumwell, L. Maternal responsiveness and children’s achievement of language milestones. Child Dev. 2001, 72, 748–767. [Google Scholar] [CrossRef]

	



Mills-Koonce, W.R.; Willoughby, M.T.; Zvara, B.; Barnett, M.; Gustafsson, H.; Cox, M.J.; Investigators, F.L.P.K. Mothers’ and fathers’ sensitivity and children’s cognitive development in low-income, rural families. J. Appl. Dev. Psychol. 2015, 38, 1–10. [Google Scholar] [CrossRef]

	



Tamis-LeMonda, C.S.; Shannon, J.D.; Cabrera, N.J.; Lamb, M.E. Fathers and mothers at play with their 2-and 3-year-olds: Contributions to language and cognitive development. Child Dev. 2004, 75, 1806–1820. [Google Scholar] [CrossRef] [PubMed]

	



Chang, M.; Park, B.; Singh, K.; Sung, Y.Y. Parental involvement, parenting behaviors, and children’s cognitive development in low-income and minority families. J. Res. Child. Educ. 2009, 23, 309–324. [Google Scholar] [CrossRef]

	



Landry, S.H.; Smith, K.E.; Swank, P.R. Responsive parenting: Establishing early foundations for social, communication, and independent problem-solving skills. Dev. Psychol. 2006, 42, 627. [Google Scholar] [CrossRef]

	



Englund, M.M.; Luckner, A.E.; Whaley, G.J.; Egeland, B. Children’s achievement in early elementary school: Longitudinal effects of parental involvement, expectations, and quality of assistance. J. Educ. Psychol. 2004, 96, 723. [Google Scholar] [CrossRef]

	



River, L.M.; O’Reilly Treter, M.; Rhoades, G.K.; Narayan, A.J. Parent–Child Relationship Quality in the Family of Origin and Later Romantic Relationship Functioning: A Systematic Review. Fam. Process 2022, 61, 259–277. [Google Scholar] [CrossRef]

	



Bowlby, J. Attachment. In Attachment and Loss: Volume I: Attachment; The Hogarth Press and the Institute of Psycho-Analysis: London, UK, 1969; pp. 1–401. [Google Scholar]

	



Cerezo, M.A.; Abdelmaseh, M.; Trenado, R.M.; Pons-Salvador, G.; Bohr, Y. The temporal dimension in the understanding of maternal sensitivity in caregiver-infant interactions: The ‘Early Mother-Child Interaction Coding System’. Infant Behav. Dev. 2021, 63, 101563. [Google Scholar] [CrossRef] [PubMed]

	



Gagné, K.; Lemelin, J.-P.; Tarabulsy, G.M. Non-verbal and verbal parental mentalization as predictors of infant attachment security: Contributions of parental embodied mentalizing and mind-mindedness and the mediating role of maternal sensitivity. Infant Behav. Dev. 2021, 65, 101622. [Google Scholar] [CrossRef]

	



Luyten, P.; Campbell, C.; Allison, E.; Fonagy, P. The mentalizing approach to psychopathology: State of the art and future directions. Annu. Rev. Clin. Psychol. 2020, 16, 297–325. [Google Scholar] [CrossRef] [PubMed]

	



Waters, T.E.; Roisman, G.I. The secure base script concept: An overview. Curr. Opin. Psychol. 2019, 25, 162–166. [Google Scholar] [CrossRef] [PubMed]

	



Mason, Z.; Briggs, R.; Silver, E. Maternal attachment feelings mediate between maternal reports of depression, infant social–emotional development, and parenting stress. J. Reprod. Infant Psychol. 2011, 29, 382–394. [Google Scholar] [CrossRef]

	



Martí, M.; Bonillo, A.; Jané, M.C.; Fisher, E.M.; Duch, H. Cumulative Risk, the Mother–Child Relationship, and Social-Emotional Competence in Latino Head Start Children. Early Educ. Dev. 2016, 27, 590–622. [Google Scholar] [CrossRef]

	



Glynn, L.M.; Baram, T.Z. The influence of unpredictable, fragmented parental signals on the developing brain. Front. Neuroendocrinol. 2019, 53, 100736. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, A.; Steele, M.; Rishi Dube, S.; Bate, J.; Bonuck, K.; Meissner, P.; Goldman, H.; Steele, H. Adverse Childhood Experiences (ACEs) Questionnaire and Adult Attachment Interview (AAI): Implications for parent child relationships. Child Abus. Negl. 2014, 38, 224–233. [Google Scholar] [CrossRef] [PubMed]

	



Steele, H.; Bate, J.; Steele, M.; Dube, S.R.; Danskin, K.; Knafo, H.; Nikitiades, A.; Bonuck, K.; Meissner, P.; Murphy, A. Adverse childhood experiences, poverty, and parenting stress. Can. J. Behav. Sci./Rev. Can. Des Sci. Du Comport. 2016, 48, 32–38. [Google Scholar] [CrossRef]

	



Hughes-Belding, K.; Peterson, C.; Jeon, H.-J.; Huber, L.; Conteh, H.; Plagge, A. Relations among home visit quality, parent-child interactions, and children’s outcomes. Child. Youth Serv. Rev. 2022, 142, 106637. [Google Scholar] [CrossRef]

	



Hutton, J.S.; Phelan, K.; Horowitz-Kraus, T.; Dudley, J.; Altaye, M.; DeWitt, T.; Holland, S.K. Story time turbocharger? Child engagement during shared reading and cerebellar activation and connectivity in preschool-age children listening to stories. PLoS ONE 2017, 12, e0177398. [Google Scholar] [CrossRef]

	



Zivan, M.; Gashri, C.; Habuba, N.; Horowitz-Kraus, T. Reduced mother-child brain-to-brain synchrony during joint storytelling interaction interrupted by a media usage. Child Neuropsychol. 2022, 28, 918–937. [Google Scholar] [CrossRef] [PubMed]

	



Farah, R.; Greenwood, P.; Hutton, J.; Dudley, J.; Ammerman, R.T.; Phelan, K.; Holland, S.K.; Horowitz-Kraus, T. Maternal depression is related to an altered functional connectivity between neural circuits related to visual, auditory and cognitive control during stories listening in preschoolers. Behav. Brain Funct. 2020, 16, 5. [Google Scholar] [CrossRef] [PubMed]

	



Hutton, J.S.; Horowitz-Kraus, T.; Mendelsohn, A.L.; DeWitt, T.; Holland, S.K.; Consortium, C.M.A. Home Reading Environment and Brain Activation in Preschool Children Listening to Stories. Pediatrics 2015, 136, 466–478. [Google Scholar] [CrossRef] [PubMed]

	



Ganotice, F.A., Jr.; Downing, K.; Mak, T.; Chan, B.; Lee, W. Enhancing parent-child relationship through dialogic reading. Educ. Stud. 2017, 43, 51–66. [Google Scholar] [CrossRef]

	



Bell, D. Can Participation in a Shared Reading Activity Produce Relational Benefits Between Foster Carers and the Children in Their Care? University of East London: London, UK, 2020. [Google Scholar]

	



Mendelsohn, A.L.; Cates, C.B.; Weisleder, A.; Berkule Johnson, S.; Seery, A.M.; Canfield, C.F.; Huberman, H.S.; Dreyer, B.P. Reading Aloud, Play, and Social-Emotional Development. Pediatrics 2018, 141, e20173393. [Google Scholar] [CrossRef]

	



Aram, D.; Shapira, R. Parent-Child Shared Book Reading and Children’s Language, Literacy, and Empathy Development. Riv. Ital. Di Educ. Fam. 2012, 2, 55–65. [Google Scholar]

	



Bojczyk, K.E.; Davis, A.E.; Rana, V. Mother–child interaction quality in shared book reading: Relation tochild vocabulary and readiness to read. Early Child. Res. Q. 2016, 36, 404–414. [Google Scholar] [CrossRef]

	



Fettig, A.; Cook, A.L.; Morizio, L.; Gould, K.; Brodsky, L. Using dialogic reading strategies to promote social-emotional skills for young students: An exploratory case study in an after-school program. J. Early Child. Res. 2018, 16, 436–448. [Google Scholar] [CrossRef]

	



Riquelme, E.; Montero, I. Improving Emotional Competence Through Mediated Reading: Short Term Effects of a Children’s Literature Program. Mind Cult. Act. 2013, 20, 226–239. [Google Scholar] [CrossRef]

	



Simsek, Z.C.; Erdogan, N.I. Effects of the dialogic and traditional reading techniques on children’s language development. Procedia-Soc. Behav. Sci. 2015, 197, 754–758. [Google Scholar] [CrossRef]

	



U.S. Department of Education. Dialogic Reading; Institute of Education Sciences: Washington, DC, USA, 2007.

	



Niklas, F.; Schneider, W. Intervention in the home literacy environment and kindergarten children’s vocabulary and phonological awareness. First Lang. 2017, 37, 433–452. [Google Scholar] [CrossRef]

	



Twait, E.; Farah, R.; Shamir, N.; Horowitz-Kraus, T. Dialogic Reading Intervention in Preschoolers is Related to Greater Cognitive Control: An EEG Study. Acta Pediatr. 2019, 108, 1993–2000. [Google Scholar] [CrossRef]

	



Farah, R.; Meri, R.; Kadis, E.D.S.; Hutton, J.; DeWitt, T.; Horowitz-Kraus, T. Hyperconnectivity during Screen-based Stories Listening is Associated with Lower Narrative Comprehension in Preschool Children Exposed to Screens vs Dialogic Reading: An EEG study. PLoS ONE 2019, 14, e0225445. [Google Scholar] [CrossRef]

	



Miyake, A.; Friedman, N.P. The nature and organization of individual differences in executive functions: Four general conclusions. Curr. Dir. Psychol. Sci. 2012, 21, 8–14. [Google Scholar] [CrossRef]

	



Horowitz-Kraus, T.; DiFrancesco, M.; Kay, B.; Wang, Y.; Holland, S.K. Increased resting-state functional connectivity of visual- and cognitive-control brain networks after training in children with reading difficulties. Neuroimage Clin. 2015, 8, 619–630. [Google Scholar] [CrossRef]

	



Horowitz-Kraus, T.; Hutton, J.S.; Phelan, K.; Holland, S.K. Maternal reading fluency is positively associated with greater functional connectivity between the child’s future reading network and regions related to executive functions and language processing in preschool-age children. Brain Cogn. 2018, 121, 17–23. [Google Scholar] [CrossRef]

	



Feldman, R. Parent–infant synchrony and the construction of shared timing; physiological precursors, developmental outcomes, and risk conditions. J. Child Psychol. Psychiatry 2007, 48, 329–354. [Google Scholar] [CrossRef] [PubMed]

	



Davis, M.; Bilms, J.; Suveg, C. In sync and in control: A meta-analysis of parent–child positive behavioral synchrony and youth self-regulation. Fam. Process 2017, 56, 962–980. [Google Scholar] [CrossRef] [PubMed]

	



Quiñones-Camacho, L.E.; Hoyniak, C.P.; Wakschlag, L.S.; Perlman, S.B. Getting in synch: Unpacking the role of parent–child synchrony in the development of internalizing and externalizing behaviors. Dev. Psychopathol. 2021, 34, 1901–1913. [Google Scholar] [CrossRef]

	



Zhang, Y. Quality matters more than quantity: Parent–Child communication and adolescents’ academic performance. Front. Psychol. 2020, 11, 1203. [Google Scholar] [PubMed]

	



Aristotle, P. Aristotle in 23 Volumes; Rackham, H., Translator; Harvard University Press: Cambridge, MA, USA, 1944; Volume 21. [Google Scholar]

	



Ehrenreich, B. Dancing in the Streets: A History of Collective Joy. Va. Q. Rev. 2007, 83, 268–270. [Google Scholar]

	



Baimel, A.; Birch, S.A.; Norenzayan, A. Coordinating bodies and minds: Behavioral synchrony fosters mentalizing. J. Exp. Soc. Psychol. 2018, 74, 281–290. [Google Scholar] [CrossRef]

	



Feldman, R.; Eidelman, A.I. Parent-infant synchrony and the social-emotional development of triplets. Dev. Psychol. 2004, 40, 1133. [Google Scholar] [CrossRef] [PubMed]

	



Atzil, S.; Hendler, T.; Feldman, R. Specifying the neurobiological basis of human attachment: Brain, hormones, and behavior in synchronous and intrusive mothers. Neuropsychopharmacology 2011, 36, 2603–2615. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, C.; Kong, G.; Wei, K.; Kording, K. Pose estimates from online videos show that side-by-side walkers synchronize movement under naturalistic conditions. PLoS ONE 2019, 14, e0217861. [Google Scholar] [CrossRef]

	



Cuadros, Z.; Hurtado, E.; Cornejo, C. Measuring dynamics of infant-adult synchrony through mocap. Front. Psychol. 2019, 10, 2839. [Google Scholar] [CrossRef] [PubMed]

	



Dumas, G.; Lachat, F.; Martinerie, J.; Nadel, J.; George, N. From social behaviour to brain synchronization: Review and perspectives in hyperscanning. Irbm 2011, 32, 48–53. [Google Scholar] [CrossRef]

	



Pikovsky, A.; Rosenblum, M.; Kurths, J. Synchronization-A Universal Concept in Nonlinear Sciences. In The Cambridge Nonlinear Science Series; Cambridge University Press: Cambridge, MA, USA, 2001. [Google Scholar]

	



Nguyen, T.; Schleihauf, H.; Kayhan, E.; Matthes, D.; Vrtička, P.; Hoehl, S. Neural synchrony in mother–child conversation: Exploring the role of conversation patterns. Soc. Cogn. Affect. Neurosci. 2021, 16, 93–102. [Google Scholar] [CrossRef]

	



Delaherche, E.; Chetouani, M.; Mahdhaoui, A.; Saint-Georges, C.; Viaux, S.; Cohen, D. Interpersonal synchrony: A survey of evaluation methods across disciplines. IEEE Trans. Affect. Comput. 2012, 3, 349–365. [Google Scholar] [CrossRef]

	



Kuboshita, R.; Fujisawa, T.X.; Makita, K.; Kasaba, R.; Okazawa, H.; Tomoda, A. Intrinsic brain activity associated with eye gaze during mother–child interaction. Sci. Rep. 2020, 10, 18903. [Google Scholar] [CrossRef]

	



Nowak, A.; Vallacher, R.R.; Zochowski, M.; Rychwalska, A. Functional synchronization: The emergence of coordinated activity in human systems. Front. Psychol. 2017, 8, 945. [Google Scholar] [CrossRef]

	



Pérez, A.; Carreiras, M.; Duñabeitia, J.A. Brain-to-brain entrainment: EEG interbrain synchronization while speaking and listening. Sci. Rep. 2017, 7, 4190. [Google Scholar] [CrossRef] [PubMed]

	



Lachaux, J.P.; Rodriguez, E.; Martinerie, J.; Varela, F.J. Measuring phase synchrony in brain signals. Hum. Brain Mapp. 1999, 8, 194–208. [Google Scholar] [CrossRef]

	



Burgess, A.P. On the interpretation of synchronization in EEG hyperscanning studies: A cautionary note. Front. Hum. Neurosci. 2013, 7, 881. [Google Scholar] [CrossRef] [PubMed]

	



Senju, A.; Johnson, M.H. Atypical eye contact in autism: Models, mechanisms and development. Neurosci. Biobehav. Rev. 2009, 33, 1204–1214. [Google Scholar] [CrossRef] [PubMed]

	



Kinreich, S.; Djalovski, A.; Kraus, L.; Louzoun, Y.; Feldman, R. Brain-to-brain synchrony during naturalistic social interactions. Sci. Rep. 2017, 7, 17060. [Google Scholar] [CrossRef] [PubMed]

	



Lindenberger, U.; Li, S.-C.; Gruber, W.; Müller, V. Brains swinging in concert: Cortical phase synchronization while playing guitar. BMC Neurosci. 2009, 10, 22. [Google Scholar] [CrossRef] [PubMed]

	



Miller, J.G.; Vrtička, P.; Cui, X.; Shrestha, S.; Hosseini, S.H.; Baker, J.M.; Reiss, A.L. Inter-brain synchrony in mother-child dyads during cooperation: An fNIRS hyperscanning study. Neuropsychologia 2019, 124, 117–124. [Google Scholar] [CrossRef]

	



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 2018, 178, 493–502. [Google Scholar] [CrossRef]

	



Wang, Q.; Han, Z.; Hu, X.; Feng, S.; Wang, H.; Liu, T.; Yi, L. Autism symptoms modulate interpersonal neural synchronization in children with autism spectrum disorder in cooperative interactions. Brain Topogr. 2020, 33, 112–122. [Google Scholar] [CrossRef]

	



Van Egeren, L.A.; Barratt, M.S.; Roach, M.A. Mother–infant responsiveness: Timing, mutual regulation, and interactional context. Dev. Psychol. 2001, 37, 684. [Google Scholar] [CrossRef]

	



Van Puyvelde, M.; Loots, G.; Gillisjans, L.; Pattyn, N.; Quintana, C. A cross-cultural comparison of tonal synchrony and pitch imitation in the vocal dialogs of Belgian Flemish-speaking and Mexican Spanish-speaking mother–infant dyads. Infant Behav. Dev. 2015, 40, 41–53. [Google Scholar] [CrossRef] [PubMed]

	



Amiriparian, S.; Han, J.; Schmitt, M.; Baird, A.; Mallol-Ragolta, A.; Milling, M.; Gerczuk, M.; Schuller, B. Synchronization in interpersonal speech. Front. Robot. AI 2019, 6, 116. [Google Scholar] [CrossRef] [PubMed]

	



Nass, C.; Lee, K.M. Does computer-synthesized speech manifest personality? Experimental tests of recognition, similarity-attraction, and consistency-attraction. J. Exp. Psychol. Appl. 2001, 7, 171. [Google Scholar] [CrossRef]

	



Ward, N. Automatic User-Adaptive Speaking Rate Selection for Information Delivery. Int. Conf. Spok. Lang. Process. 2002, 549–552. [Google Scholar] [CrossRef]

	



Van Puyvelde, M.; Vanfleteren, P.; Loots, G.; Deschuyffeleer, S.; Vinck, B.; Jacquet, W.; Verhelst, W. Tonal synchrony in mother–infant interaction based on harmonic and pentatonic series. Infant Behav. Dev. 2010, 33, 387–400. [Google Scholar] [CrossRef]

	



Ward, N.G.; Fuentes, O.; Vega, A. Dialog prediction for a general model of turn-taking. In Proceedings of the Eleventh Annual Conference of the International Speech Communication Association, Makuhari, Chiba, Japan, 26–30 September 2010. [Google Scholar] [CrossRef]

	



Pickering, M.J.; Garrod, S. An integrated theory of language production and comprehension. Behav. Brain Sci. 2013, 36, 329–347. [Google Scholar] [CrossRef]

	



Jaffe, J.; Beebe, B.; Feldstein, S.; Crown, C.L.; Jasnow, M.D.; Rochat, P.; Stern, D.N. Rhythms of dialogue in infancy: Coordinated timing in development. Monogr. Soc. Res. Child Dev. 2001, 66, i-149. [Google Scholar]

	



Csibra, G.; Gergely, G. Natural pedagogy. Trends Cogn. Sci. 2009, 13, 148–153. [Google Scholar] [CrossRef]

	



Saito, D.N.; Tanabe, H.C.; Izuma, K.; Hayashi, M.J.; Morito, Y.; Komeda, H.; Uchiyama, H.; Kosaka, H.; Okazawa, H.; Fujibayashi, Y. “Stay tuned”: Inter-individual neural synchronization during mutual gaze and joint attention. Front. Integr. Neurosci. 2010, 4, 127. [Google Scholar] [CrossRef]

	



Hirsch, J.; Zhang, X.; Noah, J.A.; Ono, Y. Frontal temporal and parietal systems synchronize within and across brains during live eye-to-eye contact. Neuroimage 2017, 157, 314–330. [Google Scholar] [CrossRef]

	



Piazza, E.A.; Hasenfratz, L.; Hasson, U.; Lew-Williams, C. Infant and adult brains are coupled to the dynamics of natural communication. Psychol. Sci. 2020, 31, 6–17. [Google Scholar] [CrossRef] [PubMed]

	



Feniger-Schaal, R.; Schönherr, D.; Altmann, U.; Strauss, B. Movement synchrony in the mirror game. J. Nonverbal Behav. 2021, 45, 107–126. [Google Scholar] [CrossRef]

	



Leong, V.; Byrne, E.; Clackson, K.; Georgieva, S.; Lam, S.; Wass, S. Speaker gaze increases information coupling between infant and adult brains. Proc. Natl. Acad. Sci. USA 2017, 114, 13290–13295. [Google Scholar] [CrossRef] [PubMed]

	



Mörtl, A.; Lorenz, T.; Vlaskamp, B.N.; Gusrialdi, A.; Schubö, A.; Hirche, S. Modeling inter-human movement coordination: Synchronization governs joint task dynamics. Biol. Cybern. 2012, 106, 241–259. [Google Scholar] [CrossRef]

	



Ono, E.; Motohasi, M.; Inoue, Y.; Ikari, D.; Miyake, Y. Relation between synchronization of head movements and degree of understanding on interpersonal communication. In Proceedings of the 2012 IEEE/SICE International Symposium on System Integration (SII), Fukuoka, Japan, 16–18 December 2012. [Google Scholar] [CrossRef]

	



Fitzpatrick, P.; Frazier, J.A.; Cochran, D.M.; Mitchell, T.; Coleman, C.; Schmidt, E.R. Impairments of social motor synchrony evident in autism spectrum disorder. Front. Psychol. 2016, 7, 1323. [Google Scholar] [CrossRef]

	



Golland, Y.; Mevorach, D.; Levit-Binnun, N. Affiliative zygomatic synchrony in co-present strangers. Sci. Rep. 2019, 9, 3120. [Google Scholar] [CrossRef] [PubMed]

	



Lavelli, M.; Fogel, A. Developmental changes in the relationship between the infant’s attention and emotion during early face-to-face communication: The 2-month transition. Dev. Psychol. 2005, 41, 265. [Google Scholar] [CrossRef]

	



Bernieri, F.J.; Reznick, J.S.; Rosenthal, R. Synchrony, pseudosynchrony, and dissynchrony: Measuring the entrainment process in mother-infant interactions. J. Personal. Soc. Psychol. 1988, 54, 243. [Google Scholar] [CrossRef]

	



Yokotani, K.; Takagi, G.; Wakashima, K. Nonverbal synchrony of facial movements and expressions predict therapeutic alliance during a structured psychotherapeutic interview. J. Nonverbal Behav. 2020, 44, 85–116. [Google Scholar] [CrossRef]

	



Altmann, U.; Brümmel, M.; Meier, J.; Strauss, B. Movement synchrony and facial synchrony as diagnostic features of depression: A pilot study. J. Nerv. Ment. Dis. 2021, 209, 128–136. [Google Scholar] [CrossRef]

	



Motataianu, I.R. Parent-child connection–emotional synchronization and playing; a possible model to combat the child’s unsafe attachment. Procedia-Soc. Behav. Sci. 2015, 180, 1178–1183. [Google Scholar] [CrossRef]

	



Luyten, P.; Fonagy, P. The neurobiology of mentalizing. Personal. Disord. Theory Res. Treat. 2015, 6, 366. [Google Scholar] [CrossRef] [PubMed]

	



Fonagy, P. On tolerating mental states: Theory of mind in borderline personality. Bull. Anna Freud Cent. 1989, 12, 91–115. [Google Scholar]

	



Tolleson, A.M.; Tone, E.B.; Schroth, E.A.; Robbins, M.M. Mother and child facial expression labeling skill relates to mutual responsiveness during emotional conversations. J. Nonverbal Behav. 2016, 40, 205–219. [Google Scholar] [CrossRef]

	



Shai, D.; Meins, E. Parental embodied mentalizing and its relation to mind-mindedness, sensitivity, and attachment security. Infancy 2018, 23, 857–872. [Google Scholar] [CrossRef]

	



Fonagy, P.; Target, M. Early intervention and the development of self-regulation. Psychoanal. Inq. 2002, 22, 307–335. [Google Scholar] [CrossRef]

	



Messinger, D.S.; Mahoor, M.H.; Chow, S.M.; Cohn, J.F. Automated measurement of facial expression in infant–mother interaction: A pilot study. Infancy 2009, 14, 285–305. [Google Scholar] [CrossRef]

	



Tronick, E.; Als, H.; Adamson, L.; Wise, S.; Brazelton, T.B. The infant’s response to entrapment between contradictory messages in face-to-face interaction. J. Am. Acad. Child Psychiatry 1978, 17, 1–13. [Google Scholar] [CrossRef]

	



Kisilevsky, B.S.; Hains, S.M.; Lee, K.; Muir, D.W.; Xu, F.; Fu, G.; Zhao, Z.Y.; Yang, R.L. The still-face effect in Chinese and Canadian 3-to 6-month-old infants. Dev. Psychol. 1998, 34, 629. [Google Scholar] [CrossRef]

	



Aktar, E.; Colonnesi, C.; de Vente, W.; Majdandžić, M.; Bögels, S.M. How do parents’ depression and anxiety, and infants’ negative temperament relate to parent–infant face-to-face interactions? Dev. Psychopathol. 2017, 29, 697–710. [Google Scholar] [CrossRef]

	



Santamaria, L.; Noreika, V.; Georgieva, S.; Clackson, K.; Wass, S.; Leong, V. Emotional valence modulates the topology of the parent-infant inter-brain network. NeuroImage 2020, 207, 116341. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, H.; Choi, S.H.; Kim, S.K.; Kwon, H.B.; Oh, S.M.; Choi, J.-W.; Lee, Y.J.; Jeong, D.-U.; Park, K.S. Human heart rhythms synchronize while co-sleeping. Front. Physiol. 2019, 10, 190. [Google Scholar] [CrossRef] [PubMed]

	



Yogman, M.W.; Lester, B.M.; Hoffman, J. Behavioral and cardiac rhythmicity during mother-father-stranger infant social interaction. Pediatr. Res. 1983, 17, 872–876. [Google Scholar] [CrossRef] [PubMed]

	



Palumbo, R.V.; Marraccini, M.E.; Weyandt, L.L.; Wilder-Smith, O.; McGee, H.A.; Liu, S.; Goodwin, M.S. Interpersonal autonomic physiology: A systematic review of the literature. Personal. Soc. Psychol. Rev. 2017, 21, 99–141. [Google Scholar] [CrossRef]

	



Feldman, R.; Magori-Cohen, R.; Galili, G.; Singer, M.; Louzoun, Y. Mother and infant coordinate heart rhythms through episodes of interaction synchrony. Infant Behav. Dev. 2011, 34, 569–577. [Google Scholar] [CrossRef]

	



Reindl, V.; Wass, S.; Leong, V.; Scharke, W.; Wistuba, S.; Wirth, C.L.; Konrad, K.; Gerloff, C. Multimodal hyperscanning reveals that synchrony of body and mind are distinct in mother-child dyads. NeuroImage 2022, 251, 118982. [Google Scholar] [CrossRef]

	



Holroyd, C.B. Interbrain synchrony: On wavy ground. Trends Neurosci. 2022, 45, 346–357. [Google Scholar] [CrossRef]

	



Stallworthy, I. Dynamic Flexibility in Infancy: Moment-by-Moment Biobehavioral Organization and Synchrony Across System and Context. Ph.D. Thesis, University of Minnesota, Minneapolis, MN, USA, 2022. [Google Scholar]

	



Hoehl, S.; Fairhurst, M.; Schirmer, A. Interactional synchrony: Signals, mechanisms and benefits. Soc. Cogn. Affect. Neurosci. 2021, 16, 5–18. [Google Scholar] [CrossRef]

	



Carollo, A.; Lim, M.; Aryadoust, V.; Esposito, G. Interpersonal synchrony in the context of caregiver-child interactions: A document co-citation analysis. Front. Psychol. 2021, 12, 2977. [Google Scholar] [CrossRef]

	



Ainsworth, M.D.S.; Blehar, M.C.; Waters, E.; Wall, S.N. Patterns of Attachment: A Psychological Study of the Strange Situation, 1st ed.; Psychology Press: New York, NY, USA, 2015. [Google Scholar] [CrossRef]

	



Rothbard, J.C.; Shaver, P.R. Continuity of Attachment across the Life Span; Sperling, M.B., Berman, W.H., Eds.; Guilford Press: New York, NY, USA, 1994; pp. 31–71. [Google Scholar]

	



Altun, D. Family Ecology as a Context for Children’s Executive Function Development: The Home Literacy Environment, Play, and Screen Time. Child Indic. Res. 2022, 15, 1465–1488. [Google Scholar] [CrossRef]

	



Muchnik, M.; Stavans, A. Telling the same story to your child: Mothers’ versus fathers’ storytelling interactions. Women Lang. 2009, 32, 60–69. [Google Scholar]








[image: Biology 12 00241 g001 550] 





Figure 1. Creation of child–parent interaction synchronization (CHIPS) matrix. (a) Mother–child synchronization within different modalities: brain-to-brain, voice, eye contact, motion, heart rate and facial expressions synchronization; (b) each modality signal is taken into account in order to create a synchronization (CHIPS) matrix that shows the relation/correlation between the different signals. 
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Figure 2. Suggested developmental progress of synchronization between the mother and child from pregnancy to reading age. 
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